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Whole-genome CRISPR screen identifies
RAVER1 as a key regulator of RIPK1-mediated
inflammatory cell death, PANoptosis

R.K. Subbarao Malireddi,1,4 Ratnakar R. Bynigeri,1,4 Raghvendra Mall,1,3 Eswar Kumar Nadendla,1

Jon P. Connelly,2 Shondra M. Pruett-Miller,2 and Thirumala-Devi Kanneganti1,5,*

SUMMARY

Transforming growth factor-b-activated kinase 1 (TAK1) is a central regulator of
innate immunity, cell death, inflammation, and cellular homeostasis. Therefore,
many pathogens carry TAK1 inhibitors (TAK1i). As a host strategy to counteract
this, inhibition or deletion of TAK1 induces spontaneous inflammatory cell death,
PANoptosis, through the RIPK1-PANoptosome complex, containing the NLRP3
inflammasome and caspase-8/FADD/RIPK3 as integral components; however,
PANoptosis also promotes pathological inflammation. Therefore, understanding
molecular mechanisms that regulate TAK1i-induced cell death is essential. Here,
we report a genome-wide CRISPR screen in macrophages that identified TAK1i-
induced cell death regulators, including polypyrimidine tract-binding (PTB) pro-
tein 1 (PTBP1), a known regulator of RIPK1, and a previously unknown
regulator RAVER1. RAVER1 blocked alternative splicing of Ripk1, and its genetic
depletion inhibited TAK1i-induced, RIPK1-mediated inflammasome activation
and PANoptosis. Overall, our CRISPR screen identified several positive regula-
tors of PANoptosis. Moreover, our study highlights the utility of genome-wide
CRISPR-Cas9 screens in myeloid cells for comprehensive characterization of com-
plex cell death pathways to discover therapeutic targets.

INTRODUCTION

The host innate immune system forms the first line of defense against invading infectious and sterile agents

and maintains homeostatic equilibrium. To carry out these functions, pattern recognition receptors sense

perturbations and initiate inflammatory responses, including mitogen-activated protein kinase (MAPK)

signaling and cell death pathways. TheMAPK kinase kinase 7 (MAP3K7), also known as transforming growth

factor-b (TGF-b)-activated kinase 1 (TAK1), is an essential kinase that acts as a central node downstream of a

wide range of innate immune, cytokine, and cell death receptors to drive rapid and robust immune activa-

tion for host defense.1–10

Due to its role in integrating immune signaling cascades, TAK1 is a target for pathogen-mediated immune

evasion strategies.11 For instance, Yersinia has evolved to use its type-III secretion system to release the

highly virulent Yersinia outer protein J (YopJ) into the host macrophage to inhibit TAK1 and facilitate sys-

temic spread.12–14 This strategy for TAK1 inhibition likely contributes to Yersinia’s high mortality rates and

ability to cause pandemics.15–19 In response to YopJ, or pharmacological inhibition of TAK1 through 5z-7-

oxozeaenol (5z7), TAK1 inhibition induces a RIPK1-dependent alternate cell death pathway, both in mouse

and human macrophages.20–23 This cell death can occur in the absence21 or presence of innate immune

priming.20,22,23 Mechanistically, in the absence of external innate immune priming, TAK1 inhibition induces

RIPK1-dependent PANoptosis,20,21 a unique innate immune inflammatory, lytic cell death pathway regu-

lated by PANoptosomes, which integrate components from other cell death pathways. TAK1 inhibition-

mediated PANoptosis is characterized by the activation of the NLRP3 inflammasome as well as

caspase-1, caspase-8, caspase-3, caspase-7, and MLKL,20,21 and the RIPK1-PANoptosome contains the

NLRP3 inflammasome along with caspase-8, FADD, and RIPK3 as integral components.24 This RIPK1-

dependent cell death phenocopies the homeostatic aspects of the TNFR1-RIPK1 signaling axis-driven

inflammatory mechanism and disease.25–32 In contrast, in the presence of LPS-mediated innate immune
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priming, TAK1 inhibition drives responses that are regulated by the Rag-Regulator complex at the cross--

roads of cellular energy metabolism and activation of RIPK1-dependent cell death.33 However, our under-

standing of the regulation of TAK1 inhibition-mediated cell death and inflammation remains incomplete,

and there is an urgent and unmet need to define the regulators of this pathway to advance the identification

of strategies for therapeutic targeting of infectious and inflammatory diseases.

Therefore, in this study, we conducted a whole-genome CRISPR-based knockout screen to identity key reg-

ulators of TAK1 inhibition-mediated cell death using immortalized bone marrow-derived macrophages

(iBMDMs) expressing Cas9. Our screen identified well-known activators (positive regulators) of the

RIPK1-dependent cell death pathway, including TNFR1, RIPK1, and caspase-8, providing an intrinsic vali-

dation of the screen results. Beyond these activators, the screen also identified polypyrimidine tract-bind-

ing (PTB) protein 1 (PTBP1) and RAVER1, two components of mRNA splicing; these molecules were

required for the formation of the functional, full-length Ripk1mRNA by suppressing a non-canonical alter-

native splicing variant. Overall, our screen identified a comprehensive list of both known and previously

unknown regulators of the TNFR1-RIPK1-caspase-8 pathway of inflammatory signaling and the RIPK1-

PANoptosome and PANoptosis in macrophages, suggesting unique therapeutic targets and illustrating

the utility of CRISPR screens for mechanistic discovery.

RESULTS

Whole-genome CRISPR screen identifies essential regulators of TAK1 inhibition-mediated

cell death

Given the critical role of TAK1 at the intersection of multiple innate immune sensing and cytokine signaling

pathways, we sought to discover and characterize key regulators of TAK1 functions. To do this, we first

developed a genome-wide CRISPR-based genetic screen to identify the genes that regulate TAK1 inhibi-

tion-mediated cell death in iBMDMs.34,35 We selected iBMDMs since they are a well-established and

routinely used cell type for studying innate immune mechanisms of cell death and inflammation, and

they provide a virtually unlimited supply of cells for large scale studies. We infected Cas9-expressing

iBMDMs with validated lentiviral particles prepared using a whole-genome CRISPR-Brie library (#73633,

Addgene) (Figure 1A). The Brie library carries four gRNAs for each gene, covering the entire genome.36

The pooled Cas9-iBMDMs stably expressing the library of gene-specific gRNAs were then subjected to

TAK1 inhibitor (TAK1i) treatment for 24 h to induce the RIPK1-dependent cell death. We collected the sur-

viving cells for genomic DNA isolation and further analyses (Figure 1A).

Next-generation sequencing (NGS) of the PCR-amplified, barcoded gRNAs allowed us to quantitatively iden-

tify gRNAs thatwereenriched in the survivingpool of cells (BioProject: PRJNA973658). Because thepresenceof

a gRNA should delete the corresponding gene in that cell, enriched gRNAs are expected to represent genes

that, when deleted, rescue the cells from TAK1i-mediated cell death, i.e., genes that are positive regulators of

the cell death. Performing CRISPR MAGeCK analysis followed by plotting the log-fold change against the

p value identified gRNAs targeting TNFR1, RIPK1, and caspase-8 among the most highly enriched gRNAs

from the screen, with a positive enrichment ranking of 1, 2, and 5, respectively (Figures 1B and 1C). TNFR1,

RIPK1, and caspase-8 are known to be key regulators of TAK1 inhibition-mediated cell death, affirming the

quality and integrity of the screen. Moreover, TNF signaling and TNFR1-induced signaling were found to be

the most significantly enriched pathways in the screen based on the Reactome pathway analysis of the top

25 genes from the screen (Figure 1D) and the GO term analysis of the full set of enriched genes (Figure S1),

providing further validation of the screen results.

In addition to TNFR1, RIPK1, and caspase-8, the screen also identified the spliceosome components PTBP1

and RAVER1 as significantly enriched molecules (Figures 1B and 1C), suggesting that they may also play a

role in the regulation of TAK1 inhibition-mediated cell death. PTBP1 was previously implicated in RIPK1

splicing,37 and a role for RAVER1 in the TAK1i-mediated cell death pathway has not been found before.

Together these results show that CRISPR-based genetic screening in iBMDMs can identify both known

and previously uncharacterized regulators of TAK1i-induced cell death in the absence of innate immune

priming.

PTB splicing factors are required for TAK1 inhibition-mediated cell death

To further validate the cell death function of select genes corresponding to the significantly enriched

gRNAs from our CRISPR screen, we used siRNA to knockdown the expression of Tnfr1, Ripk1, Ptbp1,
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and Raver1 in BMDMs, as these primary cells are considered optimal representatives of the myeloid cell

lineage that are suitable for studying innate immune cell death mechanisms.38 The siRNA-transfected

BMDMs were treated with TAK1i in the absence of any external priming. Consistent with the whole-

genome screen findings from iBMDMs (Figure 1), we observed that TAK1i treatment induced robust cell

death in BMDMs (Figure 2A). Compared to BMDMs transfected with the NT (non-targeting) siRNA, we

found that BMDMs transfected with siRNA targeting Tnfr1, Ripk1, Ptbp1, or Raver1 had significantly

reduced cell death (Figures 2A and 2B). We also confirmed the efficiency of the siRNA-based knockdown

using qPCR analysis with two individual pairs of PCR primers for each gene and found consistent and

A B

C D

Figure 1. Whole-genome CRISPR screen identifies essential regulators of TAK1 inhibition-mediated cell death

(A) Schematic representation of the genome-wide CRISPR screen workflow, showing the immortalized bone marrow-

derived macrophage (iBMDM) pool, lentiviral transduction to induce gRNA expression for gene deletions, and TAK1

inhibitor (TAK1i; 5z-7-oxozeaenol) treatment for 24 h before collection for next-generation sequencing (NGS) and

enrichment analyses.

(B) Visual representation of the CRISPR data using a Volcano plot. The selected list of top-ranked gRNA-targeted genes

that represent known and previously unknown regulators of TAK1 inhibition-mediated cell death are indicated.

(C) A scatterplot depicting the distribution of the normalized gRNA count, presented in log scale, for each of the

individual gRNAs targeting the enriched genes highlighted in the Volcano plot presented in panel B.

(D) Reactome pathway analysis of the top 25 genes enriched from the TAK1i-induced cell death screen presented in panel

B. Data are shown from two independent replicates, and the log10(p value) andmean gRNA counts were calculated by the

MAGeCK algorithm (B–D). See also Figure S1.
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significant knockdown efficiencies (Figures S2A–S2D). Together, these data provide validation for our

whole-genome CRISPR screen and suggest that TNFR1, RIPK1, PTBP1, and RAVER1 are key regulators

of TAK1 inhibition-mediated cell death.

PTB splicing factors promote TAK1 inhibition-mediated PANoptosis

To further understand the functional requirement of the PTB proteins in TAK1 inhibition-mediated cell

death, we next examined the biochemical markers of PANoptosis in siRNA-transfected BMDMs. Consis-

tent with our previous findings,20,21 TAK1i treatment induced activation of the inflammasome and pyrop-

totic molecules as demonstrated by cleavage of caspase-1, gasdermin D (GSDMD), and GSDME in NT

siRNA-transfected cells (Figure 3A). Additionally, we observed cleavage of the apoptotic molecules

caspase-8, caspase-3, and caspase-7 (Figure 3B), as well as the phosphorylation of the necroptotic mole-

cule MLKL (Figure 3C) and RIPK1 (Figure 3D), in response to TAK1i treatment. These results are consistent

with the known activation of PANoptosis in response to TAK1i treatment.20,21 In line with the observed pro-

tection from cell death (Figure 2), we found that genetic knockdown of the PTB splicing components PTBP1

and RAVER1 resulted in reduced activation of the inflammasome and pyroptotic, apoptotic and necrop-

totic components of PANoptosis as measured by immunoblotting (Figures 3A–3C) and further confirmed

by quantification (Figures S3A–S3G). Additionally, siRNA-based knockdown of Ptbp1 or Raver1 expression

also abrogated the S166 phosphorylation of RIPK1 (Figure 3D). The reduction in cell death, as well as reduc-

tion in biochemical activation of PANoptosis markers, observed in the BMDMs transfected with siRNA tar-

geting Tnfr1 or Ripk1 (Figures 2 and 3A–3D), provided further validation of our results and established

A

B

Figure 2. PTB splicing factors are required for TAK1 inhibition-mediated cell death

(A and B) Bone marrow-derived macrophages (BMDMs) treated with vehicle control or transfected with NT (non-

targeting) siRNA or the indicated gene-specific siRNAs were stimulated with the pharmacological inhibitor of TAK1

kinase activity (5z-7-oxozeaenol, TAK1i). (A) Cell death images at 12 h post-treatment with TAK1i are shown (scale bar,

50 mm). Cells positive for PI (propidium iodide) uptake were pseudo-colored in red. (B) Quantification of PI-positive dead

cells at 12 h post-treatment with TAK1i. All data are presented as mean G SEM (B). p < 0.05 is considered statistically

significant. **p < 0.01; ***p < 0.001; ****p < 0.0001 (two-tailed t test [B]). Data are representative of three independent

experiments with n = 2–3 in each repeat (A–B). See also Figure S2.
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siRNA-mediated knockdown as an efficient strategy for the validation of whole-genome screen results in

BMDMs. Together, these findings suggest a requirement for the regulators identified in our screen,

PTBP1 and RAVER1, in TAK1 inhibition-mediated, RIPK1-dependent PANoptosis (Figure 3E).

PTBP1 and RAVER1 suppress the alternative splicing of Ripk1 to promote expression of the

canonical Ripk1 transcript

We next sought to understand how the splicing factors PTBP1 and RAVER1 could regulate TAK1 inhibition-

mediated PANoptosis. RIPK1 is known to be regulated at the level of splicing37; production of the canonical

A

B

C

D

E

Figure 3. PTB splicing factors promote TAK1 inhibition-mediated PANoptosis

(A–D) Bone marrow-derived macrophages (BMDMs) transfected with NT (non-targeting) siRNA or the indicated gene-

specific siRNAs were stimulated with the pharmacological inhibitor of TAK1 kinase activity (5z-7-oxozeaenol, TAK1i), and

the samples were collected for immunoblot analyses at 12 h post-treatment. (A) Immunoblot analysis of pro- (P45) and

activated (P20) caspase-1 (CASP1), pro- (P53) and activated (P30) gasdermin D (GSDMD), pro- (P53) and activated (P34)

gasdermin E (GSDME), and b-Actin (P42) as the internal control. (B) Immunoblot analysis of activated caspase-8 (CASP8,

P43 and P18), pro- (P35) and activated (P19/17) caspase-3 (CASP3), pro- (P35) and activated (P20) caspase-7 (CASP7), and

b-Actin (P42) as the internal control. (C) Immunoblot analysis of the total (tMLKL) and phosphorylated (pMLKL) MLKL,

and b-Actin (P42) as the internal control. (D) Immunoblot analysis of phosphorylated RIPK1 (pRIPK1), total RIPK1 (tRIPK1),

and b-Actin (P42) as the internal control.

(E) Graphical representation of the key findings of the study, showing TNFR1-RIPK1 induced cell death. The uppercase

‘‘P’’ in immunoblots indicates protein molecular weight and the lower case ‘‘p’’ indicates phosphorylated form of the

proteins. Data are representative of three independent experiments with n = 2–3 in each repeat (A–D). See also Figure S3.
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Ripk1mRNA allows the induction of RIPK1-dependent cell death pathways, while alternative Ripk1 splicing

results in a frameshift that introduces a stop codon and produces a non-functional version of the protein

(Figures 4A and S4). Structural and sequence alignment of the full-length human RIPK1 protein sequence

and the alternatively spliced murine homolog confirmed that the alternative splicing leads to a truncation

of the C-terminal region and suggested there may be a change in the active site residues (Figure S5); these

differences may result in structural rearrangements around the active site that could affect substrate bind-

ing specificities. A previous CRISPR screen focused on necroptosis regulators identified PTBP1 as a key

A

B

C

Figure 4. PTBP1 and RAVER1 suppress the alternative splicing of Ripk1 to promote expression of the canonical

Ripk1 transcript

(A) Diagrammatic representation of themouse Ripk1 pre-mRNA exons and splicing variants, resulting in the production of

the canonical and alternative mRNAs for RIPK1 translation. Primer binding sites for amplification of the alternative

transcript are shown.

(B) qPCR-based quantification of the expression of the alternative Ripk1 transcript using two independent pairs of qPCR

primers that are depicted as Forward primer, Reverse primer 1, and Reverse primer 2 in panel A. The primer pairs used in

the qPCR reactions were: Primer pair 1, Forward primer + Reverse primer 1; and Primer pair 2, Forward primer + Reverse

primer 2. The data are presented as relative expression normalized to the internal control of Actb mRNA levels.

(C) The Ripk1 canonical mRNA (spanning exons 4 and 5) and alternative mRNA (spanning exon 4 and the Alt-Exon) were

PCR-amplified, and the PCR products were subjected to Sanger sequencing analyses. The resulting chromatograms are

presented side-by-side for comparison. All data are presented as mean G SEM, from three replicate samples (n = 3) (B).

p < 0.05 is considered statistically significant. **p < 0.01; ***p < 0.001 (two-tailed t test [B]). Data are representative of

three independent experiments (B–C). See also Figures S4 and S5.
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splicing factor regulating the expression of the canonical RIPK1 transcript and protein.37 Since PTBP1 can

interact with RAVER1 (another PTB domain-containing protein)39–41 and both are required for pre-mRNA

splicing and alternative splicing, we hypothesized that PTBP1 and RAVER1 may act together in the Ripk1

mRNA splicing process to regulate the production of the canonical Ripk1 mRNA to induce cell death.

To test this, we designed a pair of qPCR primers to amplify the alternate exon (alt-exon)-containing

mRNA transcript (alt-transcript) of Ripk1 (Figures 4A and 4B), which is enriched in the absence of

PTBP1.37 We found that there was a basal level of expression of the non-functional Ripk1 alt-transcript in

control cells, and this alt-transcript expression was significantly increased in BMDMs treated with siRNA

targeting Ptbp1, as expected (Figure 4B). Similarly, we found that siRNA-mediated knockdown of Raver1

also resulted in increased expression of the non-functional Ripk1 transcript, similar to that observed in

PTBP1-deficient cells (Figures 4B and 4C). Consistently, siRNA-based knockdown of Ptbp1 or Raver1

also resulted in abrogation of expression and activation of RIPK1 (Figure 3D and Figure S3H). Together,

these findings suggest that PTBP1 and RAVER1 regulate TAK1 inhibition-mediated PANoptosis by sup-

pressing the alternative splicing of the Ripk1 pre-mRNA, thereby allowing the expression of the functional

RIPK1 protein.

DISCUSSION

The regulation of cell death pathways is critical to prevent infection, inflammatory syndromes, and cancers.

TAK1 is a central hub in this regulation and acts upstream of RIPK1-dependent PANoptosis,20,21 which is of

particular importance to fight against the highly pathogenic Gram-negative bacteria Yersinia. Understand-

ing the molecular mechanisms of Yersinia-induced pathogenesis is crucial, as this pathogen has caused

repeated pandemics over the millennia, resulting in the largest loss of human life to a pathogen in written

history, and it remains a major threat with the emergence of antibiotic resistance.15–19 Yersinia carries viru-

lence factors such as YopJ, which can inactivate TAK1 through deubiquitinating42 and/or acetyltransferase

activities.13,43 However, host cells have evolved to sense this evasion mechanism and activate an alternate

protective response; TAK1 inhibition unleashes RIPK1’s cell death function to drive inflammatory cell death,

PANoptosis.20–24,44,45

RIPK1 itself is also a key regulator of innate immune processes, including TNFR1 signaling,46–50 TLR re-

sponses,51–53 inflammation, cellular homeostasis, and organismal development.47,54–56 As such, RIPK1

dysregulation often drives a spectrum of inflammatory diseases associated with sterile and infectious

triggers.25–32,57–61 These disease connections make RIPK1 an attractive target for developing therapeu-

tics. However, these efforts are complicated by RIPK1’s vital role in maintaining cell survival and organ-

ismal development, suggesting other regulators in the TAK1 pathway may serve as better targets. Our

findings of critical roles for PTBP1 and RAVER1 in regulating TAK1 inhibition-mediated PANoptosis sug-

gest these molecules could be viable alternatives for therapeutic targeting. Because PTBP1 and RAVER1

regulate the recently identified alt-splicing of Ripk1, targeting these molecules may reduce the total

amount of canonical RIPK1 present to prevent inflammatory signaling and cell death without completely

blocking the basal expression of RIPK1, which is essential for cellular and organismal homeostasis. A

recent study reported that PTBP1 is associated with atherogenic inflammation and the plaque burden

in patients; furthermore, PTBP1-dependent RIPK1 splicing contributes to enhanced TNF signaling and

endothelial priming to promote vascular inflammation,62 further highlighting its potential as a therapeu-

tic target. Moreover, our results also indicate that PTBP1 and RAVER1 may be recruited together to form

a single spliceosome complex or function in the same pathway at different levels to regulate the alter-

native splicing of Ripk1. These results, together with the established roles of RIPK1 in a range of inflam-

matory diseases, make PTBP1 and RAVER1 highly promising alternative targets both in basic and clinical

studies. However, targeting splicing factors may also affect the expression of other genes, and a cautious

approach is warranted.

Our findings also demonstrated the utility of iBMDMs derived from Cas9-transgenic mice as a reliable and

powerful macrophage model system for large-scale CRISPR-based whole-genome screens to identify reg-

ulators of innate immune signaling pathways and cell death. The iBMDM system, combined with other pre-

vious CRISPR screens focused on myeloid or macrophage cell types,33,63–65 provides an important avenue

for continued investigations into innate immune pathways. Given the central roles of TAK1, RIPK1, and

other regulators at the intersection of diverse innate immune functions and disease processes, it is critical

to improve our mechanistic understanding of these pathways and identify specific strategies for modula-

tion to achieve therapeutic benefits.
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Limitations of the study

Our study identified several molecules required for positive regulation of TNFR1-RIPK1-dependent cell

death. RIPK1 is known to critically regulate inflammation and cell death in diverse cell types, including

both immune and non-immune cells, and in response to many sterile and infectious triggers. The focus

of the current study was on macrophages, to establish the utility and validity of whole-genome CRISPR

screening to identify regulators in both primary and immortalized macrophages, but it is likely that the

splicing-dependent regulatory role of RAVER1 on full-length RIPK1 expression to control PANoptosis

may also occur in other cell types and in response to diverse stimuli. Additionally, the expression patterns

and functional implications of the alt-spliced Ripk1 mRNA product that results from loss of PTBP1 or

RAVER1 should be further evaluated. Alt-splicing of Ripk1 results in the insertion of a stop codon that

can produce a RIPK1 protein containing a non-functional truncated kinase domain. Our structural model

indicated that this truncated kinase domain may form a complex with full-length RIPK1 to regulate its func-

tions, and additional studies would be needed to conclusively validate this possibility. Moreover, the func-

tion of RAVER1 in RIPK1-dependent cell death and inflammation in vivo remains unknown and requires the

generation of RAVER1-deficent mice, either conditionally or at the whole-genome level, to understand

RAVER1’s specific functions in different tissues and cell types during homeostasis and disease.
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Further information and requests for reagents may be directed to, and will be fulfilled upon reasonable

request by, the lead contact Thirumala-Devi Kanneganti (thirumala-devi.kanneganti@stjude.org).

Materials availability

All unique reagents generated in this study are available upon reasonable request from the lead contact.

Data and code availability

d Next generation sequencing results from the CRISPR screen are deposited in BioProject: PRJNA973658.

All other datasets generated or analyzed during this study are included in the published article and will

be shared by the lead contact upon reasonable request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon reasonable request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice

Male and female CRISPR-Cas9 Knockin mice (Rosa26-Cas9 knock in mouse, JAX stock #024858)66 and C57/

BL6J control mice (WT) used in the current study at 6–10 weeks of age were bred at the Animal Resources

Center at St. Jude Children’s Research Hospital and maintained under specific pathogen-free conditions.

Mice were maintained with a 12 h light/dark cycle and were fed standard chow. Animal studies were con-

ducted under protocols approved by the St. Jude Children’s Research Hospital Committee on the Use and

Care of Animals (protocol 482).

METHOD DETAILS

Generation of whole-genome iBMDM-Brie cellular library

The management of the lentiviral Brie library and generation of the Brie-iBMDM libraries were discussed

previously.35 In brief, the Mouse Brie CRISPR-KO library was a gift from David Root and John Doench

(#73632 and #73633, Addgene36). The plasmid library was amplified and validated in the Center for

Advanced Genome Engineering at St. Jude as described in the Broad GPP protocol, the only exception

being the use of Endura DUOs electrocompetent E. coli cells for high efficiency transformation and

reducing the gRNA dropouts. The St. Jude Hartwell Center Genome Sequencing Facility provided all

NGS sequencing. Single end 100 cycle sequencing was performed on aNovaSeq 6000 (Illumina). Validation

to check gRNA presence and representation was performed using calc_auc_v1.1.py (https://github.com/

mhegde/) and count_spacers.py.67 Viral particles were produced by the St. Jude Vector Development

and Production laboratory using the standard transfection methods involving the co-transfection of the

lentiviral packaging plasmids along with the Brie library in the 293T cells. CRISPR KO screens were analyzed

using MAGeCK-VISPR (version 0.5.7).68

Genome-wide CRISPR-Cas9 screen

Cas9-expressing iBMDMs were generated from CRISPR-Cas9 Knockin mice.66 A total of 300 3 106 Cas9-

iBMDMs were distributed across 12 of the 15 cm2 tissue culture dishes (253 106 cells per dish) and infected

with the Brie library of lentiviral particles at an MOI of 0.3 in 25 ml of complete DMEM (DMEM supple-

mented with 10% heat-inactivated fetal bovine serum (HI-FBS; S1620, Biowest)) supplemented with

100 ml of LentiBOOST transduction reagent (SB-P-LV-101-02, Lentivirus Transduction Enhancer Solution,

Siron Biotech) and incubated for 24 h for efficient transduction. These transduced cells were expanded

with intermittent passaging to avoid overcrowding of the cells and to generate a sufficient number of cells

for the downstream whole-genome CRISPR-KO screens. Two replicates of an adequate number of cells

were used as a control to obtain a representation (screen depth) of > 500 cells for each sgRNA of the library,

and a similar number of iBMDMs from the same preparation of cells were treated with vehicle control

(DMSO) or the TAK1 inhibitor 5z-7-oxozeaenol (5z7) (#17459, Cayman Chemical) at 100 nM final concentra-

tion for 24 h. The vehicle-treated control cell population and the surviving cells from the TAK1i-treated sam-

ples were subjected to CRISPR screen enrichment analysis. The total genomic DNA (gDNA) was isolated
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using NucleoSpin� Blood kits (740954 and 740950, Takara Bio Inc., USA) and the concentrations of gDNA

were measured using NanoDrop (Thermo Fisher Scientific, USA). The MAGeCK pipeline69 was used to

robustly estimate the log2fold change (FC) and significance of the enriched gRNA/genes from the cell

death-based CRISPR screens. The ‘fgsea’ package in R was used to analyze the pathways enrichments.

The pathways as gene sets were obtained from multiple databases including Biocarta, Reactome, Kegg

and Wikipathway. The positive fold change of the gRNAs indicates the requirement of the corresponding

genes in theTAK1i-induced cell death pathway.

Primary macrophage differentiation and stimulation

Freshly isolated murine bone marrow cells were plated into three 15 cm2 tissue culture plates, each con-

taining a total of 20 ml of macrophage differentiation medium (BMDM medium). BMDM medium was

prepared by supplementing IMDM (12440053, Thermo Fisher Scientific) with 30% L929 cell-conditioned

medium, 10% HI-FBS, 1% nonessential amino acids (11140-050, Thermo Fisher Scientific) and 1% peni-

cillin-streptomycin (15070-063, Thermo Fisher Scientific). An additional 5 ml of fresh BMDM medium

was added to each plate on Day 3 and Day 5 to provide better growth and differentiation conditions.

The fully matured macrophages on Day 6 were used for siRNA knockdown experiments and/or counted

and seeded at 106cells per well in 12-well culture plates in DMEM containing 10% HI-FBS, 1% nonessen-

tial amino acids and 1% penicillin-streptomycin for the experimental stimulations on the following

day. The Cas9-iBMDMs were maintained in complete DMEM as described above. Stimulations were

performed with TAK1i (100 nM final concentration) for the indicated times as detailed in the figure

legends.

Transfection

The nucleofector machine was used to transfect the fully differentiated BMDMs from WT mice (Neon�
Transfection System, 100 mL / reaction Kit, MPK10025, Thermo Scientific). For each of the knockdown re-

actions, a total of 1 3 106 BMDMs were transfected with 50 mM of siGENOME SMARTpool siRNA using

the nucleofector settings of 1500 V and a single pulse at 20 mS to deliver the siRNA to the BMDMs. The

cells were immediately transferred to 1 ml of warm complete DMEM and seeded in a well of the 12-well

tissue culture plate to conduct the experimental stimulations. At 2 h post-transfection, each well was

supplemented with an equal volume of warm BMDM medium to promote the recovery and growth.

The BMDM medium was replaced with fresh medium at 24 h post-transfection, and the cells were

rested for another 24 h, for a total of 48 h of siRNA transfection time, before subjecting them to

experimental stimulations. The siGENOME SMARTpool siRNA specific for mouse Tnfrsf1a (M-060201-

01-0005), Ripk1 (M-040150-00-0005), Ptbp1 (M-042865-01-0005) and Raver1 (M-064602-01-0005) were

used in this study along with a non-targeting (NT) control siGENOME SMARTpool siRNA (D-001206-

14-20).

Western blotting

The samples for Western blot analyses were prepared as previously described70: for caspase-1 immuno-

blotting, the samples were prepared by combining the cell lysates with culture supernatants (lysis buffer:

5% NP-40 solution in water supplemented with 10 mM DTT and protease inhibitor solution at 13 final con-

centration). The lysate samples for immunoblot analysis of all other proteins were prepared by lysing

the cells in RIPA buffer, without combining with the supernatants. All these samples were mixed and dena-

tured in loading buffer containing SDS and 100 mM DTT and boiled for 12 min. SDS-PAGE–separated

proteins were transferred to PVDF membranes (IPVH00010, Millipore) using the Trans-Blot� Turbo�
system. Immunoblotting was performed with primary antibodies against caspase-1 (AG-20B-0042; Adipo-

gen, 1:1000), caspase-3 (#9662, Cell Signaling Technology [CST], 1:1000), cleaved caspase-3 (#9661, CST,

1:1000), caspase-7 (#9492, CST, 1:1000), cleaved caspase-7 (#9491, CST, 1:1000), caspase-8 (#4927, CST,

1:1000), cleaved caspase-8 (#8592, CST, 1:1000), GSDMD (ab209845, Abcam, 1:1000), GSDME (ab19859,

Abcam, 1:1000), pMLKL (#37333, CST, 1:1000), tMLKL (AP14242B, Abgent, 1:1000), tRIPK1 (#610458, BD

Transduction Laboratories, 1: 1000), pRIPK1 (#31122, CST, 1: 1000), and b-Actin (sc-47778 HRP, Santa

Cruz, 1:5000). Appropriate horseradish peroxidase (HRP)–conjugated secondary antibodies (anti-

Armenian hamster [127-035-099], anti-mouse [315-035-047], and anti-rabbit [111-035-047], Jackson

ImmunoResearch Laboratories) were used as described previously.71 Immunoblot images were acquired

on an Amersham Imager using Immobilon� Forte Western HRP Substrate (WBLUF0500, Millipore).
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Cell death analysis

Time-course analyses of cell death were performed using a two-color IncuCyte S3/5 incubator imaging sys-

tem.71 Fully differentiated BMDMs either un-transfected or transfected with NT or gene-specific siRNAs

were seeded in 12-well (1.03 106 cells/well) or 24-well (0.53 106 cells/well) tissue culture plates in the pres-

ence of propidium iodide (PI) (P3566, Life Technologies), which leaks into the dying cells andmarks them as

positive for lytic cell death. The cells were treated with vehicle control or TAK1 inhibitor as indicated in the

figure legends. Time course image acquisition was carried out using the 203 objective, and the dead cells

positive for PI-uptake were marked by the mask-application provided in the IncuCyte software. A minimum

of four images per well for each condition and time point were acquired for the quantitative studies. The

dead cells positive for PI-uptake were pseudo colored in red for the presentation of original imaging data in

the figures. The percent dead cell counts for each of conditions were plotted using GraphPad Prism version

9.0 software.

RNA isolation and qPCR analyses

Total RNA was isolated using TRIzol� reagent (#15596018, Ambion). The concentration of the total RNA

from each sample was measured using the NanoDrop (Thermo Fisher Scientific, USA), and 500 ng of total

RNA from each sample was reverse transcribed to cDNA using High-capacity cDNA synthesis kit (#4368813,

Applied Biosystems), as per the manufacturer’s instructions. The resulting cDNA was diluted in nuclease-

free water to a final volume of 200 ml, and the cDNA was used at 2 or 4 ml/reaction in 10 or 20 ml qPCR re-

action volumes, respectively. The cDNAs corresponding to the genes of interest were individually quanti-

fied using qPCR analyses based on the Sybr� Green chemistry (#4367659, Applied Biosystems) and the

Quant Studio� 7 Flex Real-Time PCR machine (Applied Biosystems). Primer sequences used are detailed

in Table S1. The gene-specific expression levels were normalized to b-actin and presented as fold change in

arbitrary units.

Structural modeling of RIPK1 isoforms

The murine mmRIPK1-X3 protein model was generated on the Robetta online portal (https://robetta.

bakerlab.org) and superimposed with the human RIPK1-KD structure (PDB ID-7FD0) using Chimera. The

sequence similarity representation was generated using Chimera.

QUANTIFICATION AND STATISTICAL ANALYSIS

GraphPad Prism version 8.0 and 9.0 software packages were used for data analyses. ImageJ, a Java-based

image processing program from the National Institutes of Health, was used for quantification of the

Western blot data. Data are presented as mean G SEM. Statistical significance was determined by t tests

(two-tailed) for two groups.
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