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33 ABSTRACT
34 Ferroptosis is a type of cell death that is strongly associated with the cellular

35 redox state. Glutathione is the key to buffering lipid peroxidation in ferroptosis and
36 can also modify proteins by S-glutathionylation under oxidative stress. Here, we
37 showed that the strong associations among glutathione pools, protein
38  S-glutathionylation, and susceptibility to ferroptosis existed broadly in ferroptosis
39 induced by erastin or acetaminophen. Deficiency of CHAC1, a glutathione-degrading
40 enzyme, led to decreased glutathione pools and reduced protein S-glutathionylation,
41 improved liver function and attenuated hepatocyte ferroptosis upon acetaminophen
42  challenge, which could be retarded by CHACL1 overexpression. We conducted
43  quantitative redox proteomics in primary mouse hepatocytes to identify glutathione
44  pool-sensitive S-glutathionylated proteins and found that S-glutathionylation is
45  required to maintain the function of ADP-ribosylation factor 6 (ARF6). Our data
46  suggest that aberrant ARF6 S-glutathionylation increases the labile iron pool by
47  delaying the recycling of transferrin receptors, thereby promoting ferroptosis. Our
48  study reveals the importance of protein S-glutathionylation in conferring cell

49  resistance to ferroptosis.
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51  HIGHLIGHTS

52 1. Highly upregulated CHAC1 decreases glutathione pools and protein
53  S-glutathionylation.

54 2. Reduced protein S-glutathionylation associated with decreased glutathione pools
55  promotes ferroptosis.

56 3. S-glutathionylation of ARF6 at Cys90 promotes ARF6 activation.

57 4. Reduced S-glutathionylation of ARF6 provides a labile iron pool to drive
58  ferroptosis.

59

60 INTRODUCTION

61 Ferroptosis, the term first coined in 2012, is an iron-dependent form of cell death
62 driven by lipid peroxidation. Ferroptosis is implicated in processes, such as aging,
63 development, iron-overload diseases, organ injury, neurodegeneration, infectious
64  diseases, autoimmune diseases, tumorigenesis (Stockwell, 2022). Ferroptosis inducers
65 have the potential to be used in cancer treatment, whereas ferroptosis inhibitors have
66  the potential to treat organ injury and neurodegeneration(Liang, Minikes et al., 2022).
67  The solute carrier family 7 member 11 (SLC7Al1l) -glutathione (GSH) axis is an
68  essential surveillance mechanism for defence against ferroptosis, in which GSH acts
69 as a cofactor for the selenoenzyme glutathione peroxidase 4 (GPX4) to scavenge lipid
70  peroxide (Jiang, Stockwell et al., 2021). GSH, the most abundant antioxidant in cells,
71 ranges from 1 to 10 mM (Labarrere & Kassab, 2022). Upon reduction of lipid
72  peroxide levels, GSH is converted to oxidised glutathione (GSSG), which can be
73  reversed by glutathione reductase and the cofactor NADPH. Certain biological
74  processes maintain GSH homeostasis and resolve cellular redox reactions. GSH
75 homeostasis plays a crucial role in several pathological processes (Chai & Mieyal,
76 2023).

77 Glutathione can also modify proteins via S-glutathionylation (protein-SSG).
78  Under conditions of oxidative stress, cysteine residues in proteins can be oxidised to

79  reversible sulfenic acid, sulfonic acid, and ultimately to irreversible sulfonic acid by
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80  reactive oxygen species; they can also be oxidised to reversible S-nitrosothiols by

81  reactive nitrogen species (Matsui, Ferran et al., 2020). Irreversible oxidative

82  posttranslational modifications (OPTM) of cysteine residues can permanently damage

83  or degrade proteins. Protein S-glutathionylation is a reversible and dynamic OPTM

84  that forms a disulfide bond between glutathione and a cysteine residue in the target

85  protein. Protein-SSG can occur spontaneously without enzymes. Under oxidative

86  stress, the thiol groups of proteins are first oxidised into such high-oxidation groups as

87 sulfenic acid and S-nitrosothiols, which then react with GSH to form

88  S-glutathionylation, or GSSG can directly modify the proteins. Protein-SSG could be

89 reversed to protein-SH upon resolution of oxidative stress (Mailloux, 2020,

90 Musaogullari & Chai, 2020). Protein-SSG can protect cysteine residues from

91  irreversible oxidation under oxidative stress or regulates enzyme activity, localisation,

92  protein interaction, and stability, and affects the occurrence and development of

93 diseases, including aging, neurodegeneration, liver diseases, cardiovascular diseases,

94  inflammation, and tumours (A, Diwakar et al., 2022, Checconi, Limongi et al., 2019,

95  Musaogullari & Chai, 2020, Rashdan, Shrestha et al., 2020). Despite the potential

96  association between protein-SSG and the redox state, as well as the significance of

97  redox imbalance in ferroptosis, to the best of our knowledge, no study has focused on

98 the role of protein-SSG in ferroptosis.

99 Emerging evidence has revealed that certain enzymes participate in the
100  regulation of protein-SSGs. Glutathione transferase © (GSTPx) and LanC-like protein
101 (LanCL) promote SSG formation, while GLRX and glutathione transferase omega
102  (GSTO) catalyse deglutathionylation (Oppong, Schiff et al., 2023). GLRX is the most
103 well-studied catalytic enzyme involved in deglutathionylation. Researchers have
104  studied target protein S-glutathionylation by manipulating GLRX. Nevertheless,
105  protein S-glutathionylation is strongly associated with glutathione availability. Both
106  GSH and GSSG are substrates for protein S-glutathionylation under oxidative stress.
107  However, the important role of glutathione pools in protein S-glutathionylation is
108  unknown, especially in the context of oxidative stress-related ferroptosis.

109 The maintenance of GSH homeostasis requires the coordination of GSH
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110  biosynthesis, transport, efflux, peroxidases (GPX4), reductases, consumption, and
111 degradation (Bachhawat & Kaur, 2017). CHACL1 is the enzyme that catalyzes the
112 degradation of intracellular GSH. In 2009, mammalian CHAC1 was initially
113 identified as a pro-apoptotic endoplasmic reticulum stress. Subsequently, CHAC1 was
114  found to function as an r-glutamyl cyclotransferase, acting specifically to convert
115  GSH to Cys-Gly and 5-oxoproline in yeast, cell-free systems, and mammalian cell
116 models (Chi, Byrne et al., 2014, Crawford, Prescott et al., 2015, Cui, Zhou et al.,
117 2021, Kumar, Tikoo et al., 2012, Tsunoda, Avezov et al., 2014). CHAC1 inactivation
118  effectively preserves GSH in mouse models (Li, Lu et al.,, 2023). Dr. Brent R.
119 Stockwell’s lab in Columbia University report that the gene expression of CHAC1,
120 PTGS2, SLC7A11, and ACSL4 was induced during ferroptosis, and their upregulation
121 detected by gPCR can be regarded as an indicator of ferroptosis (Dixon, Patel et al.,
122 2014, Stockwell, 2022). Subsequently, CHAC1 has been extensively used as a
123  ferroptosis marker, both in vitro and in vivo.

124 This study found that GLRX levels were not markedly elevated compared to
125 CHACL levels during ferroptosis. In several cell lines, no changes were observed in
126 GLRX levels, whereas protein-SSG levels were altered, suggesting the importance of
127  the glutathione pool in regulating protein-SSG levels. Therefore, we studied the role
128 of SSG in ferroptosis by manipulating CHAC1 expression. Here, we showed that
129  decreased protein-SSG induced by CHACL1 can promote acetaminophen (APAP)- or
130  erastin-induced ferroptosis in in vitro and in vivo models. Using a quantitative redox
131 proteomics approach, we investigated the key regulated S-glutathionylated proteins in
132  ferroptosis and found that the reduced S-glutathionylation of ADP-ribosylation factor
133 6 (ARF6) provided a labile iron pool to drive ferroptosis.

134

135 RESULTS

136 Reduced protein-SSG is associated with decreased glutathione pools by CHAC1
137 induction in multiple cell types undergoing ferroptosis

138 To investigate the pattern of protein-SSG in ferroptotic cells, we used the

139  classical and commonly used ferroptosis inducer erastin because it can extensively
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140  induce ferroptosis in cells. In multiple human cell lines (human colonic
141 adenocarcinoma [T84], hepatocellular carcinoma [HepG2], human oesophageal
142  cancer  [TE1], human prostate  carcinoma [DU145], human lung
143  adenocarcinoma [H1299], human ovarian cancer [A2780 and SKOV3], and human
144  gastric cancer [HGC27]) undergoing ferroptosis induced by erastin (Supplementary
145  Fig. 1a), the overall protein-SSG was significantly decreased after erastin treatment
146  (Fig. 1a). Given that glutathione pools are strongly associated with protein-SSG, we
147  measured the levels of GSH and GSSG in these cell lines and found that both were
148 markedly depleted in the ferroptotic cells (Fig. 1b, Supplementary Fig. 1b).
149  Considering that CHACL1 is responsible for glutathione degradation and GLRX is the
150  most well-studied catalytic enzyme for deglutathionylation, we examined the
151  expression levels of CHAC1 and GLRX in these cells. CHAC1 was significantly
152  upregulated in all cell lines at both the mMRNA and protein levels (Fig. 1c). We found
153  that in some cells where protein-SSG was significantly decreased after erastin
154  treatment, GLRX levels did not change in HepG2, TE-1, and H1299 cells. Even in
155  cells, such as T84, DU145, HGC27, A2780, and SKOV3 with slightly higher GLRX
156 levels, the induction of CHAC1 was much more substantial than that of GLRX (Fig.
157  1c-d). These observations suggest that not mutually exclusive to GLRX-regulated
158  deglutathionylation, CHACL1 regulated glutathione pool alterations may be key for
159  protein-SSG in cell ferroptosis.

160 We knocked down CHAC1 expression using siRNA in H1299 and SKOV3 cells
161  exposed to erastin (Supplementary Fig. 1c) to confirm the importance of glutathione
162  availability in protein S-glutathionylation. Unsurprisingly, the GSH and GSSG levels
163 were increased by CHAC1 knockdown in ferroptotic H1299 and SKOV3 cells.
164  Meanwhile, the overall SSG protein levels were increased by CHAC1 siRNA in
165  elastin-treated H1299 (Fig. 1e) and SKOV3 cells (Fig. 1f). To explore the effect of
166  decreased glutathione pools on ferroptosis; we evaluated the viability of H1299 and
167  SKOV3 cells after elastin treatment in the presence or absence of CHAC1 siRNA
168  transfection. As a result, the knockdown of CHACL restrained cell death in both
169  H1299 (Fig. 1g) and SKOV3 cells exposed to elastin (Fig. 1h).
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170 We also tested this phenomenon in such primary cells as primary mouse
171 hepatocytes (PMHSs). Surprisingly, PMHs were not responsive to erastin. In
172 comparison, Hepal-6 cells (mouse hepatocellular carcinoma cells) were sensitive to
173  erastin (Fig. 1i). We were curious whether this discrepancy was related to the
174  differences in protein-SSGs. Erastin inhibited almost all protein-SSG in Hepal-6 cells
175  (Fig. 1j); however, protein-SSG was still observed in PMHSs. Accordingly, upon
176  erastin treatment, CHAC1 was not induced in PMHs but was substantially
177  upregulated in Hepal-6 cells (Fig. 1h). Overexpression of CHAC1 resulted in
178  decreased cell viability when challenged with erastin compared to the control in both
179  PMHs and Hepal-6 cells (Fig. 11).

180 Together, using multiple cell types and erastin-induced ferroptosis, we found that
181  CHACL1-related glutathione pools and protein S-glutathionylation are broadly
182 involved in cell ferroptosis.

183

184  Decreased glutathione pools by CHAC1 reduce protein-SSG and aggravate
185  APAP-induced hepatotoxicity and ferroptosis in APAP-injured mice liver

186 We tried to introduce an in vivo model to investigate the role of the
187  CHACL1-mediated glutathione pool and protein-SSG reduction in ferroptosis. Our lab
188 and other groups revealed that hepatocyte ferroptosis substantially contributes to
189  APAP-induced acute liver injury in mouse models (Lorincz, Jemnitz et al., 2015, Niu,
190 Lei et al., 2022, Yamada, Karasawa et al., 2020), so we revisited our published RNA
191  sequencing data ((Li, Ming et al., 2018), SRA database of NCBI: PRINA731100) and
192  found that Chacl is one of the top upregulated genes in liver tissues from mice
193  challenged with 300 or 750 mg/kg APAP (Fig. 2a, Supplementary Fig. 2a, b). The
194  significant induction of Chacl mRNA in the liver tissues of mice 3, 6, and 12 h after
195 300 mg/kg APAP challenge was validated using RT-qPCR (Fig. 2b). The mRNA level
196  of Chacl was also dose-dependently induced by APAP challenge in PMHs (Fig. 2c).
197  We detected CHAC1 expression in the liver tissues of patients with APAP-induced
198 liver injury (AILI) and healthy controls using IHC. Consistently, CHAC1 expression

199  (presented as H-scores in IHC sections) was significantly higher in liver tissues from
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200  patients with AILI than in those from healthy controls (Fig. 2d).

201 We generated Chacl** and Chacl”™ mice (Supplementary Fig. 2c, d) to
202  investigate the effect of upregulated CHACL1 on glutathione pools, protein-SSG, and
203  ferroptosis during AILI, and found that they exhibited normal growth and
204  development. The mRNA level of Chacl in the liver was time-dependently induced
205 by APAP in Chacl™ mice, but not in Chacl™ mice (Supplementary Fig. 2e-f). We
206  also rescued CHAC1 expression in Chacl™ mice by injecting Ad-CHACL via the tail
207  vein. The mice were challenged with APAP. As a result, we found that the levels of
208 GSH and GSSG did not differ between Chacl’and Chacl** mice in terms of
209  homeostatic status. Upon APAP administration, the concentrations of both GSH and
210  GSSG in the liver markedly decreased after 2 h and then started to increase in mice of
211 both genotypes (Figs. 2e and f and Supplementary Fig. 3a). Notably, the level of GSH
212 was restored faster in Chacl™ mice, than in Chacl** mice, after 6 h (Fig. 2e). As
213  predicted, although the overall protein-SSG in the liver tissues of mice of both
214  genotypes decreased after 2 h, it increased 6 h after APAP administration (Fig. 29,
215 Supplementary Fig 3b). At 6 h, the levels of protein-SSG in the livers of Chac1” mice
216 were higher than those in Chac1** mice (Fig. 2g), suggesting that CHAC1 deficiency
217  accelerated the recovery of liver glutathione depletion and increased liver
218  protein-SSG levels in AILI mice. Moreover, the concentrations of glutathione and the
219  levels of protein-SSG in the liver were decreased by the overexpression of CHAC1 in
220  Chacl™ mice (Figs. 2e, f, and h, and Supplementary Fig. 3a), suggesting that CHAC1
221 overexpression retarded the recovery of liver glutathione depletion and reduced liver
222  protein-SSG in AILI mice.

223 Next, we assessed the effects of the CHAC1-mediated glutathione pool and
224  protein-SSG reduction on APAP-induced hepatotoxicity and ferroptosis. As a result,
225  the Serum levels of ALT and AST were significantly decreased in Chacl” mice than
226 those in Chac1™* mice following the administration of 300 mg/kg APAP for 6 h (Fig.
227  2i). Hematoxylin and eosin (H&E) and Terminal dUTP nick-end labeling (TUNEL)
228  staining revealed that Chacl deficiency significantly decreased the APAP-induced

229  centrilobular hepatic necrosis and DNA fragmentation (Fig. 2j). We tested whether
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230 CHAC1 contributed to hepatocyte ferroptosis. Staining with 4-hydroxynonenal
231 (4-HNE), a reliable indicator of endogenous lipid peroxidation in vivo, revealed that

+/+

232 compared with Chacl™ mice, Chacl” mice showed a clear reduction in
233  4-HNE-positive cells in liver histological sections (Fig. 2j). Further, we found that the
234 improvement of hepatotoxicity in Chacl” mice could be retarded by CHAC1
235  overexpression (Fig. 2i, j).

236 The decreased glutathione pools induced by CHAC1 reduced protein-SSG levels
237  and aggravated APAP-induced hepatotoxicity and ferroptosis in APAP-injured mouse
238  livers.

239

240  Decreased glutathione pools by CHACL reduce protein-SSG and aggravate
241  APAP-induced hepatotoxicity and ferroptosis in primary mouse hepatocytes

242 We isolated and cultured PMHSs from Chacl** and Chac1” mice to further verify
243  the strong correlation among glutathione pools, protein-SSG, and ferroptosis at the
244  cellular level. Deletion of CHAC1 in PMHs increased SSG protein levels (Fig. 3a).
245  Next, we studied the effects of CHACL on glutathione pools and protein-SSGs in
246  wild-type PMHs using Ad-CHACL1 or Ad-GFP adenoviruses at different multiplicity
247  of infection values (0.1, 1, 2.5, 5, and 10). After 12 or 36 h of infection (Fig. 3b, c,
248  Supplementary Fig. 3c, d, e), the PMHs were treated with or without 20 mM APAP
249  for 6 h. As a result, CHACL1 overexpression dose-dependently reduced protein-SSG in
250  APAP-challenged PMHs (Fig. 3b, Supplementary Fig. 3c). Meanwhile, in the Ad-GFP
251  group, upon APAP challenge, GSH was depleted, the GSSG content increased, and
252  the GSH/GSSG ratio decreased. However, changes in GSH and GSSG levels upon
253  APAP challenge were significantly diminished in the Ad-CHAC1 group, possibly
254  because both GSH and GSSG levels were extremely low after CHAC1
255  overexpression. CHACL overexpression dramatically decreased the GSH and GSSG
256  content in PMHSs in a dose-dependent manner (Fig. 3c, Supplementary Fig. 3d, e).

257 Next, we assessed the effects of the CHAC1-mediated glutathione pool and
258  protein-SSG reduction on APAP-induced hepatotoxicity and ferroptosis. The viability

259  of PMHs was significantly increased upon APAP challenge in the Chacl™ group
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260  compared with that in the Chacl™" group (Fig. 3d). TUNEL staining revealed that
261 CHACL1 deficiency was attenuated whereas the overexpression aggravated
262  APAP-induced hepatotoxicity (Fig. 3e). Upon APAP challenge, overexpression of
263 CHAC1 increased the levels of the lipid peroxidation product malondialdehyde
264  (MDA) in Chacl” PMHs (Fig. 3f). BODIPY 581/591 C11 (BODIPY) probes are
265 commonly used to detect lipid peroxidation in living cells. Upon oxidation, the
266  fluorescence of the probe shifts from red to green. Consistently, lipid peroxidation
267  was markedly decreased in Chacl” PMHs compared with that in Chacl** PMHs
268  (Fig. 30).

269 The association between SSG and ferroptosis was clearly observed in vivo and in
270  vitro. The decreased glutathione pools caused by CHAC1 reduced protein-SSG levels
271 and aggravated APAP-induced hepatotoxicity and ferroptosis in primary mouse
272  hepatocytes.

273

274  Mass-spectroscopic quantification of CHACIL-regulated protein cysteine
275  S-glutathionylation in ferroptotic PMHSs induced by APAP

276 We confirmed that cysteine S-glutathionylation is regulated by CHAC1-induced
277  glutathione pool depletion in multiple cell lines and hepatocytes. Therefore, we
278  conducted a quantitative redox proteomic analysis to identify the S-glutathionylated
279  proteins involved in APAP-induced hepatocyte ferroptosis in the presence and
280 absence of CHAC1 overexpression. PMHs for glutathionylomic analysis were
281  infected with Ad-GFP or Ad-CHAC1 for 36 h and then challenged with 20 mM APAP
282 for 3 h (Fig. 4a). We identified 1105 unique glutathionylated peptides from 482
283  proteins (Fig. 4b). Oxidative state induced by APAP challenge markedly enhanced
284  (Fold change > 1.2, P < 0.05) cysteine S-glutathionylation in both Ad-GFP and
285 Ad-CHAC1 groups (Fig. 4c, d). Compared with the Ad-GFP group, CHAC1
286  overexpression markedly decreased cysteine S-glutathionylation, especially after
287  APAP treatment, which was consistent with the western blot data (Fig. 4c, e). APAP
288 induced more S-glutathionylation at 221 cysteine sites, which was decreased by

289 CHAC1 overexpression (Fig. 4f, g). GO analysis revealed that these proteins were
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290 enriched in biological processes, such as lipid metabolism, mitochondrial respiratory
291 chain, and arachidonic acid metabolism, which are all potentially relevant to
292  hepatotoxicity and ferroptosis (Supplementary Fig. 4).

293

294  Cys90 S-glutathionylation of ARF6 promotes ARF6 activation and alleviates
295  ferroptosis

296 Among the proteins with decreased S-glutathionylation due to CHAC1
297  overexpression, we found that ARF6 is one of the top five proteins upregulated by
298  APAP treatment in PMHs (Fig. 4h). ARF6 is a member of the small GTPase
299  ADP-ribosylation factor (ARF) family that converts inactive GDP-binding to active
300 GTP-binding conformations. According to the redox proteomic analysis, ARF6 is
301  glutathionylated on (Cys90) (Fig. 5a). We found that glutathionylation in Cys90 of the
302 ARF6 protein increased upon APAP challenge in Ad-GFP PMHs, but not in
303 Ad-CHAC1 PMHs (Fig 5b).

304 ARF6 has a highly conserved sequence across species. The protein sequence of
305 ARFG6 is identical in mice and humans. We used a molecular modelling approach to
306 determine whether glutathionylation at Cys90 affected the binding energy between
307 ARF6 and GTP. The structure of the ARF6 protein was predicted using AlphaFold 2,
308 which was used for subsequent protein docking and structural modifications. The
309 reliability of the ARF6 model was validated by analysing its Ramachandran plot
310  (Supplementary Fig. 5a). A total of 23 binding sites on the ARF6 model protein were
311 predicted using the MOE 2015 software. The reliability of glutathionylated ARF6 in
312  the Cys90 model was validated by analysing its Ramachandran plot (Supplementary
313  Fig. 5b). The structures of ARF6 and Cys90 glutathionylated ARF6 were viewed in
314  PyMOL, which showed substantial changes in the structures (RMSD=1.312) after
315  Cys90 glutathionylation compared to the original ARF6 (cyan) (Fig. 5c). Regions
316  with greater changes were further analysed. The glutathionylation of Cys90 had a
317  significant impact on the spatial position of the active site (Fig. 5d). GTP/GDP had a
318  binding free energy of -7.1512/-6.7329 kcal/mol for ARF6 and a binding free energy
319  of -7.9460/-7.8688 kcal/mol for Cys90 glutathionylated ARF6 (Fig. 5e). Docking data
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320 suggested that glutathionylation at Cys90 promoted the binding of GTP/GDP to
321 ARF6, which may have increased ARF6 activity.

322 ARF6 cycles between the plasma membrane (activated form, ARF6-GTP) and the
323  endosomal compartment (inactivated form, ARF6-GTP) (Radhakrishna & Donaldson,
324  1997). We separated the membrane and cytoplasmic proteins from Ad-GFP- or
325  Ad-CHACI1-infected PMHs in the presence or absence of APAP. We found that APAP
326  increased, but overexpression of CHACL1 decreased, membrane-localised ARF6 (Fig.
327  5f). We then separated the membrane and cytoplasmic proteins from Chac1™* and
328 Chacl™ PMHs with or without APAP challenge. Consistently, APAP increased,
329 whereas CHAC1 deficiency enhanced membrane localisation of ARF6 (Fig. 5g).
330 Next, we performed a pull-down assay with an antibody specific to
331  ARF-GTP-conjugated agarose and examined its levels by western blot analysis.
332 CHACI1 promotes ARF6 GTP loading (Fig. 5h). These findings suggest that CHAC1
333  decreased ARF6 membrane localization and inactivated the membrane localisation of
334 ARFG6.

335 To examine whether Cys90 glutathionylation is involved in AFR6 activation, we
336  constructed AML-12 cells in which ARF6-WT and its mutants (ARF6-C90A and
337  ARF6-C90D) were overexpressed with C90A to mimic the unglutathionylated form of
338 ARF6 and the C90D mutant to mimic the glutathionylated form of ARF6. As
339  expected, the examination of ARF6 localisation using western blotting revealed that
340 the ratio of ARF6 in the plasma membrane to ARF6 in the cytosol decreased when
341  ARF6-C90A-myc was overexpressed, whereas it significantly increased when
342  ARF6-C90D-myc was overexpressed. This suggests that glutathionylation increases
343 ARF6 membrane localization and ARF6 activation (Fig. 5i). Furthermore,
344  overexpression of ARF6-C90A aggravated, but overexpression of ARF6-C90D
345  suppressed, APAP-induced hepatotoxicity in AML12 cells (Fig. 5j).

346 These results indicate that glutathione degradation catalysed by CHACL1
347  decreased ARF6 S-glutathionylation at Cys90. S-glutathionylation of ARF6 promotes
348 its activation and alleviates ferroptosis in hepatocytes.

349
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350 CHACI delayed endosomal recycling of transferrin receptors and increased the
351 labile iron pool to promote APAP-induced ferroptosis in PMHSs

352 A few reports mentioned that ARF6 suppressed ferroptosis in pancreatic and
353  gastric cancer cells (Geng & Wu, 2022, Ye, Hu et al., 2020). To determine whether
354  ARF6 plays a role in APAP-induced hepatocyte ferroptosis, we knocked down ARF6
355 in PMHSs using siRNA and treated the cells with APAP (Fig. 6a). We found that both
356  CellTiter-Glo® Luminescent Cell Viability assays and Live & Dead cell stanning
357  assays revealed the aggravated cell death following the ARF6 knock down in PMHSs
358  exposed to APAP overdose (Fig. 6b, Supplementary Fig. 6a). Lipid peroxidation was
359  markedly increased by ARF6 siRNA compared to that with control siRNA (Fig. 6c,
360  Supplementary Fig. 6b). We then detected the labile iron pool using the FerroOrange
361  software. ARF6 knockdown significantly increased intracellular Fe®* levels in PMHs
362 upon APAP challenge (Fig. 6d, Supplementary Fig. 6¢). These results suggested a
363  protective role for ARF6 in APAP-induced hepatocyte ferroptosis.

364 ARF6 regulates transferrin receptor (TFRC) recycling in Chinese hamster ovary
365 cells (D'Souza-Schorey, Li et al., 1995). We speculated that ARF6 participates in
366 TFRC recycling during ferroptosis. Western blot analysis revealed that ARF6
367  knockdown decreased TFRC protein levels in the plasma membrane (Fig. 6e). Next,
368 we investigated the effects of CHAC1 on endosomal recycling of TFRC. In the
369 presence of APAP, the protein level of TFRC in the plasma membrane decreased,
370  which is in line with ARF6 membrane localization (Fig. 6f). To further confirm this,
371 we performed immunofluorescence staining for ARF6 and TFRC in PMHs. Upon
372  APAP challenge, overexpression of CHAC1 resulted in a decrease in cell surface
373  binding of ARF6 and an increase in the endosomal localisation of ARF6 and TFRC as
374  compared to that in control cells infected with the control-GFP virus (Fig. 6g). We
375 found that CHAC1 overexpression increased the intracellular Fe®* levels in PMHs
376  upon APAP challenge (Fig. 6h).

377 Our data suggest that CHACL, responsible for catalysing glutathione degradation
378 and reducing ARF6 S-glutathionylation at Cys90, delays endosomal recycling of

379  transferrin receptors and increases the labile iron pool to promote APAP-induced


https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/cell-viability
https://doi.org/10.1101/2024.05.03.592374
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.05.03.592374; this version posted May 5, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

380 ferroptosis by inactivating ARF6 in PMHs.

381

382  ARFG6 glutathionylation at Cys90 promoted ARF6 activation and contributed to
383 erastin-induced ferroptosis in multiple cell types

384 Regarding the dramatic change of protein glutathionylation widely occurred in
385 multiple cell types undergoing ferroptosis as shown in Fig. 1, we transfected
386 ARF6-WT and its mutant (ARF6-C90A and ARF6-C90D) in 293T and H1299 cells.
387 C90A mimics the unglutathionylated form of ARF6, whereas the C90D mutant
388 mimics the glutathionylated form of ARF6. In line with the results obtained in
389  AMLI12 cells (Fig. 5j) undergoing APAP-induced ferroptosis, the ratio of ARF6 in the
390 plasma membrane to ARF6 in the cytosol decreased when ARF6-C90A-myc was
391  overexpressed, whereas it significantly increased when ARF6-C90D-myc was
392  overexpressed in both 293T (Fig. 7a) and H1299 cells (Fig. 7b). Moreover,
393  overexpression of ARF6-C90A promoted ferroptosis, but overexpression of
394  ARF6-C90D alleviated ferroptosis induced by erastin in H1299 cells (Fig. 7c). To
395  further observe the molecular alterations caused by ARF6 glutathionylation at Cys90,
396 we performed RNA-seq using ARF6-myc (WT) or ARF6-C90A-myc transfected
397 H1299 cells, with or without erastin treatment. Using GO or KEGG pathway
398 enrichment analyses, we found that the 443 genes upregulated only in the
399  ARF6-C90A group but not in the WT group were enriched in cholesterol biosynthesis,
400 lipid metabolic process, autophagy, and ferroptosis. However, the 853 genes
401  downregulated only in the ARF6-C90A group but not in the WT group were mainly
402 involved in RNA splicing, cell division, cell cycle, DNA repair, and endocytosis. The
403  suppression of endocytosis caused by ARF6 glutathionylation at Cys90 was also
404  reflected by GO analyses on 720 genes upregulated only in WT group but not in the
405 ARF6-C90A group (Fig. 7d). These findings suggest that ARF6 glutathionylation at
406  Cys90 promotes ARF6 activation and contributes to erastin-induced ferroptosis in
407  multiple cell types.

408

409 DISCUSSION
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410 Protein-SSG levels are strongly associated with the redox state and cellular
411  glutathione pools. Under oxidative stress, S-glutathionylation occurs spontaneously in
412  certain proteins with available glutathione including GSH and GSSG. The present
413  study showed a strong association among decreased glutathione pools induced by
414  CHACLI, reduced protein-SSG levels, and ferroptosis susceptibility. By manipulating
415 CHACL, we found that protein S-glutathionylation conferred resistance to ferroptosis.
416  Through glutathionylomic analysis, we identified ARF6 as a target protein that was
417  S-glutathionylated on Cys90 to maintain the recycling of the transferrin receptor.
418  Overall, we demonstrated that cellular glutathione deficiency induced by CHAC1
419  upregulation inactivated ARF6 by decreasing S-glutathionylation, thus promoting a
420 labile iron pool and ferroptosis.

421 CHAC1 has been reported to be a valid biomarker for poor prognosis in cancer,
422  including human breast and ovarian cancers, renal clear cell carcinoma, and uveal
423  melanoma (Goebel, Berger et al., 2012, Jahn, Arvandi et al., 2017, Li, Liu et al., 2021,
424  Liu, Li et al.,, 2019). CHAC1 is highly expressed in ferroptotic cells (Stockwell,
425  2022). Owing to its marked upregulation and occurrence in the early stages, CHAC1
426 is currently regarded as an indicator of ferroptosis. Similar to previous studies
427  demonstrating that CHAC1 is one of the most upregulated genes in ferroptosis, our
428  unbiased RNA-seq data further confirmed its specific enhancement during ferroptosis
429  induced by erastin in H1299 cells (data not known) or APAP in primary mouse
430 hepatocytes and livers.

431 The role of CHACL in ferroptosis has also been previously explored. CHAC1
432  enhances cystine-starvation-induced ferroptosis through degradation of GSH and
433  activated GCN2-elF2a-ATF4 pathway in human triple negative breast cancer cells
434  (Chen, Wang et al., 2017). CHAC1 facilitates ferroptosis by accelerating GSH
435  deprivation in retinal pigment epithelial cells with oxidative damage (Liu, Wu et al.,
436  2023). Dihydroartemisinin effectively induces ferroptosis in primary liver cancer cells
437 by upregulating CHAC1 expression (Wang, Li et al., 2021). Anti-CHAC1 exosomes
438  from adipose-derived mesenchymal stem cells inhibit neuronal ferroptosis and

439 alleviate cerebral ischemia/reperfusion injury in mice (Wang, Niu et al., 2023).
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440 CHACLI decreased cell viability and increased the sensitivity of prostate cancer cells
441  to docetaxel by inducing ferroptosis (He, Zhang et al., 2021). Our data showed that
442 CHACL1 promotes erastin- and APAP-induced ferroptosis in multiple cell types.
443  Ferroptosis is involved in APAP-induced hepatotoxicity (Lorincz et al., 2015, Niu et
444  al., 2022, Yamada et al., 2020). Hence, the APAP-induced liver injury mouse model
445 may be a valid in vivo model of ferroptosis. In this study, we verified the role of
446  CHACL in accelerating ferroptosis in an AILI mouse model.

447 GSH deficiency is one of the most important events in ferroptosis; thus, the
448  general argument in previous studies was that CHAC1 expression promotes
449  glutathione deficiency. Our study sheds new light on the consequences of a decreased
450  glutathione pool induced by CHACL. With protein modification capacity, glutathione
451  deficiency induced by CHAC1 upregulation during ferroptosis also leads to decreased
452  protein-SSG levels, especially ARF6 S-glutathionylation. Our data show that
453  decreased protein-SSG could also be the underlying mechanism by which glutathione
454  deficiency promotes ferroptosis.

455 Oxidative stress is required for protein-SSG, which can occur either when
456  GSSG, the GSH oxidised by oxidative stress, exchanges thiol groups with protein
457  cysteine thiolate groups or when already oxidised protein sulfenic acid groups react
458  with GSH(Oppong et al., 2023). Through these reactions, S-glutathionylation was
459  observed under different oxidative conditions. Although CHACL1 is not the enzyme
460  responsible for catalysing deglutathionylation, our study found that the upregulation
461  of CHACL significantly decreased the level of protein-SSG by degrading glutathione
462  during ferroptosis. Thus, in addition to oxidative stress, glutathione pool availability is
463  essential for protein S-glutathionylation and subsequent ferroptosis.

464 Few studies have focused on the protein-SSG in APAP-induced hepatotoxicity.
465  Yang et al. observed that glutathionylated regions were present in the liver sections of
466  mice challenged with APAP (Yang, Greenhaw et al., 2012). Chan et al. performed a
467  proteome-wide screening of HepaRG cells treated with APAP and characterised 898
468  glutathionylated peptides corresponding to 588 proteins. Glutathionylated proteins are

469 involved in the well-known toxic effects of APAP, including energy metabolism,
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470  oxidative stress, cytosolic calcium, and mitochondrial dysfunction (Chan, Soh et al.,
471 2018). Here, we further demonstrated aberrant protein glutathionylation upon APAP
472  treatment in primary mouse hepatocytes, which could better preserve hepatocyte
473  features. We identified 1105 glutathionylated peptides from 482 proteins. Consistent
474  with the data of Chan et al. in hepatic cell lines(Chan et al., 2018), many proteins
475  related to mitochondrial function, lipid metabolism, and energy metabolism were
476  glutathionylated in APAP-challenged PMHs. Generally, it is recognized that
477  protein-SSG is a protective process against oxidative stress. In this study, we
478  demonstrated that S-glutathionylation ensures ARF6 activity for transferrin receptor
479  recycling. Decreased glutathione pools induced by CHACL reduced the level of
480  S-glutathionylation of Cys90 and inactivated ARF6, thereby promoting ferroptosis.

481 ARF6 is a member of the RAS superfamily. Our data suggest that ARF6
482  suppresses ferroptosis, consistent with previous studies (Geng & Wu, 2022, Ye et al.,
483  2020). Pimentel et al. have reported that mechanical strain causes ROS-dependent
484  S-glutathiolation of Ras at Cys118 and activates the Raf/Mek/Erk pathway, ultimately
485 leading to hypertrophy in cardiac myocytes (Pimentel, Adachi et al., 2006). In the
486  present study, we found that ARF6 glutathionylation at Cys90 decreased
487  APAP-induced ferroptosis, which was retarded by CHACL1 overexpression. ARF6 is a
488  Ras-related small GTPase that cycles between an active (GTP-ARF6) and inactive
489 form (GDP-ARF6). Upon stimulation by agonists, GDP-ARF6 is activated to
490 GTP-ARF6 by ARF6 guanine nucleotide exchange factors). Then GTP-ARF6
491  interacts with its effectors to regulate vesicle trafficking and is inactivated by ARF6
492  GTPase-activating proteins, which facilitate GTP hydrolysis to GDP (Grant &
493  Donaldson, 2009, Maxfield & McGraw, 2004). ARF6 localises to the plasma
494  membrane in its GTP state, and to the tubulovesicular compartment in its GDP state
495  (Radhakrishna & Donaldson, 1997). Our data showed that the ARF6 C90A mutant,
496  mimicking the unglutathionylated form, suppressed ARF6 expression in the plasma
497  membrane, whereas the C90D mutant, mimicking the glutathionylated form,
498 promoted ARF6 expression in the plasma membrane of multiple cell types. In

499  addition, CHAC1, which catalyses glutathione degradation and reduces ARF6
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500  S-glutathionylation at Cys90, decreases ARF6 activity in PMHs undergoing
501  APAP-induced ferroptosis.

502 ARF6 plays a fundamental role in transferrin receptor (TFR) endocytosis. The
503 TFR in the plasma membrane binds to the two Fe**-bearing transferrins (TFs) and
504  concentrates in the clathrin-coated pits. After endocytosis, the acidic pH of endosomes
505  triggers iron release. Fe** must be reduced to Fe?* by STEAP3, followed by transport
506  across the endosomal membrane to the cytoplasm by the iron transporter, DMTL.
507 From early endosomes, TF and TFR complexes are either delivered to the
508 endolysosomal system for degradation or recycled directly or indirectly to the plasma
509 membrane via the endocytic recycling compartment (ERC). Most TFRs are recycled
510 from the ERC to the cell surface. Once TFR-TF is returned to the cell surface,
511  iron-free transferrin is released from the TFR at a neutral extracellular pH (Anderson
512 & Frazer, 2017, Kawabata, 2019). D'Souza-Schorey et al. reported that ARF6
513  promoted redistribution of TFR to the cell surface and decreased the rate of uptake of
514  transferrin, whereas expression of ARF6 (T27N), a dominant negative mutant, led to
515  the intracellular distribution of TFR and inhibition of transferrin recycling to the cell
516  surface (D'Souza-Schorey et al., 1995). In line with these data, our study found that
517  CHACLI inactivated ARF6 and delayed the endosomal recycling of TFR. Wang et al.
518  reported that the loss of folliculin, a key regulator of the endocytic recycling pathway,
519 caused a trend of reduced (not statistically significant) total iron levels but
520 significantly increased the labile iron pool in HEK293 cells (Wang, Wu et al., 2021).
521  Our data revealed that glutathione depletion induced by CHAC1 overexpression
522  increases the labile iron pool during APAP-induced ferroptosis.

523 In conclusion, protein S-glutathionylation confers ferroptosis resistance. Upon
524  oxidative stress, glutathione deficiency inactivates ARF6 by decreasing
525  S-glutathionylation. Dysfunctional ARF6 delays the endosomal recycling of the TRFs
526  and increases the labile iron pool to promote ferroptosis. This study provides novel
527  insights into how glutathione deficiency impairs OPTMs and subsequently promotes
528  cell ferroptosis.

529
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530 MATERIALAND METHODS

531  Animal studies

532 C57BL/6J mice, aged six to eight weeks, were purchased from the Experimental
533 Animal Centre of Shanghai SLAC (Shanghai, China). Chacl knockout mice (Chacl”
534 mice; C57BL/6N) were constructed using CRISPR/Cas9-mediated genome
535 engineering and were provided by Cyagen Biosciences (Suzhou, China). In this strain,
536  exons 1-3 of the Chacl gene were removed, and gene expression was abolished.
537  Male and female homozygous Chacl” mice were viable and fertile. Littermate mice

+/+

538 were used as wild-type controls (Chacl™). The mice were housed in a specific
539  pathogen-free facility with 12-h light/dark cycle at 22°C in Fudan University
540  Experimental Animal Center (Shanghai, China), were fed on a normal diet, and had
541  ad libitum access to water. All mice were fasted overnight for approximately 12 h
542  before APAP administration. APAP (Sigma-Aldrich, St Louis, MO, USA) was
543  dissolved in saline at 37°C just before the experiments were conducted. The mice
544  were injected intraperitoneally (i.p.) with saline or 300 mg/kg APAP and then
545  euthanised to collect blood and liver samples after 6 h or at other indicated times. The
546  protocols used in all studies were approved by the Institutional Animal Care and Use
547  Committee of Fudan University.

548

549  Human sample collection

550 The specimens consisted of nine needle biopsies obtained from patients with
551  drug-induced liver injury (DILI) caused by nonsteroidal anti-inflammatory drugs. For
552  healthy controls, liver tissues were obtained from the livers of transplant donors. The
553  clinical data of the patients with DILI are shown in Supplementary Table 1, numbered
554  from patient 1 to 9. All the patients provided informed consent to participate in this
555  study. This study was approved by the Ethics Committee of Shanghai Jiaotong
556  University Renji Hospital in accordance with the ethical guidelines of the 1975
557  Declaration of Helsinki.

558

559  Adenovirus infection
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560 The CHAC1 (Ad-CHAC1) and control (Ad-GFP) adenoviruses were purchased
561  from GeneChem Technologies Co., Ltd. (Shanghai, China). Ad- CHACL1 or Ad-GFP
562  was injected via the tail vein of each Chacl” mouse at a dose of 1 x 108 viral titres.
563  After 48 h, the mice were injected i.p. with APAP (300 mg/kg) and subsequently
564  euthanised after 6 h. For in vitro experiments, primary mouse hepatocytes (PMHSs)
565  were incubated with Ad-CHAC1 or Ad-GFP for 12 or 36 h, followed by treatment
566  with APAP at the indicated time intervals.

567

568  Small interfering RNA (siRNA)-mediated knockdown of Chacl and Arf6

569 We used the Chacl siRNA (siChacl) and Arf6 siRNA (siArf6) for inhibit CHAC1
570 and ADP-ribosylation factor (ARF)6 expression, respectively. SiChacl, siArf6, and
571  corresponding negative controls (SINCs) were purchased from GenePharma
572  (Shanghai, China). The in vitro transfection with siChacl, siArf6, and siNC was
573  performed using Lipofectamine 3000 (Invitrogen, USA). The target sequences of the
574  siRNAs are listed in Supplementary Table 2.

575

576  Cell cultures

577 PMHs were isolated via in situ liver perfusion with type IV collagenase (Gibco,
578 Cat. # 17104019), following established protocols (Wang, Yang et al., 2017). The
579  PMHs were then passed through a 70-pum cell strainer and centrifuged in 50% Percoll
580 (Yeasen, China, Cat. # 40501ES60) at 50 x g for 5 min to separate the viable and
581 nonviable hepatocytes. The hepatocytes were resuspended in DMEM/high glucose
582  (VivaCell, China, Cat. # C3103-0500) supplemented with 10% FBS (ExCell Bio,
583  China, Cat. # FSD500) and plated onto gelatin-coated dishes (Cell Biologics, Cat. #
584  6950).

585 Mouse hepatoma (Hepal-6), murine hepatic (AML12), human embryonic kidney
586  (293T), human colonic adenocarcinoma lung metastasis (T84), human hepatocellular
587  carcinoma (HepG2), human oesophageal carcinoma (TE-1), human prostate cancer
588  (DU145), human non-small cell lung cancer (H1299), human ovarian cancer (A2780),

589 human ovarian cancer (SKOV3), and human gastric cancer (HGC27) cells were
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590 cultured in DMEM or RPMI-1640 supplemented with 10% FBS (ExCell Bio, Cat. #
591  FSD500), 100 U/mL penicillin, 100 pg/mL streptomycin, and 0.25 pg/mL
592  amphotericin B.

593

594 RNA extraction and real time-quantitative polymerase chain reaction
595 (RT-gPCR)

596 Total RNA was extracted using TRIzol reagent (Invitrogen, Cat. # 12183555).
597  Subsequently, cDNA synthesis was performed using a ReverTra Ace qPCR RT Kit
598 (TOYOBO, Cat. # QPK-201). Quantitative real-time PCR was performed using a
599 SYBR Green PCR Kit (Yeasen, Cat. # 11203ES03). For each sample, the expression
600 of each target gene was normalised to the expression of 36b4 or B-actin. The relative
601  expression of genes was measured using the 2 **“Y method. The primer sequences
602 are listed in Supplementary Table 3.

603

604  Western blotting

605 The cells were lysed using NP40 buffer supplemented with protease and
606  phosphatase inhibitors. Membrane and cytoplasmic proteins were isolated using
607 membrane and cytosol protein extraction Kkits (Beyotime, China, Cat. # P0033).
608  Protein levels were determined using a BCA protein assay. For western blotting,
609 lysates were probed with specific antibodies against CHAC1 (Proteintech, Cat. #
610  15207-1-AP, 1:1000), GSH (Virogen, Cat. # 101-A, 1:1000), ARF6 (Proteintech, Cat.
611 # 20225-1-AP, 1:1000), TFRC (Abcam, Cat. # ab218544, 1:4000), FLAG-tag
612  (Sigma-Aldrich, Cat. # F1804, 1:3000), and HA-tag (Cell Signaling Technology, Cat
613 # 3724, 1:1000). pB-actin (Proteintech, Cat. # 66009-1-lg, 1:10000), HSP90
614  (Proteintech, Cat. # 60318-1-lg, 1:10000), and GAPDH (Proteintech, Cat. #
615  10494-1-AP, 1:5000) were used as loading control. For membrane proteins, Na'/K*
616  ATPase a (Santa Cruz, Cat. # sc-48345, 1:1000) was used as an internal reference. For
617  the western blot analysis targeting GSH, the sample preparation did not include the
618  addition of reducing agent B-mercaptoethanol, and total proteins stained with Ponceau

619 S were used as the control. Goat anti-rabbit 1gG HRP (Affinity, Cat. # S0001, 1:3000)
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620 and goat anti-mouse IgG HRP (Affinity, Cat. # S0002, 1:3000) were used as
621  secondary antibodies. Proteins were visualised using an ECL kit (Cat. # 180-501) and
622  a Tanon-4200 gel imaging system.

623

624  Arf6 pulldown activation assay

625 The Arf6 pulldown activation assay was conducted using a commercial kit (New
626  EastBiosciences, China, Cat. # 82401). Briefly, cells were lysed in NP-40 lysis buffer
627  (Beyotime, Cat. # PO013F) containing 1% Phenylmethanesulfonyl fluoride and
628  centrifuged to collect the supernatant. The cell lysate containing 2 mg total protein
629  was adjusted to 1 mL with lysis buffer and supplemented with 2 pg of active Arf6
630 monoclonal antibody and 30 pL of protein A/G agarose. The mixture was rotated for 4
631 h at 4°C. GTPyS-treated protein was used as a positive control. The agarose beads
632  were then washed five times with buffer, with each wash lasting 5 min, followed by
633  centrifugation at 400 x g for 1 min to remove the supernatant. After the final wash, all
634  supernatants were removed and the sample was resuspended in an equal volume of 2x
635 SDS-PAGE loading buffer. The samples were boiled for 5 min and subjected to
636  western blotting for visualisation and analysis of the pulled-down samples.

637

638  Biochemical assays and histopathological analyses

639 Serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST)
640 levels were measured using commercial assay kits (Nanjing Jiancheng, Cat. #
641  C009-2-1, C010-2-1) according to the manufacturer's instructions. Formalin-fixed and
642  paraffin-embedded liver tissue sections were stained with haematoxylin and eosin
643 (H&E) and analysed. DNA damage was detected using a terminal dUTP nick-end
644 labelling (TUNEL) assay kit (Roche, Cat. # 11684817910). Malondialdehyde (MDA)
645 levels were measured using the appropriate assay kit (Dojindo, Japan, Cat. # M496)
646 and normalised to the protein concentration according to the manufacturer's
647  instructions.

648

649  Immunohistochemistry
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650 Immunohistochemistry was performed on formalin-fixed paraffin-embedded liver
651  tissue sections. Sections were incubated with an anti-rabbit CHAC1 (Proteintech, Cat.
652 # 15207-1-AP) and anti-rabbit 4HNE (Abcam, Cat. # ab46545) antibody at 4°C
653  overnight. Subsequently, tissues were incubated with a peroxidase-conjugated rabbit
654  anti-goat secondary antibody at room temperature for 1 h. Tissue sections were
655 counterstained with DAB and haematoxylin. IHC staining for CHAC1 and
656  4-hydroxynonenal (4-HNE) was analyzed using histological scoring. The scoring
657  criteria were as follows: score =0, no staining; score =1, 1-25%; score =2, 26-50%;
658 score =3, 51-75%; and score =4, 76-100%. The intensity scores represented the
659 average value: 0 (none), 1 (weak), 2 (moderate), and 3 (strong). Each sample was
660 evaluated in a blinded manner by a senior pathologist and two researchers. The final
661  score for each sample was the average of three scores from the researchers. The
662  quantity and intensity scores were then multiplied to obtain a total score ranging from
663  0to 12, representing the histological score.

664

665 Immunofluorescence staining

666 Subcellular localisation and protein expression were assessed using
667  immunofluorescence staining. PMHs were seeded onto slides and infected with
668  AdGFP or AACHACI adenoviruses for 36 h, followed by a 6-h treatment with 20 mM
669  APAP. Slides were incubated overnight with an anti-mouse HA (Santa Cruz, Cat. #
670  sc-7392, 1:200) and anti-rabbit TFRC (Abcam, Cat. # ab214039, 1:200), followed by
671  incubation with a fluorescent secondary antibody at room temperature for 1 h. DAPI
672 was used for nuclear staining and the cells were incubated for 10 min. Fluorescent
673  images were captured using a confocal microscope (Leica).

674

675 GSH and GSSG concentration determination

676 GSH and GSSG levels were quantified using a GSSG/GSH Quantification Kit
677  (Dojindo, Cat. # G263) according to the manufacturer’s instructions. In addition, GSH
678 and GSSG levels were normalised to the protein concentration.

679
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680  Cell viability

681 The cells were seeded in opaque 96-well microplates and exposed to the specified
682  treatments. Cell viability was assessed using the CellTiter-Glo Luminescent Cell
683  Viability Assay Kit (Promega, Cat. # G7570) according to the manufacturer’s
684  protocol. Luminescence intensity from each well was measured with the Synergy™
685 H1 Hybrid Multi-Mode Microplate Reader (BioTek, USA). Cell viability was
686  expressed as a percentage of control cells.

687 Calcein-AM/PI Double Staining Kit was also used to assess cell viability. Cells
688  were washed twice with PBS before staining and then incubated with staining solution
689 at 37°C for 30 min, following the manufacturer’s protocol ( Dojindo,, Cat. #C542).
690  After three washes with PBS, the cells were imaged using a fluorescence microscope
691  (Nexcope, China), and ImageJ software (version 1.53c) was used to count fluorescent
692  cells.

693

694  Lipid peroxides determination

695 Cellular lipid peroxidation levels were determined using a C11 BODIPY 581/591
696  fluorescent probe (Dojindo, Cat. # L.267) according to the manufacturer’s instructions.
697

698  Measurement of Fe?* level

699 FerroOrange (Dojindo, Cat. # F374) was used to assess the Fe?* levels. PMHs
700  were seeded in 12-well plates at a density of 1 x 10° cells/well. After cell adhesion,
701 the cells were transfected with Arf6é siRNA for 48 h or infected with AdGFP or
702  AdCHAC1 adenovirus for 36 h, and then treated with 20 mM APAP for 6 h.
703  Following the removal of the previous culture medium, the cells were washed twice
704  with PBS. Subsequently, a working solution of FerroOrange fluorescent probe at a
705  concentration of 1 umol/L was added to the cells. The cells were incubated at 37°C in
706  the dark for 30 min, and then incubated with DAPI for 10 min for nuclear staining.
707  Finally, the cells were observed and images were acquired using a fluorescence
708  microscope (Nexcope). Imagel software was used to quantify the fluorescence

709 intensity of the FerroOrange.
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710

711 Measurement of transferrin

712 The transferrin levels were measured using a transferrin probe (Invitrogen)Cat. #
713 T23364), according to the manufacturer’s instructions. In addition, PMHs were
714  seeded in 12-well plates at a density of 1 x 10° cells/well. After cell adhesion, the
715  cells were infected with AdGFP / AJCHAC1 adenovirus for 36 h, and then treated
716 with 20 mM APAP for 6 h. Subsequently, the cells were placed on ice for 10 min,
717 washed twice with pre-chilled DMEM containing 1% BSA, and then incubated in the
718  dark with a final concentration of 25 pg/mL probe dye at 37°C for 30 min. After
719  incubation, the cells were washed twice with pre-chilled DMEM containing 1% BSA.
720  The cells were fixed and incubated with Hoechst stain for 10 min for nuclear staining.
721 Fluorescence images were captured using a confocal microscope (Leica), and
722  transferrin levels were quantified using ImageJ software.

723

724  Molecular docking

725 ARF6 protein sequences were obtained from the UniProt database using ID
726  P62331. The total length of the sequence was 175 amino acids, and there was no
727  protein crystal structure with a full-length sequence. Therefore, the structure of ARF6
728 was predicted using Alphafold 2 (https://alphafold.ebi.ac.uk/) and selected for
729  subsequent protein docking and structural modification.

730 The MOE 2015.10 (CCG, Ottawa, Canada) program was used to assess the
731 predicted structure, structure preparation, pocket search, and docking. The reliability
732 of the protein models was validated using Ramachandran plots. A total of 23 binding
733  sites were searched by MOE, which ranked at the top, and were used for further
734  studies. The amino acid site ID are Leu2l, Asp22, Ala23, Ala24, Gly25, Lys26,
735  Thr27, Thr28, Thr4l, lled2, Pro43, Thr44, Asp63, Val64, Gly65, Gly66, GIn67,
736  Asnl22, Lys123, Aspl25, Cys155, Alal56, and Thrl57. The ligand structures of GTP
737 and GDP were downloaded from PubChem (https://pubchem.ncbi.nim.nih.gov/). The
738  ligand was docked to ARF6 using the induced fit-docking method. To investigate the

739  influence of GSS modification on the binding of the ligand to ARF6, amino acid
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740  residue cysteine residue 90 (Cys90) was selected as the modification site. The
741 modified structure was prepared using MOE through energy minimisation, optimised
742 by molecular dynamics with an amber99sb forcefield and 500 ps simulation. The
743  representation was prepared using PyMOL 2.4.0.

744

745 RNAsequencing (RNA-seq) and data analysis

746 RNA purified from the cultured cells was converted into cDNA libraries and
747  assessed for quality using an Agilent 2100 Bioanalyzer. Sequencing was performed
748 using a BGI DNBSEQ-T7 sequencer (OE Biotech Co., Ltd., (Shanghai, China).
749  Raw RNA sequencing data were deposited in the NCBI SRA database under the
750  accession number PRJINA1086892. Differentially expressed genes (DEGs) were
751  identified using Cuffdiff and defined as P < 0.05. Gene Ontology (GO) and Kyoto
752  Encyclopedia of Genes and Genomes (KEGG) enrichment analyses of DEGs was
753  performed using the DAVID online analysis system (https://david. ncifcrf.
754  gov/homejsp).

755

756  Enrichment of protein-SSG and LC-MS/MS.

757 PMHSs in 10-cm dishes treated as indicated were scraped using cell scrapers and
758  pelleted by centrifugation. The cell pellets were heated at 95°C for 10 mins, and then
759  lysed in four times the volume of lysis buffer (1% SDS, 1% protease inhibitor
760  cocktail, and 25 mM iodoacetamide) under ultrasonication on ice. lodoacetamide (25
761  mM) was added, and the alkylation reaction was performed at room temperature in
762  the dark for 1 h. The samples were centrifuged at 4°C for 10 min at 12,000 x g to
763  remove the cell debris, and the supernatant was transferred to a new centrifuge tube
764  for protein concentration determination using a BCA Kit.

765 For the reduction reaction, 480 ug of proteins (1 pug/uL) were treated in 25 mM
766 HEPES (pH 7.5) with 1 M urea, 2.5 pg/mL GlIrx 1M, 0.25 mM GSSG, 1 mM
767  NADPH, and 4 U/mL Glutathione Reductase, and incubated at 37°C for 10 min,
768  immediately placed on ice, and transferred to a 0.5-mL Amicon Ultra 10K filter.

769  Excess reagents were removed by buffer exchanged with 3x 8 M urea (pH 7.0)


https://doi.org/10.1101/2024.05.03.592374
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.05.03.592374; this version posted May 5, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

770  resulting in a final volume of 3040 uL. Next, each protein channel was labelled with
771  its respective iodo-TMT reagent and incubated for 1 h at room temperature in the
772  dark. DTT (final concentration: 20mM) was added and the cells were incubated for
773  another 15 min in the dark.

774 Proteins were precipitated with acetone, centrifuged, washed, and resuspended in
775 200 mM triethylammonium bicarbonate buffer for overnight digestion with trypsin at
776  a 1:50 enzyme-to-substrate ratio. Digested samples were reduced at 37°C for 60 min
777  using 5 mM dithiothreitol and subsequently alkylated in the dark at room temperature
778  with 11 mM iodoacetamide for 45 min. The peptides were purified using Strata X
779  SPE columns and vacuum-dried before resuspension in 1X TBS. The samples were
780 incubated overnight at 4°C with anti-TMT resin in an end-to-end mixture. Following
781  incubation, the supernatant was removed and the resin was washed eight times with
782  one column volume of TBS (5 min per wash), followed by three washes with one
783  column volume of water. The components were then eluted with four column
784  volumes of TMT elution buffer (50% acetonitrile and 0.4% trifluoroacetic acid), and
785  the eluates were dried under vacuum. The peptides were desalted using C18 ZipTips
786  prior to LC-MS/MS analysis.

787 MS/MS analysis was conducted using MaxQuant software (version 1.6.15.0) to
788  search 17,132 sequences, incorporating a reverse decoy database and contaminant
789  database to manage the false discovery rate (FDR) and contamination issues. The
790  settings included trypsin/P enzyme allowing up to two missed cleavages, peptide
791  criteria with a minimum length of seven amino acids and a maximum of five
792  modifications, mass tolerances of 20 ppm for precursor ions in the first search and 4.5
793  ppm in the main search, and 20 ppm for fragment ions. The quantification method
794  was set to iodoTMT-6plex, with both protein and PSM identification FDRs set to 1%,
795  requiring at least one unique peptide for protein identification. lodoTMT-based
796  proteomics and analyses were performed by Jingjie PTM Biolab Co., Ltd. (Hangzhou,
797  China).

798

799  Statistical analysis
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800 Data were presented as mean + SEM. GraphPad Prism software (version 9.0; San
801 Diego, CA, USA) was used for the calculations, statistical analyses, and graphics
802  generation. Two-parameter comparisons were performed using a two-tailed Student’s
803  t-test. Multiple-group analyses were performed using one-way analysis of variance
804 (ANOVA), followed by the recommended post hoc tests using GraphPad Prism
805  software (version 9.0). To compare Kinetic differences, a two-way ANOVA test was
806  used. Statistical significance was set at P < 0.05.

807
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Figure 1. Reduced protein-SSG is associated with decreased glutathione pools by CHAC1 induction in

ultiple cell types undergoing ferroptosis

a: S-glutathionylated proteins in eight human cell lines treated with DMSO, or 10 uM or 20 puM erastin were
analysed using western blotting with anti-glutathione. Ponceau S staining were used as internal references. b:
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980  Quantification of GSH and GSSG aveéaiie HufsiAES Binds Aredesaaionaines6s-or 10 uM or 20 uM erastin. C:
981 CHAC1 mRNA and protein expression in eight human cell lines treated with DMSO or 10 uM, 20 pM erastin for
982 24 h were analysed using RT-qPCR and western blotting respectively. p-ACTIN were used as internal references
983 for western blotting. d: GLRX mRNA expression in eight human cell lines treated with DMSO, or 10 uM or 20 uM
984 erastin for 24 h. e: H1299 cells transfected with CHAC1 small interfering RNA (siRNA) and then treated with 10
985 uM erastin. The levels of GSH and GSSG were quantified by GSSG/GSH Quantification Kit. CHAC1 and
986 S-glutathionylated proteins were analysed by Western blots and quantified. B-ACTIN and Ponceau S staining were
987 used as internal references. f: SKOV3 cells transfected with CHAC1 siRNA and then treated with 10 uM erastin.
988  The levels of GSH and GSSG were quantified by GSSG/GSH Quantification Kit. CHAC1 and S-glutathionylated
989  proteins were analysed by Western blots and quantified. B-ACTIN and Ponceau S staining were used as internal
990 references. g: Cell viability of H1299 cells transfected with CHAC1 siRNA and then treated with DMSO, 10 uM,
991 or 20 uM erastin for 24 h was measured by CellTiter-Glo® luminescent cell viability assay. h: Cell viability of
992  SKOV3 cells transfected with CHAC1 siRNA and then treated with DMSO, 10 pM, or 20 uM erastin for 24 h. i:
993 Cell viability of PMHs and Hepal-6 cells treated with DMSO, or 10 or 20 uM erastin for 24 h. j:
994 S-glutathionylated proteins in PMHs and Hepal-6 cells treated with DMSO or 10 pM, 20 uM erastin was analysed
995 by Western blots. Ponceau S staining was used as an internal reference. k: Chacl mRNA expression in PMHs and
996 Hepal-6 cells treated with DMSO or 10 uM erastin for 12 h was analysed by RT-gPCR. I: Cell viability of Ad-GFP
997 or Ad-CHAC1 PMH and Hepal-6 treated with DMSO, or 10 uM or 20 puM erastin for 24 h. * P < 0.05, ** P <
998  0.01, *** P <0.001, and **** P < 0.0001. PMH, primary mouse hepatocyte
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1002  Figure 2 Decreased glutathionévigliaie bpderlafRe B Yrédutieprsiensldsensand aggravate APAP-induced
1003  hepatotoxicity and ferroptosis in APAP-injured mice liver

1004 a: Volcano plots shows upregulated and downregulated genes from RNA transcriptome data of group treated with
1005 750 mg/kg APAP for 6 h compared to the saline group (Fold change > 1.5, P < 0.05; n = 3 mice/group). b: Chacl
1006 mRNA expression in mouse liver tissues treated with saline or 300 and 750 mg/kg APAP for 3, 6, or 12 h. ¢: Chacl
1007 mRNA expression in PMHs with or without 20 mM APAP challenge for 1, 3, 6, and 12 h was analysed by
1008 RT-gPCR. d: Immunohistochemical staining of CHACL in liver sections from healthy controls (n = 9) and patients
1009  with AILI (n = 9), followed by immunohistochemical score of liver tissue. The black arrow indicates positive
1010  staining. Scale bar = 100 um. e, f: Quantification of GSH and GSSG in the liver tissues of Chacl** Ad-GFP,
1011 Chacl™ Ad-GFP, and Chacl” Ad-CHAC1 mice treated with saline or 300 mg/kg APAP for 2 and 6 h. g:
1012 S-glutathionylated proteins in the liver tissues of Chac1™* Ad-GFP and Chacl” Ad-GFP mice treated with 300
1013 mg/kg APAP for 2 and 6 h were analysed by western blots with anti-glutathione. Ponceau S staining was used as
1014 an internal reference. The relative expression levels of S-glutathionylated proteins after APAP treatment for 6 h
1015  were quantified. h: S-glutathionylated proteins and CHAC1-FLAG protein in the liver tissues of Chacl” Ad-GFP
1016  and Chacl” Ad-CHAC1 mice treated with 300 mg/kg APAP for 6 h were analysed by western blotting. i: Serum
1017 levels of ALT and AST in Chacl™* Ad-GFP, Chacl”~ Ad-GFP, and Chacl™ Ad-CHAC1 mice treated with saline or
1018 300 mg/kg APAP for 6 h. j: H&E staining, TUNEL staining and 4-HNE protein adducts staining in liver tissues of
1019  Chacl™ Ad-GFP, Chacl™ Ad-GFP and Chacl” Ad-CHACL1 mice treated with 300 mg/kg APAP for 6 h. Scale
1020  bars = 200 um. The hepatocyte necrosis area, TUNEL-positive area, and immunohistochemical score for 4-HNE
1021 protein adduct staining were quantified. AILI, APAP-induced liver injury; ALT, alanine aminotransferase; APAP,
18%% acetaminophen; AST, aspartate aminotransferase; H&E, haematoxylin and eosin; PMH, primary mouse hepatocyte
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Figure 3 Decreased glutathione pools by CHAC1 reduce protein-SSG and aggravate APAP-induced
hepatotoxicity and ferroptosis in primary mouse hepatocytes

a: S-glutathionylated proteins in PMHs from Chac1*"* and Chacl” mice treated with 20 mM APAP for 3 h were
analysed by western blotting with anti-glutathione. Ponceau S staining was used as an internal reference. b:
S-glutathionylated proteins in PMHs infected with Ad-GFP or Ad-CHAC1 at a multiplicity of infection
(MOQI)=0.1, 2.5, 5, and 10 for 12 h and then treated with 20 mM APAP for 6 h were analysed by western blotting
with anti-glutathione. Ponceau S staining was used as an internal reference. ¢: Quantification of GSH and GSSG in
PMHs infected with Ad-GFP or Ad-CHACL adenovirus at MOI=0.1, 2.5, 5, and 10 for 12 h and then treated with
20 mM APAP for 6 h (n = 2, * P < 0.05, ** P < 0.01, *** P < 0.001, and **** P < 0.0001 via t test). d: PMHs
were isolated from Chacl** and Chacl™ mice and treated with 20 mM APAP for 12 h. Cell viability was
measured using the CellTiter-Glo luminescent cell viability assay (n = 5, t test). e: Isolated Chac1*"* and Chacl™
PMHs were infected at MOI of 10 for 36 h and then treated with 20 mM APAP. After 6 h, TUNEL staining was
performed for nuclear DNA fragmentation (scale bars = 200 um). f: Determination of malondialdehyde (MDA)
levels in PMHs infected with Ad-GFP or Ad-CHAC1 adenoviruses at MOI=10 for 36 h and then treated with 20
mM APAP for 12 h. g: PMHs from Chacl** and Chacl™ mice were treated with 20 mM APAP for 12 h.
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1055  Representative images of C11 BodfypikdiesandanatescBicéd: Redernasiesstlieeepresents non-lipid oxidation, and
1056 green fluorescence represents lipid oxidation. The statistical chart shows the ratio of green to red fluorescence
1057 (scale bars = 200 pum). APAP, acetaminophen; GSH, glutathione; GSSG, oxidised glutathione; PMH, primary
1058 mouse hepatocyte
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1066 Figure 4 Mass-spectroscopic quantification of CHAC1-regulated protein cysteine S-glutathionylation in
1067  ferroptotic PMHs induced by APAP

1068 a: Flowchart outlining the key experimental procedures for proteomic analysis of S-glutathionylation. b: Overview
1069  of the identification of modification sites. ¢: The histogram shows the distribution of differential modification
1070 sites/proteins among different comparison groups (Coefficient of Variation (CV) < 0.1, fold change > 1.2). d:
1071 Scatter plot showing the distribution of differential modification sites sorted by the ratio of Ad-GFP +
1072  APAP/Ad-GFP. Red dots indicating upregulation of significant differences, blue dots indicating significant
1073 differences down-regulation, and grey indicating no significant differences (CV < 0.1, fold change > 1.2). e:
1074 Scatter plot showing the distribution of differential modification sites sorted by the ratio of Ad-CHAC1 +
1075 APAP/Ad-GFP + APAP. Red dots indicating up-regulation of significant differences, blue dots indicating
1076 significant differences down-regulation, and grey indicating no significant differences (CV < 0.1, fold change >
1077 1.2). f: Venn diagram shows differentially modified sites both under APAP stimulation and CHAC1 overexpression
1078  (Fold change > 1.2). g: The heatmap shows the union of differential modification sites in Ad-GFP, Ad-GFP +
1079 APAP, Ad-CHAC1, and Ad-CHAC1 + APAP comparison groups (CV < 0.1, fold change > 1.2). h: The scatter plot
1080 shows differentially modified sites both under APAP stimulation and CHAC1 overexpression; the order was sorted
1081 by the ratio of Ad-GFP + APAP / Ad-GFP (CV < 0.1, fold change > 1.2). PMH, primary mouse hepatocyte

1082
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1087 Figure 5 Cys90 S-glutathionylation of ARF6 promotes ARF6 activation and alleviates ferroptosis

1088 a: Two-stage mass spectrometry of the glutathionylated peptide from ARF6. The secondary mass spectrum shows
1089 fragment ion information of the ARF6 C90 peptide segment. b: Histogram showing the relative modification
1090  abundance of ARF6 C90 in different treatment groups, with glutathionylated peptides identified and quantified by
1091 LC-MS/MS (all values were standardised by the mean of the AdGFP-CON group). c: llustrations of predicted 3D
1092  structures of ARF6 and Cys90 glutathionylated ARF6 from PyMOL. Structural alignment of modelled ARF6 and
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1093  modelled Cys90 glutathionylated AYEHBbleyardaserafe-Modificatashatifaahlicgfiee modification). d: Regions with
1094 significant changes in the predicted 3D structures of ARF6 and Cys90 glutathionylated ARF6 from PyMOL.
1095 Structural alignment of the modelled ARF6 and Cys90 glutathionylated ARF6 (blue: before modification; red:
1096  after modification). e: Docking score between ARF6 and GTP and the docking score between Cys90
1097  glutathionylated ARF6 and GTP. f: PMHs were isolated from C57BL/6 mice and infected with Ad-CHACL1 or
1098  Ad-GFP at an MOI of 10 for 36 h, followed by treatment with 20 mM APAP for 6 h. Proteins were extracted and
1099 fractionated into cytosolic and membrane fractions. The ARF6 protein was analysed using western blotting.
1100 B-ACTIN marks the cytosol, and Na*/K*-ATPase marks the membrane. Statistical chart shows the ratio of ARF6 in
1101 the plasma membrane to ARF6 in the cytosol. g: PMHs were isolated from Chac1*"* or Chacl” mice and treated
1102 with 20 mM APAP for 6 h. Proteins were extracted and fractionated into cytosolic and membrane fractions. Protein
1103  ARF6 was analysed using western blotting. B-ACTIN marks the cytosol, and Na'/K*-ATPase marks the
1104 membrane. Statistical chart shows the ratio of ARF6 in the plasma membrane to ARF6 in the cytosol. h: Pull-down
1105  assay showing the expression of activated ARF6 in Ad-CHAC1 or Ad-GFP PMHSs treated with 20 mM APAP for 6
1106 h (pull-down, ARF6-GTP; IB, ARF6). Whole cell lysates to confirm the expression of ARF6. i: Expression of the
1107  ARF6-Myc-tag protein in AML12 cells transfected with CON, WT, C90A, or C90D plasmids and treated with
08 APAP for 6 h was analysed using western blotting. GAPDH marks the cytosol and Na*/K*-ATPase marks the
membrane. Statistical chart shows the ratio of ARF6 in the plasma membrane to ARF6 in the cytosol. j: The
viability of AML12 cells transfected with CON, WT, C90A, or C90D plasmids and treated with APAP for 12 h was

11
11
11
:1] jl quantified using the CellTiter-Glo luminescent cell viability assay. PMH, primary mouse hepatocyte

_aaa0
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1115 Figure 6 CHAC1 delayed endosomal recycling of transferrin receptors and increased the labile iron pool to


https://doi.org/10.1101/2024.05.03.592374
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.05.03.592374; this version posted May 5, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

1116  promote APAP-induced ferroptogi¥atapigrpppler aCC-BY 4.0 International license.

1117

1118  a: Arf6 mRNA expression in PMHs transfected with Arf6é siRNA for 48 h and then treated with DMEM or 20 mM
1119  APAP, as analysed by RT-gPCR. b: PMHs were transfected with Arf6 siRNA and treated with 20 mM APAP. Cell
1120 viability was measured using the CellTiter-Glo luminescent cell viability assay. The ratio of dead to live cells was
1121 measured using calcein-AM/PI live/dead cell staining. c: Representative images of C11 Bodipy 581/591

1122  fluorescent probe, which was used for detecting the formation of lipid peroxides (Red: non-lipid oxidation; green:
1123 lipid oxidation, Scale bars = 200 um). The statistical chart shows the ratio of green to red fluorescence. d:
1124 Representative images of the FerroOrange fluorescent probe used to detect labile ferrous ions (Red: FerroOrange;
1125  blue: DAPI, Scale bars = 200 um). The statistical chart shows the relative Fe?* fluorescence intensity. e: ARF6 and
1126  TFRC protein expression in PMHs transfected with Arf6 siRNA and treated with 20 mM APAP was analysed using
1127  western blotting. B-ACTIN marks the cytosol, and Na*/K*-ATPase marks the membrane. The statistical chart
1128 shows the ratio of TFRC in the plasma membrane to TFRC in the cytosol. f: ARF6 and TFRC protein expression in
1129 PMHs infected with Ad-GFP or Ad-CHAC1 adenovirus and treated with 20 mM APAP was analysed by western
1130  blotting. B-ACTIN marks the cytosol, and Na'/K*-ATPase marks the membrane. The statistical chart shows the
1131 ratio of TFRC in the plasma membrane to TFRC in the cytosol. g: Immunofluorescence staining (with ARF6 and
1132  TFRC) in PMHs infected with Ad-GFP or Ad-CHACL1 adenovirus and then treated with 20 mM APAP (Red:
1133  ARF®6; purple: TFRC; blue: DAPI, Scale bars = 200 um). h: Representative images of the transferrin fluorescent
1134 probe (red: transferrin; blue: DAPI, Scale bars = 200 um). The statistical chart shows the relative transferrin
1135 content. i: Representative images of the FerroOrange fluorescent probe (Red: FerroOrange; green: GFP, Scale bars

_ P . 24 . . .
1136 =200 um). The statistical chart shows the relative Fe** fluorescence intensity. PMH, primary mouse hepatocyte
.
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1140

1141 Figure 7 ARF6 glutathionylation at Cys90 promoted ARF6 activation and contributed to erastin-induced
1142  ferroptosis in multiple cell types

1143  a: Expression of the ARF6-Myc-tag protein in 293T cells transfected with CON, WT, C90A, or C90D plasmids
1144  and treated with 10 pM erastin was analysed using western blotting. GAPDH marks the cytosol, and
1145 Na'/K*-ATPase marks the membrane. Statistical chart shows the ratio of ARF6-Myc in the plasma membrane to
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1146  ARF6-Myc in the cytosol. b: Expréssiatte toaRCs-NAY o8y prstanamaHILE99 ells transfected with CON, WT,
1147 C90A, or C90D plasmids and treated with 10 pM erastin was analysed by western blotting. GAPDH marks the
1148  cytosol, and Na*/K*-ATPase marks the membrane. Statistical chart shows the ratio of ARF6-Myc in the plasma
1149 membrane to ARF6-Myc in the cytosol. ¢: The viability of H1299 cells transfected with CON, WT, C90A, or
1150 C90D plasmids and treated with 10 uM erastin was quantified using the CellTiter-Glo luminescent cell viability
1151 assay. d: RNA-seq analysis using ARF6-myc (WT) or ARF6-C90A-myc transfected H1299 cells, with or without
1152 erastin treatment. Venn plot, GO and KEGG enrichment for genes upregulated only in the ARF6-C90A group but
1153 not in the WT group, genes downregulated only in the ARF6-C90A group but not in the WT group, genes only
1154  upregulated in WT group but not in the ARF6-C90A group upon 10 pM erastin treatment. e: Schematic
1155 presentation of the effect of decreased protein S-glutathionylation caused by CHAC1-induced glutathione
1156  deprivation on cell susceptibility to ferroptosis.

1157

1158  Supplementary figures
Supplementary Fig.1
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160  Supplementary Figure 1, related to Figure 1

161 a: Cell viability of eight human cell lines, treated with DMSO or 1, 5, 10, 20, and 40 uM erastin, was measured by
162 a CellTiter-Glo luminescent cell viability assay. b: Quantification of GSSG in eight human cell lines treated with
163 DMSO, or 10 uM or 20 uM erastin. c¢: H1299 and SKOV3 cells transfected with CHAC1 siRNA and then treated
164  with 10 uM erastin. The mRNA level of CHAC1 was analysed by RT-qPCR.
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Supplementary Figure 2, relate to Figure 2

a: The heatmap shows the relative levels of upregulated and downregulated genes in the liver tissue of mice treated
with 300 mg/kg APAP for 3 h, 750 mg/kg APAP for 3 h, 300 mg/kg APAP for 6 h, and 750 mg/kg APAP for 6 h
compared to the saline group. The heatmap was ranked by fold change of 750 mg/kg APAP for 3 h group to saline
for 3 h group. (Fold change > 1.5, P < 0.05) (n = 3 mice/group). b: Volcano plots shows upregulated and
downregulated genes from RNA transcriptome data of groups treated with 300 mg/kg APAP for 3 h, 750 mg/kg
APAP for 3 h, and 300 mg/kg APAP for 6 h compared to the saline group. (Fold change > 1.5, P < 0.05) (n = 3
mice/group). c¢: Strategies for Chacl knockout and gene identification. The Chacl gene (NM_026929) has three
exons, with the ATG start codon in exon 1 and the TGA stop codon in exon 3. Exons 1-3 were selected as the
target sites. Cas9 and gRNA were co-injected into fertilized eggs to produce for Chacl knockout (KO) mice. d:
Genotyping of experimental mice. e: Chacl mRNA expression in liver tissues from Chacl** or Chacl™ mice
treated with saline or 300 mg/kg APAP for 6 h analysed by RT-gPCR (n = 3 mice/group, t test). f. Chacl mRNA
expression in PMHs from Chacl*"* or Chacl™ mice treated with DMEM or 20 mM APAP for 2 h, 6 h, and 12 h
analysed by RT-gPCR. g: The ratio of GSH/GSSG in liver tissues of Chacl™" Ad-GFP, Chacl”™ Ad-GFP and
Chac1™ Ad-CHAC1 mice treated with saline or 300 mg/kg APAP for 2 h and 6 h. h: S-glutathionylated proteins in
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Supplementary Figure 3, related to Figure 3

a: S-glutathionylated proteins in PMHs infected with Ad-GFP or Ad-CHACL1 adenovirus with MOI=0.1, 2.5, 5,
and 10 for 36 h and then treated with 20 mM APAP for 6 h were analysed by western blotting with
anti-glutathione. Ponceau S staining was used as internal reference. b: The ratio of GSH/GSSG in PMHs infected
with Ad-GFP or Ad-CHAC1 adenovirus with MOI=0.1, 2.5, 5, 10 for 12 h and then treated with 20 mM APAP for
6 h. c: Quantification of GSH and GSSG and the ratio of GSH/GSSG in PMHs infected with Ad-GFP or
Ad-CHAC1 with MOI=0.1, 2.5, 5, and 10 for 36 h and then treated with 20 mM APAP for 6 h. APAP,
acetaminophen; GSH, glutathione; GSSG, oxidised glutathione

Supplementary Fig.4
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Supplementary Figure 4, related to Figure 3.
GO enrichment of differentially modified glutathionylated proteins both under APAP stimulation and CHAC1
overexpression.
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Supplementary Fig.5
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Supplementary Figure 5, related to Figure 5.

a: Ramachandran diagram was used to evaluate the rationality of the ARF6 protein structure. Abscissa Phi (¢) and
ordinate Psi (y) were used to define the rationality of the geometric structure of amino acids. b: Ramachandran
was used to evaluate the rationality of the Cys90 glutathionylated ARF6 protein structure. Abscissa Phi (¢) and
ordinate Psi (y) were used to define the rationality of the geometric structure of amino acids.

Supplementary Fig.6
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Supplementary Figure 6, related to Figure 6.

a: PMHs were transfected with Arf6é siRNA and then treated with 20 mM APAP. Representative images of
calcein-AM/PI live/dead cell staining (Green: live cells; red: dead cells, Scale bars = 200 um). b: Representative
images of C11 Bodipy 581/591 fluorescent probe of PMHs transfected with Arf6 siRNA (Red: non-lipid oxidation;
green: lipid oxidation, Scale bars = 200 um). c: Representative images of FerroOrange fluorescent probe of PMHs
transfected with Arf6é siRNA (Red: FerroOrange; blue: DAPI, Scale bars = 200 um). APAP, acetaminophen; PMH,

primary mouse hepatocyte
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1224  Supplementary Table 1. Clinical and biological data of the patients with
1225  drug-induced liver injury

1226
Seru
Serum
Serum | Serum | Serum m
Pati Clinical Drug TBIL
Sex/age Drug ALT AST ALP DBIL
ent type type (umol/
(U/L) | (UiL) | (UIL) 0 (nmo
IIL)
1 F/54 Cholestatic | Acetaminophen | NSAID 173 112 316 ND ND
2 F/49 Cholestatic | Acetaminophen | NSAID 484 635 244 66.2 21.2
3 F/33 Mixed Acetaminophen | NSAID 598 164 213 ND ND
4 M/65 Cholestatic Ibuprofen NSAID 152 54 194 63.7 50.2
5 M/26 Mixed Not specified NSAID 435 313 435 36.81 | 23.94
Hepatocellu .
6 M/54 | Not specified NSAID 774 897 253 242 1435
ar
Hepatocellu .
7 M/32 | Not specified NSAID 526 229 87 22 7.9
ar
Hepatocellu .
8 F/28 | Not specified NSAID 1560 1026 193 1095 | 755
ar
Compound
Paracetamol and
Hepatocellu ]
9 F/69 | Amantadine NSAID 993 730 234 30.6 23.2
ar
Hydrochloride
Capsules
1227
1228
1229  Supplementary Table 2. The target sequences of SIRNA
1230
Name Target gene
siChacl-1 CCTTGAAGATCATGAGGGCTGCACT
siChacl-2 GCTTCTCCGGCCACAACCTTGAATA
siArf6 1 GCTCACATGGTTAACCTCTAA
SiArf6 2 GCATTACTACACCGGGACCCA
1231

1232
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1235
Name Species Forward Reverse
CHAC1 Human GCTACAGCCGCCGTTTCT GGGTTCTGCTCCCCTTGC
Chacl Mouse ATTGTGGACGCCGTAGGA AGGCTGCTCAGGTAGGTAAG
GLRX Human CCTGGGAAGGTGGTTGTGT TGTGGTTGGTGGCTGTGAT
Human
ARF6 CGGGACAGGAACTGGTAT GGACGCTCATTAGGATTTG
/Mouse
B-ACTIN Human GGACCTGACTGACTACCTCAT CGTAGCACAGCTTCTCCTTAAT
Bactin Mouse GGCTGTATTCCCCTCCATCG CCAGTTGGTAACAATGCCATGT
36B4 Mouse GGGCATCACCACGAAAATCTC CTGCCGTTGTCAAACACCT

1236  Supplementary Table 3: Primers used in RT-gPCR analysis

1237
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