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            Abstract
Plasma membrane rupture (PMR) is the final cataclysmic event in lytic cell death. PMR releases intracellular molecules known as damage-associated molecular patterns (DAMPs) that propagate the inflammatory response1,2,3. The underlying mechanism of PMR, however, is unknown. Here we show that the cell-surface NINJ1 protein4,5,6,7,8, which contains two transmembrane regions, has an essential role in the induction of PMR. A forward-genetic screen of randomly mutagenized mice linked NINJ1 to PMR. Ninj1−/− macrophages exhibited impaired PMR in response to diverse inducers of pyroptotic, necrotic and apoptotic cell death, and were unable to release numerous intracellular proteins including HMGB1 (a known DAMP) and LDH (a standard measure of PMR). Ninj1–/– macrophages died, but with a distinctive and persistent ballooned morphology, attributable to defective disintegration of bubble-like herniations. Ninj1–/– mice were more susceptible than wild-type mice to infection with Citrobacter rodentium, which suggests a role for PMR in anti-bacterial host defence. Mechanistically, NINJ1 used an evolutionarily conserved extracellular domain for oligomerization and subsequent PMR. The discovery of NINJ1 as a mediator of PMR overturns the long-held idea that cell death-related PMR is a passive event.
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                    Fig. 1: Forward genetic screen identifies a mutation in Ninj1 that abolishes PMR.[image: ]


Fig. 2: NINJ1 is essential for pyroptosis-related PMR.[image: ]


Fig. 3: NINJ1 has a global role in PMR induction.[image: ]


Fig. 4: NINJ1 oligomerizes for induction of PMR.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Homozygosity of the Ninj1 point mutation correlates with low responsiveness to LPS.
a, Ninj1 genotypes and screen phenotypes of mice derived from IGL03767. Identification numbers of screened mice are shown. G, generation. b, Nineteen SNV genotypes mutated in the pedigree and their phenotypes. c, Wild-type and IGL03767 Ninj1 genes. Exon 2 coding sequence is in uppercase and SNV mutation is in bold and highlighted with an asterisk. Grey boxes represent exons.


Extended Data Fig. 2 NINJ1 is essential for pyroptosis-related PMR.
a, Immunoblot of NINJ1 and GSDMD in BMDM lysates. b, Left, release of DD-150 in live-cell imaging analysis of iMACs after LPS electroporation over a 16-h time course. Right, immunoblot of NINJ1 in Ninj1–/– iMACs reconstituted with NINJ1. Data are means (circles) ± s.d. (shaded area) of three individual replicates. c, Immunoblot of GSDMD, GSDMD-NT and NINJ1 in supernatant and extract from nigericin-stimulated primed BMDMs. Actin is from a separate blot. d, LDH or IL-18 release from BMDMs stimulated as in Fig. 2d. e, IL-6 or TNF production from BMDMs stimulated with Pam3CSK4 (TLR2) or extracellular LPS (TLR4). f, Lipid composition of primed BMDMs. Lipids profiled are diacylglycerol (DAG), dihydroceramide (DCER), hexosylceramide (HCER), lactosylceramide (LCER), lysophosphatidylcholine (LPC), lysophosphatidylethanolamine (LPE), phosphatidylcholine (PC), phosphatidylethanolamine (PE), sphingomyelin (SM), triacylglycerol (TAG), cholesteryl ester (CE), and ceramide (CER). g, RNA-seq of primed BMDMs. h, Time-lapse imaging analysis of mitochondrial membrane potential as measured by tetramethylrhodamine methyl ester perchlorate (TMRM) in primed BMDMs following LPS electroporation. Data are means (circles) ± s.d. (shaded area) of three individual replicates. i, Single-cell time-lapse imaging analysis of TMRM and DD-150 release in primed wild-type BMDMs after LPS electroporation. Time point ‘0’ corresponds to the point of maximal TMRM decline for each cell. j, Silver staining of proteins in culture supernatant of nigericin-stimulated primed BMDMs. k, Kaplan–Meier survival plots for mice challenged with 54 mg kg−1 LPS. P values were calculated by a two-sided Gehan–Breslow–Wilcoxon test. Unless otherwise specified, data are means (bars) of at least three individual replicates (circles). n = 2 per genotype. For gel source data, see Supplementary Fig. 1.
Source data


Extended Data Fig. 3 NINJ1 has a global role in PMR induction related to pyroptosis, apoptosis and necrosis.
a, d, g, Release of HMGB1 from BMDMs stimulated with cisplatin, venetoclax, oligomycin (a, d), or TNF plus zVAD (g). b, Viability (left) and LDH release (right) of venetoclax-stimulated BMDMs. c, Expression of indicated gasdermin transcripts in RNA-seq analysis of BMDMs. FPKM, fragments per kilobase of transcript per million mapped reads. e, Bright-field images of BMDMs cultured with oligomycin. Scale bars, 25 μm. f, Silver staining of proteins in culture supernatant of BMDMs stimulated with TNF and zVAD. Unless otherwise specified, data are means (bars) of at least three individual replicates (circles). n = 2 per genotype. For gel source data, see Supplementary Fig. 1.


Extended Data Fig. 4 Phylogenetic tree and amino acid sequence alignment of NINJ1 and NINJ2.
a, Immunoblot of Flag–NINJ1 from Fig. 4a; representative of two independent experiments. b, LDH release from Flag–NINJ1 transfected HEK293T cells. Data are means (bars) of at least three individual replicates (circles) c, Cytotoxicity of non-tagged human and mouse NINJ1, NINJ2, and dNINJ-A, B, C in HEK293T cells. Data are means (bars) of at least four individual replicates (circles). d, Phylogenetic tree of NINJ1 and NINJ2. Numbers represent standardized distance scores (number of amino acid substitutions per length of the alignment). e, Multiple alignment of NINJ1 and NINJ2 amino acid sequences with the extracellular α-helix domain predicted by JPred highlighted in blue. f, Multiple alignment of NINJ1 amino acid sequences with the extracellular α-helix domain predicted by JPred. g, Circular dichroism spectra of NINJ1 α-helix region peptide that shows characteristic α-helix pattern (two dips at 208 nm and 222 nm). h, Immunoblot of Flag–NINJ1 from Fig. 4b; representative of two independent experiments. For gel source data, see Supplementary Fig. 1.


Extended Data Fig. 5 Biochemical analysis of NINJ1.
a, Top, NINJ1 domain structure. Middle, cytotoxicity of Flag-tagged wild-type NINJ1 or NINJ1 with proline point mutants in HEK293T cells. Numbers indicate positions of amino acid residues that were replaced by proline. Cytotoxicity (killing score) was normalized against wild-type NINJ1 control. Bottom, immunoblot of Flag–NINJ1. Data are means (bars) of at least three individual replicates (circles). b, Left, cytotoxicity of Flag-tagged wild-type NINJ1 or NINJ1 mutants in HEK293T cells. Right, immunoblot of Flag–NINJ1. Data are means (bars) of at least four individual replicates (circles). c, Left, release of DD-150 in live-cell imaging of Ninj1–/– iMACs reconstituted with NINJ1 after LPS electroporation. Right, immunoblot of iMACs with anti-NINJ1 polyclonal antibody. Data are means (circles) ± s.d. (shaded area) of three individual replicates. d, e, Immunoblot of NINJ1 in primed BMDMDs stimulated with LPS electroporation or nigericin (d), or in non-primed BMDMDs cultured with indicated stimuli (e). f, Phos-tag SDS–PAGE analysis of LPS electroporation- or nigericin-stimulated primed BMDMs with or without staurosporine pre-treatment. S6, ribosomal protein S6. Results in d–f are representative of two independent experiments. For gel source data, see Supplementary Fig. 1.


Extended Data Fig. 6 Subcellular localization of NINJ1.
Immunofluorescence microscopy of NINJ1 and indicated markers in primed BMDMs. Scale bars, 25 μm. Micrographs are representative of two independent experiments.


Extended Data Fig. 7 Characterization of NINJ1 extracellular α-helix domain.
a, Computational model of the NINJ1 extracellular domain. Grey, hydrophobic residues; blue, negatively charged residues; light blue, polar residues; red, positively charged residues. b, Immunoblot of Flag–NINJ1 in HEK293T cells from Fig. 4e; representative of two independent experiments. c, Liposome cargo release by the NINJ1 α-helix region peptide, its sequence scrambled variant, or Melittin (α-helical bee venom peptide). Data are means (bars) of four individual replicates (circles). P value was calculated using a two-tailed unpaired Student’s t-test. d, Release of DD-150 in live-cell imaging of BMDMs after stimulation by nigericin in the presence of 20 μg ml−1 of indicated monoclonal antibodies. Data are means (circles) ± s.d. (shaded area) of four individual replicates. mAb, monoclonal antibody. For gel source data, see Supplementary Fig. 1.


Extended Data Fig. 8 Characterization of Gsdmd–/–Gsdme–/– BMDMs and anti-NINJ1 monoclonal antibody.
a, Immunoblot of GSDME in BMDMs. GSDME is from a separate blot. b, Immunoblots with anti-mouse NINJ1 monoclonal antibody clone 25 in HEK293T cells transfected with the indicated Flag-tagged constructs. Results in a and b are representative of two independent experiments. For gel source data, see Supplementary Fig. 1.


Extended Data Table 1 Bioinformatic analysis of ENU-induced SNVs present in IGL03767 pedigreeFull size table


Extended Data Table 2 List of top hits from secretome analysisFull size table





Supplementary information
Supplementary Figure 1
Uncropped gel source data.


Reporting Summary

Video 1
 Ninj1–/– BMDMs die with persistent ballooned morphology in response to nigericin. Time-lapse imaging of primed BMDMs following nigericin stimulation (every 5 min for a total of 800 min).


Video 2
Ninj1–/– BMDMs die with persistent ballooned morphology in response to LPS. Time-lapse imaging of primed BMDMs following LPS transfection (every 5 min for a total of 800 min).


Video 3
Lattice light-sheet microscopy of Ninj1–/– BMDMs cells. Time-lapse lattice light-sheet microscopy imaging of primed Ninj1–/– BMDMs following nigericin stimulation (every 30 sec for a total of 60 min). Green, CellMask™ Plasma membrane Stain.


Video 4
Venetoclax-stimulated Ninj1–/– BMDMs retain prominent bubble morphology. Time-lapse imaging of venetoclax-stimulated BMDMs (every 3 min after 290 min of stimulation for 430 min).





Source data
Source Data Fig. 2

Source Data Extended Data Fig. 2
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