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SUMMARY

Pathogen recognition and TNF receptors signal via receptor interacting serine/
threonine kinase-3 (RIPK3) to cause cell death, including MLKL-mediated necrop-
tosis and caspase-8-dependent apoptosis. However, the post-translational con-
trol of RIPK3 is not fully understood. Using mass-spectrometry, we identified
that RIPK3 is ubiquitylated on K469. The expression of mutant RIPK3 K469R
demonstrated that RIPK3 ubiquitylation can limit both RIPK3-mediated
apoptosis and necroptosis. The enhanced cell death of overexpressed RIPK3
K469R and activated endogenous RIPK3 correlated with an overall increase in
RIPK3 ubiquitylation. Ripk3X467R/K469R mice challenged with Salmonella dis-
played enhanced bacterial loads and reduced serum IFNy. However,
Ripk3*469R/K469R macrophages and dermal fibroblasts were not sensitized to
RIPK3-mediated apoptotic or necroptotic signaling suggesting that, in these
cells, there is functional redundancy with alternate RIPK3 ubiquitin-modified
sites. Consistent with this idea, the mutation of other ubiquitylated RIPK3 resi-
dues also increased RIPK3 hyper-ubiquitylation and cell death. Therefore, the tar-
geted ubiquitylation of RIPK3 may act as either a brake or accelerator of RIPK3-
dependent killing.

INTRODUCTION

Caspase-independent programmed necrosis, termed necroptosis, has emerged as an important host
response against microbial infections and a potential disease driver in conditions associated with exacer-
bated cell death-induced inflammation, such as kidney ischemia-reperfusion injury (Galluzzi et al., 2017,
Muller et al., 2017; Newton et al., 2016a; Pefanis et al., 2019). As such, there is significant interest in under-
standing the molecular determinants that regulate the necroptotic machinery, and how this might be ther-
apeutically exploited to develop new treatments for infections, cancer and cell death-associated inflamma-
tory conditions (Murphy and Vince, 2015).

Necroptosis is elicited by both pathogen recognition receptors, such as toll-like receptors (TLRs), the
DNA sensor Z-DNA-binding protein 1 (ZBP1), and death receptors, such as TNF Receptor 1 (TNFR1). In
the absence of inhibitor of apoptosis (IAP) proteins and/or caspase-8, these receptors can engage re-
ceptor interacting serine/threonine protein kinase-3 (RIPK3) (Cho et al., 2009; He et al., 2009, 2011; Kai-
ser et al., 2013; Upton et al., 2012; Zhang et al., 2009). RIPK3 recruitment occurs through homotypic in-
teractions via common receptor-interacting protein homotypic interaction motifs (RHIMs) (Sun et al.,
2002) found in the related TNFR1 signaling adaptor RIPK1, in ZBP1, and also the TLR3 and TLR4 cyto-
plasmic adaptor, TIR-domain-containing adapter-inducing IFN-B (TRIF) (Silke et al., 2015). Subse-
quently, RHIM-mediated oligomerization of RIPK3 and its autophosphorylation (T231/5232 in mouse
or S227 in human) allows it to phosphorylate and thereby activate the terminal effector of necroptotic
cell death, mixed lineage kinase domain-like (MLKL) protein (Chen et al., 2013; Garnish et al., 2021,
Murphy et al., 2013; Petrie et al., 2018; Sun et al., 2012). Activated MLKL associates with, and damages,
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Figure 1. Mouse RIPK3 is ubiquitylated beyond-the-RHIM (BTR) on K469 to restrict apoptosis and necroptosisina

cell type-dependent manner

(A) LC-MS/MS analysis of FLAG-purified RIPK3-WT following doxycycline (dox)-induced expression in Ripk3~/~ MDFs for

16-18 h identified a diGly motif on K449.
(B) The domain architecture of mouse RIPK3. The K469 diGly motifis

situated at the C-terminal, 8 amino acids beyond-the-

RHIM (BTR). No structural information is available for this region, although it is predicted to be disordered.
(C) The expression of stably integrated RIPK3-WT or RIPK3-K469R-complemented Ripk3~~ MDFs was induced with dox
for 16-18 h in the presence of the pan-caspase inhibitors IDN-6556 or QVD-OPh, or the RIPK3 kinase inhibitor GSK’'872, as
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Figure 1. Continued

indicated. Cell death was measured by propidium iodide (Pl) uptake and flow cytometry. Results are represented as
mean + SEM of 3-4 independent experiments (symbols).

(D and E) The expression of stably integrated RIPK3-WT or RIPK3-K469R in Ripk3™~ MDFs was induced by 20 ng/mL dox
treatment for 16-18 h, and cells were subsequently analyzed by western blotting of total cell lysates. Roman numerals to
the left of blots (i, ii, and iii) indicate the membrane probed for samples run in triplicate. Data are representative of three
independent experiments.

(F-1) Stably integrated RIPK3-WT or RIPK3-K469R expression was induced with 20 ng/mL dox treatment in Ripk3™~ mouse
colonic epithelium (YAMC) cells (F and G) or 100 ng/mL dox in iBMDMs (H and I) for 16~18 h, and cells were subsequently
analyzed by western blotting of total cell lysates or cell death measured by propidium iodide (Pl) uptake and FACS. In the
case of YAMCs, cells were treated with or without 10 uM of the RIPK3 kinase inhibitor GSK’872, orin the last 1 h stimulated
with TSI, as indicated. For iBMDMs, cells were also treated with TS or TSI for 6 h (western blot), or for 8 h (Pl analysis).Data
are represented as the mean + SEM of 3independent experiments (symbols; F and 1), or representative of 3 independent
experiments (G and H). See also Figures S1 and S2.

release of immunogenic damage-associated molecular patterns (Dondelinger et al., 2014; Hildebrand
et al., 2014; Murai et al., 2018; Samson et al., 2020; Wang et al., 2014).

Although RIPK3 kinase activity is essential for necroptosis, RIPK3 can also signal activation of apoptotic
caspase-8. For example, genetic deficiency or chemical targeting of the IAP proteins results in TLR- or
TNFR1-induced RIPK3 signaling that promotes caspase-8-mediated apoptosis (Lawlor et al., 2015; Vince
et al., 2012; Yabal et al., 2014). RIPK3-induced caspase-8 activation can also arise from exposure to
RIPK3 kinase inhibitors or introduction of kinase-dead mutations to promote RIPK3 binding to RIPK1, lead-
ing to RIPK1 death domain recruitment of the adaptor FADD, which then engages caspase-8 to form a com-
plex often referred to as the Ripoptosome (Feoktistova et al., 2011; Mandal et al., 2014; Newton et al., 2014,
Tenev et al., 2011). Apart from its classical role in cell death, RIPK3 can also trigger inflammatory signaling
pathways, such as the induction of NF-kB (Moriwaki et al., 2014) and activation of the NLRP3 inflammasome
to drive IL-1B maturation and inflammation (Conos et al., 2017; Duong et al., 2015; Kang et al., 2013; Lawlor
etal., 2015, 2017; Polykratis et al., 2019; Vince et al., 2012; Yabal et al., 2014). Numerous mouse models of
disease, mostly through genetic deletion studies, have alluded to RIPK3-induced apoptotic and/or necrop-
totic death as an important mediator of tissue damage (Orozco and Oberst, 2017; Silke et al., 2015).

RIPK3 signaling is regulated by various post-translational modifications (PTMs) (Meng et al., 2021), such as
ubiquitylation (Choi et al., 2018; Lee et al., 2019; Moriwaki and Chan, 2016; Onizawa et al., 2015; Seo et al.,
2016), phosphorylation (Chen et al., 2013; Sun et al., 2012), S-nitrosylation (Miao et al., 2015), and O-GIcNA-
cylation (Giogha and Lawlor, 2019; Liet al., 2019). Studies to date have identified a number of ubiquitylation
sites on RIPK3, most of which are associated with RIPK3 turnover by the proteasome (Choi et al., 2018; Mor-
iwaki and Chan, 2016) or the lysosome (Lim et al., 2019; Seo et al., 2016) whereas others suggest a role for
ubiquitylation in tuning RIPK3 complex assembly (Lee et al., 2019; Onizawa et al., 2015; Roedig et al., 2021).

Here, we identify a new RIPK3 ubiquitylation site and characterize its role in RIPK3-induced cell death. We
show that mouse RIPK3 is decorated by ubiquitin on lysine 469 (K469), which is situated 8 amino acids
beyond-the-RHIM (BTR) on the C-terminal end of RIPK3. The loss of RIPK3 K469 ubiquitylation promoted
RIPK3 hyper-ubiquitylation mediated, in part, by ubiquitin decoration of K359, and triggered enhanced
RIPK3-mediated signaling. Mutant Ripk3 #7RK4%9R mice were less efficient at clearing Salmonella infec-
tions in vivo, although Ripk3<#7R/K469R aypressing macrophages and fibroblasts displayed normal cell
death responses, suggesting that alternate RIPK3 ubiquitylation sites also act to repress RIPK3-mediated
cell death in a stimulus and cell type-specific manner.

RESULTS
RIPK3 is ubiquitylated beyond-the-RHIM(BTR) on lysine 469

To identify RIPK3 residues that are targeted for post-translational modification (PTM), we reconstituted
immortalized Ripk3™~ mouse dermal fibroblasts (MDFs) with a stably integrated, doxycycline (dox)-induc-
ible, FLAG-tagged wildtype (WT) RIPK3 (denoted hereafter as RIPK3-WT) construct. Following the addition
of dox to induce RIPK3 expression (which was moderately overexpressed relative to endogenous RIPKS;
Figure S1A), RIPK3 was immunoprecipitated using an anti-FLAG antibody. Subsequent mass spectrometry
analysis of trypsin-digested RIPK3-WT identified a Lys-e-Gly-Gly (diGly) remnant on residue 469, which is
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situated 8 amino acids beyond the RHIM (BTR) of mouse RIPK3 (Figures 1A and 1B). The presence of the
diGly motif on RIPK3 K469 indicates that this lysine is targeted for ubiquitylation upon expression of
RIPK3 alone, in the absence of an external cell death stimulus. Alignment of RIPK3 sequences showed
that K469 is conserved in mouse and rat RIPK3 but not human RIPK3 (Figure S1B).

To confirm that the diGly remnant found on RIPK3-K469 represents ubiquitylation, the ubiquitylated pro-
teome of Ripk3™~ MDFs expressing RIPK3-WT was purified using a recombinant GST-Ubiquitin—
associated (UBA) domain. Consistent with RIPK3 being ubiquitylated, the purified ubiquitylated proteome
contained high molecular weight RIPK3 laddering (Figure S1C). Importantly, treatment with USP21, a pan-
deubiquitylating enzyme, collapsed the high molecular weight laddering of RIPK3, thereby demonstrating
that RIPK3 is modified predominantly with ubiquitin chains, not other ubiquitin-like modifiers (Figure S1C).
Consistent with this idea, only the co-expression of HA-tagged ubiquitin with RIPK3-WT in 293T cells, but
not the other HA-tagged ubiquitin-like proteins, Sumo2 and Sumo3, could co-precipitate high molecular
weight, laddered, RIPK3 (Figure S1D).

RIPK3-K469 ubiquitylation limits necroptosis and apoptosis

To examine the functional impact of RIPK3-K449 ubiquitylation, we generated a mutant RIPK3 with a lysine
to arginine substitution at K469, RIPK3-K469R, to abolish its ability to be ubiquitylated while retaining a
positive charge at this site. Ripk3™~ MDFs were reconstituted with a stably integrated, dox-inducible,
RIPK3-WT or RIPK3-K469R construct. Dox treatment alone to induce RIPK3 expression resulted in acceler-
ated cell death in RIPK3-K469R-expressing cells compared to RIPK3-WT-expressing cells, as measured by
propidium iodide (Pl) uptake and flow cytometry (Figure 1C), and in long-term (7 days) clonogenic survival
assays (Figure STE). As expected, treatment of RIPK3-WT with the necroptotic stimuli TSI (TNF, smac-
mimetic, and IDN-6556) led to a marked increase in cell death, thereby demonstrating that RIPK3-WT could
function normally to signal cell death (Figure S1F). Altogether, these data suggest that RIPK3-K469 ubig-
uitylation limits RIPK3-induced cell death signaling.

In mice, RIPK3 auto-phosphorylation on T231 and S232 allows RIPK3 to phosphorylate MLKL on $345, which
causes MLKL activation and necroptosis (Murphy et al., 2013). However, RIPK3 can also signal apoptosis
independent of its kinase activity, via RHIM-mediated recruitment of RIPK1 and activation of caspase-8
(Mandal et al., 2014; Newton et al., 2014). Therefore, to define the type of cell death induced by RIPK3-
K469R expression, MDFs were treated with pan-caspase inhibitors, IDN-6556 or QVD-OPh, which block
apoptosis and promote necroptosis, or with the RIPK3 kinase inhibitor, GSK'872, which blocks necroptosis
but not RIPK3-triggered, caspase-8-mediated apoptosis. Pan-caspase inhibition moderately reduced
RIPK3-K469R-mediated killing (Figure 1C). However, compared to RIPK3-WT, enhanced cell killing was still
observed on RIPK3-K449R expression in both caspase-inhibited cells and in cells treated with GSK'872 (at a
dose that does not cause apoptosis in RIPK3-WT expressing cells or in RIPK3 deficient MDFs, Figures 1C
and S1G). These data suggest that RIPK3-K469R can engage in both apoptosis and necroptosis signaling.

Consistent with apoptosis and necroptosis activation, the expression of RIPK3-K469R alone resulted in
increased caspase-8 and -3 cleavage, and RIPK3 and MLKL phosphorylation at T231/5232 and S345,
respectively, when compared to RIPK3-WT (Figures 1D and 1E). Moreover, quantitative mass spectrometry
of FLAG-purified RIPK3-WT and RIPK3-K449R identified numerous RIPK3 phosphorylation sites previously
implicated in RIPK3 signaling (Meng et al., 2021). These sites were enriched on RIPK3-K469R compared to
RIPK3-WT, including T231/5232 (required for MLKL activation) and two novel sites, T386 and T407, of un-
determined function (Figures S2A and S2B).

We next assessed the impact of abolishing RIPK3-K469 ubiquitylation on RIPK3 activity at the single-cell
level by confocal microscopy. Consistent with the above findings, expression of mutant RIPK3-K469R alone
drove a marked increase in cytosolic p-RIPK372%1/5232 \hile overall RIPK3 expression levels between RIPK3-
WT and RIPK3-K469R-expressing cells remained comparable (Figures S2C and $2D). Of note, the detection
of p-RIPK3T231/5232 iy the cytosol was not present in all cells equally at any single time point. This suggests
the kinetics of RIPK3 autophosphorylation varies between cells within the population, consistent with pop-
ulation-level cell death responses.

To investigate the role of RIPK3 K469 in alternate cell types, we expressed both RIPK3-WT and RIPK3-K469R
in immortalized young adult mouse colonic epithelium (YAMC) and immortalized bone marrow-derived
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macrophage (iBMDM) cell lines. Similar to immortalized MDFs, the expression of RIPK3-K469R in YAMC
cells also enhanced cell death when cells were treated with necroptosis inhibitor GSK’872 or the necrop-
totic stimuli TSI (Figure 1F) and resulted in more RIPK3 T231/5232 phosphorylation (Figure 1G). Unlike
YAMC cells, however, RIPK3-K469R did not trigger RIPK3 hyperphosphorylation when expressed in
Ripk3~/~ iIBMDMs, and these cells were not sensitized to TS-induced apoptosis or TSl-induced necroptosis
(Figures 1H and 11). These results suggest that in cell types capable of RIPK3 autophosphorylation by over-
expression alone, such as immortalized MDFs and YAMCs, mutant RIPK3-K469R increases its oligomeriza-
tion and/or scaffolding activity which promotes both caspase-8 recruitment and apoptosis, in addition to
RIPK3 autophosphorylation and necroptosis.

RIPK3-K469 ubiquitylation does not impact RIPK3 turnover

Several ubiquitylation sites on RIPK3 have been implicated in targeting RIPK3 for lysosomal or proteasomal
degradation (Ali and Mocarski, 2018; Lim et al., 2019; Moriwaki and Chan, 2016; Seo et al., 2016). We there-
fore asked if the hyperactivation of RIPK3-K449R results from reduced protein turnover. Ripk3~/~ MDFs re-
constituted with dox-inducible WT or mutant RIPK3-K469R were treated with dox for 16-18h, and de novo
RIPK3 transcription was subsequently prevented by removing dox from the media before analysis by west-
ern blotting. Both RIPK3-WT and RIPK3-K449R protein levels were observed to diminish at a similar rate on
dox removal, suggesting that RIPK3-K449 ubiquitylation does not play a role in regulating RIPK3 turnover
(Figures 2A and 2B).

Consistent with previous observations (Ali and Mocarski, 2018; Moriwaki and Chan, 2016), the inhibition of
the proteasome with MG132 resulted in the accumulation of ubiquitylated RIPK3, indicating that RIPK3 is
targeted for proteasomal degradation at steady state (Figures 2C and S2E). However, upon the activation
of necroptosis, pre-treatment of MDFs with MG132 had little impact on RIPK3-driven cell death (Fig-
ure S2F). The inhibition of lysosome function using Bafilomycin A1, on the other hand, had no impact on
steady-state, or ubiquitylated, RIPK3 levels (Figure 2C). Therefore, it is unlikely that RIPK3-K469 ubiquityla-
tion limits RIPK3 killing activity by targeting RIPK3 for lysosomal or proteasomal degradation.

The activation of RIPK3 correlates with increased RIPK3 ubiquitylation levels

Previous studies suggest that the substitution of RIPK3 lysine sites targeted for ubiquitylation with argi-
nine reduces overall levels of RIPK3 modified with ubiquitin chains (Choi et al., 2018; Lee et al., 2019;
Moriwaki and Chan, 2016; Seo et al., 2016). We therefore asked if the loss of ubiquitylation on RIPK3-
K469 also caused a reduction in RIPK3 ubiquitylation by purifying the ubiquitylated proteome using Tan-
dem Ubiquitin Binding Entities (TUBEs) (Hjerpe et al., 2009), which allows the detection of overall RIPK3
ubiquitylation levels by western blot. Unexpectedly, when compared to RIPK3-WT, the total ubiquityla-
tion of RIPK3-K469R, including the ubiquitylation of T231/5232-phosphorylated RIPK3-K469R, was
enhanced (Figure 2D), which correlated with its increased killing capacity (Figure 1C). Blocking RIPK3 ki-
nase activity and hence T231/5232 autophosphorylation with GSK’872 did not prevent RIPK3 ubiquityla-
tion (Figure 2E). This demonstrates that RIPK3 ubiquitylation can occur in the absence of RIPK3 kinase
activity and that it might precede RIPK3 phosphorylation. Moreover, RIPK3 ubiquitylation did not occur
as a result of membrane damage and/or necroptotic cell death, as MLKL was dispensable for endoge-
nous RIPK3 ubiquitylation upon TSl-induced necroptosis signaling (Figure 2F). The ubiquitylation of
RIPK3-K469R was also not impacted by the loss of RIPK1 kinase activity, as demonstrated by the treat-
ment of cells with the RIPK1 kinase-specific inhibitor, Nec-1s, before dox-induced RIPK3-K469R expres-
sion and TUBE purification (Figure 2G).

Activated and ubiquitylated RIPK3 transitions into a detergent insoluble cellular fraction

Activated MLKL associates with the plasma membrane, and potentially other intracellular membranes, to
induce cell death (Dondelinger et al., 2014; Hildebrand et al., 2014; Samson et al., 2020, 2021; Wang et al.,
2014). To study if cytosolic RIPK3 might also change in cellular localization upon ubiquitylation and activa-
tion, we examined RIPK3 partitioning into Triton-X-100 (TX-100) detergent-soluble and-insoluble fractions.
Following dox-induced expression in Ripk3™~ MDFs or YAMCs, the majority of RIPK3-WT, RIPK3-K469R
and MLKL was detected in the TX-100-soluble fraction (Figures 3A and S3A). However, active and ubiqui-
tylated RIPK3, and phosphorylated MLKL, partitioned preferentially into a TX-100-insoluble fraction, and
this transition was elevated in RIPK3-K469R-expressing cells (Figures 3A and S3A). In WT MDFs, necroptosis
activation by TSI treatment also resulted in the migration of endogenous ubiquitylated p-RIPK37231/5232
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Figure 2. Ubiquitylation of RIPK3-K469 prevents overall increases in RIPK3 ubiquitylation

(A) Ripk3’/’ MDFs containing RIPK3-WT or RIPK3-K469R were treated with 5 ng/mL dox for 16-18 h. Cells were washed to
remove dox and subsequently RIPK3 levels were analyzed at the indicated time points by western blotting. Data are
representative of 4 independent experiments.

(B) Densitometry analysis of (A). Levels of RIPK3 were quantified by Image Lab software (Biorad). Results are represented
as mean + SEM of 3 independent experiments.

(C and F) Where indicated, WT, MIkl~/~, and Ripk3’/’ MDFs were treated with 20 uM MG-132, 100 nM Baf-A1, or the
necroptotic stimuli TSI (100 ng/mL TNF, 1 uM Cp.A, and 5 pM IDN-6556) for 3 h, harvested for GST-UBA pull-down, and
subsequently analyzed by western blotting.

(D, E, and G) Ripk3_/_ MDFs containing stably integrated dox-inducible RIPK3-WT or RIPK3-K469R were treated with
20 ng/mL dox for 1618 h (D) with or without 10 uM of the RIPK3 kinase inhibitor GSK’872 (E) or 10 uM of the RIPK1 kinase
inhibitor Nec-1s (G). A GST-TUBE pull-down was subsequently performed and samples analyzed by western blotting. All
results (C-G) are representative of 3 independent experiments. See also Figure S2.
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(A) Ripk3~/~ MDFs containing stably integrated dox-inducible RIPK3-WT or RIPK3-K469R were treated with 20 ng/mL dox
for 16-18 h. Lysates were subsequently separated into 1% TX-100-soluble or -insoluble fractions before GST-TUBE pull-
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down and analysis by western blotting. Roman numerals to the left of blots (i, ii) indicate the membrane probed. Data are
representative of 4 independent experiments. See also Figure S3A for YAMC cell line analysis.
(B—F) MDFs were stimulated with the necroptotic stimuli 100 ng/mL TNF (T),1 pM Cp.A(S), and 5 uM IDN (1) (TSI) for 20 min

3 T231/5232

before immunofluorescence analysis with p-RIPK and the indicated organelle markers. Scale bars are 10 um.

Data are representative of 3 independent experiments. WGA; wheat germ agglutinin. See also Figure S3.

into the TX-100 insoluble fraction within 90 min (Figure S3B), akin to hyperactivated RIPK3-K469R
(Figure 3A).

We next assessed whether activated RIPK3 is associated with a particular organelle during necroptosis by
examining the localization of endogenous p-RIPK3723"/5232 |evels by confocal microscopy in WT MDFs after
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TSI treatment. Notably, we did not find any substantial colocalization of TSl-induced endogenous p-
RIPK3T231/5232 \yith the nucleus (Hoechst 33342), Golgi (GM130 and TGN38), lysosome (LAMP1), mitochon-
dria (Mitotracker), or plasma membrane/endosomes (WGA) (Figures 3B-3F). These results suggest that the
loss of RIPK3-K469 ubiquitylation, or TSI-induced endogenous RIPK3 triggering, results in the re-distribu-
tion of activated and ubiquitylated RIPK3 into a TX-100-insoluble compartment that may resemble a mem-
braneless organelle (Chen et al., 2013; He et al., 2009; Samson et al., 2021).

Macrophages and dermal fibroblasts derived from Ripk3'#¢?R/K469R mice display no
alterations in RIPK3-driven cell death

To study the impact of losing RIPK3-K469 ubiquitylation in vivo we generated Ripk3<47R/<467R mice by
CRISPR/Cas9 technology on a C57BL/6J background. The generation of founder RIPK3 mutant mice was
confirmed by next-generation sequencing and these founders were subsequently backcrossed onto WT
C57BL/6J mice for two generations before experimentation.

Ripk3<467R/K469R animals displayed no overt phenotype compared to Ripk3** control mice, and western blot anal-
ysis of various tissues showed no difference between endogenous RIPK3 and RIPK3****R expression (Figures S3C—
S3H). Advia hematology analysis revealed no substantial differences in white and red blood cell compartments in
Ripk3<46PR/K469R mice, compared to Ripk3*™* and Ripk3™**® controls (data not shown). Therefore, abolishing
K469 ubiquitylation on RIPK3 does not perturb basal cellular physiology, although mice were not examined for
an age-related phenotype, which has been observed in some animals with over-active RIPK3 (Lee et al., 2019).

In vitro experiments complementing RIPK3-deficient cells with the overexpression of RIPK3-K469R sug-
gested that ubiquitylation on K469 is important to restrict RIPK3-induced cell death in immortalized fibro-
blast and colonic cell lines, but not in phagocytic cells such as macrophages (Figures 1C-11 and S1E). We
therefore treated BMDMs and primary MDFs with TS, which triggers RIPK3-mediated apoptosis (Fig-
ure S4A) (Lawlor et al., 2015) or with TSI to induce RIPK3-MLKL signaling and necroptosis. However,
both Ripk3™* and Ripk3<47R/K49R macrophages and fibroblasts died comparably following the activation
of RIPK3-driven apoptosis or necroptosis, even when IFNB priming was used to increase the necroptotic
response (Figures S4B and S4C). Therefore, alternate RIPK3 ubiquitylation sites may act in place of, or in
a co-operative manner with, RIPK3 K469 ubiquitylation to limit its capacity to cause cell death.

Ripk3'4¢9R/K469R mice display a moderately reduced capacity to clear Salmonella infection

We hypothesized that despite normalRipk3*7* 4R fibroblast and macrophage death responses, RIPK3-
K469 ubiquitylation may still have a stimulus or cell-specific role in vivo. Cell death, and RIPK3, have previously
been implicated in Salmonella infection (Doerflinger et al., 2020; Dong et al., 2022; Robinson et al., 2012; Sat-
kovich et al., 2020; Shutinoski et al., 2020). We first assessed if BMDMs derived from Ripk3K4é9R/K4é9R animals
were more susceptible to cell death resulting from Salmonella sensing in vitro. However, macrophages
derived from Ripk3™* and Ripk3*6?R/K46%R mice died at comparable rates upon Salmonella infection, even
in the presence of a pan-caspase inhibitor to promote necroptotic signaling (Figures S4D and S4E). Therefore,
to ascertain if altered ubiquitylation of RIPK3-K469 impacted the immune response to Salmonella, we chal-
lenged Ripk3+/+ and Ripk3K469R/K469R mice with a low intravenous (iv) dose (100 CFU) of the growth-attenuated
strain of Salmonella, Salmonella enterica serovar Typhimurium strain BRD509 (denoted hereafter as
Salmonella) (Strugnell et al., 1992), and measured bacterial burdens and systemic inflammatory cytokine
production. This Salmonella strain models the initial infection and recovery phases of disease. In both phases,
the innate immune system and T-cells are critical to limit pathogen burden and promote bacterial clearance
(Benoun et al., 2018; Kupz et al., 2014). Of note, this dose of Salmonella does not overcome stomach acidity
and therefore bacterial colonization of the small intestine is not observed.

Interestingly, Ripk3<*67R/K4¢9R mice displayed moderately increased bacterial numbers in the spleen and
liver 2 weeks post-infection when compared to WT control animals (Figures 4A and 4B), although organ
weights were comparable across genotypes (Figures 4C and 4D). Measurement of serum cytokine and che-
mokine levels in Salmonella-infected Ripk3“*¢7*/K46R mice revealed reduced IFNy and elevated MCP-1
(CCL2) relative to Ripk&»’”+ animals (Figures 4E and 4F) whereas other cytokines, TNF, IL-6, IL-12, and IL-
10 were comparable between genotypes (Figures 4G-4J). Because IFNYy is important for the control of Sal-
monella infection (Kupz et al., 2014), its reduced levels in Ripk3*7*K4%%R mice may explain their elevated
bacterial burdens. In addition, Advia hematology analysis post-infection revealed elevated white blood cell
(WBC) counts in Ripk3<#7RK49R 3nimals, reflecting increased lymphocytes whereas levels of monocytes,
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Figure 4. RIPK3-K469 ubiquitylation promotes Salmonella clearance
(A) Ripk3+/+ and Ripk3K469R/K469R mice were intravenously infected with Salmonella (100 CFU) and assessed for bacterial
loads in the spleen (A) and liver (B) and their respective organ weights (C and D) at day 14 post-infection.
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analysis of cell numbers (K-O). All results are depicted as mean + SEM of 11-12 mice per genotype, pooled from 2
independent experiments (reflected by different symbols). *p < 0.05; **p < 0.01; ns: not significant (Mann-Whitney test).

CFU; colony forming units. See also Figures S3 and S4.
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Figure 5. Surface-exposed K158, K287, and K307 of murine RIPK3 limit its cell death-inducing activity

(A) Structure of the murine RIPK3 kinase domain (PDB ID: 4M69 (Xie et al., 2013)) showing 8 conserved surface-exposed
lysine residues; K30, K56, K63, K145, K158, K264, K287 and K307.

(B) Domain architecture of mouse RIPK3 depicting 4 published ubiquitylation sites (K5, K56, K264, and K307) and 5 other
conserved surfaced-exposed lysine residues.

Q) Ripk3’/’ MDFs containing stably integrated dox-inducible RIPK3-WT,-K145R,-K158R,-K287R,-K307R were induced
with 10 ng/mL dox and the apoptotic (TS) or necroptotic (TSI) stimuli, as indicated. Cells were monitored for viability over
24 h by SYTOX Green dye incorporation using the IncuCyte imaging system. The apoptotic stimuli consisted of 100 ng/mL
TNF (T) combined with 1 pM Cp.A (S) (denoted as TS), while the necroptotic stimuli included 5 uM IDN (I) in addition to TS
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Figure 5. Continued

(denoted TSI). Results are represented as mean+SEM of 3-5 independent experiments. See Figure S6A for the
untreated cell viability controls.

(D-H) Ripl<3’/’ MDFs carrying RIPK3-WT,-K145R,-K158R,-K287R,-K307R, or-K469R were treated with 10 ng/mL (H) or
20 ng/mL dox (D-G) for 16-18 h and total cell lysates analyzed by western blotting. Roman numerals to the left of blots (i
and ii) indicate the membrane probed for samples run in duplicate. In some cases, before western blotting, lysates were
separated into 1% TX-100-soluble or-insoluble fractions (G), or GST-TUBE pull-down was performed (H). All results are
representative of 3 independent experiments. See also Figures S5 and Sé.

neutrophils, and eosinophils were similar to Ripk3™* animals (Figures 4K-40). These data suggest that

RIPK3-K469 ubiquitylation is required for efficient clearance of Salmonella in vivo, resulting in a heightened
adaptive immune response.

RIPK3 residues K158, K287 and K307 restrict cell death in a similar manner to K469

The normal RIPK3-induced cell death responses in Ripk3<#¢7RK46%R macrophages and fibroblasts

suggested that other RIPK3 lysine residues and ubiquitylation sites might compensate for the loss of
RIPK3-K469 ubiquitylation to restrain RIPK3 activity. Analysis of the mouse RIPK3 crystal structure, which in-
corporates only the kinase domain (Xie et al., 2013), revealed that there are 8 surface-exposed lysine res-
idues that might be targeted for additional ubiquitin modifications (Figure 5A). Sequence alignment of
these RIPK3 lysine residues revealed that they were conserved across different species (Figure S5A). Three
of these lysines, K56, K264 and K307, in addition to K5, have been reported as being modified with ubiquitin
to impact RIPK3 by (1) targeting it for proteasomal (K264) or lysosomal (K56) turnover, (2) increasing RIPK1/
RIPK3 complex formation (K5), or (3) limiting RIPK1/RIPK3 complex formation (K307) (Lee et al., 2019; Mor-
iwaki and Chan, 2016; Onizawa et al., 2015; Seo et al., 2016) (Figure 5B).

To examine the functional impact of these surface-exposed lysine residues on RIPK3, we generated a series
of FLAG-tagged lysine to arginine RIPK3 substitution mutants, including published ubiquitylated lysines
(Figure 5B). All 9 RIPK3 mutants were used to reconstitute Ripk3™~ MDFs and their expression levels
were found to be comparable upon dox-induced expression, with the exception of RIPK3-K307R which,
relative to RIPK3-WT, displayed moderately elevated levels when induced with 5 ng/mL, but not 20 ng/
mL, of dox (Figure S5B).

To test mutant RIPK3 killing activity, the RIPK3 lysine to arginine variants were treated with increasing
doses of dox, and subsequent cell death measured after 16 h by Pl uptake and quantified by flow cytom-
etry, and long-term viability assessed using clonogenic survival assays. RIPK3-K56R, -K63R, and -K264R
expression all induced a moderate increase in cell death compared to RIPK3-WT in the long (but not
short) term analysis whereas RIPK3-K158R, -K287R, and -K307R resulted in markedly enhanced cell death
following both overnight dox treatment and in long term clonogenic survival assays (Figures S5C-S5E).
Although RIPK3-K5R, RIPK3-K30R and -K145R could accelerate cell death, this effect was not consistently
observed when these variants were expressed in Ripk3™/~ MDF cell lines derived from independent mice
(Figures S5C and S5D).

Next, we used the IncuCyte imaging system to assess the real-time cell death kinetics of RIPK3-K145R,
K158R, -K287R, and -K307R variants by SYTOX dye incorporation. Increased cell death was observed in cells
expressing RIPK3-K158R, -K287R, and -K307R, either on dox induction alone, or upon RIPK3-mediated TS-
induced apoptosis or TSl-induced necroptosis (Figures 5C, S4A, and S6A). On the other hand, RIPK3-K145R
did not impact TSI-mediated necroptosis or TS-induced apoptosis when compared to RIPK3-WT, even
though it displayed a minor increase in cell death caused by dox treatment alone (Figure 5C).

Consistent with increased necroptotic cell death signaling, expression of RIPK3-K158R, K287R, and RIPK3-
K307R led to enhanced p-RIPK37231/5232 and p-MLKL>**® (Figure 5D). Reminiscent of RIPK3-K469R expres-
sion, these mutations also caused spontaneous p-RIPK372%1/5232 within 4-6 h before the detection of cell
death (Figures S6B and S6C). Moreover, in line with the observed increase in RIPK3-driven apoptosis,
RIPK3-K158R, -K287R, and -K307R expression resulted in increased caspase-8 and -3 processing when
compared to the levels observed in RIPK3-WT-expressing cells (Figure 5F). When expressed in Ripk3™~
MDF clone #2, RIPK3-K145R also increased cleavage of caspase-8 and caspase-3 (Figure 5F), in line with
its ability to modestly induce cell death (Figure S5D).
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Figure 6. Loss of RIPK3-K359 ubiquitin modification prevents increased RIPK3-K469R killing activity

(A) Ripk3~/~ MDFs containing stably integrated dox-inducible RIPK3-WT or RIPK3-K469R were treated with 20 ng/mL dox
for 16-18 h and FLAG-RIPK3 purified, digested with trypsin and analysis by mass spectrometry for diGly motifs present in
mutant RIPK3-K469R but not RIPK3-WT. LC-MS/MS spectra of a diGly motif on K359 that was identified on FLAG-purified
RIPK3-K469R but not RIPK3-WT.

(B-D) Ripk3_/_ MDFs containing stably integrated dox-inducible RIPK3-WT, -K359R, -K449R, and -K359R/K469R were
treated with dox at the indicated concentration for 16-18 h prior to Pl analysis by flow cytometry (B), with 10 ng/mL dox
and analysis of cell death by IncuCyte Imaging (C), or with 20 ng/mL dox and analysis via GST-TUBE purification (D). Where
indicated, cells were also treated with 100 ng/mL TNF (T) and 1 uM Cp.A (S) to induce apoptosis (TS), or TS combined with
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Figure 6. Continued

5uMIDN (1) (TSI) to induce necroptosis for the duration of the experiment. For flow cytometry experiments, TS and TSI
were added after dox stimulation for 16-18 h (B), whereas for real-time IncuCyte imaging analysis, TS and TSI were
added at the same time as dox (C). All results are depicted as mean + SEM of 3-5 independent experiments (B) or 3
experiments (C), or representative of 3 independent experiments (D).

(E) Western blot analysis of Ripk3™~ MDFs expressing the indicated RIPK3 variants (10 ng/mL dox treatement). Results are
representative of 3 independent experiments. See also Figure Sé.

Similar to RIPK3-K469R, expression of hyperactive RIPK3-K158R, RIPK3-K287R, and RIPK3-K307R in
Ripk3~/~ MDFs also caused enhanced migration of active RIPK3 into the TX-100-insoluble fraction along-
side activated MLKL (Figure 5G). Increased RIPK3 activation (as detected by T231/5232 phosphorylation)
and killing activity of RIPK3-K158R, RIPK3-K287R, and RIPK3-K307R also correlated with enhanced RIPK3
ubiquitylation when compared to RIPK3-WT, including ubiquitylation of phosphorylated RIPK3 (Figure 5H).
In contrast, expression of RIPK3-K145R, which does not increase RIPK3-induced necroptosis signaling
(Figures 5C-5E), did not result in increased ubiquitylation when compared to RIPK3-WT (Figure 5H). There-
fore, several surface-exposed and/or ubiquitylated RIPK3 lysine residues, namely K158, K287 and K307, can
restrict RIPK3-induced apoptosis and necroptosis signaling upon dox-induced expression, akin to RIPK3-
K469. The decoration of these sites by ubiquitin may compensate for the loss of RIPK3-K469 ubiquitylation
in Ripk3(47R/K469R macrophages and fibroblasts to restrain RIPK3 killing activity.

RIPK3-K469 ubiquitylation can restrict cell death by preventing upstream ubiquitylation on
K359

Because the loss of RIPK3-K469 ubiquitylation enhanced overall RIPK3 ubiquitylation and cell death, we hy-
pothesized that RIPK3-K469 ubiquitylation is required to prevent the ubiquitylation of RIPK3 on other res-
idues, which consequently trigger RIPK3 signaling. Therefore, we performed mass spectrometry directly
comparing RIPK3-WT and RIPK3-K469R modification on dox-induced expression in Ripk3™/~ MDFs. This
analysis revealed a new ubiquitylation site, RIPK3-K359, that was only detected on RIPK3-K469R (Figure 6A).
Sequence alignment of RIPK3 demonstrated that RIPK3-K359 is highly conserved (Figure S4D).

To assess the significance of RIPK3-K359 ubiquitylation, we generated a RIPK3-K359R mutant alone and in
combination with the RIPK3-K469R mutation, RIPK3-K359R/K469R. Introduction of the RIPK3-K359R muta-
tion on top of RIPK3-K469R was sufficient to limit increased RIPK3-K469R-triggered cell death, including
death resulting from dox treatment alone or in combination with TS or TSI stimulation to trigger apoptosis
or necroptosis, respectively (Figures 6B and 6C). Of note, TS- and TSI-induced RIPK3-mediated apoptosis
and necroptosis was not defective in RIPK3-K359R-expressing cells when compared to RIPK3-WT
(Figures 6B, 6C, and S6E), indicating that the decoration of RIPK3-K359 by ubiquitin is not universally
required for RIPK3 signaling.

We next assessed the level of RIPK3 ubiquitylation by TUBE purification of the ubiquitylated proteome.
Consistent with the level of RIPK3 ubiquitylation correlating with its activation, the reduced cell death
observed in RIPK3-K359R/K469R-expressing cells correlated with a reduction in the total ubiquitylation
of both p-RIPK3T21/5232 3nd RIPK3 to a level that was similar to RIPK3-WT-expressing cells (Figure 6D).
In agreement with this, a dox time-course analysis over 8 h showed delayed p-RIPK37231/5232 j RIPK3-
K359R/K469R-expressing cells relative to RIPK3-K469R (Figure 4E). Therefore, RIPK3-K469 ubiquitylation
may prevent increased cell death signaling by inhibiting ubiquitin conjugation onto RIPK3-K359.

We hypothesized that, in addition to RIPK3-K469, other inhibitory lysines may prevent increased RIPK3 ac-
tivity by suppressing RIPK3-K359 ubiquitylation. To test this idea, we generated a RIPK3-K158R/K359R dou-
ble mutant to compare to RIPK3-K158R expression, which functions similarly to RIPK3-K449R to increase
RIPK3-mediated cell death when overexpressed (Figure 5). Similar to RIPK3-K359R/K469R (Figure 6E),
RIPK3-K158R/K359R phosphorylation was delayed when compared to RIPK3-K158R (Figure 7A), which
translated to reduced p—l\/ILKL5345 (Figure 7B), cell death (mostly apoptotic; Figures 7C, 7D, and S6E)
and overall ubiquitylated levels of p-RIPK3723'/5232 and RIPK3 (Figure 7E). Immunoprecipitation of FLAG-
RIPK3 revealed that the ability of RIPK3-K158R and RIPK3-K469R to bind activated MLKL was also
decreased upon the loss of RIPK3-K359 ubiquitylation (Figure 7F). Altogether, these data suggest that
RIPK3-K359 ubiquitylation is inhbited by the ubiquitylation of other RIPK3 lysine residues, and that the
decoration of RIPK3-K359 with ubiquitin may act to promote RIPK3-induced cell death in some circum-
stances (Figure S6F).
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Figure 7. Loss of RIPK3-K359 ubiquitin modification limits increased RIPK3 activity resulting from RIPK3-K158R
expression

(A-F) Ripk3™'~ MDFs containing stably integrated dox-inducible RIPK3-WT, -K158R, -K359R, -K469R, -K158R/K359R,
and -K359R/K469R were treated with 10 ng/mL dox for the indicated times before western blot analysis (A and B), GST-
TUBE pull-down (E) or FLAG immunoprecipitation (F). Alternatively, cells were treated at varying concentrations of dox
for 8 or 16 h before Pl analysis by flow cytometry (C and D).Data are representative of 2 (F) or 3 independent experiments
(A, B, and E), or depicted as mean + SEM of 3-4 independent experiments (C and D, symbols). See also Figure Sé.
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DISCUSSION

Our work demonstrates that murine RIPK3 is decorated by ubiquitin 8 amino acids beyond-the-RHIM (BTR)
on lysine 469. In vitro, the mutation of RIPK3 lysine 469 to arginine revealed that RIPK3-K469 ubiquitylation
can act to limit RIPK3-driven cell death. Enhanced RIPK3-K469R-mediated cell death was conferred, in part,
by the triggering of ubiquitylation on RIPK3-K359. Hence, inhibitory ubiquitylation of RIPK3 BTR may act to
prevent ubiquitin being attached to alternate lysine residues that otherwise contribute to RIPK3 activation.
Cell death caused by the loss of RIPK3-K469 ubiquitylation included features of both apoptosis as well as
necroptosis, which likely resulted from the increased propensity of RIPK3-K469R to oligomerize when over-
expressed, resulting in both its autophosphorylation and MLKL activation, in addition to the recruitment
and activation of apoptotic caspase-8.

A threshold level of RIPK3 expression seems to be important to reveal the RIPK3-K469R phenotype,
which is readily observed upon doxycycline-induced overexpression. Consistent with this, via the gener-
ation of Ripk3’<4é9R/K469R mice, we showed that at steady-state endogenous levels, RIPK3-K469R had no
impact on macrophage or fibroblast death caused by apoptotic (TS) or necroptotic (TSI) inducing agents.
In this regard, in response to these stimuli, our data suggest that other ubiquitylation sites may act in
place of, or in a co-operative manner with, RIPK3-K469 ubiquitylation to prevent the formation of a hy-
per-ubiquitylated RIPK3 species that signals cell death. This idea is consistent with studies showing that
several RIPK3 ubiquitylation sites act to enhance RIPK3-induced cell death when mutated (Lee et al.,
2019; Roedig et al., 2021; Seo et al., 2016), and our data demonstrating that both endogenous and over-
expressed mutant RIPK3 killing efficiency correlates with increased levels of ubiquitylated RIPK3. It is
interesting to note that the ubiquitylation of other necrosome or ripoptosome components, including
RIPKT (deAlmagro et al., 2017), MLKL (Garcia et al., 2021; Liu et al., 2021) and caspase-8 (Jin et al,
2009), can also act to promote their cell death signaling activity. Although murine RIPK3 K449 is not
conserved in human RIPK3, human RIPK3 has been reported to be ubiquitylated beyond the RHIM at
lysine 518, and mutation of this residue to arginine, akin to murine RIPK3 K469R, also enhanced RIPK3
killing activity (Roedig et al., 2021). Therefore, the ubiquitylation of the cell death machinery appears
to be a conserved mechanism that controls their signaling, with site-specific modifications limiting cell
death activity, and others promoting it, perhaps via increasing the tendency of cell death components
to oligomerize.

Upon doxycycline treatment, RIPK3-K469R expression was often observed to be moderately elevated rela-
tive to RIPK3-WT, as detected by immunoblot. However, this alone is unlikely to explain the significantly
increased cell death of RIPK3-K469R expressing cells. First, our analysis of other RIPK3 surface exposed
or ubiquitylated lysines identified three other residues (K158, K287, K307) that also cause increased
RIPK3 activation and cell death when mutated to arginine. In all cases, including RIPK3-K469R, the exacer-
bated RIPK3 activation (i.e. phosphorylation) did not correlate with a corresponding equivalent increase in
total RIPK3 levels. Consistent with this, our mass-spectrometry analysis indicated that RIPK3-K469R phos-
phorylation was increased ~16-32-fold relative to RIPK3-WT, in agreement with our quantitative confocal
single cell analysis of RIPK3 levels and activation. Second, other surface-exposed lysines such as RIPK3
K145, which did not enhance RIPK3 activity when mutated to arginine, showed very similar RIPK3 expres-
sion levels to activating RIPK3 variants.

The higher Salmonella burdens we observed on infection of Ripk3<*7R46%R mice could reflect a
stimulus that increases RIPK3-K469R levels and/or allows for enhanced RIPK3-K449R killing activity in a
cell type required for controlling bacterial replication. This idea aligns with our observations

JRAIRIKAIR mice have decreased levels of the anti-microbial

showing that Salmonella-infected Ripk
cytokine IFNy despite elevated lymphocyte numbers. However, to date, we do not know which cell type
is impacted by RIPK3-K469R expression to allow for increased bacterial burdens, particularly as

JRASIRIKATR mice displayed normal cell death responses to Salmonella

macrophages derived from Ripk
infection in vitro. As previously reported (Pobezinskaya et al., 2008), TNF and TLR signaling components
can function in an exqusitely cell type-specific manner and, therefore, defining the relevant cell type
impacted by RIPK3 K469R expression that helps control Salmonella replication will be of interest to

determine.

Contrary to several RIPK3 ubiquitylation studies to date (Choi et al., 2018; Lee et al., 2019; Moriwaki and
Chan, 2016; Onizawa et al., 2015; Roedig et al., 2021; Seo et al., 2016), we observed that the loss of a
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RIPK3 ubiquitylation site does not always result in a reduction in total RIPK3 ubiquitylation levels. In fact, our
results demonstrate that the loss of RIPK3 ubiquitylation at K469, or other reported ubiquitylated and/or
surface-exposed lysine residues that restrict cell death, triggered a substantial increase in the detection
of ubiquitylated RIPK3 species. Because the RIPK3 RHIM is required for oligomerization of RIPK3 to pro-
mote its kinase activation (Li et al., 2012), we suggest that inhibitory RIPK3 ubiquitylation serves to keep
the RIPK3 RHIM in an inactive confirmation by preventing its exposure and hence propensity to form olig-
omers. A recent study reported that the flanking regions of the RIPK3 RHIM contribute to the RHIM struc-
ture and are indispensable for functional necrosome signaling (Wu et al., 2021). Therefore, it is possible that
inhibitory RIPK3 ubiquitylation disrupts the structural integrity of the flanking regions to limit RHIM
signaling.

Interestingly, mutation of RIPK3-K469 to arginine led to increased RIPK3 activation and killing activity that
was attributable, in part, to the ubiquitylation of RIPK3-K359. Although RIPK3-K469 is not conserved in hu-
man RIPK3, RIPK3-K359 is highly conserved across species. Although our findings show that loss of RIPK3-
K359 ubiquitylation alone does not block RIPK3-induced cell death in response to commonly used RIPK3
activating agents (i.e. TSI), the fact that the loss of RIPK3-K359 ubiquitylation diminished the cell death-
inducing activity of overexpressed RIPK3-K469R implies that the ubiquitin targeting of RIPK3-K359 may
act as a RIPK3 activation mechanism in response to specific stimuli.

Why a number of lysine residues located in distinct RIPK3 domains can all limit RIPK3 killing at an individual
level in vitro, as our and other studies show, remains unclear. However, our findings highlight that data
derived from the complementation of gene deficient cells (e.g. Ripk3™/7) in vitro with relevant, inducibly
expressed, mutant genes should be interpreted with caution, as the same responses may not be observed
in all cell types and tissues in corresponding knockin gene mutant animals, as our analysis of Ripk3<*¢”%
K469R mice demonstrates. As some reports suggest (Choi et al., 2018; Lee et al., 2019; Seo et al., 2016), it
is possible that each currently identified RIPK3 ubiquitylation site is targeted by specific E3 ligases, or
DUBs, that are inactivated/activated in response to distinct signals in a cell type specific manner, thereby
allowing RIPK3 activity to be toggled according to different cellular threats. Further study and identification
of E3 ligases required for the ubiquitylation of RIPK3, to either promote or limit RIPK3 signaling, may pre-
sent new therapeutic avenues for modulating RIPK3 activity in relevant disease states.

Limitations of the study

Despite the retention of a positive charge, the substitution of lysine for arginine may alter the confirma-
tion of a protein to impact its function, as indicated by previous research (Sokalingam et al., 2012).
Therefore, although our mass-spectrometry analysis clearly identified the decoration of RIPK3-K469
with ubiquitin and, in the RIPK3-K469R variant, ubiquitin modification of RIPK3-K359, we cannot exclude
the possibility that the lysine to arginine substitutions of these residues alters RIPK3 conformation and
function independent of ubiquitin modification. In this regard, two of the surface exposed RIPK3 lysines
we examined, RIPK3-K158 and RIPK3-K287, have yet to be shown as sites for ubiquitylation, yet the sub-
stitution of these residues with arginine still resulted in hyperactive RIPK3. Although our findings also
indicate that increased overall RIPK3 ubiquitylation correlates with the cell death signaling of both
endogenous and hyperactive mutant RIPK3, future efforts to identify the ubiquitylation fingerprint,
including the ubiquitin linkage types, of endogenous RIPK3 at steady state and during necroptosis,
will be important to examine. Our study also does not assess how the numerous RIPK3 residues phos-
phorylated upon RIPK3-K449R expression might alter RIPK3 function, and if these events result from
RIPK3 kinase activity. Finally, despite the mildly reduced Salmonella clearance of infected
Ripk3[467R/K469R mice, our work has not identified the relevant cell types impacted by this RIPK3 variant
that alter cell death signaling or potentially other functions, such as autophagy induced by bacterial
infection. Ultimately, these investigations will be required to determine the in vivo physiological rele-
vance and signaling imparted by RIPK3-K469 ubiquitylation.
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Antibodies
Anti-B-actin Sigma-Aldrich Cat#: A1987; RRID: AB_476692;

Anti-Calreticulin
Anti-Caspase-3

Anti-Cleaved Caspase-3 (D175)
Anti-Cleaved Caspase-8 (D387)
Anti-Flotilin-1

Anti-GAPDH

Anti-GM130
Anti-HA

Anti-Lamin A/C

Anti-LAMP-1

Anti-MLKL

Anti-Mouse IgG (H + L) Secondary

Anti-Mouse IgG (H + L) Secondary, Alexa Fluor 594
Anti-Phospho-MLKL (S345)

Anti-Phospho-MLKL (S345)

Anti-Phospho-RIPK3 (T231/5232)

Anti-Rabbit IgG (H + L) Secondary

Anti-Rabbit IgG (H + L) Secondary, Alexa Fluor 488
Anti-Rabbit IgG (H + L) Secondary, Alexa Fluor 647
Anti-Rat IgG (H + L) Secondary

Anti-Rat IgG (H + L) Secondary, Alexa Fluor 594
Anti-RIPK1

Anti-RIPK3

Anti-TGN 38

Anti-Ubiquitin

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
BD Transduction Laboratories

Merck

BD Transduction Laboratories

Roche

Santa Cruz

Santa Cruz

WEHI

Southern Biotech
Invitrogen

Abcam

Cell Signaling Technology
Genentech, Inc

Southern Biotech
Invitrogen

Invitrogen

Southern Biotech
Invitrogen

Cell Signaling Technology
WEHI

Santa Cruz

Cell Signaling Technology

Clone: AC-15

Cat#: 12238; RRID: AB_2688013
Cat#: 9662; RRID: AB_331439
Cat#: 9579; RRID: AB_10897512
Cati#: 8592; RRID: AB_10891784
Cat#: 610821; RRID: AB_398140

Cat#: MAB374; RRID: AB_2107445;
Clone: AC-15

Cat#: 610822; RRID: AB_398141; Clone: 35

Cat#: 11867423001; RRID: AB_390918;
Clone: 3F10

Cati#: sc-20681; RRID: AB_648154
Cati#: sc-19992, RRID:AB_2134495
Clone 3H1

Cat#: 1010-05; RRID: AB_2728714
Cat#: R37121; RRID: AB_2556549
Cat#: Ab 196436; RRID: AB_2687465
Cati#: 37333; RRID: AB_ 2799112
Cat#: GEN-135-35-9

Cat#: 4010-05; RRID: AB_2632593
Cat#: A-11008; RRID: AB_143165
Cat#: A31573; RRID: AB_2536183
Cat#: 3010-05; RRID: AB_2795801
Cat#: A-11007; RRID: AB_141374
Cat#: 3493; RRID: AB_2305314
Clone 8G7

Cat#: sc-166594; RRID: AB_2287347
Cat#: 3936; RRID: AB_331292

Bacterial and virus strains

E. coli BL21-Codon Plus (DE3) This paper N/A

Salmonella Typhimurium strain SL1344 From the laboratory of Marc Pellegrini N/A

Chemicals, peptides, and recombinant proteins

3x FLAG Peptide APExBio A6001
Bafilomycin A1 Enzo Life Sciences BML-CM110-0100
Biotinylated Wheat Germ Agglutinin (WGA) Sigma-Aldrich L5142
DyLight650-conjugated streptavidin ThermoFisher 84547
Glutathione Sepharose 4B GE Healthcare GEHE17-0756-01
GSK'872 SynKinase SYN-5481
GST-TUBE recombinant protein This paper; generated in-house N/A

GST-UBA recombinant protein Gift from the laboratory of J. Silke N/A
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Hoechst 33342 ThermoFisher H3570
Human Fc-TNF Gift from the laboratory of J. Silke N/A
IDN-6556 (Emricasan) Tetralogic Pharmaceuticals N/A
Immobilon Western Chemiluminescent HRP Merck WBKLS0500
Substrate

Lipofectamine 2000 ThermoFisher 11668-019
MG-132 Sigma-Aldrich M7449
MitoTracker™ Deep Red FM Invitrogen M22426
Necrostatin-1S Merck 504297
Q-VD-OPH MP Biomedicals SKU 030PH10901
SlowFade Gold Antifade reagent ThermoFisher $36937
SMAC-mimetic Compound A TetraLogic Pharmaceuticals N/A
USP21 recombinant protein Gift from the laboratory of J. Silke N/A
Experimental models: Cell lines

Human: 293T ATCC CRL-3216
Mouse: MDF This paper N/A
Mouse: YAMC Gift from the laboratory of R. Ramsay. N/A
Experimental models: Organisms/strains

Mouse: Wildtype: C57BL/6J In-house JAX stock #000664
Mouse: Ripk31#67R/K469R In-house, this paper N/A
Oligonucleotides

For the list of oligonucleotides, please refer to This paper N/A
“Plasmids, mutagenesis, and transfection”

section below

Recombinant DNA

Plasmid: HA-GFP This paper N/A
Plasmid: HA-Ubiquitin WT This paper N/A
Plasmid: HA-Sumo2 WT Addgene #48967
Plasmid: HA-Sumo3 WT Addgene #17361
Plasmid: PF TRE3G FLAG-mouse RIPK3-WT This paper N/A
Plasmid: PF TRE3G FLAG-mouse RIPK3-K5R This paper N/A
Plasmid: PF TRE3G FLAG-mouse RIPK3-K30R This paper N/A
Plasmid: PF TRE3G FLAG-mouse RIPK3-K56R This paper N/A
Plasmid: PF TRE3G FLAG-mouse RIPK3-K63R This paper N/A
Plasmid: PF TRE3G FLAG-mouse RIPK3-K145R This paper N/A
Plasmid: PF TRE3G FLAG-mouse RIPK3-K158R This paper N/A
Plasmid: PF TRE3G PF TRE3G FLAG-mouse This paper N/A
RIPK3-K264R

Plasmid: PF TRE3G FLAG-mouse RIPK3-K287R This paper N/A
Plasmid: PF TRE3G FLAG-mouse RIPK3-K307R This paper N/A
Plasmid: PF TRE3G FLAG-mouse RIPK3-K359R This paper N/A
Plasmid: PF TRE3G FLAG-mouse RIPK3-K469R This paper N/A
Plasmid: PF TRE3G FLAG-mouse RIPK3-K158R/K35%9R

Plasmid: PF TRE3G FLAG-mouse RIPK3-K359R/K469R This paper N/A

22 iScience 25, 104632, July 15, 2022

(Continued on next page)



iScience

¢? CellPress

OPEN ACCESS

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited Data

Mass spectrometry proteomics data This paper PRIDE partner repositry: PXD026533

Software and algorithms

Software: FlJI ImageJ https://imagej.net/Fiji
Software: FlowJo FlowJo https://www.flowjo.com/
Software: Image Lab Biorad https://www.bio-rad.com
Software: PyMOL PyMOL https://www.pymol.org/2/
Software: GraphPad PRISM (Version 8.4.3) GraphPad https://www.graphpad.com/
RESOURCE AVAILABILITY

Lead contact
Any request for resources or reagents should be directed to the Lead Contact, James E. Vince (vince@wehi.
edu.au).

Materials availability

All unique reagents generated in this study are available from the lead contact with a completed materials
transfer agreement.

Data and code availability

This paper does not report original code.

The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via
the PRIDE partner repository with the dataset identifier PXD026533.

Any additional information required to reanalyze the data reported in this paper is available from the lead
contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal housing and ethics

All mice were housed at the Walter and Eliza Hall Institute of Medical Research (WEHI), Australia. Animal
rooms were monitored to maintain suitable environmental conditions for the mice. Temperature was main-
tained at approximately 21°C with a band range £3°C (from 18-24°C). Light cycle was timed as 14/10 h
light/dark cycle. Humidity was monitored within the facility and mirrored levels outside the building.
Preferred ranges were between 40-70%. Ranges that fell beyond these measures led to increased moni-
toring of cage conditions within the facility. Air handling units were monitored and alarmed by Facilities
Management to provide 16 air changes per hour. The WEHI Animal Ethics Committee approved all exper-
iments in accordance with the Prevention of Cruelty to Animals Act (1986) and the Australian National
Health and Medical Research Council Code of Practice for the Care and Use of Animals for Scientific Pur-
poses (1997).

Mice

The C57BL/6J mouse strain was used in this research project. Ripk mice were generated on a
C57BL/6J background using CRISPR/Cas? technology by the Melbourne Advanced Genome Editing Cen-
ter (MAGEC) at WEHI, following a similar methodology as previously published (Lalaoui et al., 2020; Vi-
jayaraj et al, 2021). Briefly, to generate Ripk3<4¢7*/K4R mice, 20 ng/ulL of Cas9 mRNA, 10 ng/uL of sgRNA
(GAACTGTGCTTGGTCATACT) and 40 ng/uL of oligo donor (TGCAGATTGGGAACTACAACTCCTTG
GTAGCACCACCAAGAACTACTGCCTCAAGTTCGGCCCGTTATGACCAAGCACAGTTCGGCAGGGGTA
GGGGCTGGCAGCCCTTCCACAAGTAGACTTCA) were injected into the cytoplasm of fertilized one-cell
stage embryos derived from WT C57BL/6J breeders. Viable founder mice were identified by next-genera-
tion sequencing. Targeted animals were backcrossed onto wildtype C57BL/6J animals for 2 generations to
eliminate potential sgRNA off-target hits, and then subjected to a further round of next-generation

3K469R/K469R
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sequencing. Mice were routinely genotyped using genomic DNA extracted from tail biopsies using the
Direct PCR Lysis tail reagent (Viagen) supplemented with 5 mg/mL proteinase K (Worthington), in accor-
dance with the manufacturer’s instructions. The following primers were used to amplify and distinguish be-
tween WT Ripk3 and Ripk3<*7R/K469R 3|leles by PCR method: 5-CTCAAGTTCGGCCAAG-3 (Ripk3*/* for-
ward), 5-CTCAAGTTCGGCCCGT-3' (Ripk3<4IR/K46R torward), 5'-GACTTTAAGGAGATGGGTCAAG-3
(Ripk3 common reverse).

Cell lines and culture conditions

Macrophages and dermal fibroblasts were derived from both male and female mice aged anywhere from 6
to 16 weeks. MDFs immortalized with SV40 large T antigen or Ripk3™~ bone marrow derived macrophages
(BMDMs) immortalized with Cre-J2 virus (Ripk3‘/‘ iBMDMs) were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 8% (v/v) fetal calf serum (FCS), 50 U/mL penicillin and 50 U/mL
streptomycin at 37°C and 10% (v/v) CO,. YAMC cells, kindly provided by Robert Ramsay (Peter
MacCallum Cancer Center), were grown in RPMI media containing 8% v/v FCS, GlutaMAX
(ThermoFisher #35050061), 50 U/mL penicillin and 50 U/mL streptomycin at 37°C and 10% (v/v) CO..
WT, Ripk3~~ and MIkI~’~ MDFs were generated from C57BL/6 mice as previously described (Hildebrand
etal., 2014; Murphy et al., 2013; Newton et al., 2004). All cell lines were routinely monitored for mycoplasma
contamination.

Primary BMDMs were generated from the femoral and tibial bone marrow cells of WT and Ripk31#67~/K469R
C57BL/6 mice. Upon harvest, bone marrow cells were cultured on 15 cm bacterial Petri dishes for 7 days in
DMEM supplemented with 20% L929 conditioned media and 8% (v/v) FCS at 37°C and 10% (v/v) CO2. Fresh
media was added on day 3, and cells harvested, counted and used in experiments on day 6 or 7.

For generation of primary MDFs, the dermis layer of a whole skin tail was separated from the epidermis
layer by incubating with 2.1 U/mL Dispase Il (Sigma; D4693) in serum-free DMEM media at 37°C for 2 h.
The dermis was then incubated in 0.025 mg/mL Liberase TM (Sigma, 5401119001) in serum-free DMEM
media at 37°C for 1.5 h with shaking. The following day, the dermis was passed through a 100 um Falcon
sieve by using a sterile plastic syringe plunger and washed thoroughly with 8% FCS-supplemented
DMEM media. Cells were grown and used for experiments for up to 2 weeks before they entered
senescence.

METHOD DETAILS

Mouse model of Salmonella infection

Mice used in these experiments were a mix of littermate and non-littermate animals of both sexes aged
7-9 weeks, and both groups of WT mice were confirmed to respond similarly to infection. A single colony
of Salmonella BRD509 was cultured overnight in Luria Bertani (LB) broth containing 50 pg/mL Streptomycin
(Sigma-Aldrich) in a shaking incubator at 37°C, then sub-cultured in fresh LB broth (+Streptomycin) for 3 h
under the same conditions. Bacteria were pelleted at 4000 xg for 20 min, then resuspended in PBS and
measured by absorbance at ODyoq to extrapolate colony forming units (CFU)/mL (i.e. 1 X 10° CFU/mlL=
ODggo 1.0). WT control and Ripk3K469R/K469R mice were infected with S. Typhimurium BRD509 at 100 CFU
by intravenous (iv) injection. Mice were culled and organs harvested 14 days post-infection. Serum was ex-
tracted from cardiac bleeds for multiplex cytokine analysis using the BD Cytometric Bead Array Mouse
Inflammation Kit (BD Bioscience). Organs from infected mice were weighed and homogenised in 2 mL
(spleens) or 5 mL (livers) of PBS. Homogenates were serially diluted (in duplicate) in PBS and 10 pL drops
plated out in duplicate onto LB agar (+Streptomycin) and incubated overnight at 37°C. CFU/mL was calcu-
lated per organ for each mouse and then standardised to CFU/mg organ based on organ weights. Injec-
tions and analyses were performed in a blinded manner to mouse genotypes.

Salmonella infection of BMDMs

Studies were performed as previously described using Salmonella Typhimurium strain SL1344 (Doerflin-
ger et al., 2020). Bacteria were grown at 37°C for 16-18h under 50 pg/mL Streptomycin antibiotic selec-
tion. Multiplicity of infection (MOI) was calculated based on the OD600 reading, whereby OD600 = 1 =
107 CFU of bacteria/mL. An MOI 10 with 50,000 cells, for example, equates to 0.5 plL of the bacterial cul-
ture in the cell media. Cells were infected in antibiotic-free DMEM for 30 min. Then, cell supernatants
were harvested for a 30 min time-point, or washed twice with PBS and replaced in DMEM supplemented
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with 20% L929 conditioned media, 8% (v/v) FCS, and 50 ng/mL Gentamycin. Cells were incubated for a
further 60 min for a 2 h time-pointprior to cell supernatant harvest. LDH analysis was performed with the
CytoTox 96® Non-Radioactive Cytotoxicity Assay (Promega, G1780) according to the manufacturer’s
instructions.

Compounds and antibodies

The following compounds were utilized in this study: Bafilomycin A1 (Baf-A4, Enzo Life Sciences #BML-
CM110-0100), recombinant human TNF-Fc [made in-house (Bossen et al., 2006)], SMAC-mimetic
Compound A (Cp.A; TetraLogic Pharmaceuticals), Necrostatin-1S (Nec-1s; Merck #504297), pan-caspase
inhibitors Q-VD-OPH (MP Biomedicals #SKU 030PH10901) and IDN-6556 (provided by Tetralogic Pharma-
ceuticals), doxycycline (dox; Sigma-Aldrich), GSK'872 (SynKinase #SYN-5481), and MG-132 (Sigma-Aldrich;
M7449).

Primary antibodies used in this study were: mouse anti-B-actin (Sigma-Aldrich #A1987; 1:5000), rabbit anti-
Calreticulin (CST #12238), rabbit-anti-caspase-3 (CST #9662), rabbit-anti-cleaved caspase-3 (D175) (CST
#9579), rabbit-anti-cleaved caspase-8 (D387) (CST #8592), mouse-anti-flotilin-1 (BD Transduction Labora-
tories #610821), rabbit anti-GAPDH (Merck #MAB374; 1:5000), mouse anti-GM130 (BD Transduction Labo-
ratories #610822; 1:200 for microscopy), rat anti-HA (Roche #11867423001), rabbit-anti-Lamin A/C (Santa
Cruz #sc-20681), rat anti-LAMP 1 (Santa Cruz #sc-19992; 1:300 for microscopy), rat anti-MLKL (WEHI clone
3H1 (Murphy et al., 2013) and available from Merck #MABC604; 1 pg/mL), rabbit—anﬁ—p—MLKL5345 (Abcam
#196436/CST #37333), rabbit anti-p-RIPK37231/5232 (Genentech #GEN-135-35-9 (Newton et al., 2016b);
1 pg/mL for western blotting or 5 pg/mL for microscopy), rabbit anti-RIPK1 (CST #3493), rat anti-RIPK3
(WEHI clone 8G7 (Petrie et al., 2019); 1:2000 for western blotting or 1:1000 for microscopy), mouse anti-
TGN 38 (Santa Cruz #sc-166594; 1:300 for microscopy), rabbit anti-Ubiquitin (CST #3936). All primary anti-
bodies were used at a 1:1000 dilution unless stated otherwise.

Secondary antibodies used in this study were: HRP-conjugated anti-rabbit IgG (Southern Biotech #4010-05;
1:10000), HRP-conjugated anti-rat IgG (Southern Biotech #3010-05; 1:10000), HRP-conjugated anti-mouse
I9G (Southern Biotech #1010-05; 1:10000), AlexaFluor 488-conjugated anti-rabbit IgG (Invitrogen #A-
11008; 1:1000), AlexaFluor 594-conjugated anti-rat IgG (Invitrogen #A-11007; 1:1000), AlexaFluor
594-conjugated anti-mouse 1gG (Invitrogen #R37121; 2 drops/mL) and AlexaFluor 647-conjugated anti-
rabbit IgG (Invitrogen #A-31573; 1:1000).

Plasmids, mutagenesis, and transfection

HA-GFP was cloned into pcDNAS.5, while HA-Ubiquitin WT was cloned into pEF6/Myc-His. Both vectors
were kind gifts from Pascal Meier. HA-Sumo2 (Addgene #48967) and HA-Sumo3(Addgene #17361) con-
structs were kindly provided by Guy Salvesen (Bekes et al., 2011) and Edward Yeh (Kamitani et al., 1998),
respectively. All constructs were transiently transfected into 293T cells following the Lipofectamine 2000
Transfection protocol (ThermoFisher 11668-019).

RIPK3-WT, -K5R, -K30R, -K56R, -K63R, -K145R, -K158R, -K264R, -K287R, -K307R were synthesized by ATUM
(California, US), while RIPK3-K359R, -K469R, -K158R/K359R, and -K359R/K4649R were generated by the PCR-
directed overlap extension technique (Heckman and Pease, 2007). For RIPK3-K158R/K359R, K359R was
introduced using RIPK3-K158R as the DNA template. Two primer pairs (denoted pair AB and pair CD)
were designed with a 36-42°C melting temperature on each side of the desired base pair change,
assuming each A or T base pair is 2°C, and G or C base pair is 4°C. To obtain the final DNA product con-
taining the desired mutation, products from AB and CD primer pairs were combined together in equal
amounts, and the reaction was repeated to create AD product using primers A (Sense sequence) and D
(Anti-sense sequence).

All constructs were cloned into an N-terminal FLAG-tagged doxycycline-inducible pF TRE3G PGK puro
plasmid, as previously described (Moujalled et al., 2013, 2014; Murphy et al., 2013). Lentivirus was gener-
ated using Effectene Transfection Reagent (QIAGEN) in HEK293T cells, and target cells were infected in
media containing 4 pg/mL Polybrene. Cells were selected in 5 pg/mL puromycin.

Primer Sequences Used in PCR.
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RIPK3 Target Sense (5'-3') Anti-sense (5'-3')

K359R (pair AB) CGCGGATCCTCTGTCAAGTTATGGCCTAC CCTCTCAGGACATCTTCCAGGAACTGG
K359R (pair CD) CCAGTTCCTGGAAGATGTCCTGAGAGG GCGGAATTCACTTGTGGAAGGGCTGC
K469R (pair AB) GGATCTGCGCCACCATGGATTAC GTGCTTGGTCATACCTGGCCGAACTTG
K469R (pair CD) CAAGTTCGGCCAGGTATGACCAAGCAC CTAGTGAGACGTGCTACTTCCATTTGTC

Recombinant protein purification of GST-UBA and GST-TUBE

The recombinant GST-tagged Ubiquillin-UBA1x (UBA) and Ubiquillin-UBA4x (TUBE) were expressed from
pGEX-6P1 plasmids encoding the respective protein, and have been described elsewhere (Hjerpe et al.,
2009). The pGEX-6P1 plasmid encoding GST-TUBE was kindly provided by David Komander. Briefly, pro-
teins were expressed with 0.3mM IPTG in E. coli BL21-Codon Plus (DE3) at 18°C overnight. Cells were lysed
by sonication in Buffer A [50 mM Tris pH 8.0, 50 mM NaCl, 1 mM EDTA, 1 mM DTT, 10% glycerol, and com-
plete protease inhibitor cocktail (Roche)]. Lysates were clarified by centrifugation at 45000 xg for 30 min
prior to standard glutathione agarose affinity purification protocol (GE Healthcare). Elution was performed
twice with 10 mM reduced glutathione in Buffer A at 4°C with rotation for 30 min.

Flow cytometry

Upon harvest, cells were stained with 0.5 ng/mL propidium iodide (Pl) and subsequently analyzed with a BD
FACS Calibur instrument (BD Biosciences). Data were analyzed using FlowJo software.

IncuCyte live-cell imaging

To assess cell viability using the IncuCyte S3 (Sartorius) system, cells were seeded in triplicate in 96-well
plates and were incubated in SYTOX™ Green Nucleic Acid Stain (ThermoFisher #57020) at 0.5 pM and
SPY650-DNA (Spirochrome) at a 2000x dilution. The algorithm setting was adjusted to accurately detect
green and red puncta. To calculate the % Sytox positive cells (i.e. cell death), the puncta count for the green
channel was divided by the red channel count and the result multiplied by 100.

Clonogenic survival assays

Assays was conducted as previously described (Franken et al., 2006). Briefly, cells were seeded on a é-well
plate at 1,500 cells/well, and stimulated with 10 ng/mL dox as indicated over 7 days. On harvest, cells were
fixed with 100% methanol for 5 min, methanol removed, and cells subsequently stained with 0.1% w/v crys-
tal violet for 30 min.

Confocal imaging

Cells were seeded in 8-well p-slides (Ibidi #80826) and treated as indicated. For plasma membrane staining,
2 uL of biotinylated wheat germ agglutinin (WGA; Sigma-Aldrich #L5142) was added to each well 10 min
prior to harvest. For mitochondria staining, cells were incubated with 100 nM MitoTracker Deep Red FM
(Invitrogen M22426) for 30 min prior to fixation. On harvest, cells were fixed with 4% PFA in PBS for
10 min, washed with PBS, and permeabilized with 0.1% saponin, 10% donkey serum in TBS (0.2 um filtered)
for 30 min. Fixed samples were then incubated in primary antibodies as indicated for overnight at 4°C. The
next day, samples were washed twice in PBS, incubated in secondary antibodies for 1h at room tempera-
ture and 20 min prior to washing, 2 pg/mL of Hoechst 33348 (ThermoFisher #H43570) was applied. For WGA
detection, 1-2 pg/mL DyLight650-conjugated streptavidin (ThermoFisher #84547) was used during the sec-
ondary antibody incubation step. After 2 washes with PBS, samples were mounted with SlowFade Gold
Antifade reagent (ThermoFisher #536937). All images were obtained using a 63x oil objective on a confocal
laser scanning Leica TCS SP8 microscope with z-stacks, and subsequently analyzed using FlJI software.

FLAG and HA immunoprecipitation (IP)

For FLAG IP analysis, MDFs were seeded in 2 X 15 cm plates at 80% confluency. After dox stimulation, cells
were harvested and lysed in DISC buffer (1% Triton X-100, 150 mM NaCl, 20 mM Tris pH 7.5, 10% glycerol,
2 mM EDTA) supplemented with complete protease inhibitor cocktail (Roche) for 20 min on ice. Samples
were clarified by centrifugation (21000 xg for 5 min), and the soluble cell lysate incubated with 20 uL of
packed magnetic anti-FLAG beads (Sigma) per 15 cm plate at 4°C with rotation overnight. Upon 2 washes
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with DISC buffer, samples were eluted twice in 1 mg/mL 3x FLAG peptide (APExBio) in TBS pH 7.5. The
combined eluate was mixed with SDS lysis buffer for further analysis by western blotting.

For HA IP analysis, 293Ts were seeded in 6-well plates at 80% confluency. Cells were transiently co-trans-
fected with the appropriate HA construct and FLAG RIPK3-WT. Cells were stimulated with 20 ng/mL dox
overnight post-transfection, harvested and lysed in DISC buffer. Samples were processed similar to the
FLAG IP, except that they were incubated in 20 plL of packed magnetic anti-HA beads (ThermoFisher),
and the beads were lysed directly in SDS lysis buffer after completing the incubation and two wash steps.

Liquid chromatography-tandem mass spectrometry (LC-MS/MS)

MDFs were seeded in4 x 15 cm plates at 80% confluency, stimulated with 20 ng/mL dox overnight, lysed in
DISC buffer, and FLAG-purified as described above, except that samples were washed twice in MS buffer
(1% Triton X-100, 1 M urea, 500 mM NaCl, 20 mM Tris pH 7.5, 10% glycerol, 2 mM EDTA) at 4°C with rotation
for 15 min. Eluted samples were subjected to tryptic digestion, following the FASP protocol described pre-
viously (Wisniewski et al., 2009).

Samples were analyzed on an M-class UPLC (Waters, USA) coupled to a timsTOF Pro (Bruker, Germany)
equipped with a CaptiveSpray source. Peptides were resuspended in 2% ACN, 1% formic acid (FA) sepa-
rated on a 25 cm X 75 pm analytical column, 1.6pum C18 beads with a packed emitter tip (Aurora Series,
lonOpticks, Australia). The column temperature was maintained at 50°C using an integrated column
oven (Sonation GmbH, Germany). The column was equilibrated using 5 column volumes before loading
sample in 100% buffer A (99.9% MilliQ water, 0.1% FA). Samples were separated at 400 nL/min using a linear
gradient from 2% to 17% buffer B (99.9% ACN, 0.1% FA; 55min), 17%-25% buffer B (21min) before ramping
to 35% buffer B (13min), ramp to 85% buffer B (3min) and sustained for 10min. The timsTOF Pro (Bruker) was
operated in PASEF mode using Compass Hystar 5.0.36.0. Alternatively, samples were resuspended in 2%
acetonitrile, 1% formic acid and injected and separated by reversed-phase liquid chromatography on an
M-class UPLC system (Waters, USA) using a 250 mm X 75 um column (1.6um C18, packed emitter tip;
lonOpticks, Australia) with a linear 90-min gradient at a flow rate of 400 nL/min from 98% solvent A
(0.1% Formic acid in Milli-Q water) to 34% solvent B (0.1% Formic acid, 99.9% acetonitrile). The UPLC
was coupled on-line to a Q-Exactive mass spectrometer (Thermo Fisher, USA). The Q-Exactive was oper-
ated in a data-dependent mode, switching automatically between one full-scan and subsequent MS/MS
scans of the 10 most abundant peaks. Full-scans (m/z 350-1,850) were acquired with a resolution of
70,000 at 200 m/z. The 10 most intense ions were sequentially isolated with a target value of 100,000
ions and an isolation width of 2 m/z and fragmented using HCD with normalized collision energy of 27.
Maximum ion accumulation times were set to 50ms for full MS scan and 50ms for MS/MS. Dynamic exclu-
sion was enabled and set to 20 s.

Raw files were analyzed using MaxQuant (version 1.6.10.43). The database search was performed using the
Uniprot Mus Musculusdatabase plus common contaminants with strict trypsin specificity allowing up to 2
missed cleavages. The minimum peptide length was 7 amino acids. Carbamidomethylation of cysteine was
a fixed modification while N-acetylation of proteins N-termini, oxidation of methionine and diGly motif of
Lysine were set as variable modifications. During the MaxQuant main search, precursor ion mass error
tolerance was set to 6 ppm. PSM and protein identifications were filtered using a target-decoy approach
at a false discovery rate (FDR) of 1% with the match between runs option enabled.

Further analysis was performed using a custom pipeline developed in R, which utilizes the MaxQuant
output files. A feature was defined as the combination of peptide sequence, charge and modification. Fea-
tures not found in at least 50% of the replicates in one group were removed. To correct for injection volume
variability, feature intensities were normalized by converting to base 2 logarithms and then multiplying
each value by the ratio of maximum median intensity of all replicates over median replicate intensity.
Missing values were imputed using a random normal distribution of values with the mean set at mean of
the real distribution of values minus 1.8 s.d., and a s.d. of 0.3 times the s.d. of the distribution of the
measured intensities. The probability of differential peptide expression between groups was calculated us-
ing the Limma R package. Probability values were corrected for multiple testing using Benjamini-Hochberg
method. The mass spectrometry proteomics data have been deposited to the ProteomeXchange Con-
sortium via the PRIDE partner repository with the dataset identifier PXD026533.
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Purification of the ubiquitylated proteome

To purify ubiquitylated substrates, 50 pg/mL of GST-UBAs or GST-TUBEs per experimental condition was
pre-bound to glutathione Sepharose beads (GE Healthcare) for 30 minutes at 4°C with rotation. Approxi-
mately 2 x 10° cells per condition were lysed in urea lysis buffer (4 M urea, 50 mM Tris pH 7.5, 120 mM NaCl,
1% NP-40, 1 mM EDTA) for 10 min on ice for efficient extraction of RIPK3. Samples were centrifuged (21000
xg for 5 min) to remove the remaining insoluble protein/lipid aggregates, and the soluble cell lysate was
diluted in Wash Buffer (50 mM Tris pH 7.5, 120 mM NaCl, 1% NP-40, 1 mM EDTA) at a ratio of 1:1 to dilute
the urea to 2M. Lysates were then incubated with 10-20 ulL of packed GST-UBA or GST-TUBE beads at 4°C
overnight while rotating. Beads were then washed twice in Wash Buffer, followed by resuspension in 2x
reducing SDS lysis buffer. Samples were heated at 56°C or 65°C for 15 min, followed by a 17000 xg centri-
fugation for 5 min, prior to SDS-PAGE and western blot analysis. In the case of GST-TUBE pulldown of
TX-100-fractionated cells, cells were lysed in DISC buffer for 20 min on ice. Upon centrifugation at 17000
xg for 5 min, soluble cell lysate was incubated with 10-20 pL of packed GST-TUBE beads, while the pellet
was further lysed in 4M urea, and processed as above. All buffers were supplemented with 10 mM
N-ethylmaleimide and complete protease Inhibitor Cocktail (Roche).

USP21 assay

USP21 DUB was activated in DUB reaction buffer (50 mM Tris pH 7.5, 50mM NaCl and 5 mM DTT) for 10
minutes at room temperature. Approximately 2 x 10° cells per condition were lysed and GST-UBA
(50 pg/mL per condition) used to purify the ubiquitylated proteins as described above. After incubation
and washing (as outlined above), beads were incubated in 3 uM of activated USP21 at 37°C for 1 h. The re-
action was stopped by addition of 2x reducing SDS lysis buffer and samples analyzed by western blot.

Western blotting

For whole cell lysates, cells were lysed directly in reducing SDS lysis buffer. All samples were resolved by
SDS-PAGE on either 4-12% NuPAGE Novex Bis-Tris (Invitrogen) or 4-15% Criterion TGX Stain-Free gels
(Biorad), and protein transferred onto nitrocellulose or PYDF membranes. Membranes were blocked in
5% w/v skim milk in PBS containing 0.1% Tween-20 (PBST) for 10 min, and probed with the relevant primary
antibodies overnight. Membranes were then incubated in secondary antibodies for 1 h, and developed us-
ing ECL (Milipore), and detected with an X-OMAT film developer, or the ChemiDoc Touch Imaging System
(BioRad) coupled with Image Lab Software (Biorad). All primary antibodies were diluted in 5% w/v BSA-con-
taining PBST, while the secondary antibodies were diluted in 5% w/v skim milk in PBST. All membranes were
washed 3 times with PBST after antibody incubations.

QUANTIFICATION AND STATISTICAL ANALYSIS

Each data point from graphs represents an independent experiment, acquired either on different days or
performed by different scientists, or an independent biological replicate (i.e. a different mouse), as indi-
cated in the figure legends. In vitro experiments are displayed as the mean + SE of the mean (SEM).
The in vivo data was collected with the researchers blinded to genotype and are pooled from two indepen-
dent experiments and depicted as the mean + SEM Statistical analysis on the in vivo data was performed
with a Mann-Whitney test using GraphPad PRISM (Version 8.4.3). A statistical analysis of the in vitro data
was not performed due to the small sample size and the arbitrary p value threshold assigned to significance
being potentially misleading (Amrhein et al., 2019).
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