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The Cys/N-degron pathway mediates secretory autophagy under oxidative stress
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Extended Data Fig. 1 Nt-Cys cytokines are specifically secreted via exosomes in response to oxidative stress. a and b Nanoparticle tracking analysis (NTA) distribution of exosomes purified by ultracentrifugation (S-EV) and PEG-based exosome isolation solution (Exo) from A549 cells. c Immunoblotting of intracellular and extracellular fractions of IL-12β in A549 cells with 3-MA (20 mM, 24 h), or wortmannin (10 µM, 24 h). d and e Same as c, but with indicated cytokines. 
f and g Immunoblotting of cytokines in media precipitated by TCA and exosome fractions purified by PEG-based isolation kit (Exo) or size-exclusion fractionation (S-EV). h Sequences of isoforms from a gene encoded by IL-32, IL-6, and IL-12β with the indication of their N-terminal residues. i Immunoblotting of intracellular and extracellular fractions of IL-32 in HepG2 and A549 cells with CoCl2 (250 μM, 24 h). j and k Same as i, but with cIL-6FLAG and IL-12 in A549 cells. 
l Immunostaining of transiently overexpressed IL-32FLAG in HeLa cells treated with CoCl2 and NAC (500 µM, 6 h). Scale bar, 10 µm. m Quantification of l (29 cells). n Immunostaining of transiently overexpressed cIL-6FLAG in HeLa cells treated with tBHP (250 µM, 6 h) and NAC. Scale bar, 10 µm. o Quantification of n (150 cells). Error bars represent SEM (n = 7 replicates). **p<0.01, ***p<0.001 using the one-way ANOVA. 
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Extended Data Fig. 2 Nt-Cys cytokines are specifically secreted via secretory autophagy in response to oxidative stress. a Co-localization analysis in HepG2 cells treated with or without CoCl2 (250 µM, 24 h). Scale bar, 10 µm. b and c Quantification of a (102 cells). d Immunostaining analysis in HepG2 cells treated with CoCl2, wortmannin (10 µM, 24 h), or both. Scale bar, 10 µm. e Quantification of d (471 cells). f Same as d, but with 3-MA (20 mM, 24 h). Scale bar, 10 µm. g Quantification of f (348 cells). h Immunoblotting of intracellular and exosome fractions of cIL-6 and IL-12β in A549 cells with CoCl2, 3-MA, or wortmannin. i Immunoblotting of intracellular and exosome fractions of cIL-6 in A549 cells with CoCl2 under RAB27A interference. j Same as i, but with IL-32 in A549 cells under STX17 interference. Error bars represent SEM (n = 3 replicates). *p<0.05, **p<0.01, ***p<0.001 using the t-test or one-way ANOVA. 
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Extended Data Fig. 3 Nt-Arginylation and p62 mediate proteolysis and secretion of Nt-Cys cytokines. a Immunoblotting of endogenous IL-32 in A549 cells with MG132 (10 μM, 6 h) under ATE1 interference compared to control. b Immunoblotting of HEK 293T cells transfected with wild-type or C2V-IL-32FLAG and treated with MG132. c Immunoblotting of endogenous cIL-6 in HepG2 cells with MG132, tannic acid (30 μM, 24 h), or both. d Same as b, but transfected with wild-type or C2V-cIL-6FLAG and treated with MG132. e Same as c, but with IL-12β in A549 cells. f Co-IP of Nt-Arg of IL-32 in HEK293T cells transfected with IL-32FLAG and CoCl2 (250 μM, 24 h) treatment under ATE1 siRNA compared to control. g Immunoblotting analysis of cIL-6 and IL-12β with the treatment of MG132, CoCl2, or both. h Immunoblotting of intracellular and exosome fractions of cIL-6 in MC-cIL6FLAG expressing A549 cells with CoCl2 under ATE1 interference. i Same as h, but immunoblotting of IL-1β in A549 cells. j Immunostaining of IL-32 in wild-type and C2V mutant IL-32FLAG expressing HeLa cells with CoCl2. Scale bar, 10 µm. k Quantification of j (220 cells). l Same as i, but under p62 siRNA interference. m Immunostaining of IL-32, LC3, and p62 in IL-32GFP expressing Wild-type and ATE1-/- HeLa cells with CoCl2. Scale bar, 10 µm. n-o Quantification of m (280 cells). Error bars represent SEM (n = 7~8 replicates). *p<0.05, ****p<0.0001 using the one-way ANOVA or t-test. 
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Extended Data Fig. 4 p62 and CD63 are required for the biogenesis of amphisomes and IL-32 targeting under oxidative stress. a Definition of transmission electron microscopy (TEM) structure of cytosolic vesicles in A549 cells with the treatment of CoCl2 (250 μM, 24 h). Scale bar, 2 µm. b Colocalization assay of IL-32 and CD63 in IL-32FLAG, CD63RFP-transfected HeLa cells with treatment of CoCl2 and genetic interference of ATE1 or p62. Scale bar, 10 µm. c and d Quantification of b (320 cells). e Co-localization analysis of LC3, CD63, and p62 in CD63RFP-transfected HeLa cells with CoCl2 treatment under ATE1 or p62 siRNA interference. Scale bar, 10 µm. f and g Quantification of e (692 cells). h Immunoblotting of CD63 in A549 cells with CoCl2 treatment. i Co-IP of p62 with CD63 in A549 cells with CoCl2 under ATE1 and p62 siRNA interference. j p62 oligomerization assay in A549 cells with CoCl2 under ATE1 siRNA interference. k Same as j, but under IL-32 siRNA interference. l Co-IP of p62 with oligomeric CD63 in p62MYC and CD63RFP overexpressed A549 cells with CoCl2 under ATE1 siRNA interference. Error bars represent SEM (n = 5~6 replicates). *p<0.05, **p<0.01, ****p<0.0001 using one-way ANOVA or t-test. 
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Extended Data Fig. 5 p62 oligomerization is required for the biogenesis of amphisomes under oxidative stress. a Schematic of recombinant CD63 constructs. b Immunoblotting of the exosomal CD63 originated from A549 in the presence or absence of CoCl2 (250 μM, 24 h) using a CD63 antibody whose epitope is the CD63 LEL domain. Exosomes were permeabilized with 10 % NP-40 in digitonin-based lysis buffer. c The Ramachandran plots of the modeled CD63 structure generated by Alphafold 3. d Structure reliability analysis of the modeled CD63 structure generated by Alphafold 3. e MMGBSA G bind scores (kcal/mol) of the top 5 binding poses of p62 PB1 domain and CD63 PB1 domain. f Schematic of the p62 construct inserted with the ATG9 TM domain. g TEM of A549 cells transfected with WT, D69A, or D129A p62 and treatment of CoCl2 (250 μM, 24 h) compared to control. The amphisomes or MVBs are indicated by red arrows. Scale bars, 1 μm. h Quantification of g (188 cells). Error bars represent SEM (n = 3 replicates). ***p<0.001, ****p<0.0001 using the paired t-test. 
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Extended Data Fig. 6 Characterization of p62 antagonists. a and b Synthesis processes, C13-NMR, H-NMR, and HRMS of ATB1095 and ATB1094. Reagents and conditions are described in the ‘Materials and Methods’ section. c Competitive pulldown assay of p62MYC plasmid overexpressed lysate from 293T cells with a serial concentration of ATB1095 (2 h). d Immunoblotting of oligomer and monomer of p62 in A549 cells with CoCl2 (250 μM, 24 h), ATB1094, ATB1095, or ATB1030 (10 μM, 24 h). e Same as c, but with wild-type or N132K p62MYC plasmid overexpressed lysate from HEK293T cells. f and g Isothermal titration calorimetry (ITC) of ATB1094 and REEE peptide.
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Extended Data Fig. 7 The Arg/N-degron pathway regulates paracrine inflammatory signaling in oxidative stress-induced lung inflammatory models. a Description of the sample preparation of the exosome treatment assay (ETA). b Immunoblotting of IL-32 and IL-6 in A549 cells treated with exosomes originating from IL-32FLAG or cIL-6FLAG-transfected Raw264.7 cells with CoCl2 (250 μM, 24 h). c Same as b, but in Raw264.7 cells. d Immunoblotting of p-NF-B, NF-B in donor A549 cells in the absence or presence of CoCl2 and recipient A549 and Raw264.7 cells. e Relative mRNA level of IL-8 in HepG2 cells treated with exosomes originating from cells under IL-32 knockdown and CoCl2 treatment compared with control. f Immunoblotting of IL-32 in HepG2 cells under dose-dependent IL-32 interference compared to control. g Relative mRNA level of IL-8 in Raw264.7 cells treated with exosomes originating from wild-type and C2V IL-32FLAG-transfected cells with CoCl2. h Relative mRNA level of IL-8 in PLSM cells treated with or without CoCl2. i Same as h, but with TNF. j Immunoblotting of intracellular and extracellular fractions of IL-32, ATE1, and p62 in PLSM cells under ATE1 or p62 interference compared to control. k Schematic illustration of the muscle cell contraction assay. l Relative mRNA level of IL-6 in lung organoids treated with H2O2 (500 μM, 21 h), tannic acid (30 μM, 24 h), or ATB1095 (10 μM, 24 h). m Same as l, but with IL-8. n Relative mRNA level of IL-8 in lung alveolar organoids treated with exosomes originating from cells under ATE1 or p62 knockdown and CoCl2 treatment compared with control. o Same as n, but with CoCl2, ATB1095, and tannic acid. Error bars represent SEM (n = 3 replicates). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 using the one-way ANOVA or t-test. 
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