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            Abstract
SLC7A11-mediated cystine uptake suppresses ferroptosis yet promotes cell death under glucose starvation; the nature of the latter cell death remains unknown. Here we show that aberrant accumulation of intracellular disulfides in SLC7A11high cells under glucose starvation induces a previously uncharacterized form of cell death distinct from apoptosis and ferroptosis. We term this cell death disulfidptosis. Chemical proteomics and cell biological analyses showed that glucose starvation in SLC7A11high cells induces aberrant disulfide bonds in actin cytoskeleton proteins and F-actin collapse in a SLC7A11-dependent manner. CRISPR screens and functional studies revealed that inactivation of the WAVE regulatory complex (which promotes actin polymerization and lamellipodia formation) suppresses disulfidptosis, whereas constitutive activation of Rac promotes disulfidptosis. We further show that glucose transporter inhibitors induce disulfidptosis in SLC7A11high cancer cells and suppress SLC7A11high tumour growth. Our results reveal that the susceptibility of the actin cytoskeleton to disulfide stress mediates disulfidptosis and suggest a therapeutic strategy to target disulfidptosis in cancer treatment.
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                    Fig. 1: A unique form of cell death in glucose-starved SLC7A11high cells.[image: ]


Fig. 2: Proteomic analyses in glucose-starved SLC7A11high cells.[image: ]


Fig. 3: Disulfide bonding in cytoskeleton proteins in disulfidptosis.[image: ]


Fig. 4: F-actin contraction during disulfidptosis.[image: ]


Fig. 5: The WRC and Rac regulate disulfidptosis.[image: ]


Fig. 6: GLUT inhibitors induce disulfidptosis in SLC7A11high cells.[image: ]
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                Data availability

              
              The MS/MS raw data to support the findings of this study have been deposited in MassIVE datasets with the identifier MSV000088066. The MS/MS raw data were searched against the human proteome database from UniProt (updated 26 January 2019; 93,798 sequences) using the MaxQuant software (v1.6.5.0) with default parameters for SILAC labelling. Gene Ontology analyses were done in http://geneontology.org/ against the protein list in Supplementary Table 2 and the proteinâ€“protein interaction network was done in https://string-db.org/ (v11.0b) against the protein list in Supplementary Table 2. The network was generated by the STRING database with medium confidence (0.7) and visualized using Cytoscape (version 3.8.2). Source data are provided with this paper. All other data supporting the findings of this study are available from the corresponding authors on reasonable request.
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Extended data

Extended Data Fig. 1 A unique form of cell death in glucose-starved SLC7A11high cells.
a, Diagrams showing cystine metabolism and glucose-derived pentose phosphate pathway (PPP) metabolism. G6P, glucose-6-phosphate; 6PG, 6-phosphogluconate; R5P, ribose-5-phosphate; F6P, fructose-6-phosphate. b, SLC7A11 western blots of different cell lines. c,d, Cell death in H460 (c) and A549 (d) cells cultured in glucose-containing (+Glc) or glucose-free (âˆ’Glc) medium with or without the indicated concentrations of DFO, Ferr-1, Z-VAD, Nec-1, Nec-2 and CQ for 5 (c) or 15â€‰h (d). e, SLC7A11 western blots in the indicated 786-O cells. f, Cell death in UMRC6 cells treated with vehicle (DMSO) or 0.1â€‰ÂµM RSL3 with or without 100â€‰ÂµM DFO or 10â€‰ÂµM Ferr-1 for 8â€‰h. g, Cell death in UMRC6 cells treated with vehicle (DMSO) or 1â€‰ÂµM STS with or without 20â€‰ÂµM Z-VAD for 16â€‰h. h, Representative phase-contrast images and cell death measurements of UMRC6 cells cultured in the indicated medium with or without 2â€‰mM DTT, 2â€‰mM 2ME or 1â€‰mM TCEP for 7â€‰h. i, SLC7A11 western blots in WT and SLC7A11-KO (K1/K2) UMRC6 cells. j,k, Cell death in the indicated cell lines cultured in glucose-free medium for the indicated times. l, Cell death in 786-O cells cultured in the indicated medium with or without Z-VAD for 30â€‰h. m, Western blot analysis of apoptosis markers in the indicated 786-O cells in glucose-free medium for the indicated times. n, Diagram illustrating the mechanism of the thiol-oxidizing agents diamide and diethyl-maleate. o, Cell death in the indicated 786-O cells cultured in the indicated medium for 3â€‰h. p, Cell death in A549 cells cultured in the indicated medium for 15â€‰h. q,r, Cell death in UMRC6 (q) and A549 (r) cells cultured in the indicated medium for 7â€‰h (q) or 15â€‰h (r). s,t, Intracellular cystine (s) and glutamyl-cystine (t) in UMRC6 cells cultured in the indicated medium for 2â€‰h. u,v, Typical transmission electron microscopic images of UMRC6 cells (u) and 786-O cells overexpressing SLC7A11 (786-O SLC7A11; v) cultured in glucose-free medium for the indicated times. All P values were calculated using a two-tailed unpaired Studentâ€™s t-test. Data are the meanâ€‰Â±â€‰s.d.; nâ€‰=â€‰3 independent repeats. All western blotting was repeated three times, independently, with similar results.
Source data


Extended Data Fig. 2 Proteomic analyses in glucose-starved SLC7A11high cells.
a, Approach used to identify disulfide-containing peptides. -S-CAM is the cysteine blocked with IAA and -S-ALK is the cysteine blocked with IAA-alkyne, whereas -S-B is the product after the click reaction between -S-ALK and azido-azo-biotin. b, Proteinâ€“protein interaction network of the proteins with disulfide bonds increased at least 1.5-fold following the glucose starvation in Fig. 2a. The network was generated by the STRING database with medium confidence (0.7) and visualized using Cytoscape (v3.8.2). c, Flanking-sequence analysis of the â€˜disulfideâ€™ cysteine sites of the proteins with disulfide bonds increased at least 1.5-fold following the glucose starvation in Fig. 2a.


Extended Data Fig. 3 Disulfide bonding in cytoskeleton proteins in disulfidptosis.
a, Diagrams illustrating the glutathionylation. b, Western blot showing glutathionylation in the indicated UMRC6 cells cultured in glucose-containing (+Glc) or glucose-free (âˆ’Glc) medium for 3â€‰h. c, Western blot showing destrin in UMRC6 cells cultured in glucose-free medium for 0â€“3â€‰h. Red arrow indicates the slow migrated band of Destrin proteins. d, NADP+/NADPH ratios of UMRC6 cells cultured in glucose-free medium for 0â€“4â€‰h. e, Workflow of SLC7A11high-mediated cystine uptake and disulfidptosis under glucose starvation. f, NADP+/NADPH ratios of UMRC6 cells cultured in the indicated medium for 1â€‰h. g, Representative phase-contrast images and cell death of UMRC6 cells cultured in the indicated medium for 7â€‰h. h, Western blotting analysis of UMRC6 cells cultured in the indicated medium for 3â€‰h. i,j, The relative lipid peroxidation (i) and cell death (j) levels of UMRC6 cells cultured in the indicated medium with or without ferroptosis inhibitor (10â€‰ÂµM Ferr-1) for 36 (i) or 48â€‰h (j). k, Diagram illustrating the metabolism of glucose and 2DG. HK, hexokinase; PGI, phosphoglucose isomerase; G6PD, glucose-6-phosphate dehydrogenase; 2D-6-P, 2-deoxyglucose-6-phosphate. l, NADP+/NADPH ratios of UMRC6 cells cultured in the indicated medium with or without 2â€‰mM 2DG, 25â€‰ÂµM Tempol or 100â€‰ÂµM Trolox for 1â€‰h. m, Representative phase-contrast images and cell death of UMRC6 cells cultured in the indicated medium with or without 2â€‰mM 2DG, 25â€‰ÂµM Tempol or 100â€‰ÂµM Trolox for 7â€‰h. n, Relative ROS levels of UMRC6 cells cultured in the indicated medium with or without 2â€‰mM 2DG, 25â€‰ÂµM Tempol or 100â€‰ÂµM Trolox for 4â€‰h. o, Western blot analysis of MYH9 and TLN1 in UMRC6 cells cultured in the indicated medium with or without 1â€‰mM 2ME treatment for 3â€‰h. All P values were calculated using a two-tailed unpaired Studentâ€™s t-test. Data are the meanâ€‰Â±â€‰s.d.; nâ€‰=â€‰3 independent repeats. NS, not significant (Pâ€‰>â€‰0.05). All western blotting was repeated at least twice, independently, with similar results.
Source data


Extended Data Fig. 4 Annotated MS/MS spectra of disulfide-linked peptides.
aâ€“f, Insets: the precursor ion mass with deviation.


Extended Data Fig. 5 Annotated MS/MS spectra of disulfide-linked peptides.
aâ€“e, Insets: the precursor ion mass with deviation. f, Extracted ion chromatograms for the precursor ion of the quadruply charged disulfide (MYH9_C988-C1379) peptides shown in Fig. 3e in non-reduced (without DTT treatment) and reduced (with DTT treatment) samples. The MS/MS spectrum identified in these non-reduced samples was the same as shown in Fig. 3e. The extracted ion chromatograms were set with a deviation of Â±5â€‰ppm.


Extended Data Fig. 6 F-actin contraction during disulfidptosis.
a,b, Fluorescent staining of F-actin with phalloidin in H460 (a) and A549 (b) cells cultured in glucose-containing (+Glc) or glucose-free (âˆ’Glc) medium for 4 (a) and 9â€‰h (b), respectively. Nuclei were stained by DAPI. c, Fluorescent staining of F-actin with phalloidin in 786-O cells overexpressing SLC7A11 and transfected with empty vector (EV) cultured in glucose-containing or glucose-free medium for 2â€‰h. Nuclei were stained by DAPI. d, Fluorescent staining of F-actin (red) and membrane (green) in the 786-O cells overexpressing SLC7A11 (786-O_SLC7A11) cultured in glucose-free medium for the indicated times. e,f, Fluorescent staining of F-actin (red) in UMRC6 (e) and 786-O_SLC7A11 cells (f) cells overexpressing membrane-bound GFP (mGFP) cultured in glucose-free medium for the indicated times. g, Fluorescent staining of F-actin in UMRC6 cells cultured in glucose-containing or glucose-free medium with or without 1â€‰mM 2ME for 4â€‰h. Nuclei were stained by DAPI. All experiments were repeated at least twice, independently, with similar results.


Extended Data Fig. 7 The WAVE regulatory complex and Rac regulate disulfidptosis.
a, Workflow of CRISPRâ€“Cas9 screenings. b, RPN1 western blots of the indicated UMRC6 cells. c, Cell death in WT and RPN1-knockdown (sh1-3) UMRC6 cells cultured in glucose-containing (+Glc) or glucose-free (âˆ’Glc) medium for 8â€‰h. d, Schematic illustrating the Rac1â€“WRCâ€“Arp2/3 signalling axis. e,g,i, Western blots of WT and NCKAP1-KO (K1/K2) A549 cells (e), H460 cells (g) and the indicated 786-O cells (i). f,h,j, Cell death in WT and NCKAP1-KO A549 cells (f), H460 cells (h) and 786-O cells overexpressing SLC7A11 (j) cultured in the indicated medium for 15â€‰h (f), 5â€‰h (h) or the indicated times (j). k, Relative NCKAP1L mRNA levels in the indicated cells. l, Cell viability in the indicated UMRC6 cells treated with vehicle or 1â€‰ÂµM STS for 16â€‰h. m, Cell death in the indicated UMRC6 cells treated with vehicle or 1â€‰ÂµM RSL3 for 8â€‰h. nâ€“q, Western blots of the WT cells and their KO counterparts with deficiency of the indicated genes. r, Cell death in the indicated 786-O cells overexpressing SLC7A11 cultured in glucose-free medium for 4â€‰h. s,t, Western blot (left) and RT-PCR (right) analysis of the indicated UMRC6 cells. u, Cell death in the indicated UMRC6 cells cultured in glucose-free medium for 7â€‰h. v,x, Western blot analysis in the indicated cell lines. w, Cell death in the indicated 786-O_SLC7A11 cells cultured in glucose-free medium with or without 1â€‰mM TCEP for 3â€‰h. y, Cell death in the indicated NCKAP1-KO 786-O_SLC7A11 cells cultured in glucose-free medium for 7â€‰h. All P values were calculated using a two-tailed unpaired Studentâ€™s t-test. Data are the meanâ€‰Â±â€‰s.d.; nâ€‰=â€‰3 independent repeats. NS, not significant (Pâ€‰>â€‰0.05). All western blotting was repeated at least twice, independently, with similar results.
Source data


Extended Data Fig. 8 GLUT inhibitors induce disulfidptosis in SLC7A11high tumours.
a, Cell death measured by PI staining in NCI-H226 cells treated with vehicle DMSO and 5â€‰ÂµM BAY-876 for 6â€‰h. b, End-point weights of NCI-H226 xenografts with the indicated treatments. Data are the meanâ€‰Â±â€‰s.d.; nâ€‰=â€‰6 mice. c, Haematoxylin and eosin staining of NCI-H226 tumours with the indicated treatments. Tumour areas with necrotic cell death are indicated. dâ€“f, Representative immunochemical images (d) from NCI-H226 tumours with the indicated treatments and corresponding immunoreactive scores of cleaved caspase-3 (e) and 4-HNE (f). g, End-point tumour weights of TC551 xenografts with the indicated treatments. Data are the meanâ€‰Â±â€‰s.d.; nâ€‰=â€‰5 mice. hâ€“j, Representative immunochemical images (h) from TC551 and TC494 PDX models with the indicated treatments and corresponding immunoreactive scores of cleaved caspase-3 (i) and 4-HNE (j). kâ€“m, Weight over time of mice with NCI-H226 (k), TC551 (l) and TC494 (m) xenografts with the indicated treatments. Data are the meanâ€‰Â±â€‰s.d.; nâ€‰=â€‰6 (k), 5 (l) or 8 (m) mice. n, Representative haematoxylin and eosin staining of major organs from mice treated with vehicle or BAY-876. The experiment was repeated twice, independently, with similar results. o,p, Working model depicting how glucose and SLC7A11 coordinately regulate the disulfide homeostasis of the actin cytoskeleton. See Discussion for detailed description. ABPs, actin-binding proteins; small red arc, disulfide bond. All P values were calculated using a two-tailed unpaired Studentâ€™s t-test. Data are the meanâ€‰Â±â€‰s.d.; nâ€‰=â€‰3 independent repeats unless otherwise specified. NS, not significant (Pâ€‰>â€‰0.05).
Source data


Extended Data Fig. 9 The induction of disulfidptosis in SLC7A11low cells.
a, NADP+/NADPH ratios of 786-O cells cultured in glucose-containing or glucose-free medium with the indicated concentrations of cystine for 4â€‰h. b, Non-reducing and reducing western blot analysis of MYH9 and TLN1 in 786-O cells cultured in glucose-containing or glucose-free medium with the indicated concentrations of cystine for 7â€‰h. c, Fluorescent staining of F-actin in 786-O cells cultured in glucose-containing or glucose-free medium with the indicated concentrations of cystine for 8â€‰h. Nuclei were stained by DAPI. d, Cell death measured by propidium iodide (PI) staining in 786-O cells cultured in glucose-containing or glucose-free medium with the indicated concentrations of cystine for 15â€‰h. e, Cell death measured by PI staining in 786-O cells cultured in glucose-containing or glucose-free medium containing 400â€‰ÂµM cystine with or without the indicated concentrations of DFO, Ferr-1, Z-VAD, Nec-1, Nec-2, CQ, DTT, 2ME and TCEP for 15â€‰h (DTT, 2ME and TCEP were replenished at the 7-h time point). All P values were calculated using a two-tailed unpaired Studentâ€™s t-test. Data are the meanâ€‰Â±â€‰s.d.; nâ€‰=â€‰3 independent repeats. All western blotting was repeated at least twice, independently, with similar results.
Source data


Extended Data Fig. 10 An example for the gating strategy for the flow cytometry.
Initial cell population gating (FSC-Height versus SSC-Height) was adopted to make sure only single cells were used for analysis.
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