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Death receptor signaling is critical for cell death, inflammation, and immune homeostasis. Hijacking death receptors and their corresponding adaptors through type III secretion system (T3SS) effectors has been evolved to be a bacterial evasion strategy. NleB from enteropathogenic Escherichia coli (EPEC) and SseK1/2/3 from Salmonella enterica serovar Typhimurium (S. Typhimurium) can modify some death domain (DD) proteins through arginine-GlcNAcylation. Here, we performed a substrate screen on 12 host DD proteins with conserved arginine during EPEC and Salmonella infection. NleB from EPEC hijacked death receptor signaling through tumor necrosis factor receptor 1 (TNFR1)-associated death domain protein (TRADD), FAS-associated death domain protein (FADD), and receptor-interacting serine/threonine-protein kinase 1 (RIPK1), whereas SseK1 and SseK3 disturbed TNF signaling through the modification of TRADD Arg235/Arg245 and TNFR1 Arg376, respectively. Furthermore, mouse infection studies showed that SseK1 but not SseK3 rescued the bacterial colonization deficiency contributed by the deletion of NleBc (Citrobacter NleB), indicating that TRADD was the in vivo substrate. The result provides an insight into the mechanism by which attaching and effacing (A/E) pathogen manipulate TRADD-mediated signaling and evade host immune defense through T3SS effectors.
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INTRODUCTION

Death receptor signaling is crucial for cell death (Giogha et al., 2014; Luo et al., 2015; Galluzzi et al., 2018), inflammation (Park et al., 2007), and immune homeostasis (Wilson et al., 2009). It is mediated by homotypic or heterotypic interactions among death domains (DDs) of the TNFR family of transmembrane death receptors and the downstream adaptors, including TRADD (Hsu et al., 1995; Luo et al., 2015), RIPK1 (Stanger et al., 1995; Luo et al., 2015), and FADD (Chinnaiyan et al., 1995; Luo et al., 2015). TRADD is known as the initial adaptor for TNFR1-induced apoptosis and nuclear factor-κB (NF-κB) signaling (Hsu et al., 1995; Chen and Goeddel, 2002; Mak and Yeh, 2002; Chen et al., 2008; Pobezinskaya et al., 2008; Pobezinskaya and Liu, 2012). Recent studies have found that TRADD has a Goldilocks effect on the survival of Ripk1–/–Ripk3–/– mice. Both Tradd+/+Ripk1–/–Ripk3–/–and Tradd–/–Ripk1–/–Ripk3–/– mice result in death through apoptosis, while a single allele of TRADD is optimal for survival of Ripk1–/–Ripk3–/– mice (Dowling et al., 2019). RIPK1 and TRADD are synergistically required for TRAIL-induced NF-κB signaling and TNFR1-induced NF-κB signaling and apoptosis (Fullsack et al., 2019). Besides that, TRADD plays roles independent of TNFR1 signaling, such as downstream of Toll-like receptors (Chen et al., 2008; Pobezinskaya et al., 2008) and DR3 (Chinnaiyan et al., 1996; Kitson et al., 1996; Pobezinskaya et al., 2011; Pobezinskaya and Liu, 2012). Type III secretion system effector NleB from enteropathogenic E. coli (EPEC) was previously reported as an arginine GlcNAc transferase that inhibited multiple death receptor mediated inflammation and cell death by modifying a conserved arginine residue in some death domain proteins (Li et al., 2013; Pearson et al., 2013; Ding et al., 2019; Pan et al., 2020; Xue et al., 2020). The arginine GlcNAc transferase activity of NleB is critical for attaching and effacing (A/E) pathogen colonization in the mouse colon (Li et al., 2013; Pearson et al., 2013; Scott et al., 2017; Ding et al., 2019). Although modification of TRADD, FADD, and RIPK1 in in vitro reconstitution system and ex vivo epithelial cell infection system has been studied, the in vivo substrate preference of NleB remains elusive.

Intracellular pathogen Salmonella entrica strains secreted three Salmonella pathogenicity island 2 (SPI-2) effector SseK1, SseK2, and SseK3 (Kujat Choy et al., 2004; Brown et al., 2011; Baison-Olmo et al., 2015; El Qaidi et al., 2017; Gunster et al., 2017; Yang et al., 2018; Araujo-Garrido et al., 2020; Meng et al., 2020). Crystal structure studies show that NleB, SseK1, and SseK3 belong to the GT-A family glycosyltransferase (Esposito et al., 2018; Park et al., 2018; Ding et al., 2019; Araujo-Garrido et al., 2020; Pan et al., 2020). The crystal structures of NleB in complex with FADD-DD and the sugar donor, and NleB-GlcNAcylated DDs (TRADD-DD and RIPK1-DD) show that NleB is an inverting enzyme. NleB converts the α-configuration in the UDP-GlcNAc donor into the β-configuration toward the conserved arginine of DD proteins, namely, TRADD Arg235, FADD Arg117, and RIPK1 Arg603 (Ding et al., 2019; Xue et al., 2020). Previous in vitro studies have suggested that SseK1 could GlcNAcylate TRADD (Li et al., 2013; Gunster et al., 2017; Xue et al., 2020), FADD (Gunster et al., 2017), and GAPDH (Gao et al., 2013; El Qaidi et al., 2017) with different efficiency. However, the substrate specificity of SseK effectors remains controversial.

Therefore, this study applied a substrate screen of 12 conserved arginine-containing DD proteins during EPEC and Salmonella infection, finding that SseK1 and SseK3 selectively modify TRADD and TNFR1, respectively. SseK1 GlcNAcylated hTRADD at Arg235 and Arg245 while SseK3 targeted TNFR1 at Arg376. SseK1 but not SseK3 can inhibit TRADD-activated NF-κB and apoptosis. Taking advantage of the substrate specificity of SseK effectors, we found that only chimera SseK1 fully rescued the bacterial colonization deficiency contributed by the deletion of NleBc in Citrobacter rodentium (C. rodentium) infection animal model. This result indicates that TRADD is the preferred in vivo substrate corresponding to NleB/SseK1-induced bacterial virulence. More importantly, the TRADD–/– mice infection model confirmed this result. All these findings suggest that arginine GlcNAcylation in TRADD catalyzed by type III-translocated bacterial effector proteins NleB and SseK1 is crucial for the pathogenesis of A/E pathogen.



MATERIALS AND METHODS


Bacterial Strains and Growth Conditions

The EPEC strains, Salmonella strains, and C. rodentium strains used in this study, unless specially mentioned, were grown in LB broth at 37°C, shaking with the following antibiotics: nalidixic acid (50 μg/ml) (0677, AMRESCO), kanamycin (50 μg/ml) (1758-9316, INALCO), ampicillin (100 μg/ml) (1758-9314, INALCO), chloramphenicol (17 μg/ml) (1758-9321, INALCO), and streptomycin (50 μg/ml) (1758-9319, INALCO).



Plasmid Construction

nleB gene and sseK1/2/3 genes were amplified from EPEC E2348/69, C. rodentium ICC168, and S. enterica Typhimurium SL1344 strains. These genes were inserted into pCS2-EGFP, pCS2-1Flag, and pCS2-3Flag for mammalian cell expression, and into pGEX-6P-2 and pET28a-His for protein expression in E. coli. The pTRC99A vector was used for complementation in EPEC (under the trc promoter) and the pET28a vector for complementation in C. rodentium (under the C. rodentium nleB signal peptide) and S. Typhimurium (with their upstream promoter regions). Human cDNAs for TRADD, TNFR1, FADD, DR3 DD, ANK1 DD, ANKDD1B, ANK2 DD, ANK3 DD, RIPKI DD, FAS DD, DR4 DD, DR5 DD were amplified from a HeLa cDNA library as previously described (Li et al., 2013). All single point mutants were generated by quick change and multiple point mutants and truncation mutants were generated by standard molecular biology procedures. NF-κB reporter plasmids were used as previously described (Li et al., 2007, 2013). All plasmids were verified by DNA sequencing and primers were synthesized by Sangon Biotech.



Antibodies and Reagents

The anti-GlcNAc arginine antibody (ab195033, Abcam) was described previously (Pan et al., 2014). Antibody for Flag M2 (F2426) and tubulin (T5186) were Sigma products. Antibodies for EGFP (sc8334) and DnaK 8E2/2 (ab69617) were purchased from Santa Cruz Biotechnology and Abcam, respectively. Horse radish peroxidase (HRP)-conjugated goat anti-mouse IgG (NA931V) and HRP-conjugated goat anti-rabbit IgG (NA934) were both from GE Healthcare. Unless specially mentioned, the cell culture products were purchased from Invitrogen, and all other reagents were Sigma-Aldrich products.



Recombinant Protein Expression and Purification

Protein expression was induced overnight in E. coli BL21 (DE3) strain at 22°C with 0.4 mM isopropyl-β-D-thiogalactopyranoside (IPTG) when OD600 reached 0.8~1.0. Affinity purification of GST-TRADD DD and the site-directed mutants expression alone or co-expression with SseK1 were performed by using glutathione sepharose (GE Healthcare, United States), following the manufactures’ instructions. Proteins were further purified by ion exchange chromatography. All the purified recombinant proteins were concentrated and stored in the buffer containing 20 mM Tris-HCl (pH 8.0), 150 mM NaCl, and 5 mM dithiothreitol. The protein purity was examined by SDS-PAGE, followed by Coomassie Blue staining.



Cell Culture and NF-κB Luciferase Reporter Assay

293T cells and HeLa cells obtained from the American Type Culture Collection (ATCC) and MEF cells provided by S. Ghosh were grown in DMEM (GIBCO) medium supplemented with 10% FBS (GIBCO and BI), 2 mM L-glutamine (GIBCO), 100 U/ml penicillin, and 100 mg/ml streptomycin (GIBCO). These cells were cultivated at 37°C in the presence of 5% CO2. Vigofect (Vigorus) was used for 293T cell transfection and jetPRIME (PolyPlus) for HeLa cell transfection, following the respective manufacturer’s instructions. Luciferase activity was determined 24 h after transfection by using the dual luciferase assay kit (Promega) according to the manufacturer’s instructions.



Immunoprecipitation

The 293T cells seeded in 6-well plates at a confluency of 60–80% were transfected with a total of 5 μg plasmids. Twenty-four hours after transfection, cells were washed in phosphate-buffered saline (PBS) and lysed in lysis buffer A containing 25 mM Tris-HCl, pH 7.6, 150 mM NaCl, 10% glycerol, and 1% Triton, supplemented with a protease inhibitor cocktail (Roche). Cells were collected and centrifuged under 13,200 rpm at 4°C for 15 min. Pre-cleared lysates were subjected to anti-Flag M2 immunoprecipitation following the manufacturer’s instructions. After a 2 h incubation, the beads were washed four times with lysis buffer B containing 25 mM Tris-HCl, pH 7.6, 150 mM NaCl, 10% glycerol, and 0.5% Triton, and the immunoprecipitates were eluted by 1 × SDS sample buffer, followed by standard immunoblotting analysis. All the immunoprecipitation assays were performed more than three times, and representative results are shown in figures.



Bacterial Infection of Mammalian Cells and Cell Death Assay

Bacterial infection and cell death were performed as described previously (Li et al., 2013; Gunster et al., 2017; Ding et al., 2019; Newson et al., 2019; Xue et al., 2020). Briefly, MEF cells were seeded in 96-well plates at a concentration of 2 × 104 per well one day before infection. A single colony in 0.5 ml LB was incubated overnight in a static LB culture at 37°C. Bacterial strains were then diluted by 1:40 in antibiotic-free DMEM supplemented with 1 mM IPTG and cultured at 37°C in the presence of 5% CO2 for an additional 4 h to OD600 approximately at 0.4∼0.6. Infection was performed at a multiplicity of infection (MOI) of 200 in the presence of 1 mM IPTG for 2 h, with centrifugation at 800 g for 10 min at room temperature to promote infection. After the infection, cells were washed four times with PBS, and the extra bacteria were killed with 200 μg/ml gentamicin. One-hour CHX pretreatment (2 μg/ml) was used to sensitize TNF (20 ng/ml)-stimulated cell death. Cell survival was then determined 15 h after treatment with TNF by using the CellTiter-Glo Luminescent Cell Viability Assay kit (Promega).



Liquid Chromatography-Mass Spectrometry Analysis of Intact Proteins

The method was performed as described previously (Xue et al., 2020). In brief, 10 μg of purified protein was injected and separated by reversed-phase liquid chromatography in a Dionex Ultimate 3000 HPLC system (Thermo Fisher Scientific, United States). Using a C4 capillary column (MAbPacTM RP, 4 μm, 2.1 × 50 mm, Thermo Fisher Scientific, United States), the flow rate was set at 0.3 ml/min and the linear 10 min gradient of buffer A (0.1% Formic acid) and buffer B (0.1% Formic acid, 80% acetonitrile) was from 5 to 100%. The eluted proteins were sprayed into a Q Exactive Plus mass spectrometer (Thermo Fisher Scientific, United States) equipped with a Heated Electrospray Ionization (HESI-II) Probe (Thermo Fisher Scientific, United States). Thermo Scientific Protein Deconvolution program was used to analyze the mass accuracy of the intact protein.



Mice Infection and C. rodentium Colonization Assays

All animal experiments were conducted following the Chinese National Ministry of Health guidelines for housing and care of laboratory animals, and the experiments were performed in accordance with institutional regulations made by the Institutional Animal Care and Use Committee at Taihe Hospital, Hubei University of Medicine. The 5–6 weeks old of C57BL/6 male mice and TRADD–/– mice were maintained in the specific pathogen-free environment. All the mice were randomly divided into each experimental group with no blind mice and were housed individually in high-efficiency particulate air (HEPA)-filtered cages with sterile bedding. Independent experiments were performed using 6–8 mice per group. The mice infection was performed as described previously (Li et al., 2013; Ding et al., 2019).



Caspase-3 Activity Assay

The activity of prepared cell lysates toward Ac-DEVD-AFC were conducted as previously described (Meng et al., 2016; Wang et al., 2020). Briefly, 293T cells transfected with the indicated plasmid combinations were washed and lysed. The pre-cleared cell lysates collected were mixed with Na-Citrate buffer (50 mM Tris-HCl, pH 7.4, 1 M Na-Citrate, 10 mM DTT, 0.05% CHAPS). Peptide substrates Ac-DEVD-AFC for caspase-3 was added to each well to a final concentration of 20 μM to start the reaction. Assay plates were incubated at 37°C and the caspase-3 activity was measured every 2 min for total 2 h. Substrate cleavage was monitored by measuring the emission signal at 510 nm wavelength by a 405 nm fluorescence excitation on a microplate reader (SpectraMax i3x, Molecular Devices). Fluorometric assays were conducted in white opaque tissue culture plates and all measurements were carried out in triplicate.



Statistical Analysis

All the values of at least three independent experiments were presented. Statistical analysis was performed using Student’s t-test. The comparison of multiple groups was conducted by using one-way analysis of variance (ANOVA) or two-way ANOVA. P < 0.05 was considered significant.



RESULTS


SseK1 and SseK3 Selectively Modify TRADD and TNFR1 During Pathogen Infection

Death domain (DD) is a subclass of protein motif known as the death fold (Park et al., 2007). DD-containing proteins are usually associated with programmed cell death and inflammation (Park et al., 2007; Park, 2011; Ferrao and Wu, 2012). Multiple sequence alignment of DDs in human genome revealed that Arg235 in TRADD (Arg117 in FADD) was conserved in one-third of the total 37 DD-containing proteins, including TNFR1, TRADD, FADD, RIPK1, FAS, DR3, DR4, DR5, ANK1, ANK2, ANK3, and ANKDD1B (Figures 1A,B and Supplementary Figure 1). The phylogenetic tree of the 12 DDs showed an evolutionary relationship based on protein sequence (Figure 1C). Previous studies show that the conserved arginine is critical for NleB mediated modification (Li et al., 2013; Ding et al., 2019; Pan et al., 2020). Here, we screened all the arginine-containing DD proteins to be GlcNAcylated by NleB/SseKs in bacterial pathogen infection systems. Arginine GlcNAc transferase-deficient strains from EPEC and Salmonella were generated. NleB was expressed in EPEC strains, while SseK1, SseK2, and SseK3 were individually expressed in Salmonella strains. NleB from EPEC E2348/69 modified TRADD DD, FADD, and RIPK1 DD (Figure 1D and Supplementary Figure 2). SseK1 and SseK3 from S. Typhimurium SL1344 specifically modified TRADD DD and TNFR1 DD, respectively, while SseK2 exhibited no obvious arginine GlcNAcylation activity toward DD proteins during infection (Figures 1E–G and Supplementary Figure 2). Other arginine containing death domains could not be modified (Supplementary Figure 2).
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FIGURE 1. SseK1 and SseK3 selectively modify TRADD and TNFR1 during pathogen infection. (A) Multiple sequence alignment of 12 DD proteins from 34 human DD-containing proteins. The red asterisk indicates the conserved arginine. (B) Site distribution of amino acids in 12 conserved arginine containing-DDs. (C) Phylogenetic tree of the 12 DDs constructed on the basis of sequence similarity. (D–G) Selective GlcNAcylation of DDs by NleB and SseK1/2/3 during bacterial infection. 293T cells transfected with the indicated Flag-DD plasmids were infected with EPEC or Salmonella strains. Cell lysates were subjected to anti-Flag immunoprecipitation and immunoblotting. Data in (D–G) are from at least three independent experiments.




SseK1 GlcNAcylates TRADD at Arg235 and Arg245

Arg235 was the only modification site on TRADD by NleB (Li et al., 2013). However, mutation of Arg235 in TRADD could not abolish the modification of human TRADD by SseK1 (Figure 2A). This was in accordance with the previous report on mouse TRADD (Gunster et al., 2017), suggesting that SseK1-mediated GlcNAcylation of TRADD occurred on either a different residue or on multiple arginine residues. We applied an arginine point mutation screen of human TRADD to explore the modification sites of TRADD by SseK1. 293T cells were co-transfected with SseK1 and wild-type or different point mutation variants of TRADD. Single point mutation of any arginines in the death domain of TRADD had no effects on the modification detected by the Arg-GlcNAc antibody (Figure 2A). Subsequently, we mutated all the arginine residues on the background of Arg235Ala mutation and found that GlcNAcylation of TRADD Arg235Ala/Arg245Ala mutant was significantly reduced in western blot (Pan et al., 2014; Figure 2A). To determine the modification ratio, recombinant TRADD DD and its mutants were co-expressed with SseK1 in E. coli BL21 (DE3) strain. Purified proteins were analyzed on the mass spectrometer, and the summary of the resulting total molecular weight of mass spectra was shown (Figures 2B,C). Electrospray ionization mass spectrometry (ESI-MS) analysis identified one GlcNAc moiety addition and two GlcNAc moieties addition on TRADD DD, suggesting two sites can be modified simultaneously. Double mutation of Arg235 and Arg245 exhibited the theoretical molecular weight (Figure 2B). Consistently, SseK1 delivered from a Salmonella derivative strain SL1344ΔsseK1/2/3 by T3SS, could not modify TRADD DD (R235A/R245A) yet, even though single arginine mutation could be modified (Figure 2D). For the modification of TNFR1 by SseK3, mutation of Arg376 into Ala or Lys abolished the arginine-GlcNAcylation signal and molecular weight increase, suggesting that the conserved Arg376 was the bona fide modification site (Figures 2E,F). All these data showed that SseK1 GlcNAcylated hTRADD at Arg235 and Arg245 both in the co-expression system and in the pathogen infection process.
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FIGURE 2. SseK1 GlcNAcylates hTRADD at R235/R245and SseK3 GlcNAcylates TNFR1 at R376. (A) An arginine point mutation screen of hTRADD to investigate its ability to be GlcNAcylated by SseK1. 293T cells were transfected with the indicated plasmid combinations. The samples of anti-Flag immunoprecipitates (Flag IP) and total cell lysates (Input) were immunoblotted with the corresponding antibodies. Anti-tubulin was used as a loading control. (B) Mass spectrometry summary of the total molecular weight of TRADD DD and TRADD DD (Arg235Ala/Arg245Ala) mutant co-expressed with SseK1 in bacteria. “ + 203” indicates a single GlcNAc modification. “ + 203-131” indicates in addition to a single GlcNAc modification, one methionine is missing as well. “ + 203 + 203” indicates two GlcNAc modifications. “ + 203 + 203-131” indicates in addition to two GlcNAc modifications, one methionine is missing as well. (C) Total Arg-GlcNAcylation modification percentages of TRADD and TRADD arginine mutants catalyzed by SseK1. (D) Modification of TRADD and TRADD variants by SseK1 upon S. Typhimurium infection. Plasmids carrying genes for Flag-TRADD DD, Flag-TRADD DD R235A, Flag-TRADD DD R245A, and Flag-TRADD DD R235/245A transfected into 293T cells were infected with the indicated Salmonella strains. After infection, cells were lysed and proteins were immunoprecipitated with Flag beads, followed by standard immunoblotting analysis with the indicated antibodies. (E) TNFR1 WT and Arg376 mutants co-expressed with SseK3 in BL21. Bacterial lysates were subjected to SDS-PAGE, followed by immunoblotting analyses as shown. (F) Summary of ESI-MS determination of the total mass of TNFR1 and its mutants co-expressed with SseK3 in bacteria. Data in (A–D) are from at least three independent experiments.




SseK1 Inhibits TRADD DD-Activated NF-κB and Cell Death Signaling in 293T Cells

Overexpression of TRADD protein can activate both NF-κB and cell death signaling (Li et al., 2013). SseK1 significantly abolished TRADD DD overexpression-induced NF-κB activation (Figures 3A,B), cell death (Figure 3C), and caspase-3 activation in 293T cells (Figure 3D). However, SseK3 had no effects on these TRADD DD-activated signaling pathways (Figures 3A–D). Thus, SseK1 could target TRADD directly and disrupt multiple signaling pathways at the downstream of TRADD.
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FIGURE 3. SseK1 inhibits TRADD-activated NF-κB and cell death signaling. (A–D) Effects of NleB/SseK on TRADD DD-activated NF-κB (A,B), cell survival (C), and caspase-3 activation (D). 293T cells were transfected with Flag-TRADD DD in combination with the indicated plasmids. NF-κB luciferase activation was indicated as fold change (A). Cell viability was determined by measuring ATP levels (C). Caspase-3 activity was assayed using an Ac-DEVD-AFC probe according to manufacturer’s instructions (D). For A and C, one-way ANOVA was used for statistical analysis. And for D, two-way ANOVA was used. **P < 0.01, ***P < 0.001, ****P < 0.0001, ns, not statistically significant. All data are acquired at the same time and at least three independent experiments.




Chimera SseK1 and SseK3 Inhibits TNF-Induced Cell Death During C. rodentium Infection

Considering the broad substrate range of NleB during cell culture infection, it is intriguing to determine the target in in vivo infection system. Signal peptides of SseK1/2/3 were replaced with a signal peptide of NleBc to make the chimera SseK1/2/3, which harbor the substrate specificity and can be secreted as NleBc. Complementation strains of ΔnleB with Citrobacter NleBc or chimera SseK1/2/3 were generated. Chimera SseK1/2/3 expressed normally in C. rodentium strain. Chimera SseK1 and SseK3 exhibited their enzymatic activity to modify the substrates in bacteria, whereas the DxD mutants did not (Figure 4A). During MEF cell infection, complementation with chimera SseK1 and SseK3, but not SseK2, or respected DxD mutants, inhibited TNF-induced cell death. This inhibition was similar to the level of complementation of NleB (Figure 4B), which indicated chimera SseK1 and SseK3 were both translocated and played enzymatic roles in MEF cells. Collectively, these results suggested that chimera SseK1 and SseK3 were functionally secreted during C. rodentium infection.
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FIGURE 4. Chimera SseK1 and chimera SseK3 inhibits TNF-induced cell death during C. rodentium infection on MEF cells. (A) Complementation strains of ΔnleB with Citrobacter NleBc or chimera SseK1/2/3 and their enzyme inactivated mutants were generated. Single colony of each strain was inoculated and incubated overnight with the corresponding antibiotics. Bacterial lysates were collected and samples were loaded onto SDS-PAGE gels, followed by standard immunoblotting analysis. (B) NleB and SseK1/3 mediate inhibition of TNF-induced cell death in MEF cells during C. rodentium infection. MEF cells infected with derivatives of C. rodentium strains were stimulated with TNF. Cell viability was determined by measuring ATP levels. ****P < 0.0001 (one-way ANOVA), ns, not statistically significant. Data are representative from at least three repetitions.




Chimera SseK1 but Not Chimera SseK3 Rescues the Function of NleB in Animal Infection Model

Infection of mice with C. rodentium is a natural and physiologically relevant model to study pathogen-host interactions for A/E pathogens (Kamada et al., 2012; Li et al., 2013; Pearson et al., 2013; Collins et al., 2014; Crepin et al., 2016; Ding et al., 2019). Previous studies showed that the arginine GlcNAc transferase activity of NleB was crucial for bacterial colonization and virulence in mice infection model (Li et al., 2013; Pearson et al., 2013; Ding et al., 2019). We performed mouse infection assays to investigate the preferred in vivo substrate of NleB by utilizing the substrate specificity of SseK1/3. In C. rodentium-inoculated C57BL/6 mice, the ΔnleB mutant showed a significantly reduced colonization compared to the wild-type strain, demonstrated by colony-forming units of bacteria recovered from stool samples and colons from infected mice. Complementation of ΔnleB with NleBc or SseK1, but not SseK2 or SseK3, recovered stool counts to the level of the wild-type strain and restored bacterial colonization in the intestinal tract of mice (Figures 5A,B). SseK1 exhibited substrate specificity to TRADD, indicating TRADD was the preferential in vivo substrate corresponding to NleB-induced bacterial virulence. We hypothesized that if NleB interfered with TRADD-mediated signaling during infection, then C. rodentium ΔnleB mutant bacteria would no longer be attenuated in mice with defects in TRADD. Indeed, TRADD–/– mice infected with the ΔnleB mutant showed comparable levels of bacterial colonization compared to wild-type mice infected with wild-type C. rodentium (Figure 5C).
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FIGURE 5. Only SseK1 fully rescues the bacterial colonization contributed by NleBc in C. rodentium infection animal model. (A,B) 5–6 week-old C57BL/6 male mice were orally gavaged with the indicated C. rodentium derivatives. The viable stool bacteria count (log10 CFU/g feces) (A) and bacterial colonization in the colon (log10 CFU/g colon, n > 6) 8 days post-infection (B) were presented as mean ± s.e.m. pNleB(c), pSseK1, pSseK2, and pSseK3 are complementary plasmids expressing NleB(c), SseK1, SseK2, and SseK3, respectively. (C) 5–6 week-old TRADD–/– mice and parent mice were orally gavaged with wild type C. rodentium and nleB deletion mutant. Bacterial colonization in the colon (log10 CFU/g colon, n > 6) 8 days post-infection were presented. *P < 0.05, ***P < 0.001, and ****P < 0.0001 (one-way ANOVA), ns, not statistically significant. Data in (A–C) are representative from at least three repetitions. (D) Schematic diagram of TRADD-mediated signaling.




DISCUSSION

Previous studies confirmed that the arginine GlcNAc transferase activity of NleB was essential for bacterial colonization in the mouse model of EPEC infection (Li et al., 2013; Pearson et al., 2013; Ding et al., 2019). Considering that NleB could modify the DDs of TRADD, FADD, and RIPK1 in cell culture infection system (Li et al., 2013; Lu et al., 2015; Scott et al., 2017; Ding et al., 2019; Xue et al., 2020), it is necessary to determine the target in vivo. In C. rodentium infection animal model, we found that only SseK1 fully rescued the bacterial colonization deficiency contributed by NleB from Citrobacter or EPEC. The finding that SseK1 had substrate specificity to TRADD indicated that TRADD was the preferential in vivo substrate corresponding to NleB-induced bacterial colonization. TRADD–/– mice infection model confirmed this result, which might be correlated with its role of dynamic equilibrium in both cell death and NF-κB signaling. SseK3 disrupted TNF signaling by directly targeting TNFR1, which was the upstream receptor of TRADD. Inhibition of TRADD but not TNFR1 was beneficial for bacterial colonization, thus this provided insights into the non-TNFR1 signaling role of TRADD (Figure 5D; Chen et al., 2008; Pobezinskaya et al., 2008).

In summary, this study presented compelling evidence for distinct substrate specificities of NleB, SseK1, SseK2, and SseK3 among 12 death domains. SseK1 fully rescued the bacterial colonization deficiency contributed by NleBc in C. rodentium infection animal model. TRADD knockout diminished the colonization attenuation effect of NleB deletion. All the data suggest that TRADD is the preferential in vivo substrate corresponding to NleB-induced bacterial colonization.
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Aminoglycoside-induced ototoxicity can have a major impact on patients’ quality of life and social development problems. Oxidative stress affects normal physiologic functions and has been implicated in aminoglycoside-induced inner ear injury. Excessive accumulation of reactive oxygen species (ROS) damages DNA, lipids, and proteins in cells and induces their apoptosis. Dihydromyricetin (DHM) is a natural flavonol with a wide range of health benefits including anti-inflammatory, antitumor, and antioxidant effects; however, its effects and mechanism of action in auditory hair cells are not well understood. The present study investigated the antioxidant mechanism and anti-ototoxic potential of DHM using House Ear Institute-Organ of Corti (HEI-OC)1 auditory cells and cochlear explant cultures prepared from Kunming mice. We used gentamicin to establish aminoglycoside-induced ototoxicity models. Histological and physiological analyses were carried out to determine DHM’s pharmacological effects on gentamicin-induced ototoxicity. Results showed DHM contributes to protecting cells from apoptotic cell death by inhibiting ROS accumulation. Western blotting and quantitative RT-PCR analyses revealed that DHM exerted its otoprotective effects by up-regulating levels of peroxisome proliferator activated receptor γ-coactivator (PGC)-1α and Sirtuin (SIRT)3. And the role of PGC-1α and SIRT3 in the protective effects of DHM was evaluated by pharmacologic inhibition of these factors using SR-18292 and 3-(1H-1,2,3-triazol-4-yl) pyridine, respectively, which indicated DHM’s protective effect was dependent on activation of the PGC-1α/SIRT3 signaling. Our study is the first report to identify DHM as a potential otoprotective drug and provides a basis for the prevention and treatment of hearing loss caused by aminoglycoside antibiotic-induced oxidative damage to auditory hair cells.
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INTRODUCTION

Oxidative stress results from the perturbation of cellular redox balance (Kandola et al., 2015) caused by excessive levels of reactive oxygen species (ROS) that exceed antioxidant defense mechanisms, leading to the destruction of cellular structures and cell death (Sies, 2015). Oxidative stress has been linked to diseases of the nervous system (Liu et al., 2015) and cardiovascular system (Madamanchi and Runge, 2013); aging (Stefanatos and Sanz, 2018); and neurologic hearing loss (Someya et al., 2010; Chen et al., 2015; Esterberg et al., 2016) caused by aminoglycoside-induced damage (Cheng et al., 2005) and apoptosis of hair cells from the base to the apex of the organ of Corti (Jiang et al., 2016). Aminoglycosides exert this effect by stimulating ROS production in hair cells (Mangiardi et al., 2004; Coffin et al., 2013). Mammalian hair cells are not regenerated; as such, research on therapeutic interventions for hearing loss has focused the regulation of genes responsible for hair cell proliferation and differentiation, as well as stem cell therapy (Chen et al., 2019; Czajkowski et al., 2019).

Sirtuin (SIRT)3 is a member of the Sirtuin family of NAD+-dependent class III histone deacetylases and/or protein ADP-ribosyl transferases that mediates adaptive responses to a variety of stressors. SIRT3 regulates mitochondrial function (Salvatori et al., 2017) and inhibits ROS production in cochlear tissue, and protects against ototoxicity (A pharmacological adverse reaction that affects the inner ear or auditory nerve, characterized by cochlear or vestibular dysfunction) induced by the aminoglycoside antibiotic gentamicin (Finkel et al., 2009; Quan et al., 2015). It was recently reported that SIRT3 can prevent hair cell apoptosis by inhibiting ROS production (Brown et al., 2014; Quan et al., 2015). Peroxisome proliferator activated receptor γ coactivator (PGC)-1α, a regulator of SIRT3 (Palacios et al., 2009; Wang et al., 2015; Li et al., 2016; Song et al., 2017), stabilizes mitochondria and regulates fatty acid oxidation and glucose metabolism (Cheng et al., 2018). PGC-1α can suppress ROS production and protect nerve cells from oxidative stress-induced damage by stimulating mitochondrial biosynthesis, enhancing the activity of the electron transport chain, and inducing the expression of a variety of ROS-detoxifying enzymes (Zhang Y. et al., 2018).

Antioxidant compounds have been investigated for their potential to protect hair cells from injury (Ylikoski et al., 2002; Tabuchi et al., 2007; Dong et al., 2015; Quan et al., 2015), but most have adverse effects, which limit their clinical applicability. As the most abundant natural flavonoid in rattan tea, dihydromyricetin (DHM) has wide-ranging pharmacologic properties, with demonstrated cardioprotective, antidiabetic, antitumor, and anti-inflammatory effects (Zhang J. et al., 2018) and no adverse effects in humans (Tong et al., 2020). DHM regulates mitochondrial function via PGC-1α in skeletal muscle and functions as an antioxidant (Zou et al., 2014); it was shown to regulate blood lipid and lipoprotein levels and protect PC12 cells from methylglyoxal-induced toxicity and endothelial cells from oxidative damage by eliminating ROS (Le et al., 2016). However, the mechanism underlying the latter effect is not well understood.

We speculated that the antioxidant property of DHM can protect against gentamicin-induced ototoxicity. To test this hypothesis, we established aminoglycoside-induced ototoxicity models using House Ear Institute-Organ of Corti (HEI-OC)1 auditory cells and cochlear explant cultures prepared from mice, and examined whether DHM pretreatment could reduce oxidative stress and apoptosis in these models. We also evaluated the role of PGC-1α and SIRT3 in the protective effects of DHM.



MATERIALS AND METHODS


Ethics Statement

The study was approved by the Institutional Animal Care and Use Committee of China Medical University. All animals were treated in accordance with institutional guidelines.



Cell Culture and Reagents

The HEI-OC1 auditory cell line is a widely used in vitro model for evaluating the ototoxicity as well as the protective effects of various agents (Jadidian et al., 2015; Kalinec et al., 2016; Park et al., 2016). HEI-OC1 cells were obtained from House Ear Institute (Los Angeles, CA, United States) and cultured in high-glucose Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum at 33°C and 5% CO2. All cell culture reagents were purchased from NEST Biotech (Wuxi, China).



Cell Viability Assay

Cell viability was assayed using 3-(4,5-dimethyl-2-thiazoyl)-2,5-diphenyltetrazoliumbromide (MTT) (Roche, Basel, Switzerland) according to the manufacturer’s instructions. HEI-OC1 cells were cultured in 96-well plates and incubated with gentamicin for 24 or 48 h before treatment with 10, 100, or 1,000 μM DHM for 24 h. MTT (0.5 mg/ml) was then added to each well for 4 h, followed by overnight incubation with lysis buffer. Optical density at 570 nm was measured using a microplate reader (Bio-Rad, Hercules, CA, United States).



Cochlear Explant Cultures

Cochlear explant cultures were prepared from postnatal day 3 Kunming mice (Changsheng Biological Co, Liaoning Institutes for Biological Science, Shenyang, China). All animal procedures were carried out in accordance with the guidelines of the Institutional Animal Care and Use Committee of China Medical University. Before cochlea dissection, 10-mm round glass coverslips in 4-well dishes were coated with 0.012 mg/ml rat tail tendon collagen type I (Solarbio, Beijing, China). The collagen gel was allowed to solidify in air for several minutes. Cochlear explants were placed on the coverslips with DMEM-F12 (∼100 μl/dish). To evaluate whether DHM protects hair cells from gentamicin-induced ototoxicity, the cultures were divided into three groups: explants were maintained in normal DMEM-F12 for 36 h; maintained in normal medium for 24 h and then treated with 0.5 mM gentamicin for 12 h; or pretreated with DHM for 24 h followed by 0.5 mM gentamicin in the presence of DHM for 12 h.



Immunofluorescence Analysis

Cultured cochlear explants were fixed with 4% paraformaldehyde for 15 min and washed three times for 15 min each in phosphate-buffered saline (PBS). They were then blocked for 1 h in PBS containing 0.1% Triton X-100, 5% donkey serum, and 1% bovine serum albumin (BSA). The explants were incubated overnight at 4°C with anti-myosin-VIIa antibody (1:500; Proteus Biosciences, Ramona, CA, United States), followed by Alexa Fluor 488-conjugated secondary antibody (1:200; Abcam, Cambridge, MA, United States) and Alexa Fluor 546 phalloidin (1:1000; Thermo Fisher Scientific, Waltham, MA, United States) to label hair cells; they were then examined by confocal microscopy (LSM 880; Zeiss, Oberkochen, Germany). Photographs were taken from the same area of tissue in each group (middle turn of the cochlea). The number of hair cells that were immunopositive for myosin VIIa antibody and phalloidin were counted.



Real-Time (RT)-PCR

Total RNA was extracted from 6 cochlear explants per group using TRIzol reagent (Tiangen Biotech, Beijing, China). First-strand cDNA was synthesized using reverse transcriptase (Tiangen Biotech), and RT-PCR was performed using the SuperReal PreMix Plus kit (Tiangen Biotech) on an ABI7500 Real-time PCR system (Applied Biosystems, Foster City, CA, United States). The forward and reverse primers used in this study were synthesized by Takara Bio (Beijing, China) and had the following sequences: glyceraldehyde 3-phosphate dehydrogenase, 5′-AAATGGTGAAGGTCGGYGYGAAC-3′ and 5′-CAACAATCTCCACTTTGCCACTG-3′; PGC-1α, 5′-ACCG CAATTCTCCCTTGTATG-3′ and 5′-CTTCTGCCTCTCTCT CTGTTTGG-3′; and SIRT3, 5′-ATGCACGGTCTGTCGAA GGTC-3′ and 5′-AGAACACAATGTCGGGTTTCACAA-3′.



Western Blotting

Cultured HEI-OC1 cells were washed three times with PBS and lysed on ice using ice-cold radioimmunoprecipitation buffer for 30 min (Millipore, Billerica, MA, United States). Protein concentration was determined using a bicinchoninic acid assay kit (Beyotime, Shanghai, China). Proteins were resolved by SDS-PAGE and transferred to a polyvinylidene difluoride membrane that was blocked with 5% BSA for 2 h and incubated overnight at 4°C with rabbit anti-SIRT3 (1:1000) and anti-PGC-1α (1:1000) antibodies (both from Affinity Biologicals, Ancaster, ON, Canada). After washing three times with Tris-buffered saline containing 0.1% Tween-20, the membrane was incubated for 2 h at room temperature with secondary antibody (1:10000; Absin Biotechnology, Shanghai, China). Anti-Bax (1:2000; Abcam, United States, anti-Bcl-2 (1:2000; Abcam, United States), cleaved PARP (1:1000; Abcam, United States) and cleaved caspase-3 (1:1000; Abcam, United States) also did the same. Protein bands were visualized with enhanced chemiluminescence reagent (Affinity Biologicals). The experiment was repeated three times. Protein levels were quantified using ImageJ software (National Institutes of Health, Bethesda, MD, United States) by analyzing gray values.



Drug Treatment

Ototoxicity models were established in HEI-OC1 cells and cochlear explants by treatment for 12 h with 500 μM gentamicin (Meilun Biotechnology, Dalian, China). To evaluate the effects of DHM, samples were pretreated with 1 mM DHM (Meilun Biotechnology) for 24 h before adding gentamicin. To evaluate the role(s) of PGC-1α and SIRT3 in the protective effect of DHM against gentamicin-induced ototoxicity, samples were pretreated with the PGC-1α and SIRT3 inhibitors SR-18292 (20 μM; MedChemExpress, Princeton, NJ, United States) and 3-(1H-1,2,3-triazol-4-yl) pyridine (3-TYP, 50 μM; Absin Biotechnology), respectively, for 2 h before the addition of DHM and exposure to gentamicin.



Flow Cytometry

Cells were stained with 2′-7′ dichlorofluorescin diacetate (DCFH-DA) solution (Abcam). Cells were incubated for 1 h at 37°C, followed by 2 washes with PBS for 5 min each. We used a FACSCalibur flow cytometer (BD Biosciences, Franklin Lakes, NJ, United States) to measure ROS levels. The fraction of apoptotic HEI-OC1 cells was quantitated by flow cytometry after staining with annexin V-fluorescein isothiocyanate (FITC)/propidium iodide (PI) (Sigma-Aldrich, St. Louis, MO, United States). The cells were seeded in 6-well culture plates and incubated with 1 mM DHM for 24 h, followed by application of 500 μM gentamicin for 12 h. Control cells were treated with culture medium containing vehicle (Cells without treatment). The cells were collected and washed with PBS and resuspended in 500 ml of 1 × binding buffer, transferred to fluorescence-activated cell sorting tubes, and stained with annexin V in accordance with the protocol for the apoptosis detection kit (Sigma-Aldrich). After incubation for 15 min at room temperature, apoptotic cells were detected by flow cytometry. Data were analyzed with Prism software (GraphPad, La Jolla, CA, United States). The experiment was repeated three times.



Terminal Deoxynucleotidyl Transferase dUTP Nick End Labeling (TUNEL) Assay

Cultured HEI-OC1 cells were washed once with PBS and fixed with 4% paraformaldehyde for 30 min. After washing with PBS, the cells were incubated for 5 min with PBS containing 0.3% Triton X-100. After two washes with PBS, 50 μl TUNEL detection solution (Beyotime) was added to each well, and samples were incubated at 37°C in the dark for 1 h. After three washes with PBS, the samples were mounted with anti-fade solution (Beyotime) and observed under a fluorescence microscope (E800; Nikon, Japan). Cells from 10 visual fields from the same part of each of the three slides per sample were counted and averaged. Data were analyzed using Prism software.



Quantitative Analysis

The normality of the data was confirmed with the K-S test and Q-Q figure test using SPSS software (SPSS Inc., Chicago, IL, United States). Differences between group means were evaluated by one-way analysis of variance followed by Tukey’s multiple comparisons test, and a P value <0.05 was considered statistically significant.



RESULTS


DHM Protects Against Gentamicin-Induced Ototoxicity in HEI-OC1 Cells and Cochlear Explants

We first established an in vitro gentamicin-induced ototoxicity model by exposing HEI-OC1 cells to increasing concentrations of gentamicin (0, 5, 50, and 500 μM) for 12 h. The viability of HEI-OC1 cells was reduced in a dose-dependent manner by gentamicin treatment (Figure 1A), confirming that the ototoxicity model was successfully established. To evaluate the protective effect of DHM against gentamicin-induced toxicity, cells were treated with 500 μM gentamicin to cause substantial cell damage (∼50% reduction in viability) along with pre-treatment of 10, 100, or 1,000 μM DHM. Unexpectedly, there was no obvious improvement in viability at DHM concentrations below 100 μM; treatment with 1,000 μM DHM and 500 μM gentamicin yielded cell numbers that were comparable to the control group (Figure 1B), demonstrating that DHM abrogates the cytotoxic effects of gentamicin in a dose-dependent manner.
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FIGURE 1. DHM protects against gentamicin-induced ototoxicity in HEI-OC1 cells and cochlear explants. (A) HEI-OC1 cells treated with increasing concentrations of gentamicin (0, 5, 50, and 500 μM) for 12 h. (B) Effect of DHM pretreatment at 0, 10, 100, and 1,000 μM for 24 h on the survival of HEI-OC1 cells exposed to 500 μM gentamicin, measured with the MTT assay. (C,D) Cochlear explants were divided into three groups: Ctrl (no treatment), Gent (no treatment for 24 h and 500 μM gentamicin for 12 h), and DHM + Gent (1 mM DHM pretreatment for 24 h and 500 μM gentamicin for 12 h). Samples were labeled with myosin VIIa (green) and phalloidin (red); merged images obtained by confocal microscopy are shown. Scale bar, 5 μm. Experiments were repeated three times. NS, not significant; ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001 (one-way analysis of variance followed by Tukey’s multiple comparisons test).


We also carried out a similar experiment using mouse cochlear explants cultured in regular medium or in medium supplemented with 500 μM gentamicin alone or in combination with 1,000 μM DHM, after determining the optimal concentrations of the 2 agents. Stereociliary bundles of hair cells were identified by phalloidin staining and myosin VIIa immunolabeling. In explants cultured in normal medium, there was a single row of inner hair cells and three rows of outer hair cells with polarized hair bundles protruding from the apical surface of the cell body (Figure 1C). In explants exposed to gentamicin, most hair cells were damaged and immunonegative for myosin VIIa and phalloidin staining; even the few positive cells were disorganized and fragmented. In contrast, in explants treated with both gentamicin and DHM, most hair cells were intact, with only slight disorganization of stereocilia. These observations were confirmed by quantification of surviving hair cell numbers in each group (Figure 1D), which indicated that DHM acts as an anti-ototoxic agent.



DHM Decreases Gentamicin-Induced HEI-OC1 Cell Apoptosis

We evaluated the effect of DHM on HEI-OC1 cell apoptosis by flow cytometry and with the TUNEL assay. Dead cells were labeled by PI and those undergoing apoptosis were labeled by annexin V. The proportion of apoptotic cells was increased after gentamicin treatment compared to the control group; however, the effect was reversed by pretreatment with DHM compared to the gentamicin-only group (Figures 2A,B). Additionally, while few TUNEL-positive cells were detected in the control group, numerous cells were observed following gentamicin treatment; the number was reduced by DHM pretreatment (Figures 2C,D). Western blot analysis revealed the downregulation of B-cell lymphoma 2-associated X protein, cleaved PARP, and cleaved caspase-3 over time following DHM pretreatment relative to control cells (Figure 2E).
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FIGURE 2. DHM attenuates gentamicin-induced HEI-OC1 cell apoptosis. (A,B) HEI-OC1 cells were divided into three groups: Ctrl (no treatment), Gent (500 μM gentamicin treatment for 12 h), and DHM + Gent (1,000 μM DHM pretreatment for 24 h and gentamicin treatment for 12 h). Apoptotic cells were detected by flow cytometry. (C,D) Quantitative analysis of TUNEL-positive cells. Scale bar, 20 μm. (E) Western blot analysis of B-cell lymphoma 2-associated X protein (Bax), cleaved caspase-3, and cleaved PARP expression as a function of DHM concentration. β-Tubulin was used as a loading control. Experiments were repeated three times. NS, not significant; ∗∗P < 0.01, ∗∗∗P < 0.001 (1-way analysis of variance followed by Tukey’s multiple comparisons test).




DHM Alleviates Gentamicin-Induced Oxidative Stress in HEI-OC1 Cells

Given that gentamicin-induced hair cell apoptosis is mediated by ROS (Yang et al., 2011), we investigated the effect of DHM on ROS levels in HEI-OC1 cells by flow cytometry. The ototoxicity model was established with a gentamicin concentration of 500 μM. The results showed that ROS levels were increased after gentamicin treatment compared to control cells; the levels were reduced in the presence of increasing concentrations of DHM starting at 100 μM (Figures 3A,B).
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FIGURE 3. DHM attenuates gentamicin-induced oxidative stress in HEI-OC1 cells. (A,B) HEI-OC1 cells were incubated with increasing concentrations of DHM. ROS levels after gentamicin treatment with or without DHM pretreatment were evaluated by DCFH-DA staining combined with flow cytometry. The experiment was repeated three times. NS, not significant; ∗∗∗P < 0.001 (one-way analysis of variance followed by Tukey’s multiple comparisons test).




Protection Against Gentamicin-Induced Hair Cell Damage by DHM Involves PGC-1α and SIRT3

We investigated the mechanisms underlying the effects of DHM by evaluating PGC-1α and SIRT3 levels by RT-PCR and western blotting. Expression of PGC-1α and SIRT3 proteins in HEI-OC1 cells markedly increased with DHM concentration (Figure 4A). In cochlear explants, pretreatment with DHM for 24 h prior to gentamicin application increased both mRNA and protein levels of PGC-1α and SIRT3 compared to samples treated with gentamicin only (Figures 4B,C). To confirm the involvement of PGC-1α and SIRT3 in the protective effects of DHM, we treated HEI-OC1 cells and cochlear explants with pharmacologic inhibitors of PGC-1α (SR-18292) and SIRT3 (3-TYP) prior to DHM pretreatment and exposure to gentamicin (Figures 4D–F). Inhibiting PGC-1α and SIRT3 attenuated the effects of DHM without altering the survival of HEI-OC1 cells, although some deformation of hair cell cilia was observed.
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FIGURE 4. PGC-1α and SIRT3 mediate the protective effect of DHM against gentamicin-induced hair cell damage. (A) Endogenous PGC-1α and SIRT3 protein expression in HEI-OC1 cells as determined by western blotting; β-tubulin was used as a loading control. (B) RT-PCR detection of PGC-1α and SIRT3 transcript levels in cochlear explants after gentamicin treatment with or without DHM (1 mM) pretreatment; glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as an internal control. (C) Western blot analysis of PGC-1α and SIRT3 protein expression after DHM (1 mM) pretreatment; β-tubulin was used as a loading control. (D–F) Effect of PGC-1α and SIRT3 inhibition (with SR-18292 and 3-TYP, respectively) on the viability of HEI-OC1 cells (D) and hair cells in cochlear explants (E,F) treated with gentamicin with or without DHM pretreatment. Experiments were repeated three times NS, not significant; ∗∗∗P < 0.001 (one-way analysis of variance followed by Tukey’s multiple comparisons test).


To examine the functions of PGC-1α and SIRT3 in greater detail, HEI-OC1 cells were treated with SR-18292 and 3-TYP and the fraction of apoptotic cells was evaluated by flow cytometry and with the TUNEL assay. Inhibitor pretreatment increased the number of apoptotic cells compared to the DHM + gentamicin group (Figures 5A,B); the same trend was observed by quantifying the number of TUNEL-positive cells (Figures 5C,D). These results indicate that PGC-1α and SIRT3 are involved in the protective effects of DHM in hair cells.
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FIGURE 5. PGC-1α and SIRT3 mediate the protective effect of DHM against gentamicin-induced HEI-OC1 cell apoptosis. (A,B) Flow cytometry detection of apoptosis in HEI-OC1 cells treated with PGC-1α and SIRT3 inhibitors (SR-18292 and 3-TYP, respectively) prior to DHM and gentamicin treatment. (C,D) Quantitative analysis of TUNEL-positive cells following pretreatment with 20 μM SR-18292 and 50 μM 3-TYP for 2 h prior to 1 mM DHM treatment and gentamicin exposure. Experiments were repeated three times. NS, not significant; ∗∗P < 0.01, ∗∗∗P < 0.001 (one-way analysis of variance followed by Tukey’s multiple comparisons test).




The Antioxidant Effect of DHM in HEI-OC1 Cells Is Mediated by PGC-1α and SIRT3

The above results showed that DHM inhibits apoptosis in HEI-OC1 cells induced by gentamicin by suppressing ROS production. To determine whether this involves PGC-1α and SIRT3, SR-18292 and 3-TYP were added to HEI-OC1 cell cultures, prior to DHM and gentamicin treatment; ROS levels were then assessed by DCFH-DA staining and flow cytometry. We found that PGC-1α and SIRT3 inhibition markedly increased ROS levels compared to cells without SR-18292 and 3-TYP treatment (Figure 6). Thus, DHM prevents ototoxicity via the PGC-1α/SIRT3 axis.
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FIGURE 6. PGC-1α and SIRT3 mediate the protective effect of DHM against gentamicin-induced oxidative stress in HEI-OC1 cells. (A,B) HEI-OC1 cells were pretreated with PGC-1α and SIRT3 inhibitors (SR-18292 and 3-TYP, respectively) before treatment with 1 mM DHM followed by 500 μM gentamicin for 12 h. Intracellular ROS levels were measured by DCFH-DA staining combined with flow cytometry. The experiment was repeated three times. ∗P < 0.05, ∗∗∗P < 0.001 (one-way analysis of variance followed by Tukey’s multiple comparisons test).




PGC-1α Regulates SIRT3 Expression in HEI-OC1 Cells and Cochlear Explants

The relationship between PGC-1 α and SIRT3 in the auditory system has not been previously reported. We therefore investigated the expression of PGC-1α signaling pathway components, including SIRT3. Treatment with the PGC-1α inhibitor SR-18292 resulted in the downregulation of PGC-1α and SIRT3, whereas SIRT3 inhibition by 3-TYP application had no effect on the protein expression of PGC-1α (Figures 7A,B). Similar results were obtained in cochlear explants (Figures 7C,D). Thus, DHM exerts its protective against gentamicin-induced ototoxicity via PGC-1α/SIRT3 signaling, with PGC-1α acting as an upstream regulator of SIRT3 expression.
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FIGURE 7. PGC-1α regulates SIRT3 expression in HEI-OC1 cells and cochlear explants. (A–D) Effect of pretreatment with the PGC-1α inhibitor SR-18292 and SIRT3 inhibitor 3-TYP on PGC-1α and SIRT3 protein levels in HEI-OC1 cells (A,B) and cochlear explants (C,D), as determined by western blotting. The experiment was repeated three times. NS, not significant; ∗∗∗P < 0.001 (one-way analysis of variance followed by Tukey’s multiple comparisons test).




DISCUSSION

Aminoglycosides can induce excessive ROS production in cells; this activates caspase-dependent and -independent apoptosis signaling cascades (Chan, 2005; Genestra, 2007) and leads to ototoxicity (Esterberg et al., 2016; Sheth et al., 2017; Desa et al., 2018; Guo et al., 2018) and hearing loss. From a clinical standpoint, it is important to identify new therapeutic strategies to prevent or treat ototoxicity caused by aminoglycoside antibiotics.

DHM exerts antioxidant effects via multiple signaling pathways including AMP-activated protein kinase (AMPK), mitogen-activated protein kinase, nuclear factor E2-related factor 2, ATP-binding cassette transporter A1, and peroxisome proliferator-activated receptor γ (Zhang J. et al., 2018). DHM was shown to suppress ROS production and H2O2-induced apoptosis in human pulmonary arterial smooth muscle cells (Hou et al., 2015). In the present study, we established ototoxicity models using HEI-OC1 cells and mouse cochlear explants and investigated whether DHM can protect against hair cell injury caused by gentamicin. We found that DHM pretreatment improved HEI-OC1 cell viability and the survival of hair cells in cochlear explants, and determined that the underlying mechanism involves inhibition of apoptosis via suppression of ROS production mediated by PGC-1α/SIRT3 signaling.

The cytoprotective effects of DHM in a variety of pathologic conditions including non-alcoholic fatty liver disease (NAFLD) (Zeng et al., 2019), osteoarthritis (Wang et al., 2018), cardiac ischemia/reperfusion injury (Wei et al., 2019), and hypobaric hypoxia-induced memory impairment involve the modulation of SIRT3 expression and/or activity. SIRT3 has been reported to protect hair cells against gentamicin-induced ototoxicity by stimulating the conversion of NADP+ to NADPH in mitochondria, thereby suppressing ROS production (Quan et al., 2015). Accordingly, we observed that SIRT3 protein expression was enhanced by pretreatment with DHM, which has known antioxidant effects. However, the mechanism by which DHM regulates SIRT3 has not been reported. In previous studies, DHM was found to increase the expression of PGC-1α in skeletal muscle (Zhou et al., 2015; Huang et al., 2018). PGC-1α is a transcription factor that regulates lipid metabolism by inducing the expression of multiple genes in the tricarboxylic acid cycle and mitochondrial fatty acid oxidation pathway (Cheng et al., 2018). Additionally, PGC-1α regulates mitochondrial gene expression and oxidative metabolism (Islam et al., 2018). However, the function of PGC-1α in aminoglycoside-induced ototoxcity models has never been studied. Most previous research on the regulatory relationship between PGC-1α and Sirtuin family proteins have focused on SIRT1. It was reported that DHM inhibited lipid accumulation in hepatocytes by activating AMPK/PGC-1α/estrogen related receptor α signaling to increase SIRT3 expression and reduce oxidative stress, thereby preventing the development of NAFLD (Zeng et al., 2019). Our data showed that PGC-1α and SIRT3 expression increased with DHM concentration, suggesting that the anti-ototoxic effect of DHM involves these factors. To assess this possibility, we used pharmacologic inhibitors of PGC-1 α and SIRT3 prior to DHM pretreatment. The alleviation of apoptosis and oxidative stress by DHM was abrogated by both agents, providing support for our hypothesis.

The regulatory relationship between PGC-1α and SIRT3 has been previously described (Zhang et al., 2016; Song et al., 2017; Yu et al., 2017), but not in the context of the auditory system. We determined that PGC-1α functions as a transcriptional regulator of SIRT3 expression in HEI-OC1 cells and cochlear explants, providing additional evidence that PGC-1α/SIRT3 signaling mediates the effects of DHM. However, rescue experiments are needed in future studies to validate these findings.

It is worth noting that the working concentration of DHM varies across experimental systems and tissues. In palmitic acid-treated human umbilical vein endothelial cells (HUVECs), application of 1 μM DHM for 12 h suppressed apoptosis and ROS production but in H2O2-treated HUVECs, a concentration of 300 μM was required to achieve the same effect (Tong et al., 2020). In our study, 100 μM DHM had statistically significant but mild effects on cell viability, apoptosis, and gene expression in both HEI-OC1 cells and cochlear explants; we therefore used a working concentration of 1 mM DHM and observed more robust effects. One major limitation of our study was the lack of in vivo experiments; therefore, it is unclear whether DHM has the same protective effects in living animals.

In conclusion, this is the first demonstration that DHM protects against gentamicin-induced ototoxicity PGC-1α/SIRT3 signaling. Our findings indicate that DHM may be effective in the prevention or treatment of hearing loss caused by aminoglycoside antibiotics as well as other oxidative stress-related diseases.
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BCL-2–related ovarian killer (BOK) is—despite its identification over 20 years ago—an incompletely understood member of the BCL-2 family. BCL-2 family proteins are best known for their critical role in the regulation of mitochondrial outer membrane permeabilization during the intrinsic apoptotic pathway. Based on sequence and structural similarities to BAX and BAK, BOK is grouped with these “killers” within the effector subgroup of the family. However, the mechanism of how exactly BOK exerts apoptosis is not clear and controversially discussed. Furthermore, and in accordance with reports on several other BCL-2 family members, BOK seems to be involved in the regulation of a variety of other, “apoptosis-independent” cellular functions, including the unfolded protein response, cellular proliferation, metabolism, and autophagy. Of note, compared with other proapoptotic BCL-2 family members, BOK levels are often reduced in cancer by various means, and there is increasing evidence for BOK modulating tumorigenesis. In this review, we summarize and discuss apoptotic- and non–apoptotic-related functions of BOK, its regulation as well as its physiological and pathophysiological roles.
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INTRODUCTION: THE BCL-2 PROTEIN FAMILY IN APOPTOSIS

Apoptosis, the first described and probably best understood form of programed cell death, is a physiological process that actively leads to the death of a cell. Apoptosis is critical for the removal of old, unwanted or critically damaged cells, both during development and for the maintenance of cellular homeostasis in adult multicellular organisms. Its regulation reaches the complexity of cell growth and cell proliferation, and a fine-tuned and self-regulatory balance between cell growth and cell death guarantees the healthy state of individual organisms (Singh et al., 2019). Cellular turnover in adult humans is estimated to be around 1 million per second (Reed, 2006). Given the massive number of cells constantly dying in our bodies, it is not surprising that nature has ensured a highly efficient, fast, and safe removal process of dying cells. However, there is a strong connection between the imbalance in apoptosis regulation and various pathophysiologies (Favaloro et al., 2012). Many cancer cells, for example, increase their prosurvival activity during the process of malignant transformation or in the course of radiotherapeutic/chemotherapeutic intervention, contributing to the development of resistance against apoptotic stimuli. One commonly observed way to achieve this is through upregulation of antiapoptotic BCL-2 family members, such as BCL-2, BCL-XL, or MCL-1 (Campbell and Tait, 2018). To overcome such apoptosis resistance of cancer cells, great interest in developing specific inhibitors of antiapoptotic BCL-2 proteins, so-called BH3 mimetics, has arisen over the past years, with a first compound [the BCL-2–specific inhibitor venetoclax (Venclexta)] approved by the US Food and Drug and Administration for chronic lymphocytic leukemia and acute myeloid leukemia (Montero and Letai, 2018; Timucin et al., 2019). On the other hand, excessive apoptosis is described in neurodegenerative diseases such as Alzheimer and Huntington disease (Mattson, 2000; Ghavami et al., 2014).

Central to apoptosis induction are cysteine aspartate–specific proteases, called caspases. Caspases form an evolutionary conserved family of cysteine proteases involved in cell death (apoptotic caspases), as well as inflammatory responses (inflammatory caspases) (Zheng et al., 1999; Van Opdenbosch and Lamkanfi, 2019). Apoptotic caspases can be subdivided into initiator (caspases-8, -9, and -10) and effector caspases (caspases-3, -6, and -7) (Van Opdenbosch and Lamkanfi, 2019). Caspases are mainly abundant in their inactive state as procaspases (Mcilwain et al., 2013). Once autoactivated following intrinsic or extrinsic initiation of apoptosis, initiator caspases activate effector caspases through proteolytic cleavage (Shi, 2004). Activated effector caspases then cleave cellular substrates leading to cell death (Julien and Wells, 2017).

Members of the BCL-2 family are central regulators of the so-called intrinsic, or mitochondrial, apoptotic pathway, a pathway that can be activated in possibly all cell types in response to a plethora of intrinsic stress (“apoptotic”) stimuli. These include DNA damaging insults, oxidative stress, aberrant calcium fluxes, endoplasmic reticulum (ER) stress, nutrient deprivation, or infection by pathogens, among others (Lopez and Tait, 2015). Once activated, the intrinsic apoptotic pathway results in the BCL-2 family regulated discrete permeabilization of the mitochondrial outer membrane (MOMP), with subsequent release of many proteins from the mitochondrial intermembrane space into the cytoplasm. Among the latter are apoptogenic proteins (such as cytochrome c or SMAC/DIABLO), which are needed for—or facilitate—the downstream activation of apoptotic caspases (Lopez and Tait, 2015).

The members of the BCL-2 family are small globular proteins that contain up to four rather loosely conserved Bcl-2 homology (BH) domains, BH1–BH4. All family members contain the hydrophobic BH3 domain, which is important for protein–protein interaction between the various BCL-2 proteins, and most members contain a C-terminal α-helical transmembrane domain (TMD) that serves to tail-anchor the protein to intracellular membranes (Schinzel et al., 2004; Wilfling et al., 2012). Based on structural and functional homologies, the family is classified into three subgroups: the antiapoptotic proteins (BCL-2, BCL-XL, BCL-W, MCL-1, BFL-1/BCL-2A1, and BCL-B), the proapoptotic BH3-only proteins (BAD, BID, BIK, BIM, BMF, HRK, NOXA, PUMA), and the proapoptotic effector proteins BAX, BAK, and BCL-2–related ovarian killer (BOK) (Adams and Cory, 2018).

The interaction of the BCL-2 proteins depends on the abundance, the attraction, and the affinity of the proteins. The affinity between different proteins on its part results from conformational changes of the proteins (Kale et al., 2018). There are three main types of interaction: (1) binding of the BH3 domain of so-called “activator” BH3-only proteins (such as BIM or BID) to the BH3-binding groove of the effectors BAX and/or BAK, leading to their direct activation; (2) binding of the BH3-binding groove of antiapoptotic proteins to the BH3 domain of BAX/BAK or activator BH3-only proteins, leading to their sequestration; (3) binding of the BH3 domain of so-called “sensitizer” BH3-only proteins (such as BAD or NOXA) to the BH3-binding groove of antiapoptotic proteins, leading to their inactivation (Kale et al., 2018).

The ultimate goal of the early initiation phase of intrinsic apoptosis is MOMP. Whether or not MOMP occurs depends on the ratio between proapoptotic and antiapoptotic proteins, or more precisely, on their activation status and the interactions between them (Kale et al., 2018). Equally important seems the composition of the lipid bilayer of the mitochondrial outer membrane (MOM), where most of the previously described interactions take place and which has an active role in facilitating structural changes of the BCL-2 proteins, resulting in affinity changes and consequently alterations of interactions (Kale et al., 2018).

Once activated, the effector proteins BAX and BAK oligomerize to form pores leading to MOMP (Cosentino and Garcia-Saez, 2017), a process described as point of no return during the initiation of intrinsic apoptosis. While BAK is already located at the MOM, BAX translocates from the cytosol to the mitochondrial membrane upon activation (Wolter et al., 1997; Todt et al., 2015).

Whereas regulation of the intrinsic apoptotic pathway, specifically MOMP, is the best understood role of BCL-2 family members, it is important to mention that for most—if not all—members, other, distinct non-apoptotic roles have been described. These range from modulating mitochondrial shape and metabolism, calcium flux, the unfolded protein response (UPR), DNA damage response, glucose and lipid metabolism to cellular proliferation and autophagy [reviewed in (Gross and Katz, 2017)].



A SHORT HISTORY OF BOK

BOK was first discovered in 1997 by Hsu et al. (1997) in a yeast two-hybrid screen of a rat ovarian fusion library using MCL-1 as a bait and by Inohara et al. (1998) by sequence homology prediction screening, naming it “matador” (MTD), meaning killer in Spanish. Hsu et al. (1997) initially described BOK as highly and restrictedly expressed in rat ovaries, testis and uterus, hence the name “Bcl-2–related ovarian killer.” Within the first years after its discovery, only a few articles on BOK were published. Besides classifying it as a proapoptotic BCL-2 protein based on transient overexpression experiments and describing first interaction partners (MCL-1, BHRF1, and BFL-1, but not BCL-2, BCL-XL, or BCL-W) (Hsu et al., 1997), sequence analyses revealed BOK as an evolutionarily highly conserved BCL-2 member (Zhang et al., 2000). Not only was it reported to be important for apoptosis regulation in normal B-cell development in chicken (Brown et al., 2004) but also for the increased trophoblast cell death found in preeclampsia, regulated by the MCL-1/MTD (BOK) rheostat (Soleymanlou et al., 2005; Soleymanlou et al., 2007). The interest in BOK rapidly increased in 2010 upon the discovery that the locus containing the BOK gene is frequently deleted across human cancers, thus indicating a possible tumor suppressor role for BOK (Beroukhim et al., 2010) as well as the characterization of the first Bok-deficient mouse model in 2012 (Ke et al., 2012). This latter study showed that the expression of BOK is, in contrast to earlier assumptions (Hsu et al., 1997), not restricted to reproductive organs but rather widely distributed across tissues, in which it is detectable both at mRNA and protein levels (Ke et al., 2012). Because of its proapoptotic potential and its considerable amino acid sequence homologies with BAX and BAK, BOK was clustered in the effector (“killer”) subgroup of the BCL-2 family of proteins (Hsu et al., 1997). Until recently, there was no structural information available on BOK. The structural similarities between BOK and BAX/BAK were substantiated in 2018 by two independent studies using X-ray crystallography on chicken BOK and NMR spectroscopy on human BOK, respectively (Ke et al., 2018; Moldoveanu and Zheng, 2018; Zheng et al., 2018). However, as discussed in more detail below, there are several important differences that distinguish BOK properties and functions from those of BAX or BAK. More than 20 years after its discovery, the role of BOK in apoptosis is not entirely understood and to some extent controversially discussed (Yakovlev et al., 2004; Jaaskelainen et al., 2010; Carpio et al., 2015; D’Orsi et al., 2016; Einsele-Scholz et al., 2016; Llambi et al., 2016; Fernandez-Marrero et al., 2017; Moldoveanu and Zheng, 2018; Schulman et al., 2019). There is increasing evidence supporting roles of BOK in cellular functions other than cell death regulation, namely, uridine metabolism and cellular proliferation (Ray et al., 2010; Moravcikova et al., 2017; Rabachini et al., 2018; Srivastava et al., 2019), autophagy (Kalkat et al., 2013), mitochondrial physiology (D’Orsi et al., 2017; Ausman et al., 2018; Schulman et al., 2019), ER homeostasis, and modulation of the UPR (Echeverry et al., 2013; Carpio et al., 2015; Schulman et al., 2016; Moravcikova et al., 2017; Kang et al., 2019). Thus, there are many open questions remaining to fully understand the different roles and functions of this protein.



BOK GENE TARGETING IN MICE

The first Bok–/– mouse was published in 2012 by Ke et al., using homologous recombination in C57BL/6-derived embryonic stem cells targeting half of exon 1 and exon 2 of Bok (with exon 2 containing the ATG start site) (Ke et al., 2012). BOK knockout mice did not show an overt phenotype and were produced at the expected Mendelian frequency (Table 1; Ke et al., 2012). Investigated organs of Bok–/– mice appeared normal, and there was no difference in hematopoietic cell subset composition (Ke et al., 2012). An important message of this study was that BOK is widely expressed in mouse tissues and readily detectable at the protein level in most tissues analyzed. Expression in the bone marrow, however, was shown to be low. Among the hematopoietic subsets, BOK expression was highest in myeloid cells but very low in lymphoid cells. These expression profiles may explain the finding that loss of BOK did not accelerate lymphoma development in Eμ-myc transgenic mice (Ke et al., 2012). Along the same line, Bok-deficient lymphoid and myeloid cells were found to respond normally to the classic apoptotic stimuli etoposide, dexamethasone, FasL, or the BH3 mimetic ABT-737 (Ke et al., 2012).


TABLE 1. Bok-deficient mouse models.

[image: Table 1]Lack of a spontaneous phenotype was confirmed in two independently derived Bok-deficient mouse models (Carpio et al., 2015; Llambi et al., 2016). This finding was no great surprise, also given that neither BAX nor BAK single knockout mice display major phenotypes, with the exception of testicular atrophy and infertility seen in Bax–/– males (Knudson et al., 1995; Lindsten et al., 2000).

While loss of either BAK or BAX alone is compatible with the development of mice, Bax–/–Bak–/– double-knockout (DKO) mice are obtained at less than 10% of the expected Mendelian frequency, and only few survive into adulthood (Lindsten et al., 2000; Mason et al., 2013). Those surviving mice develop severe neurological and hematopoietic abnormalities, splenomegaly, and lymphadenopathy (Lindsten et al., 2000). On the other hand, combined gene knockouts of Bok and Bax, or Bok and Bak, respectively, did not worsen the phenotype of Bak–/– or Bax–/– single knockout mice, except for an increased oocyte count in Bax–/–Bok–/– DKO females (Ke et al., 2013). Mice lacking BAX, BAK, and BOK [triple-knockout (TKO)] in the hematopoietic system showed a slightly more severe phenotype compared to respective Bax–/–Bak–/– DKO controls, including increased levels of autoantibodies and leukocyte infiltration in several organs (Ke et al., 2015). These data were an early indication that BOK may have redundant functions with BAX and BAK. The proof that BOK indeed has overlapping functions with BAX and BAK also beyond the hematopoietic compartment came with the generation of full-body Bax–/–Bak–/–Bok–/– TKO mice in 2018 by Ke et al. (2018). This article showed that TKO mice develop more severe defects and die earlier compared with Bax–/–Bak–/– DKO mice, with 99% developing lethal abnormalities. With developmental defects starting from E11.5, TKO pups at E18.5 showed, among others, multiple midline defects and aortic arch defects, as well as abnormal tissue growth in multiple organs, all of which were thought to be a consequence of inactivated intrinsic apoptosis (Ke et al., 2018). Besides providing the current best evidence for a physiologically relevant role of BOK in apoptosis and embryogenesis, this study also demonstrated that multiple organs develop more or less normally in TKO mice and that a small proportion (1%) of TKO mice even survives into adulthood, indicating that intrinsic apoptosis is not strictly required for the development of mice (Ke et al., 2018).



INTERACTION PARTNERS AND SUBCELLULAR LOCALIZATION OF BOK

So far, only a few BOK interacting partners have been described (Figure 1). Using yeast two-hybrid screens, BOK was found to interact with some selected antiapoptotic members of the BCL-2 family, i.e., MCL-1, BFL-1/BCL-2A1, and the Epstein-Barr virus BCL-2 homolog BHRF1, but neither with BCL-2, BCL-XL, or BCL-W, nor with BAX or BAK (Hsu et al., 1997; Srivastava et al., 2019). Using co-immunoprecipitation assays of overexpressed proteins, Echeverry et al. reported failure of BOK to interact with any tested BCL-2 family member (BCL-2, BCL-XL, MCL-1, BAX, BAK), with the exception of BOK itself, an interaction that is dependent on critical amino acids within the BH3 domain (Echeverry et al., 2013). However, there currently are no convincing data published that BOK forms dimers or higher homo-oligomers or hetero-oligomers. Moreover, both yeast two-hybrid screens and co-immunoprecipitation assays are error-prone; thus, more reliable assays are needed to clarify the interactions of BOK with other family members. Like most BCL-2 proteins, BOK contains a C-terminal TMD that serves as a tail-anchor domain for the posttranslational insertion at the cytoplasmic side of intracellular membranes (Hsu et al., 1997; Schinzel et al., 2004). Tail anchors are both necessary and sufficient to target a protein to the ER, the MOM, or to other intracellular membranes, whereas they are not always specific for a single compartment with known examples of dual targeting of ER and MOM (Borgese and Fasana, 2011). Echeverry et al. (2013) have demonstrated that the TMD of BOK has a high affinity for the ER, Golgi, and associated membranes, into which it integrally inserts. However, whereas the majority of BOK is located at the ER, BOK can also be found at the mitochondria (Ray et al., 2010; Echeverry et al., 2013; Einsele-Scholz et al., 2016; Ausman et al., 2018) and has further been reported to localize to the nucleus, where its role is still rather enigmatic (Bartholomeusz et al., 2006; Echeverry et al., 2013). In contrast to most other multi–BH-domain BCL-2 proteins, which contain a classic hydrophobic TMD, the TMD of BOK is peculiar in that it comprises two positively charged amino acids (aa) in its center (R200 and K203 in mouse BOK) (Lindsay et al., 2011). The functions of these polar aa are not clear, but may affect the topology of the BOK TMD and its membrane insertion; on the other hand, it may also be speculated that these polar aa mediate intramembranous homodimerization or heterodimerization with polar TMDs of interaction partners.


[image: image]

FIGURE 1. Interaction partners of BOK. Only few BOK interacting partners have been described so far. Using yeast two-hybrid screens, BOK was found to interact with MCL-1. This interaction has been proposed to promote autophagy, as BOK binding to MCL-1 frees MCL-1–bound Beclin-1, which in turn initiates the autophagy machinery. Moreover, BOK is constitutively bound to IP3Rs (IP3R1 and IP3R2) at the ER via its BH4 domain. IP3Rs may act as a regulatory sink for BOK to keep the levels of unbound (“free”) BOK low. Furthermore, co-immunoprecipitation experiments indicated that BOK may interact with itself in a BH3 domain–dependent manner. Whether BOK truly forms dimers or homo-oligomers and whether this oligomerization induces MOMP need to be further investigated. Recently, BOK was found to interact with and increase the activity of the enzyme UMPS via its BH3 domain. UMPS catalyzes the last two steps of the de novo synthesis of UMP and is central for metabolizing the chemotherapeutic drug 5-FU into its active metabolites. As a result, cells lacking BOK have a defect in uridine metabolism, leading to decreased cellular proliferation compared to WT controls. On the other hand, Bok– /– cells are resistant toward 5-FU treatment. Losing BOK seems to confer a selective advantage to CRC cells, and consequently, BOK expression levels are suggested to be useful as a prognostic marker in CRC and as a predictive marker for the efficacy of 5-FU treatment in CRC. While there is increasing evidence for a UPR-modulating role for BOK, the exact mechanism and possible interaction partners for UPR modulation and the ER stress response are still unknown.


BOK’s dominant localization at the ER is an important distinction from BAX or BAK and is much in line with increasing evidence for a role of BOK in the modulation of ER stress responses (see below). This is also strongly supported by the direct interaction of BOK with inositol 1,4,5-trisphosphate receptors (IP3R), in particular with IP3R1 and IP3R2, as identified by the Wojcikiewicz laboratory (Schulman et al., 2013, 2016). This interaction was shown to be strong and constitutive and mediated by the N-terminal BH4 domain of BOK binding to a region within the IP3R coupling domain, a region to which no other BCL-2 family member has been reported to bind. Through this interaction, BOK protects IP3R from caspase-3–mediated degradation during apoptosis (Schulman et al., 2013). However, no direct effect of BOK in altering Ca2+ mobilization by IP3Rs was observed (Schulman et al., 2013). Nevertheless, a role for BOK in maintaining Ca2+ homeostasis in response to excitotoxic stimulation has been described in neurons, and this phenotype was linked to a decreased protein stability of MCL-1 observed in the absence of BOK (D’Orsi et al., 2016). Importantly, Schulman et al. (2016) showed that BOK is stabilized when bound to IP3R and that its proapoptotic activity is thereby likely limited, whereas unbound (“free”) BOK is rapidly degraded by the ubiquitin proteasome pathway. In consideration of the potent proapoptotic activity of BOK reported by Llambi et al. (2016), it can be argued that IP3Rs may act as a regulatory sink for BOK to keep the levels of unbound (“free”) BOK low (Figure 2). Furthermore, Schulman et al. (2016) also identified an alternative start site for BOK at Met15, resulting in a shorter protein that should not be mistaken for BOK’s shorter isoform, BOK-S. Regulation and functional relevance of the resulting N-terminally truncated BOK protein is currently unknown and needs further investigation.


[image: image]

FIGURE 2. Intracellular localization and cellular functions of BOK. BOK was described to exert various cellular functions at steady state and upon stress exposure, probably dependent on its various subcellular localizations. At steady state, the majority of BOK is bound to the ER, Golgi, and associated membranes. However, it can also be found within the nucleus, where its role is unclear, as well as on the MOM and ER-mitochondrial contact sites. ER-localized BOK is bound to IP3R and stabilizes the latter from caspase-3–mediated cleavage. IP3R-bound BOK, on the other hand, is stabilized from proteasomal turnover, as unbound, “free” BOK is ubiquitinated and degraded by the ERAD pathway. IP3R-bound BOK may thus not be available for mitochondrial apoptosis induction. No direct effect of BOK in altering Ca2+ mobilization by IP3Rs has been observed so far. Recently, BOK was found to be important for mitochondrial fission and morphology and thus to affect mitochondrial membrane potential. BOK has furthermore been described to exert a BAX-like killing function. Disturbance of components of the ERAD pathway thereby results in the stabilization of “free” BOK protein, which then directly induces MOMP and apoptosis in a BAX-like manner, independently of other BCL-2 family members. Under certain stress conditions, e.g., under hypoxia, BOK is upregulated and translocates from the nucleus into the cytoplasm and to mitochondrial membranes by a still unknown mechanism, where it may induce apoptosis. Increasing evidence points toward a UPR-modulating function by BOK, following ER stress, by a yet unknown mechanism. In that respect, BOK was described to regulate the PERK > ATF4 arm along with CHOP, which induces the BH3-only protein BIM (and PUMA). BIM directly activates BAX/BAK, leading to MOMP and subsequent apoptosis, suggesting an apoptosis-inducing role of BOK upstream of MOMP in that context.


Recently, BOK was identified to interact with uridine monophosphate synthetase (UMPS) (Figure 1; Srivastava et al., 2019). UMPS, which in higher eukaryotes is a bifunctional enzyme consisting of the orotate phosphoribosyltransferase (OPRTase) and orotidine decarboxylase (ODCase) domains, is a central enzyme catalyzing the final steps in the de novo synthesis of orotate to uridine monophosphate (UMP) (Qumsiyeh et al., 1989). BOK binds to the ODCase domain at its dimer interface in a BH3-dependent manner (Srivastava et al., 2019). Intriguingly, it was found that, through this interaction, BOK increases the enzymatic activity of UMPS approximately threefold (Srivastava et al., 2019). As a consequence, cells lacking BOK have a defect in uridine metabolism, which affects crucial metabolic pathways including pyrimidine nucleotide synthesis, resulting in decreased cellular proliferation of Bok–/– cells compared with WT controls (Rabachini et al., 2018; Srivastava et al., 2019). On the other hand, loss of BOK confers resistance to 5-fluorouracil (5-FU)–induced apoptosis, as UMPS catalyzes the biotransformation of 5-FU into its active downstream metabolites. As discussed below, there are important implications of these findings for cancer biology, as colorectal cancer (CRC) cells may have a selective advantage from losing BOK expression (Srivastava et al., 2019). The study by Srivastava et al. provides the first link between BOK and uridine metabolism. Along that line, a connection from BOK to mitochondrial bioenergetics, fusion/fission and morphology has recently been reported also, further supporting apoptosis-independent roles of BOK (D’Orsi et al., 2016; Ausman et al., 2018; Schulman et al., 2019). Taken together, there is solid evidence published for the interaction of BOK with IP3R1/-2, as well as with UMPS. Regarding the BCL-2 proteins, the best evidence for interaction is with MCL-1 (Figure 1).



VARIOUS MODELS OF BOK-INDUCED APOPTOSIS

The role and exact molecular function of BOK in apoptosis is still not fully understood. Since its discovery, BOK has been grouped together with BAX and BAK as “killer”; however, whether BOK induces MOMP in the absence of BAX or BAK and how relevant BOK-induced apoptosis is for (patho)physiology are currently controversially discussed. Earlier reports provided evidence that BOK induces intrinsic apoptosis, but these studies were restricted to transient overexpression and were performed in BAX/BAK-proficient cell lines (Hsu et al., 1997; Yakovlev et al., 2004; Rodriguez et al., 2006). Whereas it seems to be clear that high levels of BOK can induce apoptosis, two studies reported that cell death induced by overexpressed BOK is much reduced in Bax–/–Bak–/– DKO cells (SV40-immortalized MEF, Hoxb8-immortalized growth factor–dependent myeloid progenitors) compared to WT controls (Echeverry et al., 2013; Carpio et al., 2015). These data implied that BOK may act upstream of BAX/BAK-mediated MOMP, which is in line with its predominant subcellular localization at the ER and its role in modulating ER stress responses (Echeverry et al., 2013; Carpio et al., 2015; Llambi et al., 2016). On the other hand, several studies reported that increased BOK levels are able to kill Bax–/–Bak–/– DKO cells (HCT116, SV40 MEF) and to induce MOMP in the absence of BAX and BAK, implying a true BAX-like effector function of BOK at the MOM (Figure 2; Einsele-Scholz et al., 2016; Llambi et al., 2016; Zheng et al., 2018). While these latter reports are in strong support for BOK-induced MOMP, biophysical evidence for an oligomerization of BOK and direct pore formation in the MOM is currently missing. Of note, while recombinant forms of BOK readily permeabilized artificial membrane vesicles, in particular when their composition mimicked the MOM, it failed to do so on isolated mitochondria lacking BAX and BAK, even in the presence of the activator BH3-only protein tBID (Fernandez-Marrero et al., 2017). A possible alternative explanation was put forward by Llambi et al. (2016) and Zheng et al. (2018), who proposed a unique mechanism for BOK-induced MOMP, which is independent of interaction with tBID or other BCL-2 family members. Interestingly, this mechanism relies on an intrinsic instability of BOK (hydrophobic groove and helix α1), which results in its spontaneous association with mitochondria and MOMP, independent of the activation by BH3 ligands of other BCL-2 family members. Because of this model, BOK is expected to be a very potent inducer of MOMP and apoptosis, and thus, BOK levels need to be tightly controlled. One way to control BOK levels is through ER-associated degradation (ERAD), with a high turnover of BOK via ubiquitination and proteasomal degradation (Figures 2, 3; Llambi et al., 2016). However, several reports have shown that many cell types or tissues can tolerate high levels of BOK protein (Ke et al., 2012; Moravcikova et al., 2017; Srivastava et al., 2019; Zhang et al., 2019), indicating that other posttranslational mechanisms are in place to control BOK activity and/or to sequester it away from mitochondria.


[image: image]

FIGURE 3. Transcriptional and posttranslational regulation of BOK. The expression of BOK is regulated at transcriptional, epigenetic, translational, and posttranslational levels. In a variety of human cancers, the genomic region containing the BOK locus on chromosome 2 is deleted. Within its promoter region, BOK contains HREs, as well as a conserved E2F1-binding site. Upon binding by hypoxia-inducible factors (HIFs) and the cell cycle–regulating transcription factor E2F1, respectively, BOK transcription is induced. On the other hand, by means of promoter methylation, BOK can be epigenetically silenced. BOK comprises five exons. Alternative splicing leads to the development of the poorly understood BOK isoforms BOK-S and BOK-P. The expression of BOK is furthermore regulated at the level of mRNA stability. The miRNA miR-296-5p has been shown to bind to the 3’ UTR of BOK mRNA, leading to its degradation. Moreover, strongly destabilizing (AU/U)–rich elements (one ARE site in mouse Bok mRNA, two URE sites in human BOK mRNA) were described in the 3’ UTR of BOK. Tripartite motif containing 28 (TRIM28) was identified to bind to this region, leading to destabilization and subsequent degradation of human BOK mRNA. Once translated, BOK is mainly localized at ER membranes, where it is bound to IP3Rs. Unbound BOK is quickly turned over by the ERAD pathway, resulting in ubiquitin-proteasomal degradation.


Whether loss of BOK protects cells from specific apoptotic stresses cannot be generalized and may be highly specific on the cell type or the nature of the apoptotic stress. Ke et al. (2012) showed that hematopoietic cells derived from Bok–/– mice are normally sensitive to dexamethasone, etoposide, FasL, or ABT-737–induced apoptosis. Likewise, various cell types, including MEF, were shown to respond normally to etoposide or staurosporine in the absence of BOK (Echeverry et al., 2013; Carpio et al., 2015; Fernandez-Marrero et al., 2016). On the other hand, however, Einsele-Scholz et al. (2016) reported that knocking down BOK leads to decreased drug-induced (taxol, cisplatin, camptothecin) cell death of ovarian carcinoma cells, OVCAR-3, OVCAR-4, and OVCAR-8. This seeming discrepancy in the involvement of BOK in response to DNA damaging agents may be explained by cell-intrinsic differences (e.g., amount of endogenous BOK, cancer cells vs. normal cells) and requires further investigation. However, what seems to be emerging is that BOK has important functions at the ER in response to ER stress (Echeverry et al., 2013; Carpio et al., 2015; Moravcikova et al., 2017). Carpio et al. (2015) described BOK as a promoter of cell death in SV40-immortalized MEF in response to various kinds of ER stress. The authors reported that BOK connects ER stress signaling to the intrinsic apoptotic machinery through modulating the UPR, in particular the PERK > ATF4 arm along with CHOP, which induces the BH3-only protein BIM (Carpio et al., 2015). Similarly, Kang et al. (2019) found decreased ATF4 and CHOP expression in erythrocytes derived from Bok–/– mice compared to WT mice, also suggesting a role for BOK in modulating the UPR in response to ER stress. In line with these findings, Rabachini et al. (2018) showed that chemical [diethylnitrosamine (DEN)]–induced upregulation of CHOP and BIM, and consequently hepatocellular apoptosis, is reduced in livers of Bok–/– mice. These studies are supportive of a proapoptotic role of BOK at the level of the ER and upstream of mitochondrial apoptotic events (Figure 2). It should also be mentioned that, in some instances, BOK has been attributed a protective or apoptosis-unrelated role in response to ER stress or other stressors and has also been shown to affect other arms of the UPR, namely, the IRE1α branch (Echeverry et al., 2013; D’Orsi et al., 2016). Taken together, based on the current literature, there is increasing evidence to put an important place of action of BOK at the ER membrane and it seems that—at the ER—BOK may be best described as a modulator of UPR signaling in response to ER stress (Carpio et al., 2016; Fernandez-Marrero et al., 2016). Whereas most of the previously described effects were derived from cell lines, the recent study by Ke et al. (2018) provides the up to now most convincing evidence for a relevant proapoptotic role of BOK in vivo. One key finding of that study was a more severe developmental phenotype in Bax–/–Bak–/–Bok–/– full-body TKO mice compared with Bax–/–Bak–/– DKO controls, demonstrating overlapping roles of BOK with BAX and BAK during mouse embryogenesis.



REGULATION OF BOK EXPRESSION

Regulation of BOK expression in health and disease has been described at transcriptional, epigenetic, and posttranslational levels, but is overall only incompletely understood (Figure 3). Within the promoter of human and mouse BOK, a conserved E2F-binding site has been described (Rodriguez et al., 2006; Luo et al., 2014). Consequently, Rodriguez et al. (2006) described BOK to be cell cycle regulated by the transcription factor E2F1, which upon binding to the promoter activates transcription. E2F1 plays a crucial role in the control of the cell cycle but is not only involved in cellular proliferation but also regulates the expression of BH3-only proteins such as BIM and NOXA and furthermore mediates p53-dependent apoptosis (Hershko and Ginsberg, 2004; Zhang et al., 2020). In the model of Rodriguez et al., starvation followed by serum treatment, which stimulates quiescent cells to enter S phase, and overexpression of E2F1, respectively, led to an increase of BOK mRNA in H1299 cells (Rodriguez et al., 2006). In contrast to the above findings, Ha et al. (2001) found an increase in BOK mRNA upon serum starvation, rather than serum stimulation in HC11 mammary epithelial cells as well as in mouse mammary glands. Yet, the mechanism behind the observed BOK upregulation in this report has not been resolved. In all cases, however, the increase in BOK was correlated with an increase in apoptosis. But, while apoptosis induction in the mouse mammary gland was described as a physiological process after weaning, the increased induction of apoptosis in H1299 cells was observed only in response to an extrinsic stressor (Ha et al., 2001; Rodriguez et al., 2006). Within the BOK promoter region, Luo et al. (2014) described the presence of hypoxia response elements (HREs). Hypoxia-inducible factors play an important role in adapting the cellular metabolism in response to cellular stress caused by hypoxia (Vanderhaeghen et al., 2020) and were shown to bind to HRE in the promoter region of BOK, leading to an induction of BOK expression and increase in mitochondrial apoptosis (Soleymanlou et al., 2005, 2007; Luo et al., 2014). Furthermore, the expression of BOK, as well as of BAX, has been reported to be controlled by Wnt signaling in intestinal cancer (Zeilstra et al., 2011). Dysregulated Wnt signaling, which is frequently observed in sporadic CRC patients, was correlated with an increase in BOK and BAX mRNAs and accordingly with increased apoptotic activity (Zeilstra et al., 2011).

In a variety of human cancers, BOK is frequently found to be downregulated. Often, this downregulation can be associated with the deletion of the genomic region containing the BOK locus (Beroukhim et al., 2010). Moreover, epigenetic silencing by promoter methylation has been described in non–small cell lung carcinoma (NSCLC) (Moravcikova et al., 2017). In colorectal carcinoma tissue, in which BOK protein was also found to be decreased compared to matched healthy tissue, promoter hypomethylation rather than hypermethylation has been observed, thus excluding epigenetic downregulation in CRC (Carberry et al., 2018; Srivastava et al., 2019). Hence, so far, only little is known about the epigenetic regulation of the BOK gene.

At the level of mRNA stability and translation, BOK was found to be downregulated by binding of the miRNA miR-296-5p to its 3’ UTR in breast cancer cells (Onyeagucha et al., 2017). Furthermore, destabilizing (AU/U)–rich elements [one AU-rich element (ARE) site in mouse Bok, two U-rich element (URE) sites in human BOK] were recently described in the 3’ UTR of BOK (Fernandez-Marrero et al., 2018). In that study, the authors identified tripartite motif containing 28 (TRIM28), a large pleiotropic protein that is known for its many roles at the genomic level in the nucleus (Czerwinska et al., 2017), as a novel URE-binding protein triggering the degradation of human BOK mRNA (Figure 3; Fernandez-Marrero et al., 2018).

At the protein level, little is known about BOK activation or how possible changes in subcellular localization are regulated. BOK protein stability is regulated by ubiquitination and proteasomal degradation and may be cell type specific (Schulman et al., 2013, 2016; Llambi et al., 2016; Moravcikova et al., 2017; Sopha et al., 2017). Schulman et al. (2013, 2016) showed that major portions of cellular BOK are constitutively bound to IP3R and protected from degradation, whereas newly synthesized BOK is quickly degraded by the ubiquitin–proteasome pathway. More specifically, BOK is rapidly turned over by the ERAD components AMFR/gp78, by which BOK is ubiquitylated, and VCP/p97, a complex that processes ubiquitylated BOK further for proteasomal degradation. Upon inhibition of ERAD, or of proteasome activity, BOK protein gets stabilized and induces MOMP (Llambi et al., 2016). Whether and how BOK translocates from the ER to mitochondria are not known. One possibility is that BOK is already present at mitochondria–ER contact sites, such as mitochondria-associated membranes (MAM), which again needs further investigation (Figure 2; Giacomello and Pellegrini, 2016).



ROLE OF BOK IN PATHOPHYSIOLOGY AND CANCER

There is increasing evidence pointing toward BOK as a prognostic or predictive marker in cancer. Interestingly, the genomic region containing BOK was identified to be relatively frequently deleted across many types of human cancers (Beroukhim et al., 2010). Given the evidence for a proapoptotic role of BOK, this finding could hint toward a tumor suppressor–like activity of BOK. However, the peak region of the genomic deletion in question contains 18 other genes (Beroukhim et al., 2010) and hard evidence that BOK is indeed a tumor suppressor is currently missing. Nevertheless, the finding that BOK is one of the most frequently deleted genes among the proapoptotic family members was unexpected and merits further investigation. Besides loss of BOK through somatic copy-number variations, epigenetic repression of BOK expression was proposed from studies in NSCLC cell lines (Moravcikova et al., 2017). Here, analysis of primary NSCLC patient samples revealed that BOK protein levels are reduced in NSCLC tumors compared with matched healthy lung tissue. Importantly, in poorly differentiated tumors, as well as in tumors of patients with lymph node infiltrations and metastases, BOK protein was even further decreased. For those patients, a weak positive correlation between BOK protein and overall survival was identified. Hence, these data do support a tumor-suppressing action of BOK and suggest that BOK protein levels may be useful as a prognostic marker in late-stage NCSLC patients (Moravcikova et al., 2017). Of note, that study also provided evidence that BOK does not directly induce apoptosis or affect apoptotic responses toward chemotherapeutic drugs, but rather that high BOK levels antagonize transforming growth factor β–induced epithelial-to-mesenchymal transition and may thus slow down malignant transformation (metastasization) of NSCLC. Mechanistically, it was suggested that this function is mediated via the modulation of the PERK > ATF4 arm of the UPR, a function of BOK first described by Carpio and colleagues (Carpio et al., 2015; Moravcikova et al., 2017). In line with this, Kang et al. (2019) described BOK to be important for erythropoiesis in the context of Nup98-HoxD13 (NHD13)–driven myelodysplastic syndrome. In this study, the induction of ATF4 and CHOP was significantly reduced in erythrocytes derived from Bok–/– mice compared to WT mice. While erythropoiesis in Bok–/– mice was not affected compared to WT mice, NHD13 transgenic mice showed reduced BFU-E (blast-forming units–erythroid) colonies and a progressive anemia when BOK was lost (Kang et al., 2019). It was concluded that BOK contributes to erythropoiesis under stress conditions, probably via modulation of the ATF4 pathway (Table 1; Kang et al., 2019).

BOK mRNA stability is negatively regulated by the presence of one ARE in the mouse and two URE in the human 3’ UTR (Fernandez-Marrero et al., 2018). TRIM28 was identified as one of the factors binding to the UREs in human BOK mRNA, leading to its degradation. TRIM28 is overexpressed in various cancers in which it is associated with poor prognosis (Czerwinska et al., 2017). Of note, TRIM28 and BOK levels were found to be negatively correlated in selected cancers such as hepatocellular carcinoma and kidney cancer. In those cancers, high BOK and low TRIM28 mRNA levels correlated with increased survival, and low BOK and high TRIM28 levels with decreased survival (Fernandez-Marrero et al., 2018). Translational silencing of BOK mRNA by miRNA miR-296-5p was reported by Onyeagucha et al. (2017) in human breast cancer cell lines. This study also describes an miR-296-5p–mediated regulatory feedback loop between MCL-1 and BOK levels that determines whether the breast cancer cells die by apoptosis or survive. Like in NSCLC, BOK protein levels were again found to be significantly lower in tumor tissue compared to matched normal tissue, and higher BOK expression positively correlated with overall as well as with relapse-free survival of breast cancer patients (Onyeagucha et al., 2017).

Besides NSCLC and breast cancer, BOK has been shown to be downregulated in CRC and to be of potential prognostic and predictive value, respectively (Carberry et al., 2018; Srivastava et al., 2019). Srivastava et al. (2019) reported increased resistance of BOK-deficient CRC cells and MEFs toward 5-FU and showed that CRC cells lose BOK expression when becoming resistant to 5-FU. Mechanistically, that study showed that BOK directly interacts and thereby activates the enzymatic activity of UMPS and provided the first connection of BOK to uridine and nucleotide metabolism (Srivastava et al., 2019). UMPS is a central enzyme in both the conversion of 5-FU into its active metabolites, as well as in the de novo synthesis of UMP and hence pyrimidine nucleotides. A consequence of the latter was that BOK-deficient cells show a proliferation defect that is likely caused by an increase in p53 activity at steady state. Importantly, this growth defect of BOK–/– cells could be rescued by reintroduction of WT BOK, but not of a BOK mutant that fails to interact with UMPS (Srivastava et al., 2019). Overall, this study identified BOK as a double-edged sword in CRC. On the one hand, 5-FU–treated CRC cells acquire a selective advantage by losing BOK; on the other hand, this advantage costs them proliferative potential. The latter may put selective pressure on the BOK-deficient cells to lose cell cycle inhibitors and/or p53 activity, eventually resulting in a faster-growing and likely more aggressive phenotype. BOK is therefore suggested to serve as a predictive marker in CRC, and the authors proposed to explore the potential of BOK-mimetic compounds to sensitize resistant CRC to 5-FU treatment (Srivastava et al., 2019). The observation by Carberry et al. (2018) that high BOK levels in CRC surprisingly correlate with reduced overall survival may be dependent on the time of biopsy (tumor stage) and could possibly be explained by the decreased proliferation of BOK-deficient, yet still p53 proficient, tumors.

The role of BOK in affecting cellular proliferation, cancer development, and progression was also reported in a chemical-induced hepatocellular carcinoma model in the mouse (Rabachini et al., 2018). The carcinogen DEN triggers acute hepatic injury and a subsequent inflammatory response that is followed by compensatory hepatocyte proliferation. Regarding the acute phase, livers from Bok–/– mice were shown to be protected from hepatocellular apoptosis induced by DEN through induction of CHOP, BIM, and PUMA (Rabachini et al., 2018). These data provided evidence for a proapoptotic role of BOK in a pathophysiologically relevant setting, whereas it suggested at the same time an “indirect” killing mechanism, with BOK inducing cell death upstream of CHOP and BH3-only proteins, and thus likely upstream of MOMP. Because of the protection during the acute phase, Bok–/– mice developed fewer tumors at the endpoint of 9 months. Of note, the tumors in Bok–/– mice were also smaller and showed a reduced proliferative index. Furthermore, BOK-deficient HCC cells and MEF proliferated slower compared to BOK proficient cells, which is in line with the growth defect reported in the study of Srivastava et al. (2019) and others (Ray et al., 2010; Moravcikova et al., 2017; Zhang et al., 2019).

Besides cancer, BOK expression and regulation have been connected with preeclampsia, a placental disease that may occur during pregnancies and that is characterized by a reduced oxygenation of trophoblast cells, increased trophoblast cell death, and trophoblast hyperproliferation (Chaiworapongsa et al., 2014). The Caniggia laboratory reported physiological BOK expression in proliferating trophoblast cells that is further increased in preeclampsia, where it contributes to the hyperproliferative state of the trophoblasts (Ray et al., 2010). Of note, in this context, it seems that nuclear localized BOK is important for cellular proliferation of trophoblast cells during placental development, while cytoplasmic BOK induces cell death (Ray et al., 2010). Moreover, in patients suffering from preeclampsia, a splice variant of BOK, BOK-P, was described (Soleymanlou et al., 2005; Ray et al., 2010). BOK-P results from skipping exon 2 (Soleymanlou et al., 2005), which contains the first of the two existing ATG start codons within the human BOK gene (a second start codon is localized within human, but not mouse, exon 3). The resulting BOK isoform lacks the BH4 and parts of the BH3 domain, as well as parts of the 5’ UTR (Soleymanlou et al., 2005). Apart from cellular proliferation (Ray et al., 2010) and apoptosis induction (Soleymanlou et al., 2005), several observations point toward an autophagy regulating role of BOK in preeclampsia (Kalkat et al., 2013; Melland-Smith et al., 2015; Ausman et al., 2018). In this setting, upregulation of BOK due to hypoxic conditions (Kalkat et al., 2013) or due to ceramide accumulation within the mitochondria (Melland-Smith et al., 2015; Ausman et al., 2018) leads to an increase in autophagic flux (Kalkat et al., 2013; Melland-Smith et al., 2015; Ausman et al., 2018). The involvement of BOK in autophagy regulation can be explained by the observation that BOK disrupts the interaction between MCL-1 and Beclin-1, which ultimately leads to the induction of autophagy (Kalkat et al., 2013). Beclin-1 has been described to interact with different antiapoptotic members of the BCL-2 family of proteins via its BH3 domain, namely, with MCL-1, BCL-2, and BCL-XL (Marino et al., 2014). These interactions can be disrupted by several BH3-only proteins of the Bcl-2 family–like NOXA and PUMA (Marino et al., 2014) and supposedly also by BOK (Kalkat et al., 2013), leading to an increase in freely available Beclin-1 and subsequent autophagy induction (Kalkat et al., 2013; Marino et al., 2014). However, the model that the interaction of different BCL-2 family members with Beclin-1 is sufficient to regulate autophagy under physiological conditions has been challenged (Lindqvist et al., 2014). Lindqvist et al. (2014) proposed that endogenous levels of the BCL-2 family proteins are not able to directly influence autophagy, since the binding of Beclin-1 with the BH3 domain of different BCL-2 family members is rather weak and thus insufficient to lead to the sequestration of Beclin-1. They concluded that the impact of the BCL-2 family on autophagy is indirect through BAX and BAK inhibition by prosurvival BCL-2 family members rather than direct through effects on Beclin-1 (Lindqvist et al., 2014). In their model, the inhibition of BAX/BAK and the resulting inhibition of apoptosis lead to the activation of autophagy by a yet unknown mechanism (Lindqvist et al., 2014). Nevertheless, given that several other groups ascribe a role of various members of the BCL-2 family not only to apoptosis but also to autophagy induction and repression, respectively, it seems likely that BOK may likewise play a role in the regulation of autophagy initiation. Whether this regulation is important under physiological or only under pathophysiological conditions needs further investigation.



CONCLUSION

Over the last years, various functions have been described for BOK. However, its main function (or functions) remains elusive, and there are still many riddles to be answered. What exactly is its role in apoptosis? Does the function of BOK depend on the intracellular organelle it localizes to, i.e., does it exert different functions at the ER membrane, mitochondrion, or in the nucleus, respectively? What is its role in cancer progression, and why do many types of human cancer lose BOK expression? Does it act as tumor suppressor and, if so, in which cancer subtypes and by what mechanism? Currently, a lot of discordance on BOK and its function can be found in the literature, which makes it difficult to fully grasp the key roles of this protein. In part, this problem may be explained by different cellular systems, mouse models, and different disease settings that have been used by different groups. It, however, also indicates that—more than 20 years after its discovery—there remain lots of open questions and work to be done to understand this fascinating and multifaceted member of the BCL-2 family.
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Many new types of regulated cell death have been recently implicated in human health and disease. These regulated cell deaths have different morphological, genetic, biochemical, and functional hallmarks. Ferroptosis was originally described as a carcinogenic RAS-dependent non-apoptotic cell death, and is now defined as a type of regulated necrosis characterized by iron accumulation, lipid peroxidation, and the release of damage-associated molecular patterns (DAMPs). Multiple oxidative and antioxidant systems, acting together autophagy machinery, shape the process of lipid peroxidation during ferroptosis. In particular, the production of reactive oxygen species (ROS) that depends on the activity of nicotinamide adenine dinucleotide phosphate (NADPH) oxidases (NOXs) and the mitochondrial respiratory chain promotes lipid peroxidation by lipoxygenase (ALOX) or cytochrome P450 reductase (POR). In contrast, the glutathione (GSH), coenzyme Q10 (CoQ10), and tetrahydrobiopterin (BH4) system limits oxidative damage during ferroptosis. These antioxidant processes are further transcriptionally regulated by nuclear factor, erythroid 2-like 2 (NFE2L2/NRF2), whereas membrane repair during ferroptotic damage requires the activation of endosomal sorting complexes required for transport (ESCRT)-III. A further understanding of the process and function of ferroptosis may provide precise treatment strategies for disease.
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INTRODUCTION

The survival and death of cells are strictly controlled by various signals and molecules (Fulda et al., 2010). Physiological cell death is essential for normal function and tissue development. But pathological cell death may have side effects that cause inflammation and threaten our health. The first classification of cell death was based on morphological criteria proposed by pathologists in the 1970s. The pathologists suggested that cell death has three main forms, namely apoptosis (type I), autophagy (type II), and necrosis (type III) (Schweichel and Merker, 1973). The typical morphological changes of apoptosis are nuclear chromatin concentration and the formation of apoptotic bodies in the cytoplasm (Elmore, 2007). This is different from cell swelling and membrane rupture in necrosis (Golstein and Kroemer, 2007) and the formation of cytoplasmic double membrane vesicles in autophagy (a lysosome-dependent degradation process) (Xie et al., 2015). The latest cell death classification was formulated and is recommended by the Cell Death Nomenclature Committee. Generally, cell death is divided into accidental cell death and regulated cell death (Galluzzi et al., 2018). Accidental cell death is a passive process, whereas regulated cell death is an active process that plays an important role in the pathogenesis of the disease (Galluzzi et al., 2018). In the past 20 years, many new types of regulated cell death (e.g., necroptosis, pyroptosis, ferroptosis, entotic cell death, netotic cell death, parthanatos, lysosome-dependent cell death, autophagy-dependent cell death, alkaliptosis, and oxeiptosis) have been identified in various models (Tang et al., 2019). Although they may share several common signals (e.g., redox signals), different forms of regulated cell death require special molecular machinery to trigger cell death (Tang et al., 2019). In this review, we summarize the major ways in which oxidative stress and antioxidant defense regulate ferroptosis, which is a form of iron-dependent cell death driven by lipid peroxidation (Figure 1).


[image: image]

FIGURE 1. The major mechanism of oxidative damage and antioxidant defense in ferroptosis. Ferroptosis is an iron-dependent oxidative cell death caused by ROS from the Fenton reaction and subsequent lipid peroxidation. Multiple oxidative and antioxidant systems control the process of membrane oxidative damage during ferroptosis. In particular, NOX-dependent and mitochondrial respiratory chain-dependent ROS production promotes lipid peroxidation by ALOX or POR. The production of lipids, especially PUFA, requires the activation of the ACSL4-LPCAT3 pathway. In contrast, the GSH, CoQ10, and BH4 systems limit oxidative damage during ferroptosis. Membrane repair during ferroptotic damage requires the activation of the ESCRT-III pathway. ACSL4, acyl-CoA synthetase long-chain family member 4; AIFM2, apoptosis-inducing factor mitochondria-associated 2; ALOX, lipoxygenase; BH4, tetrahydrobiopterin; CHMP5, charged multivesicular body protein 5; CHMP6, charged multivesicular body protein 6; COQ2, coenzyme Q2, polyprenyltransferase; CoQ10, coenzyme Q10; CTH, cystathionine gamma-lyase; ESCRT-III, endosomal sorting complexes required for transport-III; GCH1, GTP cyclohydrolase 1; GCLC, glutamate-cysteine ligase catalytic subunit; GPX4, glutathione peroxidase 4; GSH, glutathione; LPCAT3, lysophosphatidylcholine acyltransferase 3; NOX, nicotinamide adenine dinucleotide phosphate (NADPH) oxidase; POR, cytochrome P450 oxidoreductase; ROS, reactive oxygen species; Se, selenium; SLC3A2, solute carrier family 3 member 2; SLC7A11, solute carrier family 7 member 11.




THE BASIC PROPERTIES OF FERROPTOSIS

The concept of ferroptosis is derived from precision medicine for tumors that targeted RAS mutation signals (Dolma et al., 2003; Yang and Stockwell, 2008). RAS is a proto-oncogene and is frequently mutated in human cancer, leading to tumorgenesis and therapy resistance. Drug screening identified that the small molecular compounds erastin and RSL3 can selectively kill RAS-mutant cancer cells, but not RAS wild-type cells (Dolma et al., 2003; Yang and Stockwell, 2008). Later, it was proved that the anticancer activity of erastin and RSL3 depends on the induction of a new type of iron-dependent cell death, termed ferroptosis (Dixon et al., 2012). Although initial research showed that ferroptosis may be different from the classical cell death (e.g., apoptosis, necrosis, and autophagy-dependent cell death) (Dixon et al., 2012), recent studies demonstrate that there is a close relationship between ferroptosis, necrosis, and autophagy (Chen M.S. et al., 2017; Muller et al., 2017; Li et al., 2020; Lin et al., 2020; Liu et al., 2020c; Xie et al., 2020a). Ferroptotic cells usually exhibit cell membrane rupture and the release of intracellular contents, especially damage-associated molecular patterns (DAMPs) (Wen et al., 2019; Dai et al., 2020b), and are therefore classified as a type of regulated necrosis (Conrad et al., 2016). Increased autophagy, especially several types of selective autophagy [e.g., ferritinophagy (Hou et al., 2016), lipophagy (Bai et al., 2019), clockophagy (Yang M. et al., 2019), and chaperone-mediated autophagy (Wu et al., 2019)], promotes ferroptosis, indicating that ferroptosis is related to an abnormal intracellular degradation pathway.

Although the direct effectors of ferroptosis are unclear, iron accumulation and lipid peroxidation seem to play a central role in regulating the process of ferroptosis (Dixon et al., 2012; Yang et al., 2016; Shintoku et al., 2017; Wenzel et al., 2017; Li et al., 2020). Iron is an essential nutrient for cell proliferation, but iron overload can cause iron toxicity and lead to cell damage, even death. The balance of iron in cells and in the body is controlled by an integrated system. Pathways for abnormal iron metabolism, such as increasing the iron absorption and reducing iron storage or iron output, may cause ferroptosis through at least two ways. One is iron-mediated reactive oxygen species (ROS) production through the Fenton reaction (Dixon et al., 2012). The other is involved in the activation of iron-containing enzymes, such as lipoxygenase (ALOX) (Yang et al., 2016; Shintoku et al., 2017; Wenzel et al., 2017; Li et al., 2020). Finally, the accumulation of iron causes lipid peroxidation, which is the process of oxidative degradation in lipids [especially polyunsaturated fatty acids (PUFAs)] (Yuan et al., 2016; Doll et al., 2017; Kagan et al., 2017), leading to subsequent membrane damage and rupture. In contrast, an increased membrane repair ability through the activation of charged multivesicular body protein 5 (CHMP5) and charged multivesicular body protein 6 (CHMP6), which then mediate the endosomal sorting complexes required for transport (ESCRT)-III pathway, limits ferroptosis (Dai et al., 2020c). Notably, multiple oxidative stress and antioxidant defense pathways are involved in shaping ferroptotic responses (discussed later). This process is further regulated by epigenetic, transcriptional, posttranscriptional, and posttranslational mechanisms (Dai et al., 2020a; Wu et al., 2020). In particular, the activation of nuclear factor, erythroid 2-like 2 (NFE2L2/NRF2) plays a major transcriptional regulatory role in the suppression of ferroptosis through the induction of expression of antioxidants or iron metabolism genes (Sun et al., 2016a,b). Functionally, impaired ferroptosis (due to its excessive activation or cellular defects) is increasingly recognized as the cause of human diseases, especially neurodegenerative diseases, cancer, and infectious diseases as well as tissue damage (Xie et al., 2016; Stockwell et al., 2017).



OXIDATIVE DAMAGE IN FERROPTOSIS

Oxidative damage results from an imbalance between the generation of free radicals and the body’s ability to neutralize or eliminate their harmful effects through antioxidants. ROS-mediated lipid peroxidation is the key step that drives ferroptosis. Below, we describe the main cellular sources of ROS and the main regulators of lipid peroxidation during ferroptosis (Figure 1).


Mitochondria-Mediated ROS Production

Mitochondria play a key role in regulating cell energy and cell death signal transduction. In addition to producing adenosine triphosphate, mitochondria are also the main source of ROS production (Zorov et al., 2014). The production of mitochondrial ROS mainly occurs during the oxidative phosphorylation in the electron transport chain located on the inner membrane of the mitochondria. Electrons leak from complex I and complex III on the electron transport chain, resulting in a partial reduction of oxygen to form superoxide anion (O2⋅–). Subsequently, O2⋅– is rapidly disproportionated into hydrogen peroxide (H2O2) by the superoxide dismutase 2 (SOD2) in the mitochondrial matrix and superoxide dismutase 1 (SOD1) in the intermembrane space. Overall, O2⋅– and H2O2 produced during this process are called mitochondrial ROS, which is related to the loss of mitochondrial membrane potential (ΔΨm) (Zorov et al., 2014). The reduction of ΔΨm is a common sign of apoptosis and ferroptosis, but their regulatory mechanisms are different. In mitochondria, cytochrome C, somatic (CYCS) plays an essential role in generating ΔΨm. The translocation of CYCS from the mitochondria to the cytoplasm is an important event that initiates the loss of ΔΨm in the process of apoptosis induced by mitochondrial ROS (Yang et al., 1997). However, changes in CYCS position and the subsequent activation of apoptosis effector caspases are not observed during ferroptosis (Dixon et al., 2012), indicating that different mechanisms control ΔΨm during ferroptosis.

Some important mitochondrial apoptosis regulators, such as those in the voltage-dependent anion channel (VDAC) family and BCL2 family, are also involved in the regulation of ferroptosis in a context-dependent manner. VDAC, also known as mitochondrial porin, is the most abundant protein in the outer mitochondrial membrane. In the VDAC family, VDAC2 and VDAC3 are considered to be directly targeted by erastin to induce ferroptosis (Figure 2; Yagoda et al., 2007). As a negative feedback mechanism, the proteasome degradation of VDAC2 and VDAC3 that depends on NEDD4 E3 ubiquitin protein ligase can block erastin-induced ferroptosis in melanoma cells (Yang et al., 2020b). NEDD4-like E3 ubiquitin protein ligase (NEDD4L) inhibits ferroptosis by degrading lactotransferrin protein (Wang et al., 2020). VDAC2 is also a direct target of lipid-derived electrophile-induced carbonylation proteins during ferroptosis caused by RSL3 (Chen et al., 2018). Therefore, posttranslational modulation of VDAC2 or VDAC3 may weaken or exacerbate ferroptosis sensitivity. In addition to VDAC, the BCL2 family is also an important regulator of mitochondrial outer membrane permeability, which consists of many members that promote or inhibit apoptosis (Youle and Strasser, 2008). Pro-apoptotic BCL2 family members, such as BCL2 antagonist/killer 1 (BAK1/BAK) and BCL2-associated X, apoptosis regulator (BAX), are required for staurosporine-induced apoptosis (Wei et al., 2001), but not required for erastin-induced ferroptosis in fibroblasts (Dixon et al., 2012; Figure 2). However, BH3 interacting domain death agonist (BID), a pro-apoptotic BCL2 family member, mediates mitochondrial ROS-induced ferroptosis in neuronal cells (Neitemeier et al., 2017; Jelinek et al., 2018). These findings increase the likelihood that apoptotic or ferroptotic death requires different types of changes in mitochondrial membrane, which are further regulated by different members of VDAC and BCL2 families.
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FIGURE 2. The role of mitochondria in ferroptosis and apoptosis. The loss of mitochondrial membrane potential (ΔΨm) and the production of ROS are implicated in ferroptosis and apoptosis by different pathways. Erastin can bind VDAC2 and VDAC3 to induce BID-dependent ferroptosis through ALOX, whereas BAK1 and BAX are required for staurosporine-induced apoptosis through CYCS. ALOX, lipoxygenase; BAK1/BAK, BCL2 antagonist/killer 1; BAX, BCL2-associated X, apoptosis regulator; BID, BH3 interacting domain death agonist; CYCS, cytochrome C, somatic; ROS, reactive oxygen species; VDAC, voltage-dependent anion channel.


In addition, mitochondrial energy sensors or mitochondrial quality control systems plays a dual role in ferroptosis. AMP-activated protein kinase (AMPK) is a key sensor of cellular energy and regulates ferroptosis through its phosphorylated substrate. AMPK-mediated BECN1 (a key autophagy regulator) phosphorylation promotes ferroptosis through the inhibition of system xc– activity (Song et al., 2018). In contrast, AMPK-mediated acetyl-CoA carboxylase alpha (ACACA) phosphorylation blocks ferroptosis through the inhibition of fatty acid biosynthesis (Lee et al., 2020). Additional signals, currently unknown, are needed to explain the substrate selectivity of AMPK-related ferroptosis regulation. Although many types of selective autophagy promote ferroptosis, mitophagy (an important mitochondrial quality control system) may play a context-dependent role in ferroptosis. On the one hand, mitophagy can maintain a healthy number of mitochondria to promote survival against ferroptosis (Gao et al., 2019). On the other hand, excessive mitophagy may cause metabolic stress and subsequent production of mitochondrial ROS, leading to ferroptosis (Basit et al., 2017). The interaction of mitochondria and other organelles in ferroptosis remains to be explored.



NOX-Mediated ROS Production

For a long time, the production of O2⋅– by transmembrane nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (NOX) has been regarded as an important function in professional phagocytes, such as macrophages and dendritic cells (Bedard and Krause, 2007). In addition to phagocytes, other cells also express NOX to produce O2⋅– or H2O2 by transporting electrons across the membrane. The human genome encodes seven members of the NOX family, including five NOX proteins [NOX1, cytochrome B-245 beta chain (CYBB/NOX2), NOX3, NOX4, and NOX5] and two dual oxidases (DUOX1 and DUOX2). NOX-derived ROS plays a broad role in various physiological and pathological conditions (e.g., development, infection, immunity, and cell death) (Bedard and Krause, 2007). As an important regulator of lipid raft-derived redox signaling platforms, NOX participates in the induction of apoptosis (Jin et al., 2011). Similarly, NOX1-, CYBB-, and NOX4-mediated ROS production is also involved in the initiation of ferroptotic cancer cell death by inducing lipid peroxidation (Xie et al., 2017; Chen et al., 2019; Yang W.H. et al., 2019; Yang et al., 2020a), indicating a wide role for NOXs in cell death. In cancer cells, the activity of NOXs in ferroptosis is further affected by oncogenes and tumor suppressors. For example, the loss of tumor suppressor TP53 inhibits the accumulation of dipeptidyl-peptidase-4 (DPP4/CD26) in the nucleus, thereby increasing plasma-membrane associated DPP4-dependent lipid peroxidation and subsequent ferroptosis via the formation of the DPP4-NOX1 complex (Xie et al., 2017). During the activation of oncogenic RAS, NOX1 mediates the production of ROS (Adachi et al., 2008), which may promote ferroptosis through the activation of the extracellular signal-regulated kinase (ERK) pathway (Yagoda et al., 2007). More research is needed to clearly define how different NOX members, coupled with impaired genetic signals in tumors, cause ferroptosis.



ALOX-Mediated Lipid Peroxidation

Reactive oxygen species-mediated lipid peroxidation is mainly accomplished by ALOX, which is a dioxygenase that contains non-heme iron. ALOX includes six members (ALOXE3, ALOX5, ALOX12, ALOX12B, ALOX15, and ALOX15B) and catalyzes the stereotactic insertion of oxygen into PUFAs, especially arachidonic acid (AA) and adrenic acid (AdA), in a tissue- or cell-dependent manner. For example, ALOX5, ALOXE3, ALOX15, or ALOX15B mediates ferroptosis caused by erastin or RSL3 in BJeLR, HT1080, or PANC1 cells (Yang et al., 2016; Shintoku et al., 2017; Wenzel et al., 2017; Li et al., 2020). ALOX15 or ALOX12 mediates TP53-induced ferroptosis in cancer cells following different stimuli (Ou et al., 2016; Chu et al., 2019). Phosphatidylethanolamine-binding protein 1 (PEBP1) can be used as an adaptor protein for ALOX15 and enhances the activity of ALOX15 in the induction of ferroptosis in vitro (Wenzel et al., 2017). However, ALOX12/15 may not be important for ferroptotic damage in mice caused by glutathione peroxidase 4 (GPX4) depletion in kidney (Friedmann Angeli et al., 2014) or T cells (Matsushita et al., 2015). Therefore, when evaluating the sensitivity of ferroptosis, it is necessary to first detect the basic expression levels of different ALOX members.

Lipoxygenase-mediated lipid peroxidation is firstly initiated by the generation of AA/AdA derivatives mediated by ACSL4 and LPCAT3 (Yuan et al., 2016; Doll et al., 2017; Kagan et al., 2017). ACSL4 catalyzes the combination of free AA/AdA and CoA to form AA/AdA-CoA derivatives and promotes their esterification to phospholipids, while LPCAT3 then catalyzes the biosynthesis of AA/AdA-CoA and membrane phosphatidylethanolamine (PE) to form AA/AdA-PE. ALOX then mediates the peroxidation of AA/AdA-PE to generate AA/AdA-PE-OOH (e.g., 5-HETE, 11-HETE, and 15-HETE, but not 12-HETE), which leads to membrane injury during ferroptosis. Therefore, the genetic or pharmacological inhibition of the ACSL4-LPCAT3-ALOX pathway inhibits ferroptosis in vitro and in vivo. Although ACSL4-independent ferroptosis may exist, increased ACSL4 expression is a biomarker of ferroptosis (Yuan et al., 2016).



POR-Mediated Lipid Peroxidation

Cytochrome P450 reductase (POR) plays a major role in the metabolism of drugs and steroids. POR supplies electrons to microsomal cytochrome P450 from NADPH (Riddick et al., 2013). Consequently, the destruction of POR affects the activity of all microsomal P450 enzymes. In addition to ALOX-mediated lipid peroxidation, POR-mediated lipid peroxidation plays an alternative role in mediating ferroptosis. In particular, POR binds its cofactors, such as flavin mononucleotide (FMN) and flavin adenine dinucleotide (FAD). This complex mediated electron supplementation to cytochrome P450 from NADPH is required for erastin-, FIN56-, ML210-, or RSL3-induced lipid peroxidation and subsequent ferroptosis in melanoma and other cancer cells (Zou et al., 2020). Although the exact mechanism of POR-mediated lipid peroxidation is still unknown, POR may accelerate the cycling between ferrous and ferric iron in the heme component of cytochrome P450 (Zou et al., 2020). Given that the conditional knockout of POR in the liver leads to a decrease in the metabolism and lipid accumulation in mice (Henderson et al., 2003), the pathological role of POR-mediated ferroptosis in tissue damage and metabolism disease is worthy of further study.



ANTIOXIDANT DEFENSE IN FERROPTOSIS

Cellular protection against oxidative damage in ferroptosis is organized at multiple levels. The synthesis of antioxidants, such as glutathione (GSH), coenzyme Q10 (CoQ10) and tetrahydrobiopterin (BH4), is the main defense strategy in the process of ferroptosis, which is related to multiple enzymes or proteins (Figure 1). In addition to the antioxidant systems discussed below, some antioxidant proteins, such as peroxiredoxins (PRDXs) (Lu et al., 2019; Qi et al., 2019; Lovatt et al., 2020) and thioredoxin (Llabani et al., 2019), can also block ferroptotic cell death. Therefore, an integrated antioxidant defense network exists in different cells.


GSH System

Glutathione is an active tripeptide, formed by the condensation of glutamic acid, cysteine, and glycine. As an important antioxidant, glutathione is used to treat liver diseases, tumors, poisoning, cataracts, and aging diseases. The pharmacological inhibition of GSH synthesis and utilization is a classic method of inducing ferroptosis (Dixon et al., 2012; Yang et al., 2014). There are two main sources of cysteine production for GSH synthesis, namely the system xc– pathway and the transsulfuration pathway (McBean, 2012; Lewerenz et al., 2013). System xc– is a transmembrane sodium-independent and chloride-independent transporter of cystine and glutamic acid, which contains two key components [solute carrier family 7 member 11 (SLC7A11/xCT) and solute carrier family 3 member 2 (SLC3A2/CD98)] (Lewerenz et al., 2013). After being transported into the cell by system xc–, cystine is oxidized to cysteine, which is then used for glutamate-cysteine ligase catalytic subunit (GCLC/GCL)-mediated GSH synthesis. The inhibition of system xc– (using erastin, sorafenib, and sulfasalazine) or GCL (using buthionine sulfoximine) triggers ferroptosis in various cells (Conrad and Pratt, 2019). The expression or activity of system xc– is affected by epigenetics, transcription, and posttranscriptional and posttranslational regulators, such as TP53 (Jiang et al., 2015), NFE2L2 (Chen D. et al., 2017), BRCA1-associated protein 1 (BAP1) (Zhang Y. et al., 2018), mucin 1, cell surface-associated (MUC1) (Hasegawa et al., 2016), or BECN1 (Song et al., 2018), leading to complex feedback mechanisms to control GSH levels in ferroptosis. The transsulfuration pathway is a metabolic pathway that involves the interconversion of cysteine and homocysteine through intermediate cystathionine (McBean, 2012). Cystathionine gamma-lyase (CTH/CGL)-mediated decomposition of cystathionine is required for cysteine production. This process is inhibited by cysteinyl tRNA synthetase 1 (CARS1/CARS), an enzyme that charges tRNACys with cysteine in the cytoplasm. In contrast, knocking down CARS1 increases resistance to ferroptosis by activating the transsulfuration pathway (Hayano et al., 2016).

The main anti-ferroptotic activity of GSH is related to GPX4, which reduces phospholipid hydroperoxide production (AA/AdA-PE-OOH) to AA/AdA-PE-OH (Yang et al., 2014). GPX4 is a selenium-containing protein whose activity is regulated by GSH. As an essential trace element, the function of selenium depends on a unique functional group, namely the selenol (-SeH) group. In the catalytic cycle of GPX4, active selenol (-SeH) is oxidized by peroxide to selenic acid (-SeOH), and then reduced by GSH to intermediate selenide disulfide (-Se-SG) (Ingold et al., 2018). GPX4 is further activated by the second GSH, releasing glutathione disulfide (GS-SG) (Ingold et al., 2018). GPX4 inhibitors (e.g., RSL3, ML162, ML210, FIN56, and FINO2) are also known as classic ferroptosis activators, although their activities and effects are still different (Conrad and Pratt, 2019). In addition to ferroptosis, GPX4 also mediates antioxidant defense in apoptosis (Ran et al., 2003), necroptosis (Canli et al., 2016), and pyroptosis (Kang et al., 2018), suggesting a context-dependent role of GPX4 in cell death.



CoQ10 System

Coenzyme Q10 is a vitamin-like endogenously produced isoprenyl benzoquinone compound that occurs naturally in the human body and is highest in the heart, liver, kidney, and pancreas (Hernandez-Camacho et al., 2018). CoQ10 exists in oxidized form (ubiquinone) and reduced form (ubiquinol). The effective function of mitochondria depends on various cofactors, such as L-carnitine, α-lipoic acid, and CoQ10 (Pagano et al., 2014). CoQ10 is particularly interesting because it not only supports the mitochondrial respiratory chain, but also acts as a powerful antioxidant by neutralizing free radicals in various membrane structures (Teran et al., 2018). CoQ10 not only inhibits apoptosis (Chen et al., 2011), but also ferroptosis (Shimada et al., 2016). For example, the application of farnesyl pyrophosphate (an upstream product of CoQ10 synthesis) or idebenone (a hydrophilic analog of CoQ10) prevents ferroptosis caused by FIN56 (Shimada et al., 2016). In contrast, inhibiting the production of CoQ10 may accelerate ferroptotic cell death. In particular, apoptosis-inducing factor mitochondrial-related 2 (AIFM2/FSP1/AMID), a traditional regulator of apoptosis in the mitochondria (Wu et al., 2002), can mediate the production of CoQ10 to inhibit ferroptosis in a GSH-independent manner (Bersuker et al., 2019; Doll et al., 2019). This process requires the N-myristoylation of AIFM2, which results in the translocation of AIFM2 to the cell membrane (Bersuker et al., 2019; Doll et al., 2019). The depletion of CoQ10 biosynthesis enzyme [e.g., coenzyme Q2, polyprenyltransferase (COQ2)] may reverse the anti-ferroptotic activity of AIFM2 (Bersuker et al., 2019; Doll et al., 2019). Of note, the increased accumulation of AIFM2 in the cell membrane may also inhibit ferroptosis by activating CHMP5- and CHMP6-mediated ESCRT-III membrane repair mechanisms, which are independent of CoQ10 (Dai et al., 2020d). Statin drugs inhibit 3-hydroxy-3-methylglutaryl–coenzyme A reductase (HMG-CoA), a rate-limiting step that converts HMG-CoA to mevalonate in the production of cholesterol. Interestingly, statins can cause a decrease in CoQ10, thereby increasing the sensitivity of ferroptosis (Shimada et al., 2016). Further understanding of the antioxidant capacity of CoQ10 may provide benefits for reducing ferroptosis-related damage.



BH4 System

Tetrahydrobiopterin is a natural nutrient that can be used as a cofactor for various enzymes, such as tryptophan hydroxylase, phenylalanine hydroxylase, tyrosine hydroxylase, nitric oxide (NO) synthase, and glyceryl ether mono-oxygenase (Werner et al., 2011). Functionally, BH4 is involved in the biosynthesis of some neurotransmitters, such as 5-hydroxytryptamine, dopamine, noradrenaline, adrenaline, and melatonin (Werner et al., 2011). Exogenous dopamine or melatonin has been shown to suppress erastin- or hemin-induced ferroptosis in various cells (NaveenKumar et al., 2019; Wang et al., 2016), but it remains unclear whether BH4-mediated endogenous dopamine or melatonin production regulates ferroptosis. In addition, BH4 plays a redox role in the catalysis of L-arginine, O2, and NADPH to form NO. The oxidation of BH4 to BH2 causes an uncoupling of NOS, thereby forming O2⋅– instead of NO. O2⋅– reacts rapidly with NO to form peroxynitrite, and nitrite can further uncouple NOS (Werner et al., 2011). The activation of the NO pathway is implicated in ferroptosis-related tissue injury (Deng et al., 2020). In particular, L-arginine induces acute pancreatitis in mice through the activation of ferroptosis-induced sterile inflammation, which is further regulated by circadian rhythms (Liu et al., 2020d). The synthesis and recycling of BH4 is a dynamic process, and GTP cyclohydrolase-1 (GCH1) is the rate-limiting enzyme for the biosynthesis of BH4. GCH1-mediated BH4 production prevents ferroptosis by inhibiting lipid peroxidation (Kraft et al., 2020), indicating that BH4 has antioxidant activity during cell death. Overall, these findings demonstrate the prosurvival role of BH4 in protecting against ferroptotic damage.



FERROPTOSIS IN DISEASE

More and more reports showing that impaired or excessive ferroptotic pathway in various diseases, such as neurodegenerative diseases, infectious diseases, cancers, and ischemia-reperfusion (I/R) injury diseases (Figure 3). In cancer pathology, ferroptosis not only inhibits tumor growth (Daher et al., 2019), but also promotes tumor formation (Dai et al., 2020b), depending on the type, stage, and microenvironment of the tumor. Iron-induced ferroptotic damage is implicated in Huntington’s disease (HD), Alzheimer’s disease (AD), and Parkinson’s disease (PD) (Skouta et al., 2014; Do Van et al., 2016; Zhang Y.H. et al., 2018; Hirata et al., 2019), although oxytosis has long been considered to be the main mode leading to neuronal cell damage caused by glutamate toxicity (Tan et al., 2001). Inflammation mediated by ferroptotic cell death can promote pancreatitis (Liu et al., 2020d), liver fibrosis (Tsurusaki et al., 2019; Zeng et al., 2020), chronic obstructive pulmonary disease (COPD) (Park et al., 2019; Wang and Tang, 2019; Yoshida et al., 2019), inflammatory bowel disease (Mayr et al., 2020), and preeclampsia (Zhang et al., 2020). In addition, inhibiting ferroptosis can prevent I/R damage to various tissues, especially liver, kidney, brain, and heart (Linkermann et al., 2014; Skouta et al., 2014; Martin-Sanchez et al., 2017; Muller et al., 2017; Fang et al., 2019). Therefore, the development of pharmacological agents that regulate ferroptosis under these pathological conditions is crucial.


[image: image]

FIGURE 3. The role of ferroptosis in diseases. Impaired or excessive ferroptotic pathway is involved in various diseases, such as neurodegenerative diseases, infectious diseases, cancers, and ischemia-reperfusion (I/R) injury diseases.




CONCLUSION AND PERSPECTIVES

Ferroptosis was discovered not long ago, and there have been more and more studies related to it in recent years. This is because the core signals of ferroptosis (iron accumulation and lipid peroxidation) are often observed abnormally in various diseases and pathological conditions. Like other types of regulated cell death, ferroptosis may be caused by an imbalance between oxidation and antioxidant systems (Chen et al., 2020). In particular, NOX-dependent and mitochondrial respiratory chain-dependent ROS formation facilitates lipid peroxidation, whereas the GSH, CoQ10, and BH4 systems play a major role in limiting oxidative damage during ferroptosis. However, the process and function of ferroptosis needs to be explored. An unresolved central issue is that these oxidative damage, antioxidant defense mechanisms, and membrane repair mechanisms are also involved in the regulation of other kinds of non-ferroptotic cell death (Bae et al., 2011; Liu et al., 2020a). Thus, although they may share a common upstream mechanism, the identification of unique downstream effectors may distinguish ferroptosis from non-ferroptotic cell death. Similarly, it remains a challenge to distinguish the pathological role of ferroptosis and non-ferroptotic cell death in disease (Hotchkiss et al., 2009). In addition, the complexity of autophagy and lipid metabolism in the regulation of ferroptosis should be further clarified (Liu et al., 2020b; Xie et al., 2020b) and therefore provide a reasonable explanation for regulating ferroptosis in a context-dependent manner.
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ICP6 Prevents RIP1 Activation to Hinder Necroptosis Signaling
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Necroptosis is a type of programmed necrosis which depends on the activation of receptor-interacting protein kinase 3 (RIP3). Herpes simplex virus type 1 (HSV-1) is known to block necroptosis by the viral protein ICP6 in human cells, but its specific inhibitory mechanism is not fully understood. Here we reported that ICP6 could promote rather than suppress the formation of necrosome, the necroptosis signaling complex containing RIP3 and upstream regulator receptor-interacting protein kinase 1 (RIP1), but blocked RIP3 activation. Moreover, ICP6 could reduce the necroptosis-specific auto-phosphorylation of RIP1 regardless of the presence of RIP3. These results indicate that ICP6 block necroptosis through preventing RIP1 activation dependent signal transduction in necrosome.
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INTRODUCTION

Under the selection pressure, the pathogen and the host are engaging in a long-term defense and counter-defense war (Mocarski et al., 2012; Mossman and Weller, 2015). Cell death play an important role in the mammalian host defense system when pathogens invade (Wang X. et al., 2014). There are two classical forms of programmed cell death: apoptosis and programmed necrosis. Apoptosis is characterized by cell shrinkage, chromosomal DNA fragmentation, and the formation of apoptotic bodies (Kerr et al., 1972). But the cell membrane is intact and does not cause inflammation. While necrosis is characterized by swelling of cells and organelles, rupturing cell membranes and releasing of contents and triggering inflammation and immune response (Festjens et al., 2006). Apoptosis can be stimulated by the intrinsic or extrinsic signaling pathways which depend on caspase-9 and caspase-8, respectively (Li et al., 1997; Du et al., 2000; Verhagen et al., 2000; Peter and Krammer, 2003). The extrinsic apoptosis pathway is initiated by various cytokines including tumor necrosis factor (TNF). Interestingly, TNF can also induce cell necroptosis, a type of programmed necrosis when caspase-8 is inhibited (Vercammen et al., 1998). The signaling of necroptosis is dependent of a protein complex called necrosome, which contains receptor-interacting protein kinase 1 (RIP1), receptor-interacting protein kinase 3 (RIP3), and mixed lineage kinase domain-like protein (MLKL) (Holler et al., 2000; Degterev et al., 2005; Cho et al., 2009; He et al., 2009; Zhang et al., 2009; Sun et al., 2012; Zhao et al., 2012). The necrosome is initiated with the binding of RIP1-RIP3 through their RIP homotypic interaction motif (RHIM) (Sun et al., 2002). In necrosome, the RIP1 and RIP3 is sequentially activated (He et al., 2009). Then MLKL is recruited and phosphorylated by RIP3, which induce MLKL to form oligomers and migrate to the membrane (Wang H. et al., 2014). Finally, MLKL destroys the integrity of the cell membrane and causes cell rupture (Su et al., 2014; Wang H. et al., 2014).

Pathogens and hosts are constantly evolving for survival. Upon virus infection, the conventional strategy of host is to initiate apoptosis of infected cells, thus limiting the amplification and spread of the virus (Chan et al., 2015; Mossman and Weller, 2015). However, many viruses have evolved counteractive effectors such as the inhibitors of caspase (IAPs) to inhibit apoptosis (Kaiser et al., 2013). Usually, necroptosis signaling is supervised by caspase-8 which can cleavage RIP1 and RIP3 to prevent necrosome formation (Lin et al., 1999; Feng et al., 2007). Therefore, the expression of viral IAPs will sensitize infected cells to necroptosis. Consisted with that, RIP3-deficent mice are developmental normal but exhibited severely impaired virus-induced necrosis and restriction of viral amplification (Cho et al., 2009). Necroptosis is regarded as an alternative defense pathway in the infected cells, when apoptosis is inhibited (Chan et al., 2015; Mossman and Weller, 2015). Although necroptosis is effective to inhibit many virus amplifications, some viruses such as herpes simplex virus type 1 (HSV-1) and murine cytomegalovirus (MCMV) can block necroptosis signaling by special viral effectors, ICP6 and M45 (Upton et al., 2010; Guo et al., 2015; Huang et al., 2015; Yu et al., 2016). The ICP6 (from HSV-1) and M45 (from MCMV) are homologous, with similar domain structures, which contain an N-terminal RHIM domain and a C-terminal ribonucleotide reductase (RNR) large subunit (R1)–homology domain (Lembo and Brune, 2009). The inhibitory function of M45 in necroptosis pathway is solely dependent on its RHIM, which binds with RIP3-RHIM and form hetero-amyloids to prevent RIP3 activation by disturbing inter-filament assembly of RIP3-RHIM (Hu et al., 2020). But the ICP6-RHIM alone do not block RIP3 activation, suggesting a different mechanism to disrupt necroptosis signaling (Hu et al., 2020).

In this study, we confirmed the previous finding that both the N-terminal RHIM and C-terminal R1 domains of ICP6 are required for its inhibitory function. And ICP6 block necroptosis is not due to prevent RIP1-RIP3 binding and necrosome initiation. ICP6 could participate in necrosome formation with interaction with both RIP1 and RIP3 upon necroptosis induction. Interestingly, ICP6 can attenuate necroptosis signal induced auto-phosphorylation of RIP1 regardless of the presence of RIP3, suggesting ICP6 hinder necroptosis signaling through preventing RIP1 activation.



MATERIALS AND METHODS


Reagents and Antibodies

The Z-VAD and Smac mimetic were used as described previously (Wang H. et al., 2014). Recombinant TNF was purified in our laboratory, AP20187 (HY-13992) was purchased from MCE. ICP6 polyclonal antibodies can be obtained by injecting His-ICP6 (1-177 amino acids) expressed in E. coli into rabbits. The following antibodies were used in this study: anti-Flag M2 (F3165), anti-Myc (SAB4700448) (Sigma); anti-RIP1 (610459) (BD Biosciences); anti-RIP1 (D94C12), anti-phospho-RIP1 (65746S) and anti-hRIP3 (13526S) (Cell Signaling Technology); anti-FKBP (ab108420) (Abcam); and anti-actin (PM053-7) (MBL).



Cell Survival Assay

Drugs were diluted and added into cell culture plate. Necroptosis was induced by adding the final concentrations of 10 ng/ml TNF-α (T), 100 nM Smac mimetics (S), and 20 μM Z-VAD (Z). Cell survival assay was performed by using the CellTiter-Glo Luminescent Cell viability Assay Kit and performed according to the manufacturer’s instructions. Luminescence was recorded with an EnSpire Multimode Plate Reader from PerkinElmer.



Cell Culture and Stable Cell Lines

HEK293T cells, HeLa cells, and HT-29 human colon cancer cells were obtained from cell bank of CAS (Shanghai). HeLa-RIP3 (HeLa with exogenous Flag-tagged RIP3 expression) cells were established as described previously (He et al., 2009; Sun et al., 2012; Wang H. et al., 2014). HT-29 (RIP3-KO) cells were generated by using the CRISPR/Cas9 editing technique. KO cells were identified by target site sequencing. Cells would stably express related proteins after lentivirus infection. All cells were cultured in DMEM/L-glutamine without sodium pyruvate (HyClone). All media were supplemented with 10% FoundationTM FBS (Gemini) and 100 units/ml penicillin/streptomycin (HyClone). All cells were cultured at 37°C, 5% CO2, and the standard PCR method was negative for mycoplasma. EZ transfection (Shanghai Life iLab Biotech Co., Ltd.) was used for cell transfection according to the instructions.



Plasmids and Molecular Cloning

ICP6 cDNA was amplified by PCR from a reverse transcription cDNA library. Standard PCR and cloning methods were used to clone the full-length or mutated cDNAs of ICP6 into the lentiviral vector pCDH-CMV-MCS-EF1-copGFP (Addgene). All plasmids have been verified by DNA sequencing. The detailed information of primer sequence can be provided upon request.



Lentivirus Preparation and Infection

For lentivirus production, HEK293T cells were transfected with lentiviral vectors (pCDH-CMV-MCS-EF1-copGFP/copRFP) and virus packing plasmids (psPAX2 and pMD2.g, Addgene) by using EZ transfection reagents (Shanghai Life-iLab Biotech Co., Ltd.). After 48 h, the virus-containing medium was collected and added to the cells according to the instructions and the final concentration of polybrene was 10 μg/ml. After 24 h, the infection medium was replaced with fresh medium.



CRISPR/Cas9

The Cas9-target sites are as follows: human RIP3: 5′-GACAGGGTCCGGGGAGCCAG-3′ and 5′-GCAAGCCGGGCCTGAGACTCC-3′. The Cas9-target sites were cloned into the PX330 (Addgene) vector. All plasmids were verified by DNA sequencing. The details of the primer sequences are available upon request.



Immunoprecipitation and Immunoblotting

Cells were cultured on 10 cm dishes and grown to confluence. Cells at 90% confluence were washed once with DPBS and harvested and centrifuged at 900 rpm for 3 min. The harvested cells were lysed by lysis buffer [25 mM HEPES-NaOH (pH 7.5), 150 mM NaCl, 1% Triton, 10% glycerol, and complete protease inhibitor (Roche) and phosphatase inhibitor (Roche) cocktails] on ice for 30 min. Cell lysates were centrifuged at 15000 rpm at 4°C for 10 min. The soluble fraction was collected. The protein solution were incubated overnight with anti-Flag or anti-Myc magnetic beads at 4°C. The beads were washed three times with lysis buffer. Finally, the samples were subjected to western blotting analysis.



Immunofluorescence Staining and Confocal Microscopy

HeLa-RIP3 and HT29 cells infected with lentivirus were plated on the coverslip overnight and then treated as shown. The cells were washed once with PBS, and then fixed with 4% paraformaldehyde (PFA). The primary antibody (Flag, RIP1 or ICP6) was incubated. Then, the cells were incubated with goat anti-mouse IgG labeled with Alexa Fluor 555 (Invitrogen) for RIP1 or 633 (Invitrogen) for Flag and goat anti-rabbit IgG labeled with Alexa Fluor 647 (Invitrogen) for ICP6. Finally, the nuclei were stained with DAPI (Southern Biotech) and using the same settings for image capture and processing on the Zeiss LSM 710 laser scanning confocal microscope (63×).



Quantification and Statistical Analysis

All cell survival data are shown as the mean ± standard deviation (SD) of duplicate wells, and similar results were obtained from at least three independent experiments.



RESULTS


The R1 Domain of ICP6 Is Unique and Essential in Inhibiting Necroptosis

According to previous reports, full-length ICP6 can effectively inhibit necroptosis in human cells, but induce mouse cell necroptosis (Huang et al., 2015). It requires the structural integrity of both RHIM and R1 domain. First, we constructed wild-type and RHIM-mutated ICP6 to confirm the requirement of intact ICP6-RHIM (Figure 1A, upper). In either human colon cancer HT29 cells with endogenously RIP3 expression or HeLa-RIP3 cells with exogenously expressed Flag-tagged RIP3, necroptosis could be induced by TNF plus a pan-caspase inhibitor Z-VAD-FMK (Z-VAD) and Smac-mimic small molecule compound (Smac-mimic). We confirmed that the expression of wild-type rather than RHIM-mutant of ICP6 could inhibit necroptosis in HT-29 and HeLa-RIP3 cells (Figures 1B,C). The importance of R1 domain of ICP6 has also been suggested by previous studies (Guo et al., 2015). And the function of R1 domain in ICP6-induced mouse cell necroptosis depends on the oligomeric state of R1 domain (Huang et al., 2015). So that the function of ICP6-R1 in mouse cells could be mimic by chemical (AP20187)-induced oligomerization of the tandem FKBPv domain. To investigate if oligomeric state of R1 domain could contribute its necroptosis inhibitory function in human cells. We constructed ICP6 with the R1 domain replaced by tandem FKBPv domain [ICP6 (1∼280)_2FKBPV] (Figure 1A, lower). In HT-29 cells even if the oligomerization is induced by AP20187 (Figure 1D) and it also doesn’t inhibition necroptosis. These results indicate that the R1 domain is essential for the inhibitory function of ICP6.


[image: image]

FIGURE 1. Either RHIM or R1 domain of ICP6 is indispensable for necroptosis blockage. (A) Schematic representation of full-length ICP6 with or without RHIM mutations (upper). ICP6 N-terminal portion (1-280) was fused with tandem FKBPv domain at its C-terminus (lower). (B,C) The RHIM of ICP6 is essential for inhibition of necroptosis. The HT29 and HeLa-RIP3 (HeLa with exogenous Flag-tagged RIP3 expression) cells stably expressing ICP6 protein by lentivirus infection were stimulated with T/S/Z for 10 h. The number of surviving cells were analyzed by measuring ATP levels using CellTiter-Glo kit (left). The data are represented as the mean ± standard deviation (SD) from at least three independent experiments. Abbreviations are as follows: T, TNF-α; S, Smac mimetic; Z, Z-VAD. The final concentrations of 10 ng/ml TNF-α, 100 nM Smac mimetic, and 20 μM Z-VAD were used. Identical concentrations of these necroptosis-inducing agents were used in subsequent experiments unless otherwise stated. The untreated cells were harvested and whole cell extracts were prepared and normalized to the same concentration. Aliquots of 20 μg whole-cell lysates were subjected to SDS-PAGE followed by western blot analysis of ICP6 and β-Actin which is shown as a loading control (right). (D) The R1-homology domain of ICP6 has a unique function in inhibiting necroptosis. HT29 cells were infected with lentiviruses encoding ICP6 (1-280)_2FKBPv and treated with indicated stimuli. The number of surviving cells was determined by measuring ATP levels (left). The ICP6 (1-280)_2FKBPv expression level was measured by western blot analysis (right).


Different from ICP6, the inhibitory role of M45 in necroptosis signaling does not require R1 domain of M45. But it still needs to reveal that if the function of R1 in necroptosis repression is universal in different R1 domains. We then constructed the chimaeric ICP6 containing M45 RHIM or R1 domain (ICP6M45_RHIM and ICP6M45_R1) (Figure 2A). We found that ICP6M45_RHIM could effectively inhibit necroptosis in HT29 cells (Figure 2B). This suggests that the RHIM domain of ICP6 can be replaced by the RHIM domain of M45 in inhibiting necroptosis. In ICP6M45_R1 expression HT29 or HeLa-RIP3 cells, TNF-induced necroptosis was not inhibited (Figures 2C,D). It suggested again that the oligomeric state of R1 domain did not contribute to necroptosis inhibition since both M45-R1 and ICP6-R1 could form oligomers. Besides that, it also indicated that the R1 domain of ICP6 is special in necroptosis inhibition. The difference of R1 domain between ICP6 and M45 is that the ICP6-R1 has but M45-R1 loses the ribonucleotide reductase activity. To investigate how the enzyme activity of ICP6-R1 is necessary for necroptosis inhibition. The enzyme-dead form of ICP6 mutant (C793S) was introduced to HT-29 cells. But it showed that the mutant form of ICP6 still block necroptosis efficiently (Figure 2E). It suggested the function of ICP6-R1 do not require its enzyme activity.
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FIGURE 2. The R1 domain of ICP6 is unique in inhibiting necroptosis. (A) Schematic representation of chimaeric ICP6 containing M45 RHIM and R1-homology domain. (B) The chimaeric ICP6 containing M45 RHIM has no effect on the inhibition of necroptosis. Necroptosis was induced by T/S/Z for 10 h. Then the cells were lysed and subjected to western blotting analysis using the indicated antibodies. (C,D) The R1 homology domain is important to ICP6 function. The HT29 (C) and Hela-RIP3 (D) cells with indicated lentivirus infection were treated with T/S/Z for 10 h. Cell viability was determined by measuring ATP levels (left). The data are represented as the mean ± SD of duplicate wells. The expression level of ICP6M45_R1 was measured by western blot analysis (right). (E) The ICP6 (C793S) has no effect on the inhibition of necroptosis. Necroptosis was induced by T/S/Z for 10 h. Then the cells were lysed and subjected to western blotting analysis using the indicated antibodies.




ICP6 Promotes Necrosome Initiation but Block Necrosome Maturation

It is well known that the necrosome formed by RIP1 and RIP3 is essential for TNF-induced necroptosis. And this necroptosis signal complex is initiated by RHIM-RHIM interactions between RIP1 and RIP3. Since ICP6-RHIM is required for its function, confirmed by our data shown that RHIM-mutated ICP6 lost the ability to inhibit TSZ-induced necroptosis (Figures 1B,C), We proposed that RIP1-RIP3 interactions maybe disturbed by ICP6-RHIM, so that it inhibited the necrosome formation and necroptosis signal transduction. To verify that, we performed co-immunoprecipitation by Flag-tagged RIP3 in HeLa-RIP3 cells. It showed that the protein level of co-immunoprecipitated RIP1 is not reduced but increased in TSZ treated cells with ICP6 expression (Figure 3A, lane 3 vs. lane 4). Moreover, compared with empty vector, the presence of ICP6 enhanced the interaction between RIP1 and RIP3 in the DMSO-treated cells (Figure 3A, lane 1 vs. lane 3). Different from the binding of RIP1-RIP3 which depended on necroptosis stimuli (lane 2), ICP6 could bind with RIP3 in normal conditions (lane 3), but was also enhanced upon necroptosis induction (lane 4). Altogether, these data suggested that ICP6 did not disturb but promoted RIP1-RIP3 binding and necrosome initiation. Then, the effect of ICP6 at step of necrosome maturation was investigated. The necrosome maturation is featured by RIP3 self-assembly as puncta in necrotic cells (He et al., 2009). As shown that TSZ-induced RIP3 puncta were observed in control cells transfected with empty vector. However, in ICP6-expressing cells, RIP3 remained uniformly diffuse in the cytosol, no matter whether necroptosis was induced or not (Figure 3B). The co-immunoprecipitation results showed that necrosomes are made of RIP1-RIP3 or RIP1-RIP3-ICP6 (when ICP6 was expressed) complexes (Figure 3A). We then using RIP1 antibody to detect the necrosome puncta in both Hela-RIP3 and HT-29 cells, the RIP1 puncta appeared after necroptosis induction, and ICP6 expression blocked the T/S/Z-induced RIP1 puncta formation (Figures 4A,B). Besides that, the RIP1 and ICP6 signals partially overlapped and were diffused in cytosol (Figures 4A,B). It confirmed the necrosome puncta only reflect the matured necrosome. So that, ICP6 promotes necrosome initiation but block necrosome maturation. The premature state of necrosome was featured as decreased auto-phosphorylation of RIP1 and RIP3 (Figure 3A, lane 2 vs. lane 4). Since the RIP1 activation (indicted by auto-phosphorylation) is upstream of RIP3 activation, it suggested ICP6 blocks necroptosis signaling by targeting on RIP1.


[image: image]

FIGURE 3. ICP6 promotes necrosome initiation but block necrosome maturation. (A) HeLa-RIP3 cells (HeLa with exogenous Flag-tagged RIP3 expression) infected with empty virus (Vector) or lentiviral virus encoding ICP6 were cultured in the presence of T/S/Z for 6 h. Whole-cell lysates were subjected to immunoprecipitation with anti-Flag M2 beads. The total cell lysates and immunoprecipitates were immunoblotted with the indicated antibodies. (B) ICP6 inhibits the formation of RIP3 puncta. HeLa-RIP3 cells infected with empty virus (Vector) or lentiviral virus encoding ICP6 were stimulated as indicated for 6 h, and then immunostained for Flag and counterstained with DAPI. The distribution of Flag-RIP3 (Alexa Fluor 633 dye, red) was detected by immunofluorescence as described in “Materials and Methods.” The scale bar represents 5 μm.



[image: image]

FIGURE 4. ICP6 inhibits the formation of RIP1 puncta. (A,B) HeLa-RIP3 and HT29 cells infected with empty virus (Vector) or lentiviral virus encoding ICP6 were stimulated as indicated for 6 h, and then immunostained for RIP1, ICP6, and counterstained with DAPI. The distribution of RIP1 (Alexa Fluor 555 dye, green) and ICP6 (Alexa Fluor 647 dye, red) were detected by immunofluorescence as described in “Materials and Methods”. The scale bar represents 5 μm.




The Inhibition of RIP1 Auto-Phosphorylation by ICP6 Is RIP3-Independent

ICP6 does not inhibit the formation of RIP1-RIP3 necrosome but invade into this necroptosis signal complex. Then we want to know if the blockage of RIP1 activation by ICP6 needs RIP3. We first examined the binding between ICP6 and RIP1 in HT29 cells with RIP3 knockout. The co-immunoprecipitation results showed that wild-type rather than RHIM mutant of ICP6 bind with RIP1 in DMSO treated control cells (Figure 5A, lane 3 vs. lane 5). Interestingly, both wild-type and RHIM mutant form of ICP6 interact with RIP1 upon necroptosis induction (Figure 5A, lane 4 vs. lane 6). Thus, these results demonstrated that ICP6 could directly interact with RIP1 in absence of RIP3. Then, the inhibition of RIP1 auto-phosphorylation by ICP6 was checked in Rip3 knockout HT29 cells. The results showed that whether RIP3 is present or not, the increment of RIP1 auto-phosphorylation level was attenuated when ICP6 was expressed (Figure 5B). Similar results were obtained in HeLa cells which are absent of endogenous RIP3-expression (Figure 5C). These results suggested the necroptosis signal induced RIP1 activation was attenuated by ICP6. So, we proposed the model of ICP6 blocking necroptosis. ICP6 binds with both RIP1 and RIP3 through RHIM-RHIM interaction to promote necrosome initiation. But in necrosome, ICP6 (probably using its R1 domain) block RIP1 activation, so that the ICP6 containing necrosome could not maturate and process cell necroptosis (Figure 5D).
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FIGURE 5. The inhibition of RIP1 auto-phosphorylation by ICP6 is RIP3-independent. (A) HT29 (RIP3-KO) cells were infected with empty virus (Vector) or lentiviral virus encoding Myc-tagged ICP6. Then these cells were treated with T/S/Z for 6 h. Whole-cell lysates were subjected to immunoprecipitation with anti-Myc. The total cell lysates and immunoprecipitates were analyzed by western blot with the indicated antibodies. (B,C) ICP6 reduces the phosphorylation of RIP1. HT29, HT29 (RIP3-KO) (B) and HeLa (C) cells with indicated lentivirus infection were treated with T/S/Z for indicated time. The cells were then harvested, and the whole-cell extracts were analyzed by western blotting to check the RIP1 activation with anti-phospho-hRIP1 (S166). β-Actin and total RIP1 were shown as loading control. (D) The proposed mechanism of ICP6 inhibited necroptosis. KD, kinase domain; RHIM, RIP homotypic interaction motifs; DD, death domain; R1, C-terminal R1 homology domain of ICP6. Cells with necroptosis induction (TNF) undergo RIP1-RIP3 interaction and kinase activation which are indispensable for necrosome maturation and cell necroptosis. ICP6 block necroptosis through ICP6-RIP1/3 RHIM domain interaction, then the ICP6-R1 could block RIP1 kinase activation to necrosome maturation.




DISCUSSION

Receptor-interacting protein kinase 1 (RIP1) is composed of kinase domain, RHIM domain and death domain. In TNF-induced cell death pathways, the kinase activity is required for both RIP1 dependent apoptosis (RDA) and necroptosis (Yuan et al., 2019). Our present work reveals that ICP6 could attenuate necroptosis signal induced RIP1 activation (Figures 5B,C), so that the necroptosis signaling is blocked by ICP6 on RIP1. Interestingly, the inhibitory function of ICP6 needs both of RHIM domain and R1 domain. The RHIM domain of ICP6 is responsible for efficient binding to RIP1 (Figure 5A). For R1 domain of ICP6, our data ruled out the possibilities that the enzymatic activity or oligomeric state of R1 domain contribute necroptosis inhibition (Figures 1D, 2E). Therefore, how R1 domain of ICP6 functions in necroptosis blockage still needed to be studied.

ICP6 is encoded by a viral gene HSV-1. It is known that HSV-1 is a human-hosted virus belonging to the alpha herpesvirus subfamily. Infection with HSV-1 mainly causes herpes, and sporadic encephalitis for severe cases (Steiner and Benninger, 2013). Other symptoms by HSV-1 infection were reported, such as a latent infection in the peripheral nervous system of the host. It is reported that after infection with HSV, the immune system is destroyed and ulcers in the affected area increase the probability and risk of HIV infection (van Velzen et al., 2013). In epithelial cells, HSV-1 can induce the secretion of TNFα, IL-1β and other inflammatory factors, that is, the inflammatory response participates in the host’s resistance to pathogen infection (Muscolino et al., 2020). RIP1 plays a very important role in inflammation through NF-κB or p38 MAPK pathways which is independent of its kinase activity. Our data showed that ICP6 attenuate RIP1 activation, and it is interesting to study if other functions of RIP1 are affected by HSV-1 infection or ICP6 expression.
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Discovery of a Potent RIPK3 Inhibitor for the Amelioration of Necroptosis-Associated Inflammatory Injury
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Necroptosis is a form of regulated necrosis that requires the activation of receptor-interacting kinase 3 (RIPK3 or RIP3) and its phosphorylation of the substrate MLKL (mixed lineage kinase domain-like protein). Necroptosis has emerged as important cell death involved in the pathogenesis of various diseases including inflammatory diseases, degenerative diseases, and cancer. Here, we discovered a small molecule Zharp-99 as a potent inhibitor of necroptosis through blocking the kinase activity of RIPK3. Zharp-99 efficiently blocks necroptosis induced by ligands of the death receptor and Toll-like receptor as well as viral infection in human, rat and mouse cells. Zharp-99 strongly inhibits cellular activation of RIPK3, and MLKL upon necroptosis stimuli. Zharp-99 directly blocks the kinase activity of RIPK3 without affecting RIPK1 kinase activity at the tested concentration. Importantly, Zharp-99 exerts effective protection against TNF-α induced systemic inflammatory response syndrome in the mouse model. Zharp-99 displays favorable in vitro safety profiles and in vivo pharmacokinetic parameters. Thus, our study demonstrates Zharp-99 as a potent inhibitor of RIPK3 kinase and also highlights its potential for further development of new approaches for treating necroptosis-associated inflammatory disorders.
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INTRODUCTION

Necroptosis is a form of regulated cell death that shows necrotic features including cell swelling and disrupted cell membrane. Necroptosis is tightly regulated by the activation of receptor-interacting protein kinase 1 (RIPK1 or RIP1) and RIPK3 (RIP3; Linkermann and Green, 2014; He and Wang, 2018; Mifflin et al., 2020). In TNF-induced necroptosis, RIPK1 interacts with RIPK3 through their RIP homotypic interaction motif (RHIM) domains, leading to RIPK3 activation and phosphorylation (Holler et al., 2000; Cho et al., 2009; He et al., 2009; Zhang et al., 2009). Active RIPK3 phosphorylates its substrate mixed lineage kinase domain-like protein (MLKL; Sun et al., 2012; Zhao et al., 2012). The phosphorylation of MLKL results in MLKL oligomerization and membrane translocation to mediate cell rupture (Murphy et al., 2013; Cai et al., 2014; Chen et al., 2014; Wang et al., 2014a). As a lytic cell death, necroptosis elicits inflammatory responses via the release of cellular contents including damage-associated molecular patterns (DAMPs; Linkermann and Green, 2014; He and Wang, 2018; Mifflin et al., 2020). Necroptosis plays important roles in a variety of pathological conditions including inflammatory disorders, ischemia-reperfusion-induced injury, degenerative diseases and cancer. Thus, strategies to interfere with the necroptosis signaling pathway could be potentially developed for the treatment of necroptosis-related diseases.

Receptor-interacting kinase 3 has emerged as a key molecule of necroptosis that can be initiated by various signals including activation of death receptors, Toll-tike receptors, interferon receptors as well as pathogen infection3 (Linkermann and Green, 2014; He and Wang, 2018; Mifflin et al., 2020). Receptor-interacting kinase 3 contains an N-terminal serine/threonine kinase domain and a C-terminal RHIM domain. The kinase activity of RIPK3 is essential for its activation and phosphorylation of MLKL (Cho et al., 2009; He et al., 2009; Sun et al., 2012; Zhang et al., 2009; Zhao et al., 2012). Increasing evidence suggests that RIPK3 can be activated for necroptosis by other RHIM-containing proteins including ZBP1/DAI/DLM1 (Z-nucleic acid binding protein) (Upton et al., 2012; Samir et al., 2020)and TRIF/TICAM-1 (Toll/IL-1 receptor domain-containing adaptor inducing IFN-β) (He et al., 2011; Kaiser et al., 2013) in addition to RIPK1. Thus, necroptosis can proceed independent of RIPK1, leading to the assumption that RIPK3 may protect cell from a broader range of necroptotic pathologies. The combination of tractability and broad dedicated role in necroptosis makes RIPK3 an attractive target for modulating necroptosis and its related diseases.

Considering the essential role of RIPK3 kinase activity in necroptosis, the kinase domain of RIPK3 is an interesting target for intervention with small molecule inhibitors. A number of RIPK3 inhibitors have been reported including the FDA approved drugs dabrafenib, sorafenib, and ponatinib (Kaiser et al., 2013; Li et al., 2014; Mandal et al., 2014; Fauster et al., 2015; Park et al., 2018; Zhang et al., 2019; Hart et al., 2020). Inhibition of RIPK3 was discovered as an off-target effect of these drugs as opposed to the intended targets such as Braf, VEGRF, and Bcr-Abl (Fauster et al., 2015; Li et al., 2014). The classical work on GSK’840, GSK’843, GSK’872 established RIPK3 as a potential drug target with a caveat: inhibition of RIPK3 kinase activity induced apoptosis in a concentration-dependent manner (Kaiser et al., 2013; Mandal et al., 2014). The interaction of compound with RIPK3 imposed a conformation change which drove the recruitment of RIPK1 via the RHIM domain and activated caspase 8 for the initiation of apoptosis (Mandal et al., 2014). It is not clear what structural features of a compound may avoid the induction of apoptotic RIPK3 conformational change. Reflecting these challenges, there is no RIPK3 inhibitor currently under clinical investigation. We have a long standing interest in studying RIPK3 and its role in necroptosis. Our ultimate goal is to identify novel RIPK3 inhibitors with high efficacy and low toxicity. Here, we wish to report the discovery of Zharp-99 as a novel inhibitor of RIPK3 kinase activity. Zharp-99 exhibits potent cellular efficacy of inhibiting necroptosis induced by multiple necroptotic stimuli in human, mouse, and rat cells. Zharp-99 displays favorable in vitro safety profiles and in vivo pharmacokinetic parameters. Importantly, pre-treatment of Zharp-99 significantly ameliorates TNF-induced systemic inflammatory response syndrome (SIRS) in the mouse model. These findings highlight Zharp-99 as a potent RIPK3 inhibitor and suggest the potential of Zharp-99 as a starting point for the development of new approaches to treat necroptosis-associated disorders.



MATERIALS AND METHODS


Cell Culture

Human colon cancer HT-29 and mouse fibrosarcoma L929 cells were from ATCC. Mouse embryonic fibroblasts (MEF), HT-29 cells stably expressing RIPK3-shRNA and shRNA resistant scramble Flag-tagged RIPK3 (W46), and NIH3T3 cell line stably expressing RIPK3 fused to mutant FK506-binding protein (NIH3T3-RIPK3) were kindly provided by Dr. Xiaodong Wang [National Institute of Biological Sciences (NIBS), Beijing]. HeLa-MLKL (1-190) cell line was a gift from Dr. Zhigao Wang (University of Texas Southwestern Medical Center at Dallas). These cells were cultured in Dulbecco’s modified Eagle’s medium (Hyclone) supplemeted with 10% fetal bovine serum (Invitrogen) and 2 mM L-glutamine (Invitrogen) in a humidified incubator at 37°C and 5% CO2. NIH3T3-RIPK3 was cultured in complete medium containing 2 μg/ml G418 (Calbiochem). HeLa-MLKL (1–190) stable line were cultured in complete medium containing 10 μg/ml Blasticidin plus 1 μg/ml puromycin. Bone marrow-derived macrophages were isolated from the bone marrow of 6–8 week old mice and rats, and cultured for 7 days in the medium containing 30% L929-cell conditioned medium, 20% FBS, and 50% RPMI-1640. L929 cell conditioned medium containing colony stimulating factor was collected after growing L929 cells in DMEM plus 10% FBS for 7 to 10 days previously described (He et al., 2011).



Cell Viability Assay

Cells were seeded in 96-well plates and then treated as indicated. The cell viability was determined by assessment of ATP levels using the CellTiter-Glo Luminescent Cell Viability Assay kit following the manufacture’s instructions (Promega). Luminescence was calculated with SpectraMax i3x (Molecular Devices).



Reagents and Antibodies

Human TNF-α recombinant protein was generated as previously described (Wang et al., 2008). Mouse TNF-α recombinant protein was purchased from Genscript. The Smac mimetic compound and anti-human RIPK3 antibody were kindly provided by Dr. Xiaodong Wang (National Institute of Biological Sciences, Beijing). z-VAD was purchased from Bachem respectively. Lipopolysaccharide (LPS) was purchased from Sigma. Mouse recombinant RIPK1 and RIPK3 were purchased from SignalChem. The cellTiter-Glo Luminescent cell viability assay kit and ADP-Glo kinase assay kit were purchased from Promega. The following antibodies were used: RIPK1 (BD Biosciences, 610458), p-hRIPK1 (CST, 65746), p-hRIPK3 (Abcam, 209384), hMLKL (Abcam, 184718), p-hMLKL (Abcam, 187091), p-mRIPK1 (CST, 31122S), mRIPK3 (Prosci, 2283), p-mRIPK3 (CST, 91702), mMLKL (Abgent, 14272b), p-mMLKL (Abcam, 196436), β-actin (Sigma, A2066). Mouse IL-6 ELISA kit was from MultiSciences (Lianke).



Western Blot Analysis

The cell pellets were harvested and dissolved in lysis buffer (20 mM Tris–HCl, pH 7.4 150 mM NaCl, 1% Triton X-100, 1 mM Na3VO4, 10% glycerol, 25 mM β-glycerol-phosphate, 0.1 mM PMSF, with the Sigma phosphatase inhibitors and the Roche Pierce protease inhibitor set). The re-suspended cell pellet was then incubated on ice for 20 min, followed by centrifugation at 13000 × g for 20 min at 4°C. The supernatants were collected and protein concentrations were measured using the BCA Protein Assay Kit (Thermo Fisher Scientifc, United States). Finally, cell lysates were subjected for western-blot analysis of the indicated antibodies.



RNA Extraction and Real-Time PCR

Total RNA was extracted using TRIzol Reagent (Invitrogen) from cell pellets. cDNA was synthesized using a Revert Aid First Strand cDNA kit (Thermo Fisher Scientifc). Real-time PCR was performed using corresponding primers and Power SYBR® Green PCR Master Mix (Invitrogen). The data were normalized to GAPDH. The primer sequences are as follows: ICP6 Forward: GGCTGCAATCGGCCCTGAAGTA, Reverse: GGT GGTCGTAGAGGCGGTGGAA; TNFα Forward: CCCTCACAC TCAGATCATCTTCT, Reverse: GCTACGACGTGGGCTACAG; CCL3 Forward: TTCTCTGTACCATGACACTCTGC, Reverse: CGTGGAATCTTCCGGCTGTAG; CXCL1 Forward: GCACCC AAACCGAAGTCATAG, Reverse: AGAAGCCAGCGTTCAC CAGA; GAPDH Forward: CAAGAAGGTGGTGAAGCAGGC, Reverse: CATACCAGGAAATGAGCTTGAC.



In vitro Kinase Activity Assay

The recombinant human RIPK1 or RIPK3 protein was incubated with the control DMSO or the indicated compound for around 15 min in the assay buffer (25 mM HEPES PH7.2, 12.5 mM MnCl2, 5 mM EGTA, 20 mM MgCl2, 12.5 mM β-glycerol phosphate, 2 mM EDTA, and 2 mM DTT). ATP (50 μM) and the substrate MBP (20 μM) were then added to the reaction at room temperature for 2 h. The kinase activity was calculated by the measuring the luminescence after the addition of the ADP-Glo Kinase Assay kit according to the manufacture’s instructions (Promega).



Source of Animals

C57BL/6 male mice were purchased from Suzhou JOINN Clinical Co., Ltd. All male mice were bred under standard conditions and used at the age of 6–7 weeks with about 18–20 g body weight. All animal experiments were performed in accordance with protocols approved by the Institutional Animal Care and Use Committee at Suzhou Institute of Systems Medicine.



TNF-Induced Systemic Inflammatory Response Syndrome

Zharp-99 was diluted into sterile PBS containing 40% PEG400. C57BL/6 mice were pretreated with vehicle or Zharp-99 (5 mg/kg) via intraperitoneal injection for around 15 min, followed by the administration of mouse TNF-α (6.5 μg/mouse) via tail intravenous injection. The status of mice was monitored by measuring anal temperature. Mice mortality was continuously monitored till 60 h after TNF-α administration. Blood was collected 4 h post TNF-α challenge and serum was isolated for further examination.



Methods for Determination of CYP/hERG Inhibition and Pharmacokinetic Parameters

Cytochrome P450 (CYP) inhibitory potency was determined by industrial standard methods as reported previously (Dong et al., 2015). Methods to determine potassium channel hERG inhibition and in vivo pharmacokinetic parameters have been previously published (Lu et al., 2017).



Synthesis of Zharp-99

The synthetic scheme and detailed experimental procedure as well as spectroscopic characterizations of Zharp-99 can be found in the supporting information.



Statistical Analyses

Data of cell survival rate are represented as the mean ± standard deviation of duplicates or triplicates from one representative experiment (n ≥ 2 independent experiments). Significance was analyzed using t-tests of GraphPad Prism software. P-values were defined by ONE-way ANOVA and multi-comparison test for statistics analysis. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001.



RESULTS


Zharp-99 Efficiently Blocks TNF-Induced Necroptosis in Both Human and Mouse Cells

To discover novel inhibitors of necroptosis, we designed and synthesized a focused library with novel structures based on the GSK’872 scaffold. Human colon cancer HT-29 cells were treated with these compounds for 2 h prior to the treatment of necroptotic stimuli (TNFα, Smac mimetic and z-VAD), which are widely used to trigger TNF-induced necroptosis (He et al., 2009). Zharp-99 turned out to be the most efficient inhibitor of TNF-induced necroptosis in HT-29 cells with higher efficacy compared to the well-known RIPK3 inhibitor GSK’872 (Figures 1A–C). We further examined the effect of Zharp-99 on TNF-induced necroptosis in MEFs. Zharp-99 exhibited efficient inhibition of TNF-induced necroptosis in MEFs at concentrations ranging from 0.15 to 1.2 μM (Figures 1D,E). We also observed obvious toxicity of Zharp-99 at higher concentrations ranging from 2.5 to 20 μM (Figure 1D). Collectively, these results demonstrate that Zharp-99 is an effective inhibitor of TNF-induced necroptosis in human and mouse cells.
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FIGURE 1. Zharp-99 efficiently blocks TNF-induced necroptosis in both human and mouse cells. (A) Chemical structure of Zharp-99 and GSK’872. (B–E) The effects of Zharp-99 and GSK’872 on TNF-induced necroptosis were examined in HT-29 cells and MEF cells. (B,C) HT-29 cells were pretreated with indicated concentrations of Zharp-99 and GSK’872 for 2 h prior to the treatment with TNF-α (40 ng/ml), Smac mimetic (100 nM) and z-VAD (20 μM) for 48 h. Cell viability was assessed by measuring ATP levels. Data are represented as the mean ± standard deviation of triplicates. (D,E) MEF cells were pretreated with indicated concentrations of Zharp-99 and GSK’872 for 2 h followed by the treatment with TNF-α (40 ng/ml), Smac mimetic (100 nM), and z-VAD (20 μM) for 24 h. T, TNF-α; S, Smac mimetic; Z, z-VAD. Data are represented as the mean ± standard deviation of dipartites. *P < 0.05. **P < 0.01.




Zharp-99 Inhibits Necroptosis Induced by TLR and HSV-1 Infection

It is known that necroptosis can be initiated by activation of TLR3 or TLR4 as well as pathogen infection in addition to activation of death receptors (Linkermann and Green, 2014; He and Wang, 2018; Mifflin et al., 2020). We examined the impact of Zharp-99 on TLR4-mediated necroptosis induced by LPS/z-VAD. Zharp-99 potently blocked TLR4-mediated necroptosis in both mouse and rat bone marrow derived macrophages (Figures 2A–C). Infection of herpes simplex virus (HSV)-1 infection can trigger necroptosis in mouse cells (Huang et al., 2015; Wang et al., 2014c). We further evaluated the effect of Zharp-99 on HSV-1-induced necroptosis and found that Zharp-99 significantly inhibited HSV-1 induced necroptosis in L929 cells (Figure 2D). We examined the effect of Zharp-99 on viral genome extracted from cell culture supernatants 5h post HSV-1 infection and found that Zharp-99 did not affect the expression of viral gene ICP6 (Figures 2E,F). These results suggest that Zharp-99 has a common mechanism of blocking conserved necroptosis signaling pathways activated by various stimuli in different species.


[image: image]

FIGURE 2. Zharp-99 blocks necroptosis induced by TLR and HSV-1 infection. (A–C) Bone marrow-derived macrophages (BMDM) from mouse and rat was pretreated with DMSO, Zharp-99 or GSK’872 for 2 h prior to the treatment of DMSO, LPS (20 ng/ml) plus z-VAD (20 μM) or z-VAD (10 μM) for 24 h. Cell viability was determined by measuring ATP levels. L, LPS; Z, z-VAD. Data are represented as the mean ± standard deviation of dipartites. (D) L929 cells were pretreated with DMSO, Zharp-99 or GSK’872 for 2h prior to HSV-1 infection. After 24 h, cell viability was determined by measuring ATP levels. Data are represented as the mean ± standard deviation of triplicates. (E,F) L929 cells were pretreated with DMSO, Zharp-99 or GSK’872 for 2 h prior to HSV-1 infection. After 5 h, cell viability was determined by measuring ATP levels and ICP6 mRNA expression was detected using viral genome extracted from cell culture supernatant. *P < 0.05. **P < 0.01. ***P < 0.001.




Zharp-99 Blocks Cellular Activation of RIPK3 and MLKL Upon Necroptotic Stimuli

Having established that Zharp-99 is a novel inhibitor of necroptosis, we next investigate the molecular mechanism underlying Zharp-99-mediated necroptosis inhibition. It is well understood that RIPK1, RIPK3, and MLKL are activated during TNF-induced necroptosis, as indicated by their phosphorylation (Sun et al., 2012; Mifflin et al., 2020; Wang et al., 2014a). We examined the effect of Zharp-99 on the phosphorylation of RIPK1, RIPK3, and MLKL upon necroptotic stimuli. Treatment of Zharp-99 abolished phosphorylation of RIPK3 and MLKL in human HT-29 cells, but did not reduce RIPK1 phosphorylation at S166 (Figure 3A). Consistently, Zharp-99 blocked phosphorylation of RIPK3, and MLKL in mouse L929 cells, but not phosphorylation of RIPK1 (Figure 3B). We further examined the effect of Zharp-99 on the formation of RIPK1/RIPK3 complex in HT-29 cells stably expressing Flag-RIPK3. Zharp-99 did not affect the RIPK1/RIPK3 necrosome formation (Figure 3C). Collectively, these results demonstrate that Zharp-99 blocks necroptosis through the suppression of RIPK3 function or signaling upstream of RIPK3 activation.
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FIGURE 3. Zharp-99 blocks cellular activation of RIPK3 and MLKL upon necroptotic stimuli. (A) HT-29 cells were treated with the indicated compound for 2 h prior to the treatment of TNF-α (40 ng/ml), Smac mimetic (100 nM) and z-VAD (20 μM) for additional 8 h. Cell lysates were harvest and subjected to western-blot analysis for phosphorylation of RIPK1, RIPK3, and MLKL. (B) L929 cells were pretreated with DMSO, Zharp-99 or GSK’872 for 2 h prior to TNF-α (40 ng/ml) and z-VAD (20 μM) for additional 4 h. Cell lysates were harvest and subjected to western-blot analysis for phosphorylation of RIPK1, RIPK3, and MLKL. (C) HT-29 cells stably expressing RIPK3-shRNA and shRNA resistant scramble Flag-tagged RIPK3 (W46) were pretreated Zharp-99 or GSK’872 for 2 h prior to treatment of TNF-α (40 ng/ml), Smac (100 nM) and z-VAD (20 μM) for 8 h. Cell lysates were prepared for immunoprecipitation using an anti-Flag antibody. The levels of RIPK3 and RIPK1 in the immunocomplex were determined by western blot analysis.




Zharp-99 Is an Inhibitor of RIPK3 Kinase Domain

Having shown that Zharp-99 can block activation of RIPK3 and MLKL during TNF-induced necroptosis, we further asked whether Zharp-99 could directly target RIPK3 by performing in vitro kinase assay. Zharp-99 inhibited the kinase activity of human RIPK3 in vitro with higher inhibitory activity compared to GSK’872 (Figure 4A). In contrast, Zharp-99 did not affect RIPK1 kinase activity even at 10 μM, displaying a similar effect as GSK’872 (Figure 4B). Moreover, Zharp-99 exhibited efficient binding to human recombinant RIPK3 with Kd of 1.35 nM (Figure 4C). These results indicate that Zharp-99 is an inhibitor of RIPK3 by targeting the kinase activity.
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FIGURE 4. Zharp-99 is a potent inhibitor of RIPK3. (A,B) The effect of Zharp-99 on the kinase activities of RIPK3 and RIPK1. In vitro kinase activity assays using recombinant RIPK3 and RIPK1 were performed as described in the section “Materials and Methods.” Data represent mean value ± standard deviation. (C) Binding constants (Kds) of Zharp-99 with recombinant human RIPK3 in collaboration with Discover X Corporation. (D) Zharp-99 inhibits RIPK3 dimerization-induced cell death in NIH3T3-RIPK3 cells that stably express RIPK3 fused to FKBP F36V mutant. NIH3T3-RIPK3 cells were pretreated with indicated compounds for 2 h and subsequently treated with AP20187 (60 nM) for 24 h. Cell viability was determined by measuring ATP levels. (E) Zharp-99 has no effect on MLKL dimerization-induced cell death in HeLa-MLKL (1–190) cells that stably express MLKL (1–190aa) fused to DmrB. HeLa-MLKL (1–190) cells were induced by doxycycline (1 μg/ml) for 24 h. Cells were pretreated with indicated compounds for 2 h and subsequently treated with AP20187 (60nM) for 24h. Cell viability was determined by measuring ATP levels. Data are represented as the mean ± standard deviation of triplicates. *P < 0.05. **P < 0.01. ***P < 0.001. (F) MEFs were treated as indicated for 3 h. Cell lysates were harvest and subjected to western-blot analysis for full length and cleaved caspase 3.


Previous studies have shown that enforced dimerization/polymerization of RIPK3 or MLKL triggers necroptosis bypassing the upstream signals (Chen et al., 2014; Orozco et al., 2014). We further evaluated the effect of Zharp-99 on necroptosis induced by RIPK3 dimerization or MLKL polymerization. Consistent with previous observation, NIH3T3 cells expressing mouse RIPK3 fused to mutant FK506-binding protein (FKBP) were committed to necroptosis upon the treatment of the dimerizer AP20187 (Figure 4D). This RIPK3 dimerization-induced necroptosis was efficiently blocked by Zharp-99 (Figure 4D). It has been reported that HeLa cells expressing MLKL (1–190aa) fused to DmrB could undergo MLKL polymerization-induced necroptosis upon AP20187 treatment (Liu et al., 2017; Figure 4E). Treatment of Zharp-99 did not affect this polymerized MLKL-induced necroptosis, while the cell death phenotype was blocked by MLKL inhibitor necrosulfonamide (NSA), suggesting that Zharp-99 does not affect MLKL function or signaling downstream of MLKL. Taken together, these results demonstrate that Zharp-99 inhibits necroptosis via the blockage of RIPK3 kinase activity. It has been demonstrated that GSK’872 is able to induce on-target apoptosis (Mandal et al., 2014). Consistently, Zharp-99 induced activation of caspase-3 and cell death in a dose-dependent manner especially in mouse cells (Figures 1D,4F). Compared to GSK’872, Zharp-99 was more potent in inducing apoptosis in MEFs (Figures 1D,E, 4F).



Zharp-99 Effectively Alleviates TNF-Induced SIRS

Based on the strong biochemical and cellular anti-necroptosis activity of Zharp-99, we sought to test the therapeutic potential of Zharp-99 in the mouse model of necroptosis-associated diseases. Necroptosis is associated with various pathological conditions such as TNF-induced SIRS (Berger et al., 2014; Duprez et al., 2011). We evaluated the protective effect of Zharp-99 in TNF-induced SIRS in vivo. Female C57BL/6 mice were treated with vehicle or Zharp-99 for 15 min, followed by the intravenous injection of mouse TNFα at 6.5 μg/mouse. Treatment with 5 mg/kg Zharp-99 significantly protected mice against TNFα-induced lethal shock (Figure 5A). Zharp-99 treatment also ameliorated TNFα-induced temperature loss in mice (Figure 5B). Moreover, Zharp-99 reduced TNFα-induced production of IL-6 in the serum (Figure 5C). Collectively, these results demonstrate that RIPK3 inhibition by Zharp-99 provides effective protection against TNF-induced SIRS. The kinase activity of RIPK3 was shown to be required for RIPK3-mediated expression of inflammatory cytokines in mouse BMDM treated with LPS plus z-VAD (Najjar et al., 2016). We found that Zharp-99 could inhibit LPS/z-VAD-induced expression of inflammatory cytokines including TNFα, CCL3, and CXCL1 in mouse BMDM (Figure 5D). Taken together, these results suggest that Zharp-99 inhibits RIPK3-mediated cytokine production both in vitro and in vivo.
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FIGURE 5. Zharp-99 effectively alleviates TNF-induced systemic inflammatory response syndrome. C57BL/6 mice were injected with vehicle or Zharp-99 (5 mg/kg) via intraperitoneal injection for around 15 min, followed by the tail intravenous injection of mouse TNF-α (6.5 μg/mouse). (A,B) The survival rate (A) and body temperature loss (B) were monitored. The body temperature changes (means ± SEM) for each group are shown. P-values were determined using the ONE-way ANOVA and multi-comparison test for statistics analysis. (C) After 4 h, serum was collected for mouse IL6 level analysis by ELISA. Data are represented as the mean ± standard deviation. (D) Mouse BMDM were pretreated with DMSO, Zharp-99 or GSK’872 for 2 h prior to the treatment of DMSO or LPS (20 ng/ml) plus z-VAD (20 μM) as indicated. After 7 h, cell were harvested for analysis of mRNA expression of TNFα, CCL3, CXCL1 or IL-6 by Q-PCR. *P < 0.05. **P < 0.01. ***P < 0.001.




Zharp-99 Displays Favorable in vitro Safety Profiles and in vivo Pharmacokinetic Parameters

Encouraged by the in vitro and in vivo efficacy data, we sought to evaluate the preliminary drugability profile of Zharp-99. Zharp-99 did not inhibit major human cytochrome P450 isozymes (CYP3A4, 2D6, 1A2, 2C9, 2C19) at 10 μM concentration, suggesting low liability for potential drug/drug interactions. Moreover, Zharp-99 exhibited low inhibition (IC50 > 10 μM) of hERG (standard patch clamp), indicating minimal cardiotoxicity associated with blockade of this key potassium channel (Figure 6A). When evaluated for its in vitro metabolic stability in mouse, rat and human liver microsomes, Zharp-99 demonstrated moderate intrinsic clearance across rodent and human species, leading to half-lives ranging from 26 min (MLM) to 37 min (RLM, Figure 6B). This data was recapitulated in the standard in vivo mouse pharmacokinetic study. When dosed orally at 10 mg/kg in mice, Zharp-99 was quickly absorbed with a Tmax of 1 h and Cmax of 2650 ng/mL. Zharp-99 exhibited a moderate clearance (33 mL/min/kg) and volume of distribution (4.4 L/kg) with a short half-life (1.5 h). The exposure was 8220 h ng/mL, leading to an estimated oral bioavailability over 100% (Figure 6C).
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FIGURE 6. Zharp-99 displays favorable in vitro safety profiles and in vivo pharmacokinetic parameters. (A) CYP and hERG inhibition of Zharp-99. (B) Metabolic stability of Zharp-99 in human, rat, and mouse liver microsomes. (C) Pharmacokinetic parameters of Zharp-99 determined in male ICR mouse.




DISCUSSION

Necroptosis plays a pivotal role in the pathogenesis of diseases including inflammatory diseases, neurodegenerative diseases, ischemia-reperfusion induced tissue injury and cancer (Linkermann and Green, 2014; He and Wang, 2018; Mifflin et al., 2020). Although RIPK1 is considered as a promising therapeutic targets, emerging evidence suggests that RIPK1-independent necroptosis proceeds when RIPK3 is activated by other RHIM-containing proteins (Mifflin et al., 2020). In the present study, we discovered Zharp-99 as a novel necroptosis inhibitor that directly blocks the kinase activity of RIPK3 and efficiently inhibits necroptosis in vitro and in vivo.

The kinase activity of RIPK3 is essential for necroptosis (Cho et al., 2009; He et al., 2009; Zhang et al., 2009). Therefore, inhibition of RIPK3 kinase activity is an attractive strategy for interfering with necroptosis and necroptosis-related injury. Our study has demonstrated that Zharp-99 is a potent inhibitor of RIPK3 kinase activity with Kd of 1.35nM. Zharp-99 exhibits higher efficacy in the inhibition of necroptosis and RIPK3 kinase activity compared to GSK872, a well characterized RIPK3 inhibitor (Kaiser et al., 2013; Mandal et al., 2014). It has been noted that mice expressing catalytically inactive RIPK3 D161N leads to caspase8-dependent embryonic lethality (Newton et al., 2014). This phenomenon raises concerns regarding the possible toxic effect in the whole animal when RIPK3 kinase activity is impaired. Unlike RIPK3 D161N knock-in mice, RIPK3 kinase inactive mice which carry a RIPK3 K51A knock-in mutation develop normally and are fertile (Mandal et al., 2014), providing the evidence that inhibition of RIPK3 kinase activity can be tolerated in mice depending on the context. Moreover, the kinase-inactive mutant forms of RIPK3 K51A, D143N, and D161G do not induce apoptosis (Mandal et al., 2014). These findings suggest that the kinase activity of RIP3 kinase is not vital for cell survival. It has been reported that several RIPK3 kinase inhibitors trigger apoptosis by exposing its RHIM domain, therefore facilitating RIPK1 recruitment and activation of caspase-8 for apoptosis (Mandal et al., 2014). Although Zharp-99 does not cause obvious cell death at the tested concentrations when it completely blocks necroptosis, it induces apoptosis at higher concentrations.

Importantly, Zharp-99 provides strong protection against TNF-induced lethal shock and inflammatory responses in the mouse model. This result supports an essential role of RIPK3 kinase activity in the pathogenesis of TNF-induced systemic inflammatory injury. Our work highlights the potential of Zharp-99 for the development of novel anti-inflammatory therapies based on RIPK3 inhibition. It is worth noting that RIPK3 has been shown to regulate inflammatory signaling pathways via a necroptosis-independent mechanism (Wang et al., 2014b; Lawlor et al., 2015; Yatim et al., 2015; Moriwaki and Chan, 2016; Najjar et al., 2016; Daniels et al., 2017). Therefore, further investigation in various mouse models of human disease using RIPK3 kinase-dead mice and RIPK3 inhibitors will provide crucial insights for developing valuable therapies targeting RIPK3.
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Caspase-2 belongs to the caspase family of proteins responsible for essential cellular functions including apoptosis and inflammation. Uniquely, caspase-2 has been identified as a tumor suppressor, but how it regulates this function is still unknown. For many years, caspase-2 has been considered an “orphan” caspase because, although it is able to induce apoptosis, there is an abundance of conflicting evidence that questions its necessity for apoptosis. Recent evidence supports that caspase-2 has non-apoptotic functions in the cell cycle and protection from genomic instability. It is unclear how caspase-2 regulates these opposing functions, which has made the mechanism of tumor suppression by caspase-2 difficult to determine. As a protease, caspase-2 likely exerts its functions by proteolytic cleavage of cellular substrates. This review highlights the known substrates of caspase-2 with a special focus on their functional relevance to caspase-2’s role as a tumor suppressor.
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INTRODUCTION

Members of the caspase family of proteases are essential for the initiation and execution of apoptosis. When caspases are activated, they cleave a wide variety of substrates that bring about the death of the cell and are responsible for the morphological hallmarks of apoptosis, including membrane blebbing and nuclear condensation. Certain caspase targets have more specific functions that can even regulate non-apoptotic functions of caspases. The classical example of this is the cleavage of pro-IL-1β by caspase-1 to initiate the inflammatory response (Bolivar et al., 2019). Caspase-2 is considered a pro-apoptotic caspase that has a unique role as a tumor suppressor in multiple tissue types. Emerging evidence demonstrates that caspase-2 not only has an apoptotic role, but that it can also contribute to the regulation of other cellular events including cell division. However, there are only a few fully verified caspase-2 substrates that are known and, therefore, how caspase-2 can regulate both apoptosis and non-apoptotic processes to suppress tumors has been difficult to unravel. In this review, we highlight the substrates of caspase-2 and explore possible mechanisms of substrate selection that may regulate the tumor suppressive function of caspase-2.



THE MECHANISM OF CASPASE-2 ACTIVATION

Caspase-2 is classified as an initiator caspase, which respond to apoptotic stimuli by initiating the apoptotic cascade. Like other caspases, caspase-2 is comprised of an N-terminal prodomain and a large and small catalytic subunit. A defining characteristic of initiator caspases, the long prodomain of caspase-2 contains a protein interaction motif, specifically a caspase activation recruitment domain (CARD) (Hofmann et al., 1997). This prodomain is essential for initiating caspase-2 activation because it facilitates dimerization of caspase monomers, which is the apical step in initiator caspase activation (Baliga et al., 2004). Dimerization of initiator caspases occurs through induced proximity upon recruitment to high molecular weight complexes called activation platforms. This occurs through protein-protein interactions mediated by conserved domains. For example, caspase-8 is recruited to and is dimerized at the DISC (death inducing signaling complex) by interaction between death effector domains (DEDs) present in caspase-8 and its adaptor protein FADD (Fas-associated protein with death domain). In the APAF-1 (Apoptotic protease activating factor 1) apoptosome, caspase-9 is activated by dimerization mediated by interactions between the CARDs present in APAF-1 and caspase-9 (Boatright and Salvesen, 2003). Caspase-2 is activated in a similar fashion. The activation platform for caspase-2 appears to be the PIDDosome, a molecular complex containing the proteins PIDD1 (p53-inducible protein with a death domain 1) and RAIDD (receptor-interacting protein-associated ICH-1/CED-3 homologous protein with a death domain) (Tinel and Tschopp, 2004; Figure 1). PIDD1 is a p53 response gene that serves as a scaffold for PIDDosome assembly. Upon expression, PIDD1 is constitutively processed by an autocatalytic mechanism into three fragments: PIDD-N, PIDD-C, and PIDD-CC (Tinel et al., 2007). Cleavage of full length PIDD1 to PIDD-N and PIDD-C occurs first, followed by a second cleavage of PIDD-C to yield PIDD-CC. It is the death domain (DD) containing PIDD-CC fragment that is responsible for assembly of the PIDDosome and activation of caspase-2. RAIDD serves as the adaptor molecule to mediate the PIDDosome’s assembly. RAIDD contains both a CARD domain and a DD (death domain) and binds caspase-2 via a CARD-CARD interaction (Duan and Dixit, 1997). Similarly, the DD of RAIDD binds a DD in PIDD1 (Tinel and Tschopp, 2004). A cleavage defective mutant of PIDD1 that could not be processed to PIDD-CC failed to bind RAIDD and did not induce apoptosis after treatment with doxorubicin, demonstrating the necessity of PIDD-CC for PIDDosome assembly and caspase-2-mediated death (Tinel et al., 2007). Assembly of this complex facilitates proximity-induced dimerization, and thus, activation of caspase-2 (Bouchier-Hayes et al., 2009). The crystal structure of the PIDD1 DD/RAIDD DD interaction reveals an asymmetric, oligomeric complex containing five PIDD1 death domains bound to 7 RAIDD death domains (Park et al., 2007). This structure would potentially allow up to seven caspase-2 monomers to be recruited via an interaction with RAIDD. This asymmetry is odd, because only six monomers could dimerize at one time, resulting in three active caspase-2 dimers. The significance of this asymmetry is unknown, but evidence from the asymmetric CARD interactions between initiator caspase-9 and the apoptosome suggests that asymmetric assembly may allow for enhanced stabilization of the complex (Dorstyn et al., 2018).


[image: image]

FIGURE 1. The caspase-2 PIDDosome. The PIDDosome is the best characterized caspase-2 activation platform. PIDD-CC and RAIDD form the scaffold for complex formation via an interaction between their corresponding death domains (DD, blue squares). The CARD of caspase-2 binds the CARD of RAIDD (orange squares), promoting proximity-induced dimerization of caspase-2 monomers. This allows caspase-2 to become fully catalytically active.


The primary evidence that caspase-2 belongs to the initiator caspase subgroup is that, similar to caspase-8 and caspase-9, caspase-2 is activated by dimerization and not cleavage (Baliga et al., 2004). In vitro studies using recombinant caspase-2 showed that monomeric caspase-2 had no catalytic activity, while a dimeric version of caspase-2 was fully active. When the cleavage site of caspase-2 was mutated to prevent cleavage, the dimeric full length protein retained up to 20% of its catalytic efficiency. This demonstrates that dimerization must occur for activation of caspase-2 (Baliga et al., 2004). After dimerization, cleavage of caspase-2 occurs auto-catalytically. This functions to stabilize the active dimer, resulting in enhanced catalytic efficiency. This is similar to the activation mechanisms for caspase-8 and caspase-9 (Boatright et al., 2003), and distinct to that of the executioner caspases, caspase-3 and caspase-7, which are activated by cleavage (Boatright and Salvesen, 2003). While caspase-2 can be cleaved by caspase-3 (Harvey et al., 1996), unlike executioner caspases, it is not dependent on additional caspases for its proteolytic processing. For example, caspase-2 cleavage induced by PIDD1 overexpression is not impaired in MCF-7 cells lacking caspase-3 (Tinel and Tschopp, 2004). In contrast, in thymocytes deficient in APAF-1 or caspase-9, caspase-2 processing was defective in response to intrinsic apoptosis stimuli like actinomycin D, but loss of caspase-2 did not impair apoptosis (O’Reilly et al., 2002). Together, these studies provide evidence that caspase-2 processing downstream of caspase-3, in the absence of dimerization, is dispensable for cell death in response to stimuli that directly engage the mitochondrial pathway, while caspase-2 cleavage that results from auto-processing following dimerization is more representative of caspase-2 activation.

Despite structural evidence that classifies caspase-2 as an initiator caspase, it possesses unique qualities that set it apart from the other initiator caspases and clouded its initial categorization. The canonical function of initiator caspases is to activate downstream executioner caspases by proteolytic cleavage (Boatright and Salvesen, 2003). Caspase-2 has no detectable enzymatic activity toward other caspases; instead, it cleaves other cellular substrates to promote its functions and indirect activation of downstream caspases (Guo et al., 2002). Early studies of peptide libraries showed that the cleavage specificity of caspase-2 is more similar to executioner caspases than other initiator caspases (Talanian et al., 1997; Thornberry et al., 1997). The most efficiently cleaved caspase-2 substrate peptide, VDVAD, is also efficiently cleaved by executioner caspases (Talanian et al., 1997; Thornberry et al., 1997). A more recent degradomics approach revealed that caspase-2, caspase-3, and caspase-7 were nearly identical in their substrate cleavage motif preference, DEVD, demonstrating the overlap between caspase-2 and executioner caspase substrate specificity (Wejda et al., 2012). This overlap has made it challenging to not only categorize caspase-2, but also to identify its unique physiological substrate pool responsible for executing its functions. Without a full understanding of caspase-2’s targets and their impact on cell death, it has been difficult to correctly place caspase-2 in the apoptotic cascade and to fully understand its physiological functions.



CASPASE-2 IS A TUMOR SUPPRESSOR

Somewhat unique among the caspase family is caspase-2’s proposed function as a tumor suppressor (Boice and Bouchier-Hayes, 2020). Caspase-2 has been identified as a tumor suppressor in multiple murine models of oncogene-driven cancers. While caspase-2 deficiency alone is not competent to induce tumor formation, its role as a tumor suppressor has been recapitulated by independent groups and in various cancer models. The first demonstration of the tumor suppressor ability of caspase-2 was in an Eμ-Myc model of lymphoma (Ho et al., 2009). Eμ-Myc transgenic mice develop spontaneous B cell lymphomas due to MYC expression from the strong immunoglobulin μ enhancer (Adams et al., 1985). Both partial and complete loss of caspase-2 in combination with the Eμ-Myc transgene accelerated the rate of growth of these tumors (Ho et al., 2009; Manzl et al., 2012). These findings were recapitulated in a second lymphoma model using Atm-deficient mice (Puccini et al., 2013). Dual caspase-2/ATM deficiency increased the incidence of tumor formation from 31% in control Atm-deficient mice to nearly 64% in Casp2/Atm double knockout mice. Further, the average age of tumor onset was decreased in Casp2/Atm double knockout mice compared to Atm knockout alone. This suggests that loss of caspase-2 not only increased overall tumor incidence but also increased the rate of tumorigenesis. This increased tumorigenesis also resulted in significantly poorer survival of Casp2/Atm knockout mice in comparison to loss of Atm alone. Caspase-2 also acts as a tumor suppressor in non-hematologic malignancies. Using a model of MMTV/c-neu mammary tumor formation, we demonstrated that caspase-2 can also act as a tumor suppressor in the context of an epithelial cancer (Parsons et al., 2013). Deletion of caspase-2 increased tumor incidence and significantly decreased cancer free survival in multiparous female mice. Similarly, loss of caspase-2 has been linked to increased tumor burden in the Kras-driven lung cancer model (Terry et al., 2015). In this model, Kras lung tumors deficient in caspase-2 were both more numerous and had a higher average volume than tumors induced by Kras alone. This difference in tumor burden has also been observed in a chemically induced model of liver cancer, where caspase-2 deficiency promoted both higher incidence and a significantly increased number of cancerous nodes in the liver after injection with the DNA-alkylating and reactive oxygen species carcinogen Diethylnitrosamine (DEN) (Shalini et al., 2016). However, a more recent article showed results in direct opposition to this where DEN-induced liver tumors were more abundant in wild type mice than in mice deficient in either caspase-2, PIDD1, or RAIDD (Sladky et al., 2020b). The reason for this difference is unclear, as the only notable difference in these models is the use of slightly different mouse strains. Shalini et al. used all male mice on a C57BL/6J background, which has a mutation in the NNT gene associated with glucose-mediated insulin secretion, whereas Sladky et al. used all male C57BL/6N mice, which are wild type for this gene (Freeman et al., 2006). However, the significance of this small difference is uncertain. This is not the only model where caspase-2 has been implicated in tumor progression rather than suppression. In a model of ThMycn-induced neuroblastoma, Th-Mycn/Casp2 null mice had delayed onset of tumor formation, suggesting that caspase-2 potentiated tumor growth in this model (Dorstyn et al., 2014). Finally, loss of caspase-2 had no effect on tumor incidence or growth in irradiation-induced lymphoma or 3-methylcholanthrene-induced fibrosarcoma murine models (Peintner et al., 2015). These distinct effects of caspase-2 on different tumor types strongly suggests that caspase-2 functions in different capacities depending on the cellular context.

The mechanism of tumor suppression by caspase-2 has been difficult to determine. As an established mediator of apoptosis, it may be expected that the caspase-2-deficient tumors described above are more resistant to apoptosis and that this defect in cell death underlies their accelerated tumorigenesis. However, this has been difficult to determine. Caspase-2 was initially identified as a conserved pro-apoptotic cysteine protease. Upon its discovery, it was shown that overexpression of caspase-2 resulted in apoptotic cell death in fibroblasts and neuroblastoma cells (Kumar et al., 1994). It has been implicated in apoptosis induced by a variety of damaging stimuli including heat shock, DNA damage, aneuploidy, and microtubule disruption (Robertson et al., 2002; Tu et al., 2006; Ho et al., 2008; Dawar et al., 2017). However, the importance of caspase-2 for cell death is complicated by observations that loss of caspase-2 is not universally protective from cell death induced by these stimuli in all cell types (reviewed in Bouchier-Hayes and Green, 2012). Indeed, much of the controversy in the caspase-2 field has largely resulted from inconsistencies in the apparent necessity for caspase-2 during apoptosis.

For example, caspase-2-deficient splenocytes are resistant to heat shock-induced death, while Jurkat cells are not (Tu et al., 2006; Shelton et al., 2010). In another example, E1A/Ras transformed caspase-2-deficient mouse embryonic fibroblasts (MEF) were found to be resistant to apoptosis induced by irradiation, while their primary counterparts were not (Ho et al., 2009). Further clouding the contribution of caspase-2 to apoptosis, is the comparatively normal phenotype of caspase-2-deficient mice. While knockout of the other initiator caspases results in lethality (Zheng et al., 1999), caspase-2 knockout mice are viable, fertile, and are born at expected Mendelian ratios (Bergeron et al., 1998). These animals have few apoptotic defects, but females do have excess oocytes. With the exception of oocytes, most primary cells from these animals are not particularly resistant to apoptosis. Intriguingly, and in direct contrast with a pro-apoptotic role for caspase-2, facial motor neurons die at an accelerated rate in caspase-2-deficient mice. A second, independently generated, caspase-2-deficient knockout line showed similar phenotypes where primary thymocytes and dorsal root ganglion neurons did not display defects in apoptosis in the absence of caspase-2 (O’Reilly et al., 2002).

Consistent with the unclear apoptotic function for caspase-2, few apoptotic defects are reported in caspase-2-deficient tumor models. In Atm-deficient lymphomas, loss of caspase-2 had no effect on cell death, both in terms of background death, and death induced by irradiation as measured by TUNEL staining and gating of sub-G1 DNA content cells, respectively (Puccini et al., 2013). In contrast, sub-cultured primary lymphoma cells from Eμ-Myc lymphomas lacking caspase-2 showed a decreased sensitivity to apoptosis induced by cytoskeletal disruption and irradiation as measured by Annexin V binding (Ho et al., 2009). Whether these results contradict due to the mechanism of action of their respective driver genes (Eμ-Myc vs. Atm deficiency) or due to differences in the measurement of cell death (TUNEL staining vs. Annexin V binding) is unclear. It is possible that measurement of a more upstream marker of apoptosis would reveal a more profound apoptotic defect in caspase-2-deficient tumors. Terry et al. (2015) used cleaved caspase-3 as a marker of apoptotic cells in their model of Kras-driven lung cancer. Surprisingly, they found that caspase-2-deficient Kras-driven lung tumors had a significant increase in apoptotic cells after cisplatin treatment that was not observed in caspase-2 wild-type tumors. This result suggests that caspase-2-deficient tumor cells may be more susceptible to apoptosis and is at odds with the role of caspase-2 as a pro-apoptotic protease. However, this result could be due to other phenomena associated with the loss of caspase-2 as discussed below. In the Th-Mycn neuroblastoma model, no difference in cell death was observed, although no treatment was administered (Dorstyn et al., 2014). This could potentially be explained by findings that the neuronal activity of caspase-2 requires RAIDD and not PIDD1 (Ribe et al., 2012). Although this was determined in the context of treatment with damaging stimuli, and proposed that RAIDD was required for caspase-2 mediated death of neurons, it provides a potential mechanism for the disparate effects of caspase-2 in different cell types. The difficulty in uncovering the impact of caspase-2 on apoptosis in a tumor setting is reminiscent of the lack of apoptotic phenotypes in caspase-2-deficient mice (Bergeron et al., 1998). In all tumor models discussed above, tumors were generated on a caspase-2-deficient background. The ability of caspase-2 to suppress tumors by assessing tumorigenesis resulting from acute loss of caspase-2, rather than in fully caspase-2-deficient animals has not yet been assessed. Such an acute model of caspase-2 loss could allow for tissue specific effects of caspase-2 to be revealed. Ultimately, the true contribution of apoptosis to the mechanism of tumor suppression by caspase-2 is still largely unknown. These disparate findings of caspase-2’s varying capacities in inducing apoptosis suggest that, while caspase-2 can induce apoptosis, it may perform other non-apoptotic functions that contribute to tumor suppression.

In the paper by Ho et al. (2009) that first identified caspase-2 as a tumor suppressor, the authors also noted that caspase-2-deficient MEF proliferated significantly faster than their wild-type counterparts, suggesting a defect in cell cycle control in the absence of caspase-2. Investigation of this phenotype revealed that a significantly higher proportion of caspase-2 deficient cells continued to proliferate after irradiation compared to wild-type cells. This suggests that caspase-2 deficient cells failed to arrest after DNA damage. It is generally thought that highly proliferative tumors are subject to replication stress, which can culminate in various forms of DNA damage (Negrini et al., 2010). Whether loss of caspase-2 causes a failure to arrest due to replication stress in tumors is still unknown, but this could be a potential explanation for faster proliferation. This accelerated growth mirrors the more rapid tumorigenesis and increased tumor burden seen in many of the tumor models discussed here. MMTV/c-neu mammary tumors that lacked caspase-2 had a higher mitotic index than caspase-2 wild-type tumors (Parsons et al., 2013). In Atm-deficient lymphomas, loss of caspase-2 conferred a proliferative advantage without impacting apoptosis (Puccini et al., 2013). This enhanced proliferation was also observed in Kras-driven lung tumors deficient in caspase-2 (Terry et al., 2015). However, in non-transformed primary MEF the effect of caspase-2 loss on proliferation was not as dramatic (Manzl et al., 2009). Therefore, similar to the apoptotic phenotypes associated with caspase-2, an oncogenic trigger may be required for this function of caspase-2. Similarly, in the neuroblastoma model, where caspase-2 appeared to act more like an oncogene, defects in proliferation were not observed (Dorstyn et al., 2014). The increased proliferation seen in the absence of caspase-2 in some but not all tumor models suggests that this effect could be tissue or cell type dependent. Identifying the mechanism of this increased proliferation could reveal the mechanism of tumor suppression by caspase-2.

A prevalent phenotype in caspase-2-deficient tumor models results from features associated with increased genomic instability. Genomic instability is a hallmark of cancer (Hanahan and Weinberg, 2000), and is thought to promote tumor heterogeneity and overall tumor survival (Burrell et al., 2013), so this could also be a potential mechanism to explain the tumor suppressor function of caspase-2. MMTV/c-neu mammary tumors from caspase-2-deficient animals had a higher proportion of cells with karyomegaly, aneuploidy, and chromosomal aberrations in the form of bizarre mitoses (Parsons et al., 2013). Atm-deficient lymphomas display a low level of chromosomal instability, but this was significantly exacerbated in the absence of caspase-2 (Puccini et al., 2013). Incidence of both low and high grade aneuploidy was increased in dual Casp2/Atm-deficient lymphomas, suggesting that caspase-2 protects against aneuploidy. In support of this function, it was shown that when caspase-2 expression is suppressed in a model of colorectal cancer, aneuploidy increased (Lopez-Garcia et al., 2017). It is possible that prevention of genomic instability is tied to caspase-2’s apoptotic role. In primary splenocytes, it was shown that caspase-2 is required for cell death induced by aneuploidy (Dawar et al., 2017). Aneuploidy was induced by inhibition of PLK1, which is important for centrosome maturation and mitotic spindle formation. Casp2 knockout cells were more resistant to treatment with a PLK1 inhibitor and became multinucleated. Increased resistance to death and a higher incidence of multinucleation was also observed when caspase-2-deficient cells were treated with the microtubule disruptor Taxol, which also impacts mitotic spindle formation. Primary MEF cells lacking caspase-2 had previously been shown to be more resistant to Taxol, suggesting that caspase-2 is required for death induced by cytoskeletal disruption (Ho et al., 2008). While more recent studies have shown no requirement for caspase-2 in cytoskeletal disruption-induced cell death (Manzl et al., 2009), cytoskeletal disruptors like Taxol and Vincristine are inducers of caspase-2 activation (Bouchier-Hayes et al., 2009; Ando et al., 2017). Thus, aneuploidy resulting from cytoskeletal disruption may be a trigger for caspase-2-mediated apoptosis or may lead to an alternative caspase-2-mediated functional outcome. Therefore, caspase-2 may prevent aneuploidy and genomic instability due to its role in the cell cycle and the increased genomic instability observed in caspase-2-deficient tumors is a result of defective cell cycle regulation as a result of cytokinesis failure.

So, how can an ostensibly pro-apoptotic protein regulate both apoptosis and cell division and how does it have such disparate effects on different tumor models? In the remaining part of this review, we propose that this is achieved through differential targeting of caspase-2 substrates. In short, caspase-2 gains access to different subsets of proteolytic targets in a context-dependent manner, and this access is determined by how caspase-2 is regulated.



CASPASE-2 SUBSTRATES

There has been a distinct lack of investigation into the substrates of caspase-2, which has hampered our understanding of how this caspase functions. For example, the MEROPS database of proteases and substrates has cataloged 244 caspase-2 substrates (Rawlings et al., 2018). Caspase-3 has nearly twice the number of recorded substrates in the MEROPS database. However, the more telling comparison lies elsewhere. The over 400 caspase-3 substrates listed in the MEROPS database have been compiled from 222 individual studies. In comparison, the 244 caspase-2 substrates come from a mere 13 studies. Of these, 95% come from a single study, performed by Julien et al. (2016). While this landmark study identified the majority of known caspase-2 substrates, it highlights the lack of attention caspase-2 substrates have received in the field.

To date, the largest-scale characterization of caspase-2 substrates was performed using N-terminal degradomics (Julien et al., 2016). Not only were many unique caspase-2 substrates identified, but by performing quantitative enzymology on the top hits from the degradomics screen, the potential physiological relevance of these substrates was addressed. BID, MDM2, and Golgin-160, the three known substrates for caspase-2, were not identified in this screen, highlighting the limitations of this type of in vitro approach for identifying caspase substrates. In addition, the relevance and veracity of the majority of the substrates that were identified have not yet been validated in physiological settings. Due to these problems, there are only a few verified substrates for caspase-2 that have been identified and characterized in vivo. Because of this, it is not our intention to provide an extensive list of every substrate that has been published as a putative caspase-2 substrate. Rather, we provide a discussion of the more well-studied caspase-2 substrates, with attention paid to how these substrates may be executing the functions of caspase-2 that could contribute to tumor suppression (Table 1). We contend that there exists a number of additional, as yet unidentified, caspase-2 substrates, the access to which provides critical decision points for the execution of caspase-2 function.


TABLE 1. Caspase-2 substrates.
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BID—The Primary Mediator of Caspase-2 Induced Apoptosis

Early demonstrations of caspase-2 as an apoptotic protease also yielded the first clue that caspase-2 functions in the intrinsic apoptotic pathway. Apoptosis induced by overexpression of caspase-2 was blocked by expression of BCL-2, which prevents mitochondrial outer membrane permeabilization (MOMP) (Kumar et al., 1995). The primary way caspase-2 initiates apoptosis through the mitochondrial pathway is by proteolytic cleavage of the BH3-only domain protein BID (Guo et al., 2002; Bonzon et al., 2006). Caspase-mediated cleavage of BID results in its conversion to tBID, which promotes MOMP, cytochrome c release, executioner caspase activation, and apoptosis (Luo et al., 1998). Accordingly, Bid-deficient MEF were resistant to cell death induced by caspase-2 overexpression, and heat shock (Bonzon et al., 2006). In addition, it has been shown that heat shock induces caspase-2 dimerization prior to MOMP (Bouchier-Hayes et al., 2009). Inhibition of caspase-2-induced cell death by BCL-2 and cleavage of BID places caspase-2 upstream of the mitochondria.

Although BID is one of the few caspase-2 substrates with a clear function, BID is not exclusively cleaved by caspase-2 (Luo et al., 1998; Slee et al., 2000). Caspase-8 can also cleave BID, with up to four times greater efficiency than caspase-2 (Bonzon et al., 2006). Although this higher cleavage efficiency would seem to suggest a redundant function for caspase-2 in BID cleavage, caspase-8 is an initiator caspase that is activated by extrinsic rather than intrinsic stimuli (Varfolomeev et al., 1998). Cleavage of BID by caspase-8 represents a point of convergence between the intrinsic and extrinsic apoptotic cascades (Li et al., 1998). One report suggests that in certain cell types, caspase-2 may participate in extrinsic apoptosis induced by TRAIL upstream of BID cleavage (Wagner et al., 2004). This study showed that in HCT116 and T3M4 cells, knockdown of caspase-2 significantly reduced TRAIL induced apoptosis, though not to as great an extent as knockdown of caspase-8 or BID. This suggests that caspase-2 could have a redundant role to caspase-8 in the TRAIL pathway. However, these effects were not recapitulated in Hela cells, suggesting that this is not a general mechanism of caspase-2 activation (Wagner et al., 2004).

Because cleavage of BID is a well-established contributor to apoptosis, BID proteolysis could be a potential mechanism to explain tumor suppression by caspase-2. Therefore, BID would induce MOMP to induce apoptosis, which would promote removal of cancerous cells (Figure 2). Although there are few clear examples of an apoptotic defect in caspase-2 deficient tumor models, BID cleavage has not been examined in these models. Determining if BID cleavage is defective in these models would be valuable in determining the true mechanism of tumor suppression by caspase-2 as it would suggest that apoptosis is impaired in these tumors, even though it may be masked in vivo. However, there is limited information as to whether BID phenocopies the tumor suppressive properties of caspase-2. One study showed that Bid-deficient mice develop a myeloproliferative disorder that resembles chronic myelomonocytic leukemia (CMML) as it progresses (Zinkel et al., 2003). Further, this study showed that Bid-deficient cells were resistant to the extrinsic death-inducing ligands, anti-Fas and TNF-α. Their resistance to intrinsic apoptotic damage was not investigated, so the contribution of caspase-2 is difficult to extrapolate. However, metaphase spreads from BID-deficient tumors displayed advanced chromosomal aberrations, including trisomy and translocation. These chromosomal abnormalities are similar to the genomic instability observed in caspase-2-deficient tumors, but it is unclear if caspase-2 is involved in BID-deficient tumorigenesis or how generalized this phenomenon is.
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FIGURE 2. BID, Golgin-160, and MDM2 are established caspase-2 substrates. The potential downstream functions of caspase-2-mediated cleavage of these substrates are shown. Cleavage of BID (left panel) promotes permeabilization of the outer mitochondrial membrane, releasing cytochrome c and activating downstream executioner caspases inducing apoptosis. Cleavage of Golgin-160 (center panel) induces Golgi fragmentation during apoptosis. MDM2 cleavage by caspase-2 (right panel) leads to the stabilization of p53 and promotion of cell cycle arrest.


While cleavage of BID appears to be the main route for caspase-2-induced apoptosis, evidence of caspase-2-dependent apoptosis that does not require BID exists. For example, in Tp53 null cells, caspase-2 has been linked to apoptosis independent of both mitochondrial permeabilization and downstream activation of caspase-3. This cell death only occurred when the cell cycle checkpoint protein Chk1 was inhibited, and was not inhibited by overexpression of BCL2 (Sidi et al., 2008). In another example, purified caspase-2 was shown to trigger cytochrome-c release from isolated mitochondria without the addition of cytosolic factors (Robertson et al., 2004). Caspase-8, which can also cleave BID, was not able to replicate this effect, suggesting that cytochrome c release did not occur simply due to cytosolic contamination. Therefore, additional caspase-2 substrates may exist that induce apoptosis independent of MOMP or BID.



MDM2—A Key Link to the p53 Pathway

MDM2 is a caspase-2 substrate that has the potential to reveal the mechanism of tumor suppression by caspase-2 due to its own ability to regulate both apoptosis and cell cycle (Figure 2). Best known as the E3 ubiquitin ligase responsible for targeting p53 to the proteasome for degradation, MDM2 is cleaved by caspase-2 at Asparagine 367 (Oliver et al., 2011). MDM2 is a key negative regulator of p53 levels and stability (Horn and Vousden, 2007). Furthermore, MDM2 is a p53 target gene, comprising a negative feedback loop that mediates levels of both p53 and MDM2 itself (Momand et al., 1992). Cleavage of MDM2 by caspase-2 removes the critical RING finger domain, which is responsible for the ubiquitination of p53 by MDM2 (Fang et al., 2000). Oliver et al. (2011) showed that both PIDD1 and RAIDD expression generates a p60 MDM2 fragment that is abolished by mutation of the Asp367 cleavage site. They further showed that while both caspase-2 and caspase-3 can directly cleave MDM2 in vitro, caspase-3 was not activated by their experimental conditions, suggesting that, in their study, MDM2 is primarily cleaved by caspase-2. Caspase-2 also cleaved MDM2 in response to DNA damage induced by doxorubicin, showing that MDM2 is a physiologically relevant substrate. Because cleavage of MDM2 removes the RING domain, this results in reduced degradation of p53, increasing both the levels and activity of p53. Furthermore, immunoprecipitation experiments have shown that the MDM2 p60 fragment binds p53, and even outcompetes full-length MDM2 for p53 binding. Binding of MDM2 p60 to p53 stabilizes rather than degrades p53. Therefore, cleavage of MDM2 by caspase-2 appears to be important for the maintenance of p53 levels after DNA damage. In support of this, a recent study demonstrated that activation of caspase-2 after DNA damage promotes sustained levels of p53 rather than oscillatory protein dynamics (Tsabar et al., 2020). This sustained p53 response prevented continual cell cycling in the presence of DNA damage. Importantly, this was reported to be dependent on caspase-2-mediated cleavage of MDM2, allowing p53 levels to rise. Again, this shows that caspase-2 has an important role in protection from aberrant cell cycling, which could be critical for its ability to suppress tumor formation.

The discovery of MDM2 as a caspase-2 substrate revealed an important connection to the critical p53 tumor suppressor pathway. The tumor suppressing functions of p53 are linked to its ability to trigger both apoptosis and cell cycle arrest (Chen, 2016), key processes that may also underlie tumor suppression by caspase-2. However, current evidence suggests that the caspase-2/MDM2/p53 axis may serve to promote cell cycle arrest, rather than apoptosis. It has been reported that caspase-2-mediated MDM2 cleavage leads to p53 accumulation and p21-dependent cell cycle arrest in human lung cancer cells (Fava et al., 2017). This was observed under conditions of “mitotic catastrophe,” a variety of conditions including cytokinesis failure, increased mitotic duration, and microtubule disruption. Inhibitors generating these phenotypes resulted in activation of caspase-2 as monitored by the appearance of cleaved MDM2, which was reportedly produced in a caspase-2 specific manner. Although these conditions resulted in robust cleavage of MDM2, this occurred in the absence of notable cell death. Cytokinesis failure resulted in increased polyploidy, which was less severe in the presence of caspase-2, suggesting that caspase-2 limits the extent of this phenotype. This is consistent with observations that caspase-2-deficient tumors display enhanced aneuploidy and mitotic aberrations (Parsons et al., 2013; Lopez-Garcia et al., 2017). Caspase-2 has also been implicated in the constraint of polyploidy in the liver during organogenesis and regeneration (Sladky et al., 2020a). Cytokinesis failure in human lung cancer cells led to MDM2 cleavage, p53 accumulation, and p21-mediated cell cycle arrest (Fava et al., 2017). Caspase-2 deficiency completely blocked MDM2 cleavage, and resulted in a failure to accumulate p53 and arrest after inhibition of cytokinesis. It is proposed that this failure to arrest is what leads to the enhanced polyploidy seen in caspase-2-deficient lung cancer cells. This suggests that caspase-2 mediates cell cycle arrest – and limits polyploidy—by acting through p53. However, there was no observed defect in p53 accumulation when caspase-2-deficient cells were exposed to DNA damage or increased mitotic duration triggered by nocodazole (Fava et al., 2017). Therefore, caspase-2-mediated stabilization of p53 leading to cell cycle arrest as a mechanism to limit polyploidy may be specific to stimuli resulting in cytokinesis failure. This may also be a cell-type specific phenomenon, as it was reported that caspase-2-deficient U2OS cells still effectively induce p53 and cell cycle arrest in response to the same inhibitors used by Lim et al. (2018).

Ultimately, it is unlikely that cleavage of MDM2 represents the sole mechanism of tumor suppression by caspase-2. While caspase-2-deficient cells failed to induce p53 in response to cytokinesis failure, it was clear that caspase-2 was not required for p53 induction under other conditions (Fava et al., 2017). Furthermore, while Tp53-deficient animals develop severe spontaneous tumors, dual loss of caspase-2 does not exacerbate this phenotype (Manzl et al., 2013), suggesting that these tumor suppressors may function independently of each other. However, based on the evidence that suggests caspase-2 is necessary for cell cycle arrest following cytokinesis failure, it is possible that a failure to cleave MDM2 may be at least partially responsible for the observable ploidy defects in caspase-2-deficient tumors (Parsons et al., 2013; Puccini et al., 2013).

While MDM2 represents a direct link between caspase-2 and p53, other reports point to a connection between caspase-2 and p53 independent of MDM2. Terry et al. (2015) found that in a cohort of lung cancer patients, caspase-2 mRNA levels were significantly lower in patients with wild type p53 than in patients with a mutation in p53. This suggests that p53 may act to suppress caspase-2, and is in agreement with an earlier report that showed lower caspase-2 transcript levels in the presence of p53 in H1299 tumor cells (Baptiste-Okoh et al., 2008). This report also showed lower protein levels of caspase-2 in the presence of p53, but since cells were treated with daunorubicin to induce p53, this may be due to processing of full length caspase-2, which was not shown. Caspase-2 has also been suggested to be required for the expression of p21, a key p53 target gene responsible for mediating cell cycle arrest (Sohn et al., 2011). Interestingly, this was reported to be independent of the catalytic activity of caspase-2, which suggests a potential non-catalytic function for caspase-2. However, the tumor suppression of caspase-2 has been shown to be dependent on caspase-2’s catalytic activity (Ren et al., 2012), so it is unlikely that this contributes to tumor suppression in the absence of an additional enzymatic function of caspase-2.

Caspase-2 has been implicated in an alternative “Chk1 suppressed” apoptotic pathway in p53 null cells (Sidi et al., 2008). Chk1 is a key G2/M cell cycle checkpoint, responsible for arresting cells with DNA damage before the completion of cell division (Zhang and Hunter, 2014). It was shown that when Chk1 is inhibited, caspase-2 restores apoptosis in both zebrafish and human p53 null cells induced by irradiation (Sidi et al., 2008). However, Chk1 inhibition failed to significantly restore DNA damage-induced cell death in cells from various Tp53 null mouse tissues (Manzl et al., 2013). Moreover, the cell death that did occur was shown to be independent of caspase-2 in Casp2/Tp53 double knockout cells. MDM2 cleavage was not investigated in these p53-deficient models, so it is unclear if caspase-2 targets MDM2 as a substrate in these conditions. Furthermore, although MDM2 is primarily recognized for its degradation of p53, it does not exclusively act on p53 (Riley and Lozano, 2012). In the absence of p53, cleavage of MDM2 could still have an effect by failing to degrade other targets, although this has not yet been investigated.



Golgin-160—A Surprising Mediator of Cell Fate?

Golgin-160 is a member of a superfamily of structural Golgi body proteins. While Golgins are generally thought to be important for maintenance of Golgi structure, siRNA studies for Golgin-160 suggest that it is dispensable for the structural integrity of this organelle (Hicks et al., 2006). Rather, it has been suggested that it may be important for correct transport and shuttling of certain cellular proteins like the beta-1 Adrenergic Receptor (Hicks et al., 2006; Gilbert et al., 2014). Golgin-160 was identified as a caspase-2 substrate following observations that showed endogenous caspase-2 co-localized with Golgi body markers (Mancini et al., 2000). Upon investigation, it was revealed that caspase-2 cleaves Golgin-160 in two locations. The first of these, Asparagine 59, is exclusive to caspase-2, while the second cleavage site, Asp 311, can also be cleaved by caspases -3 and -7. Caspase-generated fragments of Golgin-160 were observed after induction of apoptosis with staurosporine, suggesting that Golgin-160 may be an apoptotic substrate. It was also shown that the caspase-2 specific fragment of Golgin-160 (D59 cleavage) appeared at an earlier time point than other caspase generated Golgin fragments. This is consistent with the role of caspase-2 as an initiator caspase, which would be activated prior to executioner caspases. A D59 mutant of Golgin-160 that could not be cleaved by caspase-2 significantly delayed the normal fragmentation of the Golgi body that occurs during apoptosis. This suggests that caspase-2 participates in the dissolution of the Golgi body during apoptosis, supporting a role for caspase-2 in the apoptotic cascade (Figure 2). However, this is incongruous with the findings that Golgin-160 is dispensable for maintenance of Golgi body architecture (Hicks et al., 2006), suggesting a potential other outcome of this cleavage.

Interestingly, multiple studies have reported finding caspase-generated fragments of Golgi proteins in the nucleus (Hicks and Machamer, 2002; Sbodio et al., 2006; Mukherjee and Shields, 2009). Indeed, the N-terminal domain of Golgin-160 contains a cryptic nuclear localization signal that is hidden in the full length protein (Hicks and Machamer, 2002). Mutants of Golgin-160 representing various caspase cleavage products demonstrate that multiple Golgin-160 fragments localize readily to the nucleus. Of these, two fragments have the potential to be generated exclusively by caspase-2, and one has the potential to be cooperatively produced by caspase-2 and caspase-3 (Mancini et al., 2000). A study in Hela cells showed that this cooperatively produced fragment could be prevented from localizing to the nucleus by expression of another Golgi protein, GCP60, which bound to the Golgin-160 fragment, preventing its translocation (Sbodio et al., 2006). Preventing this translocation actually rendered the cells significantly more sensitive to staurosporine, suggesting that nuclear translocation of Golgin-160 fragments may actually exert a pro-survival effect. While this was only determined for a specific Golgin-160 fragment in which caspase-2 only plays a supporting role (and is not strictly required, as the fragment could also be produced by caspase-3 alone or caspase-3 in tandem with caspase-7), it is tempting to speculate that caspase-2 and Golgin-160 could be part of a cell fate-determining signaling pathway. There is a precedent for this seemingly unusual signaling mechanism. Another Golgi protein, p115, can also be cleaved by caspases after apoptotic stimuli, yielding fragments that localize to the nucleus (Mukherjee and Shields, 2009). In the case of p115, the nuclear fragments were actually found to potentiate apoptosis, suggesting that there is a complex network of signaling between the Golgi body and nucleus that regulates cell fate. While it is unknown how these Golgi body protein fragments impact cell fate from the nucleus, it has been speculated that this could be due to a change in transcriptional programs (Mukherjee and Shields, 2009). While this is certainly a possibility, it would be important to determine if this a specific, targeted transcriptional reprogramming, or a general non-specific interference with existing transcription. In addition, it will also be important to determine which protein fragments promote either death or survival, and which caspases are responsible for generating these fragments.



Other Substrates Point to Alternative Functions for Caspase-2

In addition to the substrates discussed above, there are several other caspase-2 substrates proposed in the literature (Table 1). While cleavage of many of these by caspase-2 has only been shown in vitro or in overexpression-based experiments, some are worth discussing here based on their potential functional relevance. For example, two proposed substrates, Ku80 and ICAD, could link caspase-2 to the DNA damage response, which could underlie the observations of increased genomic instability in caspase-2-deficient tumors. Ku80 is a key member of the complex responsible for mediating non-homologous end joining (NHEJ). It interacts with another member of the complex, DNA-PKcs, to repair DNA breaks that occur throughout the cell cycle (Gottlieb and Jackson, 1993). It has been reported that caspase-2 promotes repair of double-stranded DNA breaks through non-homologous end joining (NHEJ) by cleaving Ku80 (Yan et al., 2017). The last 12 residues of the C-terminal end of Ku80 are reported to be important for this interaction with DNA-PKcs (Gell and Jackson, 1999). Caspase-2 cleaves Ku80 at D726 at the extreme C-terminus and the removal of these few amino acids was reported to increase the affinity of the interaction between Ku80 and DNA-PKcs (Yan et al., 2017). Importantly, this enhanced interaction increased the ability of cells to repair etoposide-induced DNA damage. This finding provides a potential explanation for the genomic instability observed in caspase-2-deficient tumors. However, many of these experiments were done using a C-terminally tagged version of Ku80, so further investigation is needed to determine if the tag impacted the cleavage of Ku80 and to see if this occurs physiologically and promotes the tumor suppressor effect of caspase-2. ICAD (Inhibitor of caspase-activated DNase) is an inhibitor of one of the key mediators of apoptosis, CAD, and is inactivated by caspase-mediated cleavage (Sakahira et al., 1998). When ICAD is unable to bind CAD, CAD degrades DNA, resulting in the characteristic nuclear condensation at the terminal stages of apoptosis (Sakahira et al., 1998). Lower levels of CAD activation resulting from minimal caspase activity have been shown to induce DNA damage and promote genomic instability (Ichim et al., 2015). It has been shown that caspase-2 can cleave ICAD in vitro, albeit with much less efficiency than caspase-3 (Dahal et al., 2007). Therefore, caspase-2 could promote DNA damage or even apoptosis through ICAD cleavage. However, the only study to demonstrate caspase-2-dependent ICAD cleavage used a Tat-caspase-2 fusion protein that had a higher cleavage efficiency toward ICAD than recombinant caspase-2 (Dahal et al., 2007) and this observation has yet to be confirmed in cells by endogenous caspase-2.

Substrates that contribute to caspase-2’s role in cancer may do so through more indirect mechanisms by regulating transcription or translation. Two examples of these are translation initiation factor eIF4B, and transcriptional corepressor histone deacetylase 4 (HDAC4) (Paroni et al., 2004; Wejda et al., 2012). HDAC4 cleavage at D289 by caspase-2 produces an N-terminal fragment that when expressed leads to transcriptional repression and also appears to induce apoptosis (Paroni et al., 2004). eIF4B has been shown to have a caspase-2 specific cleavage site at D563, but the functional impact of this cleavage on translation has not been assessed (Wejda et al., 2012). The global changes in transcription and translation caused by cleavage of these substrates is unknown, but could represent a potential mechanism to impact cell division or other physiological processes in which caspase-2 has been implicated, like autophagy, metabolism, or differentiation, that may contribute to its regulation of tumor growth.

Additional putative caspase-2 substrates may be linked to other potential functions of caspase-2 that may not have an obvious cancer relevance. For example, caspase-2 has been linked to neurodegeneration (Hermel et al., 2004; Zhao et al., 2016). Caspase-2 reportedly cleaves Huntingtin (HTT), a neuroprotective protein of the central nervous system (Hermel et al., 2004). Cleavage of HTT generates a cytotoxic protein fragment thought to contribute to the neuronal cell death characteristic of Huntington’s disease. Expression of a catalytically inactive caspase-2 inhibited cleavage of HTT and reduced cell death, suggesting that caspase-2 may participate in cell death associated with neurodegeneration caused by Huntington’s disease. Caspase-2 has also been reported to cleave tau, a fibril forming protein thought to contribute to Alzheimer’s pathology (Zhao et al., 2016). In a mouse model, cleavage of tau by caspase-2 had a detrimental effect on cognitive function, again pointing to a link between caspase-2 and neurodegenerative diseases. Cleavage of Rictor (rapamycin-insensitive companion of mTOR) by caspase-2 has been implicated in the inhibition of an mTOR/Akt signaling cascade to promote the normal progression of synaptic pruning (Xu et al., 2019). In humans, impaired synaptic pruning has been linked to mental disorders such as autism and schizophrenia, and indeed, loss of caspase-2 is associated with incomplete synaptic pruning and dysfunctional behavioral traits in mice (Xu et al., 2019). However, in these studies, cleavage of Rictor was only observed after overexpression of caspase-2 and the cleavage site has not been identified. This does not necessarily mean that Rictor is not a physiologically relevant substrate, as the authors note that endogenous levels of Rictor are low, so overexpression of caspase-2 may have increased the detection threshold of its cleavage products. Degradation of Rictor by caspase-2 had a similar effect on synaptic pruning as knockdown of Rictor, suggesting that cleavage by caspase-2 renders the protein inactive. Interestingly, Rictor amplification has been noted in a number of different cancer types such as small cell lung cancer, colorectal cancer and esophageal squamous cell carcinoma (Zhao et al., 2020), indicating that cleavage of this putative substrate may play a role outside of neuronal processes to impact cancer progression.

Caspase-2 has also been implicated in obesity, metabolism, and the development of non-alcoholic fatty liver disease (Machado et al., 2016). Interestingly, caspase-2-deficient mice fed a high-fat diet were protected from the development of obesity and associated phenotypes like diabetes and hepatic steatosis (Machado et al., 2016). Further, caspase-2 is required for the progression from non-alcoholic fatty liver disease to non-alcoholic steatohepatitis, which is considered a risk factor for further liver damage that promotes hepatocellular carcinoma (Kim et al., 2018). One of the mechanisms that has been explored to explain this is elevated endoplasmic reticulum (ER) stress (Kim et al., 2018). ER stress has been found to upregulate caspase-2 expression, which in turn activated sterol regulatory element-binding proteins (SREBP) leading to the buildup of cholesterol and triglycerides. Notably, an earlier report suggests that caspase-2 is under transcriptional control of SREBP2, which could form a positive feedback loop promoting further SREBP activation (Logette et al., 2005). This activation of SREBP was reportedly due to caspase-2-dependent cleavage of site 1 protease (S1P), which once cleaved, becomes active and competent to activate SREBP. Given the relationship between non-alcoholic fatty liver disease and liver cancer, it is interesting to speculate that via this S1P/SREBP mechanism, caspase-2 could ultimately be potentiating the risk of liver cancer. However, this has not yet been investigated, and there is other evidence suggesting that caspase-2 may have a more specialized role in liver development as discussed below (Sladky et al., 2020a).

Like the substrates discussed in more detail above, a primary problem in making definitive conclusions about the function of substrates cleaved by caspase-2 is the lack of evidence suggesting that these substrate cleavage sites are exclusive to caspase-2. For example, while enzymology suggests that eIF4B is cleaved most efficiently by caspase-2, it can still be cleaved by caspase-3 and -7 in vitro (Wejda et al., 2012). HDAC4 on the other hand, appears to be much more efficiently cleaved by caspase-3 in vitro. Neither of these scenarios is enough to determine whether a substrate is exclusive to caspase-2 (or not) in vivo. Indeed, while there is enough evidence to suggest that the substrates of caspase-2 play critical roles in apoptosis, cell cycle control, and beyond, the key question remains: how does caspase-2 select these substrates to moderate different functions?



DOES SUBSTRATE SELECTION BY CASPASE-2 DIRECT ITS FUNCTION?

Given the insufficiency of studies on caspase-2 substrates, it is not surprising that there is even less literature that directly examines the regulation of caspase-2 substrate selection. However, the existing body of work on caspase-2 does present several possible mechanisms that could be harnessed to regulate substrate selection (Figure 3).


[image: image]

FIGURE 3. Regulation of caspase-2 expression, activity, and localization. Substrate selection by caspase-2 could be directed by (A) transcriptional regulation: E2F family transcription factors both activate (E2F1) and repress (E2F7 and E2F8) caspase-2 transcription. TCF4 and SREBP2 activate caspase-2 transcription; (B) phosphorylation: Caspase-2 is phosphorylated on multiple residues. The known phosphorylation events of caspase-2 result in its inhibition, which can be regulated by metabolism (top) and the cell cycle (bottom); (C) differential activation platform assembly: The canonical PIDDosome contains both PIDD1 and RAIDD. Caspase-2 can be activated by complexes lacking one or both of these elements. NPM1 is required for the nucleolar activation complex; (D) subcellular localization: Caspase-2 contains a classical nuclear localization signal and it has been found outside the nucleus associated with the Golgi body and mitochondria. Activation of caspase-2 has also been observed specifically in the nucleolus induced by DNA damage, as well as more generally throughout cytoplasm induced by heat shock and microtubule disruption. Red stars represent sites where caspase-2 is expressed and yellow stars represent sites where caspase-2 is activated.



Regulation of Caspase-2 Gene and Protein Expression

The first of these potential mechanisms is temporal regulation of caspase-2 activity via either transcriptional or translational mechanisms (Figure 3A). While caspase-2 is generally thought to be a ubiquitously expressed protein, there is some evidence that suggests it may be regulated in these ways. As previously discussed, data from lung cancer patients suggested that caspase-2 mRNA levels were lower in patients with mutated p53, suggesting a level of transcriptional control (Terry et al., 2015). However, whether this is directly controlled by p53 is unknown. A recent report examining caspase-2 in liver development and regeneration places caspase-2 and its activating component PIDD1 under transcriptional control of E2F family members E2F1, E2F7, and E2F8 (Sladky et al., 2020a). E2F1 induced robust expression of both PIDD1 and caspase-2, while E2F7 and E2F8 resulted in transcriptional repression (Sladky et al., 2020a). In support of these findings, caspase-2 transcript levels were higher in E2F7/E2F8 null mouse liver extracts. Furthermore, E2F1 also upregulates E2F7 and E2F8, producing a negative feedback loop to control caspase-2 and PIDD1 expression. It is important to note that not only does this mechanism control expression of caspase-2, but also its ability to be activated by its canonical activating platform by regulating PIDD1 transcription. Ultimately, this loop was reported to activate caspase-2 to constrain polyploidization in the liver that occurs during development (Sladky et al., 2020a). While this phenomenon has not yet been studied in the tumor models where caspase-2 has been shown to play a role, E2F1 is known to promote tumorigenic properties like proliferation, drug resistance, and metastasis (Putzer and Engelmann, 2013). In a study of colorectal cancer patients, Lopez-Garcia et al. (2017) reported that mutation of the transcriptional activator BCL9L was associated with increased aneuploidy. Using a colorectal cancer cell line, this group demonstrated that BCL9L represses caspase-2 at the transcriptional level, resulting in lower protein levels. This transcriptional repression was linked to the inhibition of transcription factor TCF4, which promotes caspase-2 expression by binding near the transcriptional start site of caspase-2. This repression of caspase-2 resulted in increased aneuploidy in colorectal cancer cell lines, thought to exacerbate genetic variability and drug resistance in tumors. Interestingly, BCL9L mutations were highly correlated with p53 mutations, which have also been reported to reduce caspase-2 expression levels (Terry et al., 2015). Therefore, it is possible that this is a cooperative repression between p53 and BCL9L.



Post-translational Regulation of Caspase-2

Caspase-2 can also be regulated by post-translational modification (Figure 3B). In Xenopus oocytes, it was found that nutrient stores regulate cell death via caspase-2 (Nutt et al., 2005). Excess NADPH resulted in an inhibitory phosphorylation event on caspase-2 at S135, while deprivation of NADPH resulted in reduced phosphorylation at this site and enhanced caspase-2 activity and cell death. This phosphorylation was mediated by calcium/calmodulin-dependent protein kinase II (CaMKII). This finding was recapitulated in mouse oocytes, suggesting an important, conserved regulatory mechanism (Nutt et al., 2009). This site can be dephosphorylated by a direct interaction with protein phosphatase-1 (PP1) and can be protected from dephosphorylation by protein 14-3-3zeta, which binds phosphorylated caspase-2, thus preventing interaction with PP1. Phosphorylation of caspase-2 at a different site, S340, has been linked to cell cycle control. It has been observed that the morphological changes seen during mitosis are notably similar to those that occur during apoptosis, like nuclear membrane dissolution. Andersen et al. (2009) showed that caspase-2 is spontaneously processed to its mature form in interphase cell extracts. However, in mitotic cell extracts, this processing is inhibited, preventing caspase-2 mediated cell death during mitosis. Furthermore, they showed that this inhibition is dependent on caspase-2 being phosphorylated on S340. Because caspase-2 phosphorylation on S135 is regulated by metabolism of NADPH (Nutt et al., 2005), nutrient availability was examined in interphase and mitotic extracts, but there was no difference (Andersen et al., 2009). Rather, caspase-2 phosphorylation on S340 was regulated by the mitotic cycle itself. The mitosis promoting kinase cdk1-cyclinB1 was responsible for phosphorylating caspase-2 at S340, resulting in its inhibition. Interestingly, this site was vulnerable to dephosphorylation by PP1, but the action of PP1 appeared to be repressed during mitosis. This regulatory mechanism seems to be important for the demonstrated role of caspase-2 in mitotic catastrophe (Vitale et al., 2017). Mutation of the S340 phospho-site resulted in significantly enhanced cell death in cells arrested in mitosis compared to wild-type cells (Andersen et al., 2009). This finding suggests the existence of an important caspase-2-mediated safeguard against improper cell division. Because S340 is vulnerable to PP1 dephosphorylation, but PP1 is suppressed during mitosis, it may be that extended mitotic duration (symptomatic of mitotic damage) allows PP1 to be re-activated, allowing caspase-2 to be activated. This would promote apoptosis of a cell that is unable to sufficiently repair any mitotic damage, suggesting that caspase-2 could be a “mitotic timer.”

Recently, another phosphorylation event has been demonstrated to be important for successful progression through mitosis. This site, S384, is highly conserved and is phosphorylated by Aurora B kinase, a critical mitotic kinase that controls cytokinesis (Lim et al., 2020). Phosphorylation at this site was induced by PLK1 inhibition, resulting in mitotic catastrophe as described earlier. Interestingly, phosphorylation at S384 prevented cleavage of both MDM2 and BID, suggesting that this modification prevents caspase-2 activation. Interestingly, a phospho-mimetic mutant of this site was still able to be recruited to its activation platform, as measured by a fluorescent readout of caspase-2 induced proximity dimerization. It did, however, reduce auto-processing of caspase-2, which could explain the abrogation of MDM2 and BID cleavage. This study also performed structural analysis that suggests that S384 phosphorylation impacts the conformation of the substrate binding pocket of caspase-2, providing a potential explanation for the reduced auto-cleavage and MDM2/Bid cleavage. Importantly, this study ultimately showed that a S348 phospho-mimetic mutant of caspase-2 resulted in increased ploidy and resistance to cell death after mitotic stress. In contrast to this, another group recently showed that mutation of the S384 phosphorylation site to alanine to prevent phosphorylation blocks caspase-2 processing after DNA damage with cisplatin. This suggests that, in the context of DNA damage, phosphorylation at S384 is actually necessary for caspase-2 processing. However, this group was not able to identify phosphorylation at this site under these conditions, and importantly, a phospho-mimetic mutant did not restore the processing of caspase-2. It is possible that this site is differently regulated during mitosis and DNA damage, which could account for these conflicting findings. However, this more recent study did corroborate the idea that S384 is critical for substrate binding; not by forming a bond with the substrate itself, but by stabilizing Arg-378, which is responsible for binding to the critical Aspartate reside of the target substrate. These studies highlight the importance of caspase-2 phosphorylation at the same residue in different cellular contexts, and demonstrate that post-transcriptional modifications can impact substrate cleavage.

Regulation of caspase-2 expression and activation by post-translational modifications could provide a level of substrate specificity by modulating the amount of available active caspase-2. Thus, substrates that are cleaved most efficiently by caspase-2 would be targeted at the lowest doses of caspase-2, while others would not be cleaved unless caspase-2 was maximally active. However, few studies have explored if there is a dosage dependent effect of caspase-2 on different substrates. In the latter study exploring S384 phosphorylation, both BID and MDM2 cleavage was completely abrogated by S384 phosphorylation suggesting, at least in this case, that it is a binary on-off effect on caspase-2 activation rather than a dynamic response.



Assembly of Distinct Activation Platforms

Caspase-2 may be regulated toward cleaving different substrate targets through the assembly of distinct caspase-2 activation platforms (Figure 3C). While the PIDDosome is considered the canonical activation platform for caspase-2, its necessity for caspase-2 activation and subsequent physiological outcomes such as cell death has been debated in the literature (Bouchier-Hayes and Green, 2012). For example, primary thymocytes from PIDD1-deficient mice did not display reduced susceptibility to apoptosis induced by a variety of damaging stimuli including DNA damage (Manzl et al., 2009). Further, loss of PIDD1, RAIDD, or caspase-2 had no effect on cytochrome c release in SV40 immortalized fibroblasts induced by etoposide (Manzl et al., 2009), which is at odds with the established role for caspase-2 as an upstream mediator of cytochrome c release in response to DNA damage (Robertson et al., 2002). Caspase-2 was also found to elute in high-molecular weight complexes in the absence of both PIDD1 and RAIDD (Manzl et al., 2009), suggesting that it may have other activating complexes that are still unknown. Tumor suppression by caspase-2 has also been reported to be independent of both PIDD1 and RAIDD in certain models. In a model of c-Myc-induced lymphomagenesis, loss of caspase-2 accelerated tumor growth, but loss of PIDD1 suppressed tumor formation, suggesting that caspase-2 does not depend on PIDD1 to suppress tumors (Manzl et al., 2012). The observation that loss of PIDD1 suppressed tumor formation may be due to PIDD1’s known role in activating the pro-survival NFκB pathway in response to genotoxic stress (Janssens et al., 2005). Similarly, loss of RAIDD does not phenocopy the effects of loss of caspase-2 on tumor suppression since RAIDD deficiency had no impact on Eμ-Myc-induced lymphomagenesis (Peintner et al., 2015).

Other potential activators of caspase-2 have been reported. For example, caspase-2 has been proposed to be a component of the TNFR complex, the TRAIL receptor complex, and the CD95 complex (Duan and Dixit, 1997; Droin et al., 2001; Wagner et al., 2004; Lavrik et al., 2006). However, the requirement for caspase-2 for TNF, TRAIL, or CD95-induced apoptosis is unclear. Although antisense-mediated downregulation of caspase-2 has been shown to decrease CD95-induced apoptosis in U937 cells (Droin et al., 2001), caspase-2 failed to facilitate CD95-induced apoptosis in the absence of caspase-8 in Jurkat cells (Lavrik et al., 2006). A more recent study suggests that caspase-2 augments CD95-associated STAT1 activation, suggesting a potential alternate function for caspase-2 at the DISC (Qadir et al., 2020). In the TRAIL pathway, siRNA-mediated silencing of caspase-2 was shown to reduce TRAIL-induced apoptosis in certain cell types (Wagner et al., 2004). A subsequent report suggested that caspase-2 can prime cancer cells for TRAIL-induced death and that caspase-2 is required for TRAIL-induced caspase-8 cleavage (Shin et al., 2005). Although the authors suggested that caspase-2 directly cleaved caspase-8, they did not provide evidence for this and other reports have demonstrated that caspase-2 has no catalytic activity toward other caspase family members (de Craen et al., 1999; Guo et al., 2002). In addition, the latter two TRAIL studies relied heavily on an siRNA oligo that was later shown to have off-target effects (Lassus et al., 2002). Therefore, the exact function, if any, that caspase-2 plays in the TRAIL complex is unclear.

Additional components of caspase-2 activation platforms have been described. TRAF2 has been shown to bind to caspase-2 in a complex that appears to be devoid of PIDD1 (Robeson et al., 2018). In contrast, BubR1 has been proposed as a negative regulator of PIDDosome formation by competing with RAIDD for binding to PIDD1 (Thompson et al., 2015). It is possible that the assembly of different caspase-2 activation platforms or the presence or absence of regulatory molecules in the PIDDosome could result in a caspase-2 enzyme that has variable activity and therefore has variable targeting efficiency for different substrates. Interestingly, there are non-canonical functions of caspase-2 where the activation platform remains unknown. One such report places caspase-2 at the heart of an ER-stress driven inflammatory response (Bronner et al., 2015). In this mechanism, ER stress triggers activation of NLRP3, which translocates to the mitochondria and activates caspase-2 to promote the release of cytochrome c and mitochondrial DNA, resulting in activation of caspase-1, an inflammatory caspase (Bronner et al., 2015). Whether this results in either apoptosis or another form of cell death is not clear, but given the release of mitochondrial factors, it is certainly possible that caspase-2 promotes cell death in this mechanism. This is thought to occur independently of NLRP3’s canonical role as a key member of the NLRP3 inflammasome signaling platform (Bronner et al., 2015). Because NLRP3 functions as part of an activation platform for caspase-1, it would be interesting to determine if NLRP3 participates directly or indirectly in the activation of caspase-2 at the mitochondria. Notably, it is thought that ER stress is a common feature across many types of cancers. Although the pro- vs. anti-tumor impacts of ER stress are still debated in the field (reviewed in Oakes, 2020), it is possible that caspase-2 has been overlooked as a contributor to cell death resulting from this phenotype.



Regulation of Caspase-2 Localization

Caspase-2 expression has been localized to the nucleus, cytoplasm, mitochondria, and Golgi body (Mancini et al., 2000; Paroni et al., 2002; Lopez-Cruzan et al., 2016; Figure 3D). Caspase-2 contains a classical nuclear localization signal (NLS), located in the C-terminus of its prodomain (Baliga et al., 2003). Mutation of a critical, conserved lysine residue in this NLS abolishes the nuclear localization of caspase-2 but how localization of caspase-2 impacts activation and downstream functions is still unclear. Although caspase-2 has this NLS, and has been reported to induce apoptosis from the nucleus (Paroni et al., 2002), stimuli such as heat shock and cytoskeletal disruption have been shown to activate caspase-2 in the cytoplasm and not in the nucleus (Bouchier-Hayes et al., 2009). To resolve this confusion, we investigated the localization of caspase-2 activation following DNA damage and reported that caspase-2 is activated by the PIDDosome in the nucleolus, while its activation in the cytoplasm is PIDD1-independent but RAIDD-dependent (Ando et al., 2017). This activation is highly stimulus specific, where DNA damaging agents are most efficient at activating caspase-2 in the nucleolus, while other stimuli such as cytoskeletal disrupters only activated caspase-2 in the cytoplasm or nucleus. We found that nucleolar caspase-2 activation is dependent on inclusion of nucleophosmin (NPM1) in the PIDDosome complex by interacting with PIDD1 itself. Surprisingly, in PIDD1 or NPM1-deficient cells, overall levels of caspase-2 activation were not impacted, but activation of caspase-2 specifically within the nucleolar compartment was significantly reduced. This finding suggests that PIDD1 is dispensable for general caspase-2 activation, in agreement with other published work (Manzl et al., 2009), but is required for DNA damage-induced activation specifically within the nucleolus. Consistent with the identification of a nucleolar PIDDosome, PIDD-CC, the fragment responsible for activating caspase-2, has been shown to localize to the nucleus and cytoplasm in unstimulated cells but was concentrated in the nucleolus after UV-irradiation (Pick et al., 2006). This shift could represent either translocation or degradation of PIDD1 following an activating stimulus.

This bifurcation between caspase-2 activation in the cytoplasm and nucleolus could allow access to different substrates in each location. However, the possibility of a nucleolar substrate pool for caspase-2 has not been investigated. Together with the stimuli specific localization patterns of caspase-2 activation, distinct activation platforms in different locations in the cell suggests that the localization of caspase-2 activation is a regulated process and this may be critically important for its downstream functions. The ability of caspase-2 or upstream PIDDosome components to translocate between different cellular compartments is a potential mechanism of caspase-2 regulation. For example, while NPM1 is a predominantly nucleolar protein, it has many roles that necessitate shuttling throughout the cell. Notably, it can localize to the centrosome, where it is thought to suppress centrosome duplication (Wang et al., 2005; Liu et al., 2007). This could also allow NPM1 to play a role in the activation of caspase-2 via the PIDDosome in response to supernumerary centrosomes as reported by Fava et al. (2017), but this has not been investigated. The primary localization of caspase-2 expression, as opposed to activation, has been difficult to determine. GFP-tagged caspase-2 localizes primarily to the nucleus, but does not appreciably translocate out of the nucleus until late in the apoptotic process, presumably due to compromised nuclear integrity (Paroni et al., 2002). One report in HeLa cells suggested that caspase-2 can translocate out of the nucleus in response to hydrogen peroxide and etoposide, but the activation status of this translocated caspase-2 was not determined (Tinnikov and Samuels, 2013). It was shown that this translocation occurred despite treatment with Leptomycin B, a well-established Exportin I inhibitor but was abrogated by another inhibitor, N-Ethylmaleimide (NEM), which alkylates cysteine thiol groups in proteins. How and why NEM specifically prevents caspase-2 translocation was not determined. In direct contrast to this, findings from immortalized MEF suggest that caspase-2 translocated into the nucleus after DNA damage induced by irradiation (Manzl et al., 2009). A more recent structural analysis suggested that the protein 14-3-3, masks the nuclear localization signal of caspase-2 when bound (Smidova et al., 2018). This would suggest that 14-3-3 binding would promote caspase-2 localization in the cytoplasm, but this was not tested in cells. These mechanisms of potentially restricting the activation of caspase-2 to a specific localization in the cell highlights the importance of substrate access. Even if a substrate is readily cleaved by caspase-2, if the localization of either of these is restricted, it introduces a level of regulation determined by the localization of this protease.



CLOSING REMARKS

The investigations into caspase-2 substrates to date have failed to provide evidence that a single substrate is responsible for all the functions of caspase-2. However, in contrast to the many caspase-3 substrates that have been identified, it is likely that the limited number of caspase-2 substrates is indicative of a more directed function of this caspase. So rather than “death by a thousand cuts” for caspase-3 (Martin and Green, 1995), it may be a case of “death by 20 cuts” for caspase-2. Or, given the non-apoptotic roles of caspase-2, we could possibly paraphrase this to “life by 20 cuts.” While catalytic independent functions of caspase-2 have been described, such as in the regulation of p21 expression (Sohn et al., 2011), tumor suppression associated with caspase-2 can be blocked by mutation of its catalytic cysteine (Ren et al., 2012). Therefore, the most likely route to tumor suppression is through proteolytic cleavage of substrates. It is only through the identification and investigation of additional caspase-2 substrates that we will reveal the cellular processes in which caspase-2 is actively involved, to clarify the important role of this caspase as a safeguard against cancer.
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Osteoarthritis (OA) is the most common joint disease. With the increasing aging population, the associated socio-economic costs are also increasing. Analgesia and surgery are the primary treatment options in late-stage OA, with drug treatment only possible in early prevention to improve patients’ quality of life. The most important structural component of the joint is cartilage, consisting solely of chondrocytes. Instability in chondrocyte balance results in phenotypic changes and cell death. Therefore, cartilage degradation is a direct consequence of chondrocyte imbalance, resulting in the degradation of the extracellular matrix and the release of pro-inflammatory factors. These factors affect the occurrence and development of OA. The P2X7 receptor (P2X7R) belongs to the purinergic receptor family and is a non-selective cation channel gated by adenosine triphosphate. It mediates Na+, Ca2+ influx, and K+ efflux, participates in several inflammatory reactions, and plays an important role in the different mechanisms of cell death. However, the relationship between P2X7R-mediated cell death and the progression of OA requires investigation. In this review, we correlate potential links between P2X7R, cartilage degradation, and inflammatory factor release in OA. We specifically focus on inflammation, apoptosis, pyroptosis, and autophagy. Lastly, we discuss the therapeutic potential of P2X7R as a potential drug target for OA.
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INTRODUCTION

Osteoarthritis (OA), as an age-related degenerative joint disease, presents with physical pain and disability in patients. Finding effective therapies for OA remains a pertinent health problem (Carr et al., 2012). The occurrence and development of OA can be attributed to multifaceted factors, such as age, obesity, exercise, and trauma (Uthman et al., 2013). From a clinical perspective, its features include articular cartilage loss, synovitis, subchondral bone sclerosis, and osteophyte formation. From a cellular perspective, it is attributed to morphological, biochemical, and biomechanical changes affecting the extracellular matrix (ECM).

The most important structural part of the joint is the cartilage, and its condition directly affects the occurrence and development of OA. Cartilage consists of structural proteins, such as collagen (primarily type II collagen), non-collagen proteins, proteoglycan, elastin, and aminoglycan, which form a stable network structure providing elasticity and compression resistance to joints. In OA tissues, this network structure loses its integrity with a resulting loss of tensile strength (Speziali et al., 2015). The composition and integrity of the cartilage matrix can be maintained by chondrocytes—which account for a small proportion of the total cartilage volume—to provide mechanical support and joint lubrication (Archer and Francis-West, 2003). In response to certain chemical and mechanical factors, chondrocytes produce and release inflammatory factors (IL-1β, IL-6, and TNF-α) and secrete matrix-degrading enzymes [metalloproteinases (MMPs)] and proteoglycan-degrading enzymes (ADAMTS), to regulate the shape and structure of cartilage. Unfortunately, these inflammatory factors and enzymes are the primary contributors to cartilage degradation. Therefore, the occurrence and development of OA can be ascribed to the state and the catabolism balance of chondrocytes and cartilage. In OA, the changes in the chondrocytes can be categorized into three groups, namely: (i) cell proliferation (early stage)/cell death (late stage); (ii) anabolic and catabolic balance disorder (production of matrix-degrading enzymes); and (iii) phenotypic change (Sandell and Aigner, 2001). The influence of the cell phenotypic changes in the development of OA is particularly critical. In this article, we focus on chondrocyte inflammation, apoptosis, pyroptosis, and autophagy, and analyze the correlation between these phenotypes and cartilage degradation in OA.

The P2X7 purinergic receptor (P2X7R) is a trimeric adenosine triphosphate (ATP)-gated cation channel, which is expressed in several eukaryotic cells, such as immune cells and bone cells. As a key inflammatory switch, the activation of P2X7R mediates several downstream reactions, including the release of inflammatory factors, cell proliferation, death, and phenotypic changes (North, 2002). Owing to the important role of P2X7R in various immune, inflammatory, musculoskeletal, and nervous system diseases, it could be a potential drug treatment target for OA. In this article, we review the association between P2X7R and OA. We explain the structure and function and the inhibitory effect of P2X7R and emphasize the correlation and intersection between P2X7R, inflammation, and OA. From the perspective of apoptosis, pyroptosis, and autophagy, we discuss the possible association between P2X7R, cartilage degradation, and inflammatory factor release in OA. Further, we summarize the possible treatment methods, including the use of P2X7R as a drug target, and highlight the potential future mechanistic research.



ELUCIDATION OF OA AND ITS TREATMENT


Focus on Preventing Inflammation

Most studies on OA focus on the synovium-mediated development of inflammation. Synoviocytes identify the foreign fragments that fall into the joint cavity as byproducts of cartilage degradation. This results in synovial angiogenesis, an increase in the release of auto-inflammatory factors, and the stimulation of chondrocytes to synthesize and secrete MMPs. Through this mechanism, synovitis can promote cartilage degradation and aggravate OA (van Lent et al., 2004). Synovial fluid factors are increased in the damaged cartilage of OA patients (Kim et al., 2006), including toll-like receptor (TLR)-2 and TLR-4 ligands, such as alarm proteins [S100 protein and high mobility group protein B1 (HMGB1)], low molecular weight hyaluronic acid, tenascin C, and fibronectin (Scanzello et al., 2008; García-Arnandis et al., 2010; van Lent et al., 2012). These mediators, together with low-grade inflammation present in the compromised joints, induce inflammation of the synoviocytes and affect the catabolism balance of the chondrocytes (Wang et al., 2011). Therefore, the innate immunity may be a key factor driving the development of OA. As for mild systemic inflammation, plasma and peripheral white blood cells can reflect the level of inflammation in the joint tissues. Adipokines secreted from visceral fat, such as leptin, resistin, and adiponectin also play an important role (Gomez et al., 2011), having both pro- or anti-inflammatory effects on OA development (Distel et al., 2009). The release of inflammatory factors into the blood can cause diseases in other parts as well, such as the inflammation of the nervous system and Alzheimer’s disease (Kyrkanides et al., 2011).



Clinical Treatment Options

Although our understanding of the mechanism underlining OA has improved, limited progress has been made with respect to its treatment. Currently, analgesia and joint replacement are primarily used to treat end-stage OA (Bijlsma et al., 2011; Carr et al., 2012; Pivec et al., 2012) which neglects the problem of early disease incidence. Fortunately, the continuous advancement in our understanding of OA pathogenesis and the improvement in detection methods have shifted the focus toward the prevention and treatment of early OA. Lifestyle adjustments, such as weight loss and exercise for obese individuals, can enhance muscle strength and joint stability, improve cardiovascular function, and reduce the risk of OA (Felson et al., 1992; Gudbergsen et al., 2012; Uthman et al., 2013).

Drug treatment often goes hand-in-hand with prevention, with commonly used drugs in clinical practice, such as paracetamol (acetaminophen) and non-steroidal anti-inflammatory drugs (NSAIDs) also being able to effectively relieve pain symptoms (Palmer et al., 2013). Furthermore, the anti-inflammatory and anti-catabolism properties of chondroitin and glucosamine have been proven in clinical trials to alleviate the occurrence and development of OA (Henrotin and Lambert, 2013). Hyaluronic acid, a glycosaminoglycan, can also act as a lubricant in the synovial fluid. In patients with OA, the concentration of hyaluronic acid in the joint cavity is low, and the friction experienced by the joint surfaces during limb movement increases pain. It must be noted, however, the clinical efficacy and safety of injecting hyaluronic acid into the joint cavity remains controversial (Rutjes et al., 2012). Another lubricating element, lubricin, has been shown to work synergistically with hyaluronic acid with limited effects (Schmidt et al., 2007). Several targeted drugs have also been developed to treat OA, such as MMP inhibitors (doxycycline) (da Costa et al., 2012), osteoclast inhibitors (bisphosphonates and strontium ranelate) (Henrotin et al., 2001), IL-1R inhibitors (anakinra) (Chevalier et al., 2009), immunoglobulins (AMG 108) (Cohen et al., 2011), TNF-α inhibitors (adalimumab) (Verbruggen et al., 2012), cartilage repair factors [recombinant osteogenic protein-1 (Nishida et al., 2004) and kartogenin (Johnson et al., 2012)]. The application of these drugs still needs improvement as there is still a gap between the desired therapeutic effect and the clinical outcomes. This implies that more effective and targeted drugs are required in the prevention and treatment of OA. Therefore, an in-depth exploration of the particular etiology and pathogenesis of OA is critical.



THE P2X7 RECEPTOR


P2X7R Structure and Function

Purine receptors can be divided into two categories: adenosine (ADO) activated P1 receptors and purine and pyrimidine nucleotides (ATP and ADP) activated P2 receptors. P2 receptors can further be divided into P2X ion channel receptors and P2Y metabotropic receptors. There are seven different members of the P2X family (P2X1-7), of which the P2X7 receptor (P2X7R, encoded by the P2RX7 gene) is most closely related to inflammation and immunity, and belongs to the trimeric ligand-gated cation channel. Compared with other P2X receptors, P2X7R requires a higher concentration of ATP for activation and has a higher affinity for the selective agonist BzATP, with 10–30 times more potency than ATP (North, 2002). In addition, natural splice variants (P2X7A-J) and (P2X7a, P2X7k, P2X713b, and P2X713c) were found in human and rodent tissues, respectively, with P2X7R sharing 77–85% sequence identity. Therefore, several experiments have used rodent models to study the function of P2X7R.

Structurally, P2X7R contains relatively short intracellular amino- (N) and long carboxyl- (C) termini, and two hydrophobic transmembrane fragments separated by glycosylated extracellular ATP binding domains (transmembrane domains); its topology is similar to that of other ionic P2X receptors (Khakh and North, 2006; Karasawa and Kawate, 2016). The functional channel toward the plasma membrane is composed of stable trimers (Nicke, 2008; Jiang et al., 2013). Moderate activation occurs when the receptor is bound to ATP. The gated state of P2X7R is opened, mediating non-inactivated Na+ and Ca2+ influx and K+ efflux, resulting in rapid depolarization (Surprenant et al., 1996). When the activation time is prolonged, P2X7R can induce the formation of membrane pores, allowing molecules up to hundreds of Da to pass (Pelegrin and Surprenant, 2006).



P2X7R Activation and Regulation

The transcription and expression of P2X7R can be regulated by microRNAs [e.g., miR-373 (Zhang et al., 2018)], long-coding RNAs (e.g., lncRNA NONRATT021972), and transcription factors [e.g., specific protein 1 (Sp1)], and P2X7R will also undergo post-translational modifications, including N-linked glycosylation, palmitoylation, and ADP-ribosylation (Sluyter, 2017). The most important mediator for the activation of receptors is ATP and its role in inflammation and immunity has been proven. Cell death in inflammatory tissues releases large amounts of ATP, increasing the extracellular ATP concentration to hundreds of μM, which is enough to activate P2X7R. In contrast, the extracellular ATP concentration in healthy tissues is very low (Pellegatti et al., 2008; Wilhelm et al., 2010; Barbera-Cremades et al., 2012). In addition to passive release, ATP can also cross incomplete cell membranes through specific membrane protein channels, or can be stored in cytoplasmic vesicles and secreted outside the cell (Burnstock, 2006). Other mechanisms, such as the one mediated by the gap junction protein pannexin-1, control the release of ATP from living or apoptotic cells. Under certain conditions, such as hypoxia, increased extracellular K+ concentration, and mechanical stress stimulation, pannexin-1 has high ATP permeability (Wang and Dahl, 2018). In undamaged tissues, a small amount of ATP in the extracellular environment will be rapidly degraded by enzymes (Plesner, 1995). Therefore, to activate P2X7R, the ATP release channel and the receptor should be in close proximity, which explains the closely related protein functions and structures of pannexin-1 and P2X7R (Bao et al., 2004; Pelegrin and Surprenant, 2006; Locovei et al., 2007).

The P2X7 receptor activation mediates numerous signaling pathways and cellular responses, such as the activation of the NLRP3 inflammasome via K+ efflux, which induces IL-1β release; the formation of mitochondrial reactive oxygen species (mtROS) via ATP signaling, which can also regulate the activity of P2X7 ion channels; the regulation of caspase, cathepsin, and MMP release; and the regulation of the pro-inflammatory mediator prostaglandin E2 (PGE-2). PGE-2 is an important downstream inflammatory pathway of P2X7R, which may make P2X7R a potential anti-inflammatory target to replace cyclo-oxygenase that regulates the activation of transcription factors, such as NF-κB p65, HIF-1α, and PI3K-AKT; glutamate efflux; endocytosis; cell proliferation; and cell death. Briefly, P2X7R regulates ion flow, protease activation, and various secretory responses, which constitute the most common signaling pathways in inflammation (Bartlett et al., 2014). Therefore, P2X7R is also known as an inflammatory switch.



P2X7R AND OSTEOARTHRITIS

The importance of P2X7R in inflammation has recently attracted attention in the field of bone-related diseases. It has critical influence on OA, synovitis, and rheumatoid arthritis. This has opened a way for P2X7R inhibitors (as a specific target-directed approach) to serve as potential new therapeutics for these diseases.


P2X7R as an Inflammatory Switch

When OA occurs, the most significant cellular response is inflammation, which can be triggered by external and internal mechanisms. External factors include mechanical stress (compression, stretching, hydrostatic pressure, and shear stress), while the mechanoreceptors (ion channels and integrins) present on the surface of joint cells convert abnormal mechanical stress into activated intracellular signals (Guilak, 2011). Accordingly, the activation of the NF-κB and mitogen-activated protein kinase (MAPK) signaling pathways is commonly observed (Signaling, 2004).


Exercise as an Anti-inflammatory Mechanism

In daily life, physical exercise causes mechanical stress on joints that can be beneficial. Studies have shown that regular exercise can alleviate low-intensity inflammatory conditions, as are observed in OA, cancer, and cardiovascular disease, and reduce the risks associated with a high-fat diet. P2X7R is one of the factors that determine the level of IL-1β in the plasma after exercise. Furthermore, P2X7R, NF-κB, NLRP3, and caspase-1 levels have been shown to progressively increase between sedentary individuals, trained athletes, and endurance athletes (Comassi et al., 2017). Post-exercise, NLRP3 and caspase-1 levels increased in sedentary individuals (pro-inflammatory), while they decreased in endurance athletes (anti-inflammatory). Regardless of the degree of fitness, acute exercise increased P2X7R expression and function. In another study, exercise reduced the expression levels of P2X7R, NLRP3, caspase-1, and IL-1β in plasma caused by a high-fat diet in Sprague Dawley rats, inhibiting inflammation and apoptosis, enhancing autophagy, and reducing myocardial damage (Chen et al., 2019). It is thus evident that P2X7R plays an important role during exercise to relieve inflammation and other risk factors.



Cytokine Secretion During Inflammation

The P2X7 receptor regulates the intensity and duration of several inflammatory reactions (Ferrari et al., 2006; Khakh and North, 2006; Dubyak, 2012). In macrophages, monocytes, and microglia, P2X7R mediates Ca2+ influx and K+ efflux inducing the activation and release of cytokines (Kahlenberg and Dubyak, 2004; Ferrari et al., 2006). This initiates inflammasome assembly, while caspase-1 pro-IL-1β cleavage releases a large amount of mature IL-1β (MacKenzie et al., 2001; Pelegrin et al., 2008; Dubyak, 2012). IL-1β can induce reactive oxygen species (ROS) and the expression of protein-degrading enzymes, leading to the loss of type II collagen and proteoglycans, thereby destroying cartilage structure and affecting joint function and stability (Sitia and Rubartelli, 2020). IL-1β is an atypical cytokine lacking secreted fragments which does not follow the standard endoplasmic reticulum-Golgi pathway for extracellular release (Dinarello, 2002). Instead, it functions via an ATP-dependent P2X7R-inflammasome pathway by TLR stimulation-induced accumulation of pro-IL-1β in the cytoplasm followed by its subsequent release (Perregaux et al., 2000; Ferrari et al., 2006). Other mechanisms of cytokine release occur through passive release after cell death, and secretion by modified lysosomes, exosomes, or plasma membrane-derived microvesicles (MacKenzie et al., 2001; Lopez-Castejon and Brough, 2011; Piccioli and Rubartelli, 2013). In all these instances, P2X7R is the main driver (Bianco et al., 2005; Pizzirani et al., 2007; Qu et al., 2007), further emphasizing its key role in the release of biologically active IL-1β.



Oxidative Stress in Inflammation

Among the internal factors contributing to the development of OA, ROS play a pivotal role. ROS comprise molecules containing free radicals, including oxygen free radicals (OH–), hypochlorite ions (OCl–), superoxide anions (O2–), nitric oxide (NO), and hydrogen peroxide (H2O2). ROS is mainly produced through the following pathways: mitochondrial (through oxidative phosphorylation) and non-mitochondrial membrane-bound nicotinamide adenine dinucleotide phosphate (NADPH) oxidase and xanthine oxidase (XO) pathways (Turrens, 2003). When the catabolic cell balance is disturbed, the accumulation of ROS leads to an increase in the production of inflammatory mediators, and an ineffective elimination of the oxidized proteins. This ultimately triggers oxidative damage that exacerbates inflammation (Licastro et al., 2005). Oxidative stress can promote cell senescence, especially affecting chondrocytes (Loeser, 2011). Chondrocytes have a low ability to divide and proliferate with high ability to synthesize and secrete, a circumstance called the senescence-associated secretory phenotype (SASP) (Coppe et al., 2010). ROS normally occurs at low levels in chondrocytes but can still regulate gene expression, affect ECM synthesis and catabolism balance, drive the production of cytokines, such as IL-1β (Forsyth et al., 2005), and induce cell apoptosis. The exacerbated oxidative stress in chondrocytes inhibits the PI3K/Akt pathway; activates the NF-κB pathway to promote the transcription of MMPs; activates the extracellular signal-regulated kinase (ERK)/MAPK pathway to reduce the expression of type II collagen, proteoglycans, and Sox-9; reduces ECM synthesis (Yin et al., 2009; Yu and Kim, 2015); and acts as a signal transduction intermediate for IL-1β and TNF-α in the c-Jun N-terminal kinase (JNK) pathway activation (Lo et al., 1996). Therefore, ROS plays an important role in the intracellular signal transduction mechanisms and is closely related to cartilage homeostasis (Rathakrishnan et al., 1992; Henrotin et al., 1993; Henrotin et al., 2003).



Significance of P2X7R in Inflammation

Summarily, the ion flow mediated by P2X7R activation is closely related to the homeostasis of the intracellular environment. Mitochondrial dysfunction caused by Ca2+ overload can induce the production of ROS. Activation of inflammasomes triggered by K+ efflux can induce the production of IL-1β and the activation of inflammation-related pathways. This indicates the important role of P2X7R in inflammation and its potential influence on the occurrence and development of OA. In terms of preventive treatment and cytokine treatments were not found to significantly improve the symptoms of OA or relieve the deterioration of bone structure. The results of pilot and controlled studies using anti-IL-1 and anti-TNF molecules lack credibility (Chevalier et al., 2009; Verbruggen et al., 2012). In this context, P2X7R-targeted therapy could present as a new direction for the prevention and treatment of OA.



P2X7R Induces Apoptosis in OA

When a cell undergoes apoptosis, the chromatin condenses around the nucleus, the cell membrane shrinks and bubbles, and apoptotic bodies with intact membranes form around organelles (Kerr et al., 1972). Upon recognition by the immune system, inflammation is induced. This can be prevented, however, by the phagocytic engulfment of these vesicles (Kurosaka et al., 2003). Apoptosis is a programmed cell death, which differs from passive necrosis (or cell membrane disintegration) caused by pyroptosis. At the molecular level, initiation, execution, degradation, and clearance are the established sequential steps of apoptosis.


Apoptotic Pathways

Apoptosis can be induced via extrinsic mediation by death receptors and via intrinsic mediation by mitochondria (Elmore, 2007). The extrinsic pathways include damage or pathogen-related molecular patterns (DAMPs or PAMPs) and cytokines that activate the TNF superfamily (e.g., death receptors). The death receptor Fas and its ligand FasL combine to drive the assembly of the death-inducing signaling complex (DISC). Thereafter, the recruitment and activation of caspase-8 are mediated by Fas-related proteins and death domain (FADD) adaptor molecules, which leads to caspase-3 activation, and finally apoptosis (Fuentes-Prior and Salvesen, 2004). P2X7R is closely related to apoptosis. IL-1β, mediated by P2X7R, can further induce the production of TNF-α, both having pro-apoptotic effects (Lee et al., 2016). The membrane pores formed by P2X7R (Donnelly-Roberts et al., 2004), together with its mediated K+ efflux (Delarasse et al., 2009; Aguirre et al., 2013), can induce the activation of caspase-8 and subsequently cleave caspase-3, the key executor of apoptosis.

Intrinsic pathways include those mediated by DNA damage, cytoplasmic Ca2+ overload, oxidative or endoplasmic reticulum stress (ERS), decreased cytokine levels, and the response to intracellular damage (Vanden Berghe et al., 2015). Bcl-2 family members respond by changing the permeability of the mitochondrial outer membrane (Kroemer and Reed, 2000). The activation of its priming members (e.g., Bid) not only inhibit survival supervisory members (e.g., Bcl-2), but also oligomerize pro-apoptotic members (e.g., Bax), thereby destroying the mitochondrial outer membrane. A large number of proteins are released into the cytoplasm, such as cytochrome c (Cyt c) (Qiu et al., 2000), activating a key component of apoptotic bodies, namely the apoptotic protease activator factor-1 (APAF-1) (Green, 2003). Cyt c combines with oligomeric APAF-1 to form a multimeric structure, recruiting and activating caspase-9 in the mitochondrial pathway (Bao and Shi, 2007). Caspase-9 directly activates downstream caspase-3, 6, and 7, ultimately leading to substrate cleavage and apoptosis. In addition to the inflammasome assembly caused by the intracellular K+ consumption, K+ efflux can also induce apoptosis by promoting APAF-1 (Bortner et al., 1997; Karki et al., 2007). Furthermore, Ca2+ influx can lead to mitochondrial dysfunction and caspase-3 activation. As P2X7R plays a crucial role ion transport, P2X7R inhibitors have shown promise in preventing cell death dependent on these mechanisms (Nishida et al., 2012).



Oxidative Stress in Apoptosis

Reactive oxygen species (e.g., H2O2) damages mitochondria as part of the apoptotic intrinsic pathway, destroying its DNA integrity and repair ability (Grishko et al., 2009). This can induce chondrocyte apoptosis through PI3K/Akt, p38 MAPK, and JNK signaling pathways (Yu and Kim, 2014; Li and Dong, 2016; Rao et al., 2017). As mentioned earlier, P2X7R can induce the generation of ROS, and the activation of P2X7 will increase the phosphorylation of tyrosine protein, activating MAPK (Panenka et al., 2001; Papp et al., 2007), including ERK, JNK, and p38 MAPK. ERK is essential for cell survival, while JNK and p38 MAPK can be activated under stress stimulation (Wada and Penninger, 2004; Yang et al., 2012). JNK phosphorylates Bcl-2 to reduce its anti-apoptotic activity (Cui et al., 2007), and p38 MAPK reduces the expression of Bcl-2 and induces the production of caspase-3, leading to apoptosis (Nishida et al., 2012). The NF-κB signaling pathway closely relates to P2X7R involvement in chondrocyte apoptosis, since it can affect the expression of apoptosis-related proteins (Bcl-2, Bax, Cyt c, and caspase-3) (Pan et al., 2018).



Chondrocyte Apoptosis

Unregulated apoptosis can lead to pathological changes, such as tumors and inflammation. Apoptosis is both the initiator (Hashimoto et al., 1998) and feedback in the development of OA (Blanco et al., 1998; Heraud et al., 2000). Specifically, chondrocyte apoptosis is considered a prerequisite for the development of OA. Compared with the normal cartilage, the number of apoptotic chondrocytes is increased in the cartilage of OA patients (Hashimoto et al., 1998), while that of normal chondrocytes is decreased (Aigner et al., 2006), and a dysregulation of apoptosis-related genes occurs (Bobinac et al., 2003). In addition, animal studies showed that low levels of mechanical stress stimulation can induce chondrocyte apoptosis, with high levels of mechanical stress stimulation leading to the degradation of the cartilage matrix (Loening et al., 2000). This indicates that chondrocyte apoptosis occurs first, followed by tissue damage, reflecting early features of OA. Therefore, chondrocyte apoptosis also represents the feedback of the outcome of OA (Zamli et al., 2013). In transgenic mice with type II collagen gene knockout, chondrocytes undergo increased apoptosis, have lower survival, and no longer interact with the surrounding matrix, and there is presentation of severe cartilage degradation, compared to the wild-type mice (Zemmyo et al., 2003). Several studies have confirmed the positive relationship between the severity of cartilage degradation and the rate of chondrocyte apoptosis (Blanco et al., 1998; Hashimoto et al., 1998; Thomas et al., 2007). Some studies used collagenase to destroy the matrix, increasing cell permeability to expose the chondrocytes to apoptosis inducers (NO and cytokines) secreted by either synoviocytes or other chondrocytes, ultimately leading to cell apoptosis (Zamli and Sharif, 2011). Taken together, although the sequence of cartilage degradation and chondrocyte death is still controversial, they are undeniably closely related in OA (Zamli and Sharif, 2011).



Interplay With Pyroptosis

Apoptosis does not always occur in isolation and often accompanies other phenotypes. In the early stage of OA, autophagy plays a protective role to prevent cell death on the surface and middle layers of cartilage (Almonte-Becerril et al., 2010; Carames et al., 2010); while in the late stage of OA, autophagy induces apoptosis and accelerates cell death (Almonte-Becerril et al., 2010). In the cartilage of patients with OA, the apoptotic bodies that have not been engulfed in time, together with increasing cartilage calcification, aggravate OA through secondary pyroptosis (Roach et al., 2004). The cell death caused by apoptosis and pyroptosis have also been confirmed in a model of OA induced by mechanical stress (Chen et al., 2001; Stolberg-Stolberg et al., 2013). In vivo and in vitro experiments showed that the application of mechanical stress to the chondrocytes of human cartilage explants (D’Lima et al., 2001), end plates (Kong et al., 2013), or growth plates (Sun et al., 2017) can lead to the loss of type II collagen, proteoglycans, and glycosaminoglycans, accompanied by cell death. The protective role of antioxidants must briefly be mentioned as they can reduce cell death caused by shear stress (Martin and Buckwalter, 2006) and abnormal cyclic loading (Beecher et al., 2007).


Significance of P2X7R in Apoptosis

In summary, P2X7R-mediated ion flow, oxidative stress, and related signaling pathways are closely related to apoptosis. Apoptosis is complemented by OA under the action of autophagy and pyroptosis. Thus, P2X7R plays an important role in the interaction between apoptosis and OA. It participates in cartilage degradation and inflammatory factor release, aiding the progression to OA.



P2X7R Drives Pyroptosis in OA

Apoptosis and pyroptosis can occur independently, sequentially, and simultaneously (Zeiss, 2003). Both have common triggers and biochemical networks. The intensity and duration of different stimuli, the amount of ATP that can be consumed in the cell, and the potency of caspases can convert the ongoing process of apoptosis into pyroptosis (Leist et al., 1997; Denecker et al., 2001; Zeiss, 2003). The process of accidental and passive cell death caused by harmful stimuli (ultraviolet radiation, heat, hypoxia, and cytotoxic drugs), accompanied by cytoplasmic granulation, mitochondrial swelling, cell swelling, rupture of the plasma membrane, and uncontrolled release of intracellular substances (including pro-inflammatory cytokines, DAMPs, and lysosomal enzymes), causes an inflammatory response called pyroptosis (Festjens et al., 2006; Kaczmarek et al., 2013).


NLRP3 as the Initiator of Pyroptosis

NLRP3, as one of the components of the inflammasome (the core component of pyroptosis) exists in the cytoplasm and can recognize PAMPs (such as pore-forming toxins and microbial cell wall components) or DAMPs (such as ATP derived from endogenous stress and uric acid crystals) (McGilligan et al., 2013; Guo et al., 2015; Sharma and Kanneganti, 2016). NLRP3 activates caspase-1, promoting the secretion of IL-1β and IL-18 to exacerbate inflammation (Shao et al., 2015), resulting in rapid cell death (Latz et al., 2013). There are two main ways to activate inflammasomes. The first is through the recognition of PAMPs or DAMPs by TLRs to activate the NF-κB signaling pathway, increasing the synthesis of NLRP3, pro-IL-1β, and pro-IL-18; the second is by initiating oligomerization, leading to the assembly of inflammasomes (Shao et al., 2015). Both kinase activity and autophagy can regulate the activity of the NLRP3 inflammasome (Yang et al., 2017). Autophagy relieves pyroptosis by degrading pro-IL-1β, inflammasome components, and damaged mitochondria (Zhou et al., 2011; Shi et al., 2012).

As a key activator of inflammasomes, P2X7R participates in both the classical pathway (e.g., NLRP3) and non-classical pathway (e.g., caspase-11). The latter induces cell death similar to pyroptosis (Vigano and Mortellaro, 2013; de Gassart and Martinon, 2015). The C-terminal part of pannexin-1 can be cleaved by caspase-11, leading to ATP release and K+ efflux (Yang et al., 2015). Hypoxia-induced caspase-11 expression and activation (Kim et al., 2003) are involved in ERS-dependent cell death (Fradejas et al., 2010). P2X7R and NLRP3 can also interact physically. Immunoprecipitation and confocal microscopy studies have found that changes in the local ionic microenvironment in cells caused by P2X7R or by a membrane pore opening can result in inflammasome assembly (Franceschini et al., 2015).

Under normal circumstances, inflammasomes activate the innate immune system, producing IL-1β, IL-18, and other pro-inflammatory cytokines to protect cells from infection and reduce damage (Man and Kanneganti, 2015). However, excessive activation of inflammasomes overproduce cytokines, causing inflammation and metabolic disorders (Strowig et al., 2012). NLRP3 is an established potential target for diseases, such as atherosclerosis, rheumatoid arthritis, and gout. NLRP3 is also activated in the synovial tissue contributing to cartilage degradation (Bougault et al., 2012). In patients with OA, high NLRP3 expression in tissue has been linked to high XO levels (an enzyme producing ROS and uric acid), further confirming the association between OA and NLRP3 inflammasomes (Clavijo-Cornejo et al., 2016).

As stated before, cartilage degradation in OA can result from disrupted anabolic and catabolic chondrocyte balance (Bijlsma et al., 2011). Once initiated, the primary cartilage-degrading enzymes, IL-1β and TNF-α, are produced by the NLRP3 inflammasome (Mueller and Tuan, 2011; Haseeb and Haqqi, 2013). IL-1β both induces cell apoptosis (Haseeb and Haqqi, 2013) and stimulates the secretion of other cartilage-degrading enzymes, such as MMP3/13 and ADAMTS-4/5 (Mueller and Tuan, 2011), leading to the degradation of the type II collagen and the proteoglycans of the ECM (Haseeb and Haqqi, 2013). The released collagen and proteoglycan particles stimulate the production of IL-18 (Olee et al., 1999; Man and Mologhianu, 2014), which inhibits proteoglycan synthesis and chondrocyte proliferation, promotes prostaglandin production, and further induces apoptosis (Jin et al., 2011).



Significance of P2X7R in Pyroptosis

Targeting the components of inflammasomes and upstream and downstream pathways, such as K+ efflux, ROS, mitochondrial-, and lysosome dysfunction, is an important approach in the treatment of OA (Di Virgilio, 2013; He et al., 2016). The small molecule inhibitor MCC950 inhibits the oligomerization of inflammasomes and IL-1β release (Coll et al., 2015). Drugs that target IL-1R, such as rilonacept, anakinra, and canakinumab, can also reduce cartilage destruction (Dinarello et al., 2012). As an important driving force of the inflammasome pathway, P2X7R has potential as a drug target treatment to alleviate cartilage damage caused by pyroptosis.



P2X7R Regulates Autophagy in OA

Cells degrade excess or damaged lipids, proteins, and organelles, to maintain cell viability through autophagy. Autophagy also plays a role in maintaining mitochondrial function (Lo Verso et al., 2014), as the downregulation of autophagy will induce the accumulation of damaged mitochondria, increase the levels of ROS, and lead to tissue degeneration (Mizushima and Komatsu, 2011). Autophagic flux can be divided into five stages: (i) induction, (ii) nucleation, (iii) extension, (iv) maturation, and (v) lysis. A complex is formed in each of the first three stages. In the induction phase, the Atg1 complex (including Atg1/Ulk1, Atg13, and Atg17/FIP200) and the activity of mammalian target of rapamycin complex 1 (mTORC1) is inhibited, Atg13 phosphorylation level is reduced, and the complex is formed (Ganley et al., 2009). The Vps34 (PI3K)-Atg6 (Beclin-1) complex acts on the nucleation of the membrane vesicles and mediates the formation of the pre-autophagosome structure. The extension of autophagosomes mainly depends on two ubiquitin-like systems: the binding process of Atg12-Atg5 and the modification process of LC3. LC3-II is a multi-signal transduction regulatory protein that is located on the autophagy vesicle membrane and is often used as a marker for autophagy formation.


Chondrocyte Autophagy

Cartilage lacks blood vessels to supply oxygen, thus cells exist in a somewhat hypoxic environment. Hypoxia promotes autophagy (e.g., through an increase in Ulk1 and Atg5 mRNA levels), maintains the chondrocyte phenotype (e.g., increased Sox9 and type II collagen mRNA levels, decreased MMP13 and ADAMTS-5 mRNA levels), and further induces hypoxia factors (HIFs) (Coimbra et al., 2004), which play important roles as key regulators of autophagy in chondrocytes. HIF-1 is a heterodimer composed of two different subunits, HIF-1α and HIF-1β. Under hypoxic conditions, HIF-1α degradation is prevented and transferred to the nucleus, where it combines with β subunits to form an active HIF-1 transcription factor. HIF-1α is essential for cell survival, and its knockout induces mass chondrocyte death in the cartilage growth plate (Schipani et al., 2001). Bcl-2 plays a role in HIF-1α-mediated autophagy (Zhang F. et al., 2015), while HIF-1α modulates the Beclin-1/Bcl-2 complex (Bohensky et al., 2007), activates AMPK, inhibits mTOR (Bohensky et al., 2010), induces chondrocyte autophagy, and prevents apoptosis. P2X7R is also closely related to HIF-1α and autophagy (Mascanfroni et al., 2015). The ATP-P2X7R signal axis driven by oxidative metabolism participates in the differentiation of bone marrow-derived macrophages into their M2 type (Barbera-Cremades et al., 2016). HIF-1α also plays a key role in this process. For example, HIF-1α promotes lactic acid-dependent M2 polarization in the tumor microenvironment (Colegio et al., 2014). Interestingly, P2X7R is a strong stimulator of aerobic glycolysis and lactic acid production (Amoroso et al., 2012). P2X7R receives ATP signals to stimulate the alkalinization of lysosomes (Guha et al., 2013), which leads to an increase in the lysosomal pH. The accumulated autophagosomes cannot be fused with lysosomes for degradation and release outside the cell, thereby reducing autophagy flux (Takenouchi et al., 2009a, b). P2X7R activation downregulates the expression of glutamate transporter and promotes neuro-autophagy, which increases excitatory amino acids (Zhang et al., 2008; Działo et al., 2013; Kulbe et al., 2014) caused by an abnormal stimulation of glutamate receptors, ultimately resulting in cognitive impairment (Sun et al., 2015). P2X7R activates PI3K/Akt/GSK3β/β-catenin and/or mTOR/HIF1α/VEGF pathways to promote the proliferation and metastasis of osteosarcoma and increase bone destruction (Zhang et al., 2019).



Significance of P2X7R in Autophagy

Whether P2X7R promotes or inhibits autophagy is still controversial (Sluyter, 2017). For instance, one study showed ATP-activated P2X7R to inhibit the PI3K/AKT pathway, activate the AMPK-PRAS40-mTOR pathway, promote autophagy, inhibit cell proliferation, and exert anti-tumor effects (Bian et al., 2013). In another study, LL-37 activated AMPK and PI3K through P2X7R-mediated Ca2+ influx, promoted autophagy, and aided in inducing resistence against Mycobacterium tuberculosis in macrophages (Rekha et al., 2015). In another case, P2X7R-mediated Ca2+ influx activated mTOR and inhibited Treg cell conversion (Bohensky et al., 2010). However, to the contrary, in memory CD8+ T cells, P2X7R receives extracellular ATP signals to activate AMPK through Ca2+ influx and increase the AMP/ATP ratio, inhibit mTOR, and enhance mitochondrial function (Borges da Silva et al., 2018).

The level of autophagy is also related to the activation state of P2X7R. In the early stage of activation, P2X7R-mediated K+ efflux and Ca2+ influx activate mtROS, and Ca2+ activates CaMK, which in turn activates the AMPK pathway, inhibits mTOR, and promotes mitophagy and lysosome biogenesis. In the late stage of activation, lysosome stability decreases and cell death occurs (Sekar et al., 2018). Energy receptor AMPK (Garcia and Shaw, 2017) is also regulated by exercise (Garber, 2012). High-intensity exercise activates AMPKα to increase autophagic flux (Schwalm et al., 2015). In skeletal muscle, exercise induces mitophagy to degrade damaged mitochondria through the AMPK-Ulk1 signaling pathway (Laker et al., 2017). When energy is severely lacking, exercise inhibits AMPK/Ulk1/Beclin-1 phosphorylation, and the accumulated p62/SQATM1 inhibits autophagy to reduce muscle loss (Martin-Rincon et al., 2019). As an important downstream signaling molecule of P2X7R, AMPK is involved in the regulation of several physiological and pathological functions (Jeon, 2016), including autophagy in OA.



AUTOPHAGY IS A DOUBLE-EDGED SWORD IN OA

Compared with microautophagy and chaperone-mediated autophagy, macroautophagy is most studied and understood (Parzych and Klionsky, 2014). However, the relationship between cartilage damage, the degree of autophagy, and cell death remains unclear (Caramés et al., 2015).


The Positive Side of Autophagy

The consensus is that autophagy exerts a protective effect on chondrocytes in OA. In mice, as cartilage damage increases, and resulting cell death ensues, the expression levels of autophagy-related genes decrease (Caramés et al., 2015). In cell lines and primary chondrocytes, decreased autophagy leads to cartilage degradation (Ribeiro et al., 2016a). Rapamycin (an autophagy inducer) promotes the degradation and clearance of damaged mitochondria, reduces IL-1β-induced ROS generation, and reduces the OA-like phenotype of chondrocytes (Sasaki et al., 2012). Decreased levels of autophagy are often accompanied by increased levels of apoptosis [e.g., presentation of activated PARP (the caspase-3 substrate)], further exacerbating OA characteristics (Caramés et al., 2015). Moreover, Beclin-1 silencing which reduces autophagy exacerbates cell death (Bohensky et al., 2007). mTOR overexpression also inhibits chondrocyte autophagy and promotes apoptosis, leading to increased cartilage degeneration (Zhang Y. et al., 2015). Autophagy promoted through oligomycin stimulation can effectively eliminate dysfunctional mitochondria, thereby protecting cells from apoptosis (Lopez de Figueroa et al., 2015).

Exercise promotes autophagy which relieves inflammation (Deretic et al., 2013). During exercise, the innate immune molecule TLR-9 interacts with Beclin-1 to strengthen and regulate AMPK activation in muscles (Liu Y. et al., 2020). AMPK interacts with sestrins to participate in exercise-induced autophagy to maintain skeletal muscle glucose metabolism (Liu et al., 2015), and relieve aging-related muscle atrophy (Fan et al., 2017). Exercise-induced AMPK activation can also inhibit mTOR, thereby alleviating other diseases as well by promoting autophagy, reducing the transformation of fatty liver to hepatitis and tumors (Guarino et al., 2020), and alleviating heart damage caused by exhaustive exercise (Liu and Pan, 2019).



The Negative Side of Autophagy

Excessive autophagy can be a double-edged sword (Carames et al., 2010; Lopez de Figueroa et al., 2015; Ribeiro et al., 2016a, b), with no protective effect on cells (Chang et al., 2013), resulting in cell death (Shapiro et al., 2014) through synergistic participation in the process of cell apoptosis (e.g., ATP-dependent apoptosis). Related genes, such as Ulk1, Beclin-1, and LC3, are highly expressed in the early stage of OA, reflecting the protective effect of autophagy on chondrocytes; while in the late stage of OA, they are weakly expressed, as a consequence of autophagy-induced apoptotic cell death (Almonte-Becerril et al., 2010; Carames et al., 2010; Sasaki et al., 2012; Caramés et al., 2015). The opening of membrane pores induced by the ATP-P2X7R axis in muscle injury mediates autophagic cell death (Young et al., 2015). P2X7R receives ATP signals induced by ivermectin to promote autophagy, leading to tumor cell death. Although the role of P2X7R in infection and inflammation has been confirmed (Di Virgilio et al., 2017), studies have shown that inflammation leads to the downregulation of P2X7R expression, which in turn inhibits the PI3K-AKT-mTOR pathway, and promotes the osteogenesis of periodontal ligament stem cells (Xu et al., 2019).



The Consensual Role of Autophagy in Pyroptosis

Contrary to the uncertain relationship between autophagy and apoptosis, autophagy usually alleviates pyroptosis (Gudipaty et al., 2018). This can be verified through various mechanisms in many studies. First, miR-103 targets BNIP3 (Bcl2/Adenovirus EIB 19 kDa Interacting Protein 3) to mediate late autophagy and relieve H2O2-induced oxidative stress and pyroptosis (Wang et al., 2020). Second, electrical stimulation affects THP-1 macrophages, activates Sirt3, promotes autophagy, and relieves ROS-induced pyroptosis (Cong et al., 2020). Third, adrenomedullin promotes autophagy and inhibits pyroptosis in testicular stromal cells through the ROS-AMPK-mTOR pathway (Li et al., 2019). Fourth, resveratrol reduces mitochondrial damage and increases autophagy, thereby inhibiting NLRP3 activation and reducing inflammation (Chang et al., 2015). Fifth, baicalein, a Chinese herbal ingredient, promotes autophagy degradation, and reduces unfolded protein accumulation and mitochondrial dysfunction caused by spinal cord ischemia-reperfusion injury, thereby alleviating pyroptosis (Wu et al., 2020). Sixth, metformin activates AMPK, inhibits mTOR, relieves pyroptosis, and treats diabetic heart disease in obese mice (Yang et al., 2019). And seventh, SP1 transcription increases the expression of lnc ZFS1, which downregulates miR-590-3p, inhibits AMPK, activates mTOR, inhibits autophagy, increases pyroptosis, and aggravates sepsis-induced cardiac dysfunction (Liu Y. et al., 2020).

In addition to removing harmful components in the cell, autophagy can also prevent pyroptosis by degrading inflammasome components. The NLRP3 inhibitor CP-456773 and the NF-κB inhibitor celastrol work together to induce autophagy through the AMPK-mTOR pathway and inhibit HSP-90, thereby increasing the autophagic degradation of NLRP3 to inhibit pyroptosis (Saber et al., 2020). Furthermore, bone marrow-derived mesenchymal stem cell (BMSC)-derived exosomes activate AMPK in hypoglycemic/reoxygenation-induced pheochromocytoma cells, inhibiting mTOR, promoting autophagic flux, while LC3 results in NLRP3 degradation to inhibit pyroptosis (Zeng et al., 2020). Also, immunity-related GTPase M (IRGM) interacts with NLRP3 and ASC to inhibit inflammasome oligomerization, thereby inhibiting its assembly and activation, and selectively degrades NLRP3 and ASC by autophagy, alleviating inflammatory cell death (Mehto et al., 2019).

Sometimes, autophagy is also the trigger point of pyroptosis. Autophagy mediates the release of IL-1β (Claude-Taupin et al., 2018). In macrophages, IL-1β is released outside the cell through a hole in the plasma membrane of N-GSDMD, while in neutrophils, N-GSDMD is not localized on the plasma membrane. IL-1β is released through the LC3+ autophagosome pathway (Karmakar et al., 2020). Arsenic can also promote autophagy, with lysosome degradation releasing cathepsin, resulting in NLRP3 activation (Qiu et al., 2018). Autophagy is often inhibited when pyroptosis occurs. During the resting state of macrophages, NLRC4 and Beclin-1/Atg6 form a complex to inhibit autophagy. Under a low degree of infection, NAIP5 recruits NLRC4 and pro-caspase-1 to form a complex to relieve autophagy inhibition, and induce cell protection. When autophagy cannot eliminate an intracellular infection, caspase-1 is activated to initiate pyroptosis (Byrne et al., 2013). NLRP3 inflammasomes in hepatocellular carcinoma cells inhibit autophagy through the 17β-estradiol (E2)/ ERβ/AMPK/mTOR pathway (Wei et al., 2019).



Autophagy Discordance With Pyroptosis

When the two are activated together, autophagy negatively regulates pyroptosis. Inflammasome activation can induce autophagy, but the recruitment of LC3 and p62 induces the co-localization of inflammasomes with autophagosomes, thereby degrading them (Shi et al., 2012). Furthermore, when acrolein induces NLRP3 activation and autophagy through ROS, autophagy inhibits pyrolysis and mitochondrial damage (Jiang et al., 2018). Moreover, H2O2 induces nucleus pulposus cells to produce ROS, inducing autophagy, pyroptosis, and the upregulation of nuclear factor erythroid 2 like 2 (NFE2L2, Nrf2). Both Nrf2 and autophagy can alleviate pyroptosis and intervertebral disc degeneration (Bai et al., 2020). Tumor necrosis factor receptor-associated factor 3 (TRAF3) mediates the ubiquitination and degradation of Ulk1 and induces ROS and pyroptosis, while Ulk1 inhibits ROS and apoptosis inducing factor (AIF) translocation into the nucleus (Shen et al., 2020). In another mechanism, zearalenone inhibits the Akt/mTOR pathway to promote autophagy, while also promoting pyroptosis through NF-κB, but the upregulation of autophagy inhibits pyroptosis (Wang et al., 2019). In macrophages, NF-κB mediates the delayed accumulation of p62, forming the NF-κB-p62-mitophagy regulatory loop eliminating damaged mitochondria caused by pyroptosis, and limiting the intracellular pro-inflammatory activity (Zhong et al., 2016).



Alternative Autophagy Mechanisms in Pyroptosis

Autophagolysosomes formed by the fusion of autophagosomes and lysosomes play an important role in pyroptosis. Lysosomes act as AMPK-mTOR signaling hubs and an instability may lead to apoptosis and pyroptosis (Zhu et al., 2020). An impaired autophagy-lysosomal pathway in macular corneal dystrophic cornea can also lead to pyroptosis (Zheng et al., 2020). Moreover, BpV(phen) increases the ubiquitination of p62, affects the binding of p62 and HDAC6, activates the deacetylation of α-tubulin, and affects the stability of acetylated microtubules, resulting in hindered autophagosome and lysosome fusion, while autophagy inhibition leads to apoptosis and pyroptosis (Chen et al., 2015). Lastly, hypoxia-induced autophagy/lysosomal dysfunction leads to ERS, leading to unfolded protein accumulation and impaired autophagy, which in turn activates NLRP3 inflammasomes and induces pyroptosis (Cheng et al., 2019).



Significance of P2X7R in Cell Death Interplay

The interrelationships among phenotypes, such as autophagy, apoptosis, and pyroptosis, are also reflected in P2X7R-mediated cell metabolism and nutrition (Orioli et al., 2017). P2X4/P2X7/pannexin-1 mediates ROS, Ca2+/CaMK II, mitochondrial membrane potential, and caspase-1 activation caused by NADPH oxidase to promote cell pyroptosis and necrosis (Draganov et al., 2015). In ischemic stroke disease, P2X7R-mediated Ca2+ and K+ flow leads to mitochondrial dysfunction, caspase-8 and MAPK activation, and induces apoptosis. Ca2+ influx induces lysosomal dysfunction, which leads to decreased autophagic flow and apoptosis. K+ efflux leads to the activation of inflammasomes and induces pyroptosis (Zhao et al., 2018). Ca2+ overload, caused by P2X7R-mediated Ca2+ influx under the stimulation by high ATP concentrations in macrophages, leads to mitochondrial dysfunction, which in turn causes cell pyroptosis. However, when P2X7R is stimulated by low ATP concentrations or is positively allosterically regulated by compound K, the accumulation of mtROS and the activation of caspase-1 and 3 alter cell death mechanism from pyroptosis to apoptosis (Bidula et al., 2019).

In summary, autophagy primarily plays the role of a protector, resisting stimuli that cause damage to cells through key signaling pathways, such as AMPK-mTOR and HIF-1α, and supporting homeostasis. When autophagy decreases, P2X7R-mediated ion flux and damage to organelles, such as mitochondria and lysosomes, prevent autophagy flux, and the balance shifts. At this time, autophagy may induce or convert into apoptosis and pyroptosis. On several occasions, autophagy is the initiator of apoptosis, pyroptosis, and inflammation. Therefore, autophagy is a double-edged sword, and the right balance, together with proper activation of P2X7R, is the key to its power.



THERAPEUTIC SIGNIFICANCE OF P2X7R INHIBITORS

The P2X7 receptor inhibition can occur via synthetic reagents, ions, natural molecular compounds, and Chinese herbal medicines. However, due to P2X7R’s central role in inflammation, P2X7R inhibitors are receiving more attention for the development of targeted receptor therapies (Khakh and North, 2006; Arulkumaran et al., 2011; North and Jarvis, 2013; Bartlett et al., 2014; Di Virgilio et al., 2017). Various inhibitors display differences in chemical structure, species selectivity, competitive or non-competitive antagonistic methods, and specificity. The first-generation inhibitors, such as Reactive Blue 2, KN-62, PPADS, brilliant blue G (BBG), and oxidized ATP (oATP), are not highly selective, inhibiting other purinergic receptors as well. Second-generation inhibitors have improved target specificity for P2X7R, such as A438079, A740003, A839977, AZ10606120, AZ11645373, GSK314181, and JNJ-47965567. To date, most in vivo experiments have been conducted with first-generation inhibitors, but a select few studies have been carried out with specific inhibitors, like A438079, showing good efficacy in vitro and in vivo. Pretreatment of a DC/CD4+ T cell co-culture system with A438079, and the ensuing inhibition of P2X7R, can reduce the levels of pro-inflammatory factors IL-1β, IL-6, IL-23p19, and TGF-β1, derived from Th17 cells. In the arthritis mice model, induced by the activation of related collagen, A438079 relieved the swelling of the hind paw and the pathological changes in the ankle joint (Fan et al., 2016).

In view of the positive therapeutic effects of P2X7R inhibitors in rodent studies, drugs targeting human P2X7R are being used in clinical settings for the treatment of several diseases, such as pain, arthritis, and multiple sclerosis (Bartlett et al., 2014). The therapeutic effects of inhibitors, such as oATP, BBG, KN-62, and A438079, have been confirmed in preclinical models of inflammatory diseases, such as contact allergy, inflammatory pain, endotoxin-induced fever, and antibody-induced nephritis (Matute et al., 2007; Taylor et al., 2009; Weber et al., 2010; Barbera-Cremades et al., 2012). Two clinical trials of patients with rheumatoid arthritis receiving P2X7R-specific inhibitors, AZD9056 and CE-224, reported on its safety and clinical efficacy. The dosages were well tolerated, but efficacy was not improved in patients already resistant to methotrexate or sulfasalazine (used in the treatment of joint swelling and pain) (Keystone et al., 2012; Stock et al., 2012). This would point to a need to use P2X7R inhibitors in conjunction with other targeted therapies capable of resensitizing mechanistic pathways involved in drug-resistance.

Although rodent models and receptor inhibitors are regularly encountered in P2X7R research, the selectivity and specificity of inhibitors still require attention. Recent development of therapeutic antibodies, such as nanobodies or single-domain antibodies, can also have the potential to specifically inhibit membrane proteins. Therefore, we expect the development of more effective drugs and treatments targeting P2X7R.



CONCLUSION AND PROSPECTS

This article systematically analyzed and elucidated the association between P2X7R and OA. The most typical manifestation of OA is cartilage degradation. As the only cellular component of cartilage, chondrocytes are in a stable state and balance is crucial. The ECM degradation of chondrocytes and the release of inflammatory factors are important events leading to cartilage degradation. Inflammation is a direct manifestation of OA. To explore whether P2X7, as a key switch of inflammation, is involved in the occurrence and development of OA, we considered the network (Figure 1) of interaction from the perspectives of inflammation, apoptosis, pyroptosis, and autophagy, and presented new OA prevention and treatment strategies.


[image: image]

FIGURE 1. Schematic for the role of the P2X7 receptor in osteoarthritis.


Currently, there is no treatment method that can completely prevent the occurrence and development of OA. Delaying and reducing the death of chondrocytes to prevent the degradation of the cartilage matrix could be a potential therapeutic focus. As various factors affect chondrocyte cell death progression, including the degree of cartilage degradation, pro-inflammatory cytokines, and ATP availability, we propose the therapeutic focus to begin with the recognition of ATP as the first step in activating inflammation to narrow our approach to anti-inflammatory designs. Caspase-knockout studies have found that cells require both ATP energy and caspases to transform pyroptosis into apoptosis, thereby moving toward programmed death, and away from necrosis (Zeiss, 2003). zVAD-fmk is often used as a caspase inhibitor in OA research (Hwang and Kim, 2015), which can significantly reduce chondrocyte apoptosis and cartilage degradation (D’Lima et al., 2006). Moreover, when these factors are managed, mitochondrial integrity remains intact, reducing oxidative stress levels. Retaining a positive antioxidant balance exerts anti-inflammatory and anti-apoptotic effects. Oxidative stress can further be balanced by promoting autophagy, thus promoting mitochondrial housekeeping. However, autophagy can be a double-edged sword, and needs careful consideration when promoted. Excessive autophagy can trigger cell apoptosis, and the rapid loss of chondrocytes may worsen OA (Shapiro et al., 2014). Nevertheless, the mainstream view remains that autophagy stimulation in the early stages of OA can protect chondrocytes.

Treatment strategies should also focus on the role of P2X7R. Soon after it was cloned, the P2X7R protein received widespread attention as a key switch for inflammation with great therapeutic potential. For some chronic inflammatory diseases, small molecule (drug-like) inhibitors targeting P2X7R have been used in phase I and II clinical studies (Gunosewoyo and Kassiou, 2010; Sluyter and Stokes, 2011; Park and Kim, 2017). To date, more than 30 clinical studies in this regard have been conducted. Although the safety of inhibitors has been satisfactory, the clinical efficacy has been disappointing. In knee OA, rheumatoid arthritis, and chronic obstructive pulmonary disease, the efficacy is poor, while in Crohn’s disease fairly positive (Arulkumaran et al., 2011; Keystone et al., 2012; Stock et al., 2012; Eser et al., 2015). Biopharmaceuticals may present a new way to replace small drug-like compounds. Antibodies against non-functional variants of human P2X7R have been used to treat cancer. The highly purified goat IgG can effectively reduce pathological changes in basal cell carcinoma size (Gilbert et al., 2017). In addition, nanobodies (e.g., 13A7 nanobody, single-domain antibody fragments elicited in camelids) that can bind to human or mouse P2X7R with high affinity, after inoculation in mice, effectively relieve the symptoms of experimental allergic contact dermatitis and glomerulonephritis. Dano1 nano antibody is selective for human P2X7R and can effectively reduce the level of IL-1β in the blood after endotoxin treatment (Danquah et al., 2016). Therefore, in the case of poor efficacy of anti-P2X7 receptor active drugs, biologics targeting P2X7R indicate a new direction for future research.

In conclusion, there remains a need for more specific OA therapies to be developed. P2X7R of the purinoceptor family, is closely related to inflammation and a promising drug target for OA. However, research into P2X7R and its role in the pathogenesis of OA requires further investigation. For the benefit of patients and scientific progress, we believe that these expectations will be realized in the near future.
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In age-related macular degeneration (AMD), one of the principal sources of vascular endothelial growth factor (VEGF) is retinal pigment epithelium (RPE) cells under hypoxia or oxidative stress. Solute carrier family 7 member 11 (SLC7A11), a key component of cystine/glutamate transporter, regulates the level of cellular lipid peroxidation, and restrains ferroptosis. In our study, we assessed the role of SLC7A11 in laser-induced choroidal neovascularization (CNV) and explored the underlying mechanism. We established a mouse model of CNV to detect the expression level of SLC7A11 and VEGF during disease progression. We found the expression of the SLC7A11 protein in RPE cells peaked at 3 days after laser treatment, which was correlated with the expression of VEGF. Intraperitoneal injection of SLC7A11 inhibitor expanded the area of CNV. We examined functional proteins related to oxidative stress and Fe2+ and found laser-induced ferroptosis accompanied by increased Fe2+ content and GPX4 expression in the RPE-choroidal complex after laser treatment. We verified the expression of SLC7A11 in the ARPE19 cell line and the effects of its inhibitors on cell viability and lipid peroxidation in vitro. Application of SLC7A11 inhibitor and SLC7A11 knockdown increased the level of lipid peroxidation and reduced the cell viability of ARPE19 which can be rescued by ferroptosis inhibitors ferrostatin-1 (Fer-1) and liproxstatin-1 (Lip-1). Conversely, SLC7A11 overexpression induced resistance to erastin or RSL3-induced ferroptosis. Moreover, we tested the possible regulatory transcription factor NF-E2-related factor 2 (NRF2) of SLC7A11 by Western blot. Knock-down of NRF2 decreased the expression of SLC7A11. Our study suggests that SLC7A11 plays a key role in the laser-induced CNV model by protecting RPE cells from ferroptosis. SLC7A11 provides a new therapeutic target for neovascular AMD patients.
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BACKGROUND

Age-related macular degeneration (AMD) is the leading cause of irreversible vision loss among the elderly in developed countries. It is estimated that there will be 288 million AMD patients by 2040 around the world (Wong et al., 2014). AMD has two clinical subtypes: geographic atrophy (dry) types and neovascular (wet) types. Neovascular AMD (nAMD) causes severe and rapid vision loss in 80% of patients who have it. This loss is characterized by abnormal choroidal neovascularization (CNV) (Ishikawa et al., 2016). CNV is the growth of new blood vessels that originate from the choroid through a break in Bruch’s membrane. The blood vessels invade the subretinal pigment epithelial and subretinal space, which causes exudation, hemorrhage, and secondary fibrovascular scarring (Al Gwairi et al., 2016; Al-Zamil and Yassin, 2017).

Multiple regulatory factors mediate the formation and development of CNV, especially the development of new blood vessels (angiogenesis) induced by vascular endothelial growth factor (VEGF) (Nowak et al., 2003). It is believed that VEGF and its receptor are the most important regulators of CNV (Shibuya, 2011). So, targeted VEGF therapy is a primary treatment for nAMD. However, some patients with AMD do not respond to targeted therapy. Because of the short half-life of anti-VEGF drugs, many AMD patients need long-term or even life-long treatment. This has adverse effects such as retinal atrophy (Xiao et al., 2019), and the patients’ safety and the economic burden on them must be considered. Besides directly blocking VEGF or inhibiting VEGF signals, it is also worth determining if regulating upstream signals indirectly inhibits the production of VEGF (Al-Latayfeh et al., 2012).

A principal source of VEGF is retinal pigment epithelium (RPE) cells under hypoxia and oxidative stress (Kannan et al., 2006; Paeng et al., 2015; Arjamaa et al., 2017). RPE cells play an important role in phagocytizing the outer segment of the photoreceptor, which is highly enriched with polyunsaturated fatty acids and leaves RPE particularly susceptible to lipid peroxidation (Yang et al., 2006). Moreover, some studies have shown that the development of AMD involves lipid peroxidation and iron metabolism (Yang and Stockwell, 2016; Sun et al., 2018). It is unclear how lipid reactive oxygen species (ROS) and iron dysregulation contribute to CNV.

Ferroptosis is a non-apoptotic, iron-dependent regulated cell death, driven by lipid peroxide accumulation (Yang and Stockwell, 2016). Ferroptosis results in morphological changes, including mitochondrial shrinkage and increased mitochondrial membrane density. Ferroptosis can be induced by glutathione peroxidase 4 (GPX4) inhibitors (Yu et al., 2017). SLC7A11, a key component of cystine/glutamate transporter on the membrane, promotes cystine uptake, and glutathione synthesis (Koppula et al., 2018). Pharmacological inhibition SLC7A11 causes cystine depletion and the accumulation of lipid peroxide.

In this study, we focused on ferroptosis and the regulation of iron metabolism in CNV. We designed experiments to study whether oxidative stress, regulated by SLC7A11, played a role in the progression of CNV. The results showed that oxidative-stress-related protein and SLC7A11 increased in a mouse model of laser-induced CNV. Next, we inhibited SLC7A11 in both CNV mouse and ARPE19 cell to further clarify its protective role and explore its related molecular mechanism. We found that SLC7A11 could serve as a new therapeutic target to AMD.



MATERIALS AND METHODS


Cell Culture

The ARPE19 cell line were cultured in DMEM/F-12 medium added to 10% fetal bovine serum (Sigma-Aldrich, St. Louis, MO, United States) and 1% penicillin/streptomycin (GIBCO). They were cultured at 37°C with 5% CO2 and treated with different reagents according to experimental design: H2O2 (Sigma) and SAS (sulfasalazine, Sigma).



Animals

Female C57BL/6 mice, aged 6–8 weeks (Shanghai, China) were used. The water and food consumed by all mice was sterilized. Each experimental group had five or six mice for laser-induced CNV. All animal experiments were approved by the Ethics Committee of Shanghai Jiao Tong University, Shanghai, China, and they were conducted in compliance with the Association for Research in Vision and Ophthalmology Statement for the Use of Animals in Ophthalmic and Vision Research.



GSH Determination

ARPE19 intracellular GSH was detected using a GSH and GSSG Assay Kit (Beyotime, S0053) according to the manufacturer’s instructions. The absorbance was measured at 405 nm with a microplate reader (Infinite F50 microplate reader, Swiss). The glutathione and GSSG content of the sample were calculated according to the standard curve, and the GSH content was obtained by the formula: GSH = total glutathione-GSSG × 2 (μM). Experiments were done in three parallel wells and repeated at least twice.



Lipid Peroxidation Detection

BODIPYTM 581/591 C11 (Thermo Fisher, D3861) was used to measure ARPE19 cell lipid peroxidation as reported (Sun et al., 2018). BODIPY was incorporated into cells seeded in a six-well plate for 30 min at a final concentration of 2 μM. The cells were washed three times with PBS. Then flow cytometry (Beckman Coulter, United States) and fluorescence microscopy were used to detect the changes of the probe emission. When lipid peroxidation occurs, the emission of BODIPY changes from red to green (Christova et al., 2004). Experiments were done in three parallel wells and repeated at least twice.



Measurement of Cell Viability

A CCK-8 kit (Beyotime) was used to detect cell viability. ARPE19 was seeded in a 96-well plate and incubated at 37°C. When the cell density was 80–90% of the well, the cells were washed with PBS and treated with CCK-8 reagent for 1 h at 37°C. Absorbance was measured at 450 nm using a microplate reader (Infinite F50 microplate reader, Swiss). Experiments were done in six parallel wells and repeated at least twice.



Western Blot

Retinal pigment epithelium-choroidal complex or RPE cells were collected and measured with the Pierce bicinchoninic acid (BCA) assay. Approximately 10 μg protein were added to SDS-PAGE gels ranging from 8 to 15% and transferred onto a PVDF membrane (Merck Millipore, Billerica, MA, United States). The membranes were blocked with Tris-buffered saline Tween-20 (TBST) containing 5% skim milk for 1 h. Then they were incubated overnight at 4°C in primary antibody: xCT (Novus Biologicals, NB 300-318, 1:1000), NRF2 (Proteintech, 1:1000), HO-1 (Proteintech, 1:1000), GCLC (Proteintech, 1:1000), NQO1 (Proteintech, 1:1000), GPX4 (Abcam, 1:1000), GAPDH (Proteintech, 1:1000). The membranes were washed with TBST and incubated with secondary antibodies conjugated with horseradish peroxidase (HRP) (Proteintech, 1:5000) for 1 h. Then the plots were exposed to a molecular imaging system (Amersham Imager 600, GE Healthcare, Buckinghamshire, United Kingdom).



Real-Time PCR Analysis

Total RNA was isolated according to the RNAsimple Total Kit protocol (Tiangen Biotech, Beijing, China) and quantified by NanoDrop 2000c spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, United States). cDNA was synthesized according to the RT Master Mix protocol (Takara Bio Inc., Dalian, China). The primers were: mouse Slc7a11, 5′- TGGGTGGAACTGCTCGTAAT -3′ (forward) and 5′- AGGATGTAGCGTCCAAATGC -3′ (reverse); mouse Nrf2, 5′- CTTTAGTCAGCGACAGAAGGAC-3′ (forward) and 5′-AGGCATCTTGTTTGGGAATGTG-3′ (reverse); mouse GAPDH, 5′- TGACCTCAACTACATGGTCTACA -3′ (forward) and 5′- CTTCCCATTCTCGGCCTTG -3′ (reverse); human SLC7A11, 5′- GCGTGGGCATGTCTCTGAC -3′ (forward) and 5′-GCTGGTAATGGACCAAAGACTTC-3′ (reverse); human NRF2, 5′- TCTGACTCCGGCATTTCACT-3′ (forward) and 5′- GGCACTGTCTAGCTCTTCCA -3′ (reverse); human VEGFA, 5′-AGGGCAGAATCATCACGAAGT-3′ (forward) and 5′-AGGGTCTCGATTGGATGGCA-3′ (reverse); human GAPDH, 5′-TGTGGGCATCAATGGATTTGG-3′ (forward) and 5′-ACACCATGTATTCCGGGTCAAT-3′ (reverse).



NRF2 RNA Interference

ARPE19 was transfected with double-stranded siRNA to knock down NRF2 by Lipofectamine 3000 (Thermo Fisher Scientific). The sequences were: si-NRF2-1 5′-UAAAGUGGCUGCUCAGAAUUU-3′, si-NRF2-2 5′-GACAGAAGUUGACAAUUAUTT-3′, si-NRF2-3 5′-CCAGAACACUCAGUGGAAUTT-3′. Double-stranded siRNAs were synthesized by Shanghai GenePharma (Shanghai, China).



Laser-Induced CNV in Mice

C57BL/6J (6–8 weeks old) mice were anesthetized by intraperitoneally injecting 1.5% sodium pentobarbital (100 μl/20g). 0.5% tropicamide and 0.5% noradrenaline hydrochloride eye drops were dripped into the eyes of the mice to dilate the pupils. Laser photocoagulation (350 Mw, 50 ms) was performed in the 2, 5, 8, and 11 o’clock position around the optic disk and kept away from blood vessels. It was focused on RPE, and it disturbed Bruch’s membrane when bubbles were observed.



Fundus Fluorescent Angiography (FFA)

0, 1, 3, 7, and 10 days after laser injury, FFA was performed before sacrifice. After being anesthetized, the pupils of mice were dilated and 2% fluorescein sodium (Fluorescite; Alcon, Tokyo, Japan) was injected intraperitoneally. FFA images were made at intervals of 2 min. The FFA images were analyzed using ImageJ software (NIH, United States).



Immunofluorescence Staining

Immunofluorescence stain assay was performed on sections of the eyes (10 μm in thickness), made with a microtome. After fixation, the samples were blocked with PBS containing 0.3% Triton X-100 and 5% goat serum albumin (Beyotime) for 1 h. Then the sections were incubated overnight at 4°C with primary antibodies against SLC7A11 (CST, 1:1000), isolectin (Santa Cruz Biotechnology, 1:1000), RPE65 (Abcam, 1:1000). The sections were stained for 1 h with Alexa Fluor 594 or 488-conjugated secondary antibodies (Proteintech, 1:1000). This step was not required for the immunofluorescence of isolectin. The retinal sections were visualized using a confocal microscope (Leica, United States).



SLC7A11 shRNA Plasmids Construction

The pLKO.1-SLC7A11 shRNA oligos were: shRNA-1 CCTGTCACTATTTGGAGCTTT, shRNA-2 CCTGCGTATTATCTCTTTATT, and shRNA-3 CCCTGGAGTTATGCAGCTAAT. The pLKO.1-SLC7A11 and scrambled shRNA with packing plasmids pSPA and pMD2G (Addgene) were transfected into HEK293 packing cells using Lipofectamine 3000 (Thermo Fisher Scientific). SLC7A11, shRNA, or scrambled shRNA were introduced into ARPE19 cells by transfection with lentiviral supernatants. RT-PCR and Western blot were used to select stable transfected sequences with a certain knockdown efficiency for subsequent experiments.



Cloning and Transfection

SLC7A11 plasmid was constructed by using the methods described (Nazari et al., 2014; Nasca et al., 2017). Briefly, the SLC7A11 cDNA was subcloned into pAAV-CMS vector. New recombinant plasmids were termed as AAV-SLC7A11. Then the AAV- SLC7A11 was transfected into ARPE19 cells with the Lipofectamine 3000 (Thermo Fisher Scientific). 6 h after transfection, the cells were cultured in fresh medium containing erastin (Sigma-Aldrich) or RSL3 (CAYMAN) for 24 h, then the culture medium was replaced by the fresh medium. The cell viability was measured by the CCK8 48 h after transfection.



PI Staining

Staining with PI (81845, Sigma) was carried out according to the manufacturer’s instructions. Briefly, cells were suspended and stained with PI at a final concentration of 30 μM for 30 min (Rosenberg et al., 2019). The samples were counterstained with DAPI for fluorescence observation.



Iron Assay

Fe2+ was found in the RPE-choroidal complex by using an iron assay kit (Sigma-Aldrich, MAK025) according to the manufacturer’s instructions. Absorbance was measured at 595 nm using a microplate reader (Infinite F50 microplate reader, Swiss).



Statistical Analysis

Statistical analysis was performed using SPSS 21.0 software (GraphPad Prism, San Diego, CA, United States). Data were expressed as the mean ± SD from at least three biological replicates. The differences between the two groups were analyzed by a Student’s t-test. One-way ANOVA analysis was used to identify differences when there were three or more groups. A value of p < 0.05 was considered statistically significant.



RESULTS


Laser-Induced CNV Vascular Leakage and Dynamic Changes of VEGFA

To understand the natural process of CNV, we measured the leakage area and volume of CNV fluorescence at various points in time after laser treatment. Compared with 3 days after laser treatment, there was no significant difference in the fluorescence area at 7 days, but the fluorescence intensity increased (Figures 1A–C, p < 0.05). In addition, by immunofluorescence, we found that the volume of neovascularization at 7 days post injury (dpi) was larger than that at 3 dpi (Figures 1D,E, p < 0.05). So, we measured the size of the CNV at 7 dpi. We then detected the level of VEGFA at the corresponding point in time by Western blot. After laser treatment, VEGFA expression was upregulated; it peaked at 3 dpi, then decreased to normal at 7 dpi (Figures 1F,G, p < 0.05).
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FIGURE 1. Laser-induced CNV vascular leakage and dynamic changes of VEGFA. (A) Fluorescence imaging of mice at various points in time after laser treatment. (B,C) The average area and intensity of fluorescence imaging after laser treatment by Image-J (n = 6). (D,E) Laser spot size at 3 dpi and 7 dpi by immunofluorescence and Image-J (n = 6). (F,G) The VEGFA protein changes dynamically at the corresponding point in time by Western blot (n = 3). Bar graphs show mean ± SD. P-values: T-test and One-way ANOVA analysis. (***p < 0.001, **p < 0.01). Scale bar = 150 μm.




The Expression of SLC7A11 in the Natural Course of Laser-Induced CNV in Mice

Next, we evaluated the level of SLC7A11 after laser treatment. Both SLC7A11 protein (Figures 2A,B, p < 0.05) and mRNA (Figure 2C, p < 0.05) rose after laser treatment. The mRNA level reached a peak at 3 dpi and fell back at 7 dpi. This showed that SLC7A11 can respond to laser-induced damage in the early stage. The SLC7A11 protein level gradually increased with time, and it peaked at 7 dpi. We used immunofluorescence to identify cells with high SLC7A11 expression. SLC7A11 was highly expressed and co-stained with RPE cells after 7 days of CNV; while at 0 dpi, almost no SLC7A11 signal was detected (Figure 2D). This is consistent with the protein level. In addition, we found that RPE cells became larger and more irregular after laser treatment. This suggests that with the progress of CNV, the RPE layer was destroyed, and the morphology and size changed. In response to injury, RPE cells produced SLC7A11 which increases with time.
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FIGURE 2. The expression of SLC7A11 in the natural course of laser-induced CNV in mice. (A,B) The level of SLC7A11 protein at various points in time after laser by Western blot (n = 3). (C) The level of Slc7a11 mRNA after laser by RT-PCR (n = 6). (D) The location of SLC7A11 (white arrow) by immunofluorescence. Bar graphs show mean ± SD. P-values: one-way ANOVA analysis (***p < 0.001, **p < 0.01). Scale bar = 50 μm.




The Level of Oxidative Stress in Laser-Induced CNV

SLC7A11 is a key component of glutamate/cystine transporter on the cell membrane. It promotes cystine uptake and glutathione biosynthesis, protecting cells from oxidative stress and ferroptotic death (Koppula et al., 2018). To verify the level of oxidative stress after laser treatment, we detected the expression of three proteins involved in antioxidant effects: heme oxygenase-1 (HO-1), glutamate-cysteine ligase catalytic subunit (GCLC), and NAD(P)H quinone dehydrogenase 1 (NQO1). All of them increased and reached a peak at 3 dpi and decreased slightly by 7 dpi (Figures 3A–D, p < 0.05). This suggests that there is oxidative stress in the process of laser-induced neovascularization.
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FIGURE 3. The expression of proteins involved in oxidative stress. (A–F) The expression of proteins involved in oxidative stress detected by Western blot (n = 3). (G) The content of Fe2+ in the RPE-choroidal complex after CNV (n = 6). (H) Cell death (white arrow) after laser by PI staining. (I) The level of lipid peroxidation (white arrow) after laser with C11 BODIPY 581/591. (J) The expression of Nrf2 mRNA after laser by RT-PCR (n = 6). Bar graphs show mean ± SD. P-values: t-test and one-way ANOVA analysis (***p < 0.001, **p < 0.01, *p < 0.05). Scale bar = 50 μm.




Ferroptosis Was Induced in RPE Cells of CNV in vivo

Because of the high level of oxidative stress, we looked for signs of damage related to oxidative stress. We found that glutathione peroxidase 4 (GPX4), an antioxidant enzyme, increased significantly by 3 days after CNV, and it decreased after 7 days, the same as HO-1 and NQO1 (Figures 3A,B,D,E, p < 0.05). GPX4 senses oxidative stress and converts lipid hydroperoxides into non-toxic lipid alcohols (Bersuker et al., 2019) to prevent ferroptosis (Seiler et al., 2008). To determine if ferroptosis occurred after CNV, we measured the iron content in the choroid. We found that the content of Fe2+ in the RPE-choroidal complex after CNV was higher in CNV group than in the control group (Figure 3G, p < 0.05). We used PI staining to measure cell death and BODIPYTM 581/591 C11 to test lipid peroxidation. After CNV treatment, RPE cells death occurred with high level of lipid peroxidation (Figures 3H,I). Therefore, we speculated that choroidal ferroptosis occurs after CNV, and the compensatory increase of SLC7A11 and GPX4 in RPE is to reduce the ferroptosis of cells. In addition, a possible regulatory gene upstream of SLC7A11, Nrf2, was also upregulated at both protein and mRNA levels after laser treatment, and this lasted at least to 7 dpi (Figures 3A,F,J, p < 0.05).



The Cell Viability and Lipid Peroxidation Level of RPE Cells After SLC7A11 Inhibition

To further clarify the role of SLC7A11 in RPE, we used ARPE19 cells treated with H2O2 for 24 h. We found that the expression of VEGFA and SLC7A11 increased as the concentration of H2O2 increased (Figures 4A–E, p < 0.05). To investigate the critical effect of SLC7A11, we used short hairpin RNA (shRNA) to knock down the expression of SLC7A11 in ARPE19. The SLC7A11KD ARPE19 showed a low protein and mRNA expression of SLC7A11 (Figures 4F,G,J, p < 0.05). Interestingly, we found that knocking down SLC7A11 led to lower expression of NRF2 at both protein and mRNA levels compared to control group (Figures 4F,I,K, p < 0.05). This suggests that SLC7A11 regulates NRF2 expression at the transcription and translation levels. After exposure to H2O2, SLC7A11KD ARPE19 expressed less GPX4 (Figures 4F,H, p < 0.05). This indicated that SLC7A11 regulated the expression of GPX4. In SLC7A11KD ARPE19 supernatant, we observed upregulation of VEGF which indicated SLC7A11 loss has an effect on ARPE19 expression of VEGF (Figure 4L, p < 0.05). We next detected oxidation by the ratiometric fluorescent lipid peroxidation sensor BODIPYTM 581/591. SLC7A11KD ARPE19 exhibited higher levels of lipid peroxidation compared to normal cells, which suggests that SLC7A11 inhibited lipid peroxidation (Figure 4M and Supplementary Figure 1A). We observed lower cell viability in SLC7A11KD ARPE19 cells rather than control cells (Figure 4N,O, p < 0.05). To test whether ARPE19 cells undergo ferroptotic death upon SLC7A11 inhibition, we treated ARPE19 with the potent ferroptosis inhibitors ferrostatin-1 (Fer-1) and liproxstatin-1 (Lip-1) (Zilka et al., 2017). We found that ferroptosis-rescuing antioxidant Fer-1 and Lip-1 rescued the decreased cell viability caused by SLC7A11 deletion using CCK-8 and PI staining (Figures 4N,O and Supplementary Figure 1B, p < 0.05). This shows that SLC7A11KD ARPE19 undergo ferroptotic death.
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FIGURE 4. The cell viability and lipid peroxidation level of SLC7A11KD ARPE19. (A–C) The protein expression of SLC7A11 and VEGFA in ARPE19 with different concentration of H2O2, including 0, 200, 400 μM (n = 3). (D,E) The mRNA level of SLC7A11 and VEGFA in ARPE19 with different concentration of H2O2 (n = 6). (F–I) The expression of SLC7A11, GPX4, and NRF2 protein using shRNA to knock down SLC7A11 (n = 3). (J,K) The mRNA of SLC7A11 and NRF2 using shRNA to knock down SLC7A11 (n = 6). (L) The concentration of VEGF of SLC7A11KD ARPE19 by ELISA (n = 5). (M) The level of lipid peroxidation of SLC7A11KD ARPE19 by BODIPYTM 581/591 (n = 5). (N,O) The cell viability of SLC7A11KD ARPE19 with the treatment of Fer-1 (1000 nM) and Lip-1 (20 μM) (n = 6). Bar graphs show mean ± SD. P-values: T-test and one-way ANOVA analysis. (***p < 0.001, **p < 0.01, *p < 0.05). Scale bar = 50 μm.


Next, we used the SLC7A11 inhibitor, sulfasalazine (SAS), to stimulate the ARPE19 cell line. We examined the level of glutathione (GSH) and found that as the concentration of SAS increased, the level of GSH decreased. This indicated that SAS inhibited the function of SLC7A11 (Figure 5A, p < 0.05). We detected VEGF in cell supernatant by enzyme linked immunosorbent assay (ELISA) and found that the treatment of SAS increased the concentration of VEGF (Figure 5B, p < 0.05). This suggests that inhibition of SLC7A11 promoted the expression of VEGF. As the concentration of SAS increased, the expression of GPX4 in ARPE decreased, indicating a decrease in antioxidant capacity (Figures 5C,D, p < 0.05). We noticed that cell viability decreased as SAS concentration increased, which could be rescued by Fer-1 (Figures 5E,F and Supplementary Figure 2A, p < 0.05). However, Lip-1 only partially alleviates the decline in cell viability caused by SAS, because of the possible toxic effect of SAS itself, which has been reported in previous studies (Figure 5G and Supplementary Figure 2A, p < 0.05) (Linares et al., 2011; Li et al., 2020; Zheng et al., 2020). Similarly, SAS increased the ARPE19 lipid peroxidation level, detected by flow and immunofluorescence (Figures 5H–J and Supplementary Figure 2B, p < 0.05). This shows that inhibition of SLC7A11 enhanced lipid peroxidation and promoted ARPE19 to undergo ferroptosis.
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FIGURE 5. The effect of SLC7A11 inhibitor on ARPE cell line. (A) The GSH of ARPE19 with different concentration of SAS (n = 5). (B) The concentration of VEGF of ARPE19 with SAS stimulation by ELISA (n = 5). (C,D) The protein expression of GPX4 with different concentration of SAS (n = 3). (E) The cell viability of ARPE19 with different concentration of SAS (n = 5). (F,G) The cell viability of ARPE19 with treatment of Fer-1 (1000 nM) or Lip-1 (20 μM) after stimulation of 1600 μM SAS (n = 6). (H–J) The level of lipid peroxidation under SAS stimulation by BODIPYTM 581/591 (n = 5). Bar graphs show mean ± SD. P-values: one-way ANOVA analysis and t-test (***p < 0.001, **p < 0.01, *p < 0.05). Scale bar = 50 μm.




SLC7A11 Overexpression Induces Ferroptosis Resistance

To further investigate the functional relevance of SLC7A11 in RPE biology, SLC7A11 plasmid was transfected into ARPE19 cells (SLC7A11OE). SLC7A11 protein and mRNA levels were confirmed by Western blot and quantitative RT-PCR (Figures 6A,B,D, p < 0.05). We found that fostered SLC7A11 expression upregulated significantly NRF2 mRNA (Figure 6E, p < 0.05). Furthermore, increased NRF2 protein levels were accompanied by enhanced levels of SLC7A11 (Figures 6A,C, p < 0.05). We then analyzed the VEGFA mRNA levels of SLC7A11OE cells. Noteworthy, SLC7A11OE cells expressed lower amounts of VEGFA compared to control cells (Figure 6F, p < 0.05). To test the sensitivity to ferroptosis of SLC7A11OE cells, we treated ARPE19 cells with ferroptosis inducer erastin and GPX4 inhibitors 1S, 3R-RSL3 (RSL3). SLC7A11OE cells were resistant to erastin and RSL3 compared to control cells (Figures 6G,H and Supplementary Figure 3, p < 0.05). To compare the cell viability between SLC7A11OE and anti-VEGF treatment, ARPE19 treated with anti-VEGF or SLC7A11OE were performed simultaneously. As shown below, there is no significant difference between anti-VEGF treatment and NC group, which means anti-VEGF treatment has no effects on the ferroptosis (Figure 6I, p < 0.05). Altogether, these results demonstrate that SLC7A11 confers a ferroptosis-resistance phenotype in RPE cells and targeting SLC7A11 provides a method for increasing ferroptotic susceptibility in RPE cells.
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FIGURE 6. The cell viability of SLC7A11OE ARPE19. (A–C) SLC7A11 and NRF2 protein in SLC7A11OE ARPE19 were evaluated by Western blot (n = 3). (D–F) SLC7A11, NRF2, and VEGFA mRNA in SLC7A11OE ARPE19 were evaluated by RT-PCR (n = 6). (G,H) The cell viability of SLC7A11OE ARPE19 with the stimulation of erastin (200 μM) or RSL3 (20 μM) (n = 5). (I) The cell viability of anti-VEGF treatment and SLC7A11OE ARPE19 with the stimulation of erastin (200 μM) or RSL3 (20 μM) (n = 5). Bar graphs show mean ± SD. P-values: one-way ANOVA analysis and t-test (***p < 0.001, **p < 0.01, *p < 0.05).




SLC7A11 Inhibition Promotes the Development of CNV

To further verify the role of SLC7A11 in the process of neovascularization, we intraperitoneally injected SAS or PBS once a day, from 7 days before laser treatment to 7 days after laser treatment. At 7 dpi, we performed fluorescence angiography and isolated choroid for immunofluorescence (Figure 7A). After SAS-treatment, the CNV area was larger than PBS group in both fluorescence angiography and immunofluorescence (Figures 7B–F, p < 0.05). This implies that SLC7A11 plays a protective role in CNV progress.
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FIGURE 7. The effect of SLC7A11 inhibitors on CNV areas. (A) Schematic diagram of mice administrated SAS. (B) Fluorescence imaging of mice after SAS treatment. (C,D) The average fluorescence intensity and leakage volume of fluorescence imaging after SAS treatment by Image-J (n = 6). (E,F) Laser spot size after SAS treatment by immunofluorescence and Image-J (n = 6). Bar graphs show mean ± SD. P-values: t-test (***p < 0.001, **p < 0.01, *p < 0.05). Scale bar = 150 μm.




Regulatory Relationship Between NRF2 and SLC7A11

We found a complex regulatory relationship between SLC7A11 and NRF2, the major antioxidant transcription factor. Considering that after SLC7A11 knocked down or overexpressed, the expression level of NRF2 also changed, so we speculated that the expression of SLC7A11 could regulate the expression of NRF2.

On the other hand, some studies supported NRF2 as one of the upstream regulators of SLC7A11. Therefore, we used small interfering RNA to knock down the expression of NRF2 in ARPE19 (Figures 8A,B,E, p < 0.05). After knocking down NRF2, we found that the expression of SLC7A11 decreased, which comported with previous studies (Figures 8A,C,F, p < 0.05) (Liu et al., 2017; Shin et al., 2017). Moreover, the lower level of NRF2 was accompanied by a decrease of GPX4 (Figures 8A,D, p < 0.05). This suggests that NRF2 and SLC7A11 form a positive feedback loop; they strengthen each other, regulating the downstream GPX4 and ferroptosis.
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FIGURE 8. The effect of NRF2 knockdown on ARPE cell line. (A–D) The protein expression level of NRF2, SLC7A11, and GPX4 using siRNA (n = 3). (E,F) The mRNA expression level of NRF2 and SLC7A11 using siRNA (n = 6). Bar graphs show mean ± SD. P-values: t-test (***p < 0.001).




DISCUSSION

In clinical practice, AMD imposes a huge economic burden on society because of its damage to eyesight. Treatment with anti-vascular endothelial growth factor (anti-VEGF) has greatly improved the vision of AMD patients and their quality of life. However, there are individual differences in the treatment of anti-VEGF (Amoaku et al., 2015; Yang et al., 2016). Despite the more active targeted therapy, some AMD patients still show an unremitting decline in visual acuity accompanied by the aggravation of macular morphology. In addition, many AMD patients require long-term anti-VEGF treatment, and repeated intraocular injections may cause atrophy of the retina and choroid, which also causes vision loss (Gemenetzi et al., 2017). We hoped to find a general cellular mechanism to explain neovascularization in the course of AMD to find a solution for non-responding patients and patients who need repeated injections to address the deficiencies of anti-VEGF.

Previous studies have shown that in neovascular AMD, RPE and other cells produce VEGF in a hypoxic environment, which promotes the formation and expansion of neovascularization (Bhutto and Lutty, 2012). RPE absorbs excess light and devours the outer section of the photoreceptor filled with unsaturated fatty acids. Thus, RPE consumes a large amount of oxygen and it requires RPE to reserve sufficient capacity to resist oxidative stress. With the increase of age, RPE accumulates too much active oxygen, and its ability to resist oxidative damage decreases. Previous studies have shown that RPE undergoes necrosis and apoptosis under oxidative stress (Hanus et al., 2015). Recent research has shown that RPE cells induced ferroptosis because of the effects of glutamic acid (Sun et al., 2018) and oxidative stress (Totsuka et al., 2019; Lee et al., 2020). However, the ferroptosis of RPE cells in vivo is still poorly understood. Our results suggest that SLC7A11 and its-related ferroptosis are involved in the progress of laser-induced CNV. SLC7A11 protects RPE and reduces the CNV area by preventing ferroptosis in RPE.

First, in the laser-induced CNV model, the expression of SLC7A11 in CNV increased, reaching a peak at 7 days. Besides SLC7A11, many molecules related to oxidative stress, including HO-1, GCLC, and NQO1, also peaked at 3 days after the laser treatment. This indicates that the oxidative damage of CNV also peaked at that time. Moreover, VEGFA, closely related to the occurrence and development of CNV, also peaked. It is no doubt that oxidative stress is involved in the formation and expansion of CNV, and our study once again provides conclusive evidence for this. In our in vitro experiments, we found that RPE cells expressed more VEGF with increasing H2O2 concentration. To resist oxidative damage, RPE highly expressed some protective molecules, such as SLC7A11 for compensation.

Second, we also clarified the important regulatory role of SLC7A11 in this process. SLC7A11, as a key component of cystine/glutamate transporter on cell membranes, is an important molecule to buffer oxidative stress injury by regulating the quantity and proportion of intracellular and extracellular GSH (Koppula et al., 2018). In our study, the expression of SLC7A11 increased after laser treatment, and the laser area expanded after using the inhibitor SAS. This illustrates the protective role of SLC7A11 in the progress of CNV. Similarly, ARPE19 expressed more SLC7A11 after being stimulated with H2O2. As SAS concentration increased, ARPE19 induced ferroptosis by reducing intracellular GSH levels. It also exhibited lower cell viability and higher lipid peroxidation levels.

Third, we explored the mechanism of SLC7A11 protection on RPE. On the 3rd day after laser irradiation, the expression of SLC7A11 increased and there was an increase of GPX4. The high expression of SLC7A11 shows that, after laser treatment, the tissue needs more cystine to enter the cell and synthesize more GSH. GPX4, as an indispensable regulator of ferroptosis, catalyzes the conversion of GSH to GSSG to exert its antioxidant effect (Yang et al., 2014). Therefore, the simultaneous increase of SLC7A11 and GPX4 suggests that the cells were suffering from powerful oxidative stress and required a strong antioxidant capacity. At 7 dpi, the levels of SLC7A11 increased and GPX4 decreased to some extent, and the expression of oxidative stress-related protein also decreased. Therefore, SLC7A11 and GPX4 were consistent with the level of oxidative stress in the environment, indicating that SLC7A11 is sensitive and timely. In ARPE19, we used SAS to suppress SLC7A11 or shRNA to knock it down, and GPX4 showed a consistent downward trend. At the same time, ARPE19 also showed higher lipid peroxidation levels and lower cell viability, implying RPE was undergoing ferroptosis. These results show that SLC7A11 balances the production of effector molecules, and it protects cells from ferroptosis by regulating the expression of GPX4. In oncology, many studies have shown that the inhibition of SLC7A11 is directly related to ferroptosis (Jiang et al., 2015; Lang et al., 2019). But in the eyes, especially neovascular AMD, little is known about the ferroptosis of RPE. Our research fills the gap in the study of ferroptosis in this field, and it proposes some possible mechanisms.

In addition, we found complex interactions between NRF2 and SLC7A11, such that they form a positive feedback loop and strengthen each other to regulate downstream GPX4 and ferroptosis. We used small interfering RNA to knock down NRF2 and found that SLC7A11 fell with it. Interestingly, when we used short-hairpin RNA to knock down SLC7A11, we noticed that NRF2 showed a corresponding decline. Conversely, SLC7A11 overexpression induced higher expression of NRF2 compared to control cells. Previous studies have noted that NRF2 regulates the expression of SLC7A11, but we found a change that SLC7A11 can also affect the expression of NRF2. This has been confirmed by our study. We speculated that the positive feedback regulation between NRF2 and SLC7A11 may function as protection against oxidative stress. More specific regulatory mechanisms for NRF2 and SLC7A11 require more attention.

However, there were some aspects of the experiment worth improving. We lacked more detailed verification and explanation to further prove the complex relationship between NRF2 and SLC7A11.

In conclusion, our study proposed a possible new mechanism in RPE in the laser-induced CNV model, namely SLC7A11 and its suppressed ferroptosis. SLC7A11 could play an antioxidant role, protect cells from ferroptosis, and reduce CNV areas by activating or increasing GPX4. It provides a new therapeutic idea for neovascular AMD patients who are clinically insensitive to anti-VEGF treatment or who require repeated injections that cause side effects. Delivery of target gene DNA to specific tissue by AAV is powerful technology in the field of gene therapy. And in the future, delivery of SLC7A11 to RPE by AAV would become a possible clinical method to protect the cell from ferroptosis in the neovascular AMD patients.
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Supplementary Figure 1 | The level of lipid peroxidation and cell death of SLC7A11KD ARPE19. (A) The level of lipid peroxidation of SLC7A11KD ARPE19 by BODIPYTM 581/591. (B) Immunofluorescence for PI staining of SLC7A11KD ARPE19 with the treatment of Fer-1 (1000 nM) and Lip-1 (20 μM). Scale bar = 50 μm.

Supplementary Figure 2 | The level of lipid peroxidation and cell death of ARPE19 after SAS treatment. (A) Immunofluorescence for PI staining of ARPE19 with the treatment of Fer-1 (1000 nM) and Lip-1 (20 μM) after SAS treatment. (B) The level of lipid peroxidation under SAS stimulation by BODIPYTM 581/591. Scale bar = 50 μm.

Supplementary Figure 3 | The cell death of SLC7A11OE ARPE19 with PI staining. Immunofluorescence for PI staining of SLC7A11OE ARPE19 with the treatment of erastin (200 μM) or RSL3 (20 μM). Scale bar = 50 μm.
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Over the past few years, the field of regulated cell death continues to expand and novel mechanisms that orchestrate multiple regulated cell death pathways are being unveiled. Meanwhile, researchers are focused on targeting these regulated pathways which are closely associated with various diseases for diagnosis, treatment, and prognosis. However, the complexity of the mechanisms and the difficulties of distinguishing among various regulated types of cell death make it harder to carry out the work and delay its progression. Here, we provide a systematic guideline for the fundamental detection and distinction of the major regulated cell death pathways following morphological, biochemical, and functional perspectives. Moreover, a comprehensive evaluation of different assay methods is critically reviewed, helping researchers to make a reliable selection from among the cell death assays. Also, we highlight the recent events that have demonstrated some novel regulated cell death processes, including newly reported biomarkers (e.g., non-coding RNA, exosomes, and proteins) and detection techniques.
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INTRODUCTION

Cell death is generally classified into two types: accidental cell death (ACD) and regulated cell death (RCD). RCD is regarded as reversible and can be blocked by small inhibitors (Wang S. et al., 2017; Cheng et al., 2018; Kumar and Sandhir, 2018; Wang et al., 2019c, d). Various programs of RCD have been described and their research continues to progress, including apoptosis (extrinsic and intrinsic), regulated necrosis (namely necroptosis), autophagy-dependent cell death (e.g., autosis), pyroptosis, ferroptosis, NETosis, parthanatos, entotic cell death, anoikis, lysosome-dependent cell death, and mitotic death (Kroemer et al., 2005; Galluzzi et al., 2018). Both in technical research and mechanism mining, the research into these types of RCDs has made great progress, and we have selected in-depth research and rapid recent development of the knowledge of RCDs as an illustration, including apoptosis, necroptosis, autophagy, pyroptosis, ferroptosis, and NETosis.

With the development of RCD studies, the detection methods have been improved simultaneously and diversified for accurate identification and systematic analysis. The history of RCDs began in 1842 when dying cells were noticed by Karl Vogt in toads (Tang et al., 2019). In Lockshin and Williams (1964) reported an orderly and predictable pattern of birth and death at the cellular level, called metamorphosis, a phenomenon with pycnotic nuclei, shrunken and degenerated mitochondria, and conspicuous lysosome-like bodies observed via light and electron microscopy (EM) (Lockshin and Williams, 1964, 1965). Apoptosis was termed “shrinkage necrosis” in Kerr (1971); Kerr et al. (1972) distinguished two types of cell death (apoptosis and necrosis) in human pathology samples, focusing on cell morphology, and described necrotic cells as swollen cells with swollen organelles.

The first description of pyroptosis was reported in Zychlinsky et al. (1992), but the term “pyroptosis” was first coined in Cookson and Brennan (2001) after an observation of bacteria-infected macrophages going through a rapidly caspase 1-dependent lytic cell death pathway.

In the early 21st century, necrosis was previously considered to be uncontrollable, but it was recently revised as a partly regulated mechanism, namely necroptosis, involving mitochondrial permeability transition through morphological and biochemical detection (Vercammen et al., 1998; Holler et al., 2000; Baines et al., 2005). The discovery of ferroptosis has come a long way since the 1950s, although it was only named in Dixon et al. (2012). In the following year, the term “autosis” was described by Beth Levine following the observation of a subtype of cell death associated with autophagy induced by nutrient deprivation or Tat-Beclin 1 [one of the peptides inducing autophagy by BECN1 and human immunodeficiency virus (HIV) Tat protein] (Liu et al., 2013). Novel observations regarding neuronal cell death continue to be reported frequently, both refining and redefining known paradigms of cell death, such as apoptosis, necroptosis (Arrazola and Court, 2019), autophagic cell death (Liu and Levine, 2015), ferroptosis (Dixon et al., 2012), and pyroptosis (Fink and Cookson, 2006) (the timeline of the RCDs research is depicted in Figure 1).


[image: image]

FIGURE 1. Timeline of the mile stone of cell death research. Abbreviations: Bcl-2: B-cell leukemia/lymphoma-2, CED-9: Cell death abnormality gene 9, RIPK3: Receptor-interacting serine/threonine-protein kinase 3, MLKL: Mixed lineage kinase domain like pseudokinase, PCD: Programmed cell death, CD95: cluster of differentiation 95.


All of the discovery in RCDs requires accurate identification techniques, including superficial morphological detection, but the changes in detail are indistinguishable at the morphological level. Biochemical detection, which refers to multiple biomarkers, and functional perspectives based on functional changes, such as assays related to the molecular mechanism of the RCD-related genes (Hengartner and Horvitz, 1994), have widely used flow cytometry in RCDs detection, cytosolic DNA assays, and nucleic acid kits (Boldin et al., 1996; Li et al., 1997, 1998; Luo et al., 1998; Paludan et al., 2019). Various signature proteins involved in cell death have been reported and researchers make use of these proteins in cell death assays. The discovery of the main proteins is shown in the timeline in Figure 1.

Regulated cell death is closely related to physiological and pathological processes, including inflammation, neurodegenerative diseases, immunological diseases, and cancer (Anderton et al., 2020). Therefore, targeting the regulatory mechanisms of RCD is becoming a great opportunity to discover new therapies to target regulated pathways and identify potential drug targets. They can also act as potential targets in diagnosis and prognostic evaluation. Each of the RCDs has a unique molecular mechanism, with special morphological characteristics, and they have established complex connections with each other. Fully understanding their various detection methods, as well as their advantages, is necessary for the efficiency and accuracy of their detection. We have summarized and compared the signaling pathways regulating cell death, mainly including apoptosis, necrosis, autophagy, ferroptosis, pyroptosis, and NETosis, in these aspects: morphology, biochemistry, and function (a brief summary is available in Table 1).


TABLE 1. Comparison of five types of RCDs.
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CELL VIABILITY ASSAYS

Once cell death is induced, the plasma membrane integrity would be destroyed, or before losing its integrity, the corpse or fragments of the cell would be engulfed by neighboring cells in vivo. The cells’ contents can also be exposed or even lost (e.g., the spillage of cytosolic lactate dehydrogenase (LDH), the exposure of DNA), the activity of intracellular enzymes could decline (e.g., succinate dehydrogenase), and a reduction in intracellular adenosine triphosphate (ATP) is observed, which reflects the cellular energy capacity and viability. In view of these phenomena, spectrophotometry, fluorometry, flow cytometry, and microscopy are utilized for cell viability assays.


Spectrophotometry

Spectrophotometry is a qualitative or quantitative analysis of signal material through the absorption of a certain range of wavelengths. Using spectrophotometry to monitor the metabolic activity of cells is regarded as an indicator of cell viability, such as succinate dehydrogenase (SDH) activity analysis, the cytosolic LDH release analysis, certain proteins, and DNA binding by crystal violet staining. The principle of these technologies, in summary, is that the light absorption value of certain markers can be measured by a microplate enzyme for a qualitative or quantitative analysis of cell viability.

Some limitations of SDH activity analysis are as follows: (1) In dead cells, SDH is often still partially active, resulting in being erroneously scored as living cells when it comes to the early stages of apoptosis. (2) Not only cell death, but also other physical and chemical factors can lead to a decrease of enzyme activity, which leads to a false-positive or false-negative result. (3) The activity of an enzyme is variant in different tissue or cells, such as a lesser degree of SDH activity being present in neural and hepatic tissues, which easily leads to errors (Bernocchi and Barni, 1983). (4) The process of MTT conversion is also affected by various conditions, such as the cellular confluency and the culture medium exhaustion, which could lead to under-estimating the cell viability. (5) Some other solutes might elevate background signals by absorbing the same range of wavelengths, such as media containing phenol red, which leads to an increased cell viability range in the assay. All in all, SDH activity analyses of cell viability are usually used in conjunction with other techniques to improve their accuracy.

Crystal violet staining binding by certain proteins and DNA is suitable for monitoring the effect of various compounds (e.g., chemotherapeutics) on cell growth or survival as a reliable and quick screening measure (Geserick et al., 2009). However, some of the special cases would be potentially compromised due to the changed adherent properties of cells, such as the proliferative responses that occur in conjunction with cell death responses or the steps of repeated washing, which might sometimes lead to detached living cells, causing artifacts, especially when there is a higher cell density (Feoktistova et al., 2016).

As for the cytosolic LDH release analysis, some caution should be exercised regarding the instability and proteolytic degradation of LDH activity, since some of the factors may interfere with the results, such as the time spent, the pH, and the specific components present in the culture medium (e.g., pyruvate) (Kendig and Tarloff, 2007).



Fluorometry, Flow Cytometry, and Microscopy Assay

The plasma membrane integrity is followed by the exposure of intracellular contents, and the dye could enter and bind to these contents in the dead cell. For identifying leaking cell contents and lost membrane integrity, researchers often use a targeted approach for detection, such as light microscopy to detect trypan blue positive cells, and fluorometry and flow cytometry are used for identifying leaking cell contents. The detailed descriptions of each of these technologies is shown below.

Using technologies such as flow cytometry and light microscopy, the dead cells are indicated indirectly. For example, in DNA-binding, impermeant fluorescent dyes are used for detection, such as propidium iodide (PI), 7-amino actinomycin D (7-AAD) or the Sytox probes (Life Technologies) (Riccardi and Nicoletti, 2006; Zembruski et al., 2012, Thakur et al., 2015). For instance, during apoptosis, PI is able to bind and label DNA fragments and makes it possible to provide a rapid (in about 2 h) and precise method for evaluating intracellular DNA fragments through flow cytometry, and subsequently identifying the hypodiploid cells (Riccardi and Nicoletti, 2006). Compared with crystal violet staining analysis by spectrophotometry as mentioned above, this reduces the steps used to wash cells.

Notably, trypan blue staining could detect all forms of cell death, but differentiating among the specific types of cell death needs further testing (Crowley et al., 2016a). Moreover, other assays for detecting the loss of plasma membrane integrity have been adapted, such as immunocytochemistry to assay protein translocation, and 4′,6′-diamidino-2-phenylindole (DAPI) staining to assay nuclear fragmentation (Crowley et al., 2016b). For example, immunocytochemistry, such as for cytochrome c, is regarded as an essential tool for understanding and characterizing the mitochondrial apoptosis pathway (Crowley et al., 2016c).




DETERMINING CELL MORPHOLOGY OF RCDS

Incipiently, differentiating RCDs usually relied on morphological changes limited by techniques while the three major types of cell death are identified (type I cell death refers to apoptosis, type II cell death corresponds to autophagy-dependent cell death, type III cell death is related to necrosis) (Kerr, 1971; Lin et al., 1973). In Lockshin and Williams (1964) the American biologist Richard A Lockshin thoroughly described PCD (Lockshin and Williams, 1965), and in Kerr et al. (1972), the Australian pathologist John F Kerr and his colleagues coined the term “apoptosis.” They analyzed RCDs based on morphological changes. Later, the Nomenclature Committee on Cell Death (NCCD) updated the classification system of cell death through more comprehensive aspects, including classification (Kroemer et al., 2005, 2009), molecular definitions (Galluzzi et al., 2012), essential vs. accessory terms (Galluzzi et al., 2015), and molecular mechanisms (Paredes-Gamero et al., 2012). Meanwhile, the technology of RCDs detection is developing rapidly. To date, these detection techniques have been developed for monitoring the morphology of RCDs, such as light microscopy (Paredes-Gamero et al., 2012), EM, transmission electron microscopy (TEM) (ultrastructural changes and chromatin condensation in the cells) (Dong et al., 2015), scanning electron microscopy (surface changes of cells or tissues) (Burattini and Falcieri, 2013), atomic force microscopy (whole-process changes in RCDs) (Kuznetsov et al., 1997; Hessler et al., 2005; Sborgi et al., 2016), fluorescence microscopy (FM) (specific fluorescence labeling such as NAD(P)H-labeled in apoptosis) (Alturkistany et al., 2019), and practical flow cytometry (number and rate of dead cells) (Yasuhara et al., 2003; Paredes-Gamero et al., 2012; Liao S. et al., 2019).

As the most intuitive means, morphologic detection also refers to many different aspects: the alterations of the membrane (e.g., the loss of membrane integrity), the changes in cytoplasmic contents (e.g., mitochondrial damage), and the alterations of the nucleus and DNA. Each of the RCDs has their own iconic characteristic presented through immunohistochemistry (IHC) or various fluorescent dyes and high-resolution microscopy (Figure 2).
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FIGURE 2. Morphological changes of regulated cell death. Different types of cell death inducing with various pathways present diverse morphological changes. (A) The formation of autophagosomes is the typical characteristic of autophagy. ATG12-ATG5-ATG16L1 complex and LC3-II contribute to the extension of the phagophore. When the autophagosome is completely formed, LC3-II will separate from the outer membrane, and the autophagosome fuses with the lysosome so that an autolysosome finally emerged. (B) As for apoptosis, in the early stage, the nuclear condensation starts with cell shrinkage. During later stages, nucleus breaks up and the plasma membrane bubbles with no rupture, naturally associating with no inflammation. Finally, it forms apoptotic bodies. (C) Being different from apoptosis, after cell swelling and large bubbling, pyroptosis has plasma membrane rupture in the final stage. (D) When it comes to necroptosis, the appearance of cell swelling often followed by organelles dilation, and the nucleus disintegrates late. In some cases, chromatin condensation also occurs. Finally, with the rupture of plasma, a massive inflammation in the tissue is triggered. (E) The morphological characteristics of ferroptosis, however, mainly reflects on the changes of mitochondria. Compared with organelles swelling in necroptosis, here in the first stage, the mitochondria become smaller and membrane densities are elevated, followed by mitochondria crista reduction and plasma membrane rupture.



Time-Lapse Microscopic Analysis

Time-lapse microscopic analysis, involving a temperature and CO2-controlled incubator, has benefits for monitoring a biological process over a time period, which may last from a few hours to several days (Wallberg et al., 2016b). It can be suitable for a comparative and dynamic study of single cells in vivo or in culture shown as automated imaging of visible cell surface changes. This technique could be recorded via using differential interference contrast (DIC) optics either alone or in combination with epifluorescence microscopy specifying a predefined delay between the acquisition of images. The related parts of this technology may be changed slightly, generally including a Leica ASMDW live cell imaging system (Leica Microsystems, Mannheim, Germany), which includes a DM IRE2 microscope equipped with an HCX PL APO 63/1.3 glycerin corrected 37°C objective and a 12 bit Coolsnap HQ Camera (Cappellini et al., 2005; Krysko et al., 2008; Chan et al., 2011).

After staining with combinations of dyes, cell death can be visualized. These dyes include Alexa Fluor 647-conjugated Annexin V and Sytox Green (SG), or Annexin VFITC and PI. Recently, fluorescent probes have been developed to improve the accuracy during detection, such as two-related fluorescent probes, namely molecular conjugates of one or two zinc dipicolylamine (ZnDPA) coordination complexes with an appended solvatochromic benzothiazolium squaraine dye targeting the anionic phospholipids and phosphatidylserine (PS) exposed on the surface of dead or dying cells (Jarvis et al., 2018). This method is considered the best choice to distinguish between necrosis and apoptosis morphologically (Wallberg et al., 2016b). Annexin V staining using fluorescein isothiocyanate (FITC) could be used to detect apoptosis through binding to PS in the presence of Ca2+ (Vermes et al., 1995; Baskic et al., 2006). In necrosis, Annexin V staining can present a positive, so researchers always use double staining of Annexin V and PI to confirm necrosis (Vermes et al., 1995), and it has been proven that 99mTc-radiolabeled Annexin V is the most successful marker (Brauer, 2003).

Obtaining the data of cell morphology in apoptosis is described as: roundness, blebbing, the breaking up of cell fragments into apoptotic bodies (a process called “budding”), which are eventually degraded within phagolysosomes, and nuclear condensation (karyopyknosis) and fragmentation (karyorrhexis), and it always happens in small clusters of cells or individual cells without inflammation. After that, apoptotic cells are consumed via phagocytic systems in vivo, or eventually lose the integrity of their plasma membrane and undergo secondary necrosis, which is characterized by plasma membrane permeabilization and osmotic swelling without phagocytosis. As for necroptosis, cellular swelling and a balloon-like-structure formation (“oncosis”) are regarded as the major characteristic changes with inflammation.

However, it can also be challenging to distinguish apoptosis from necroptosis because undergoing secondary necrosis might occur in apoptotic cells where Annexin V-binding can enter cells through a broken membrane. To avoid this case, the combination of Annexin V and noncell permeable DNA stains (e.g., PI or SG) is adopted (Wallberg et al., 2016b; Jarvis et al., 2018).

Time-lapse microscopic assays can also be used to show some of the specific molecular markers, such as DNA, RNA or proteins involved in their molecular pathways and functions through using fluorescent molecular probes, such as monitoring autophagy via time-lapse microscopy to track Parkin (a protein implicated in mitophagy) fused with fluorescent enhanced yellow fluorescent protein (EYFP) (Di Sante et al., 2016). This method has advantages for collecting information at the single-cell level. However, assays based on time-lapse microscopy are susceptible to some factors (e.g., vibrations, the fluctuations of temperature and humidity, pH and cell motility, etc.) that may interfere with the acquisition of high-quality images (Di Sante et al., 2016).



EM Analysis

Electron microscopy analysis has always supplied us with a great deal of data in cell death research, in which TEM benefits from its much higher resolving power (0.1-0.4 nm) and scanning electron microscope (SEM) also offers high resolving power (about 1 nm). TEM makes it possible to better understand the relationships between a biological structure and its function at the cellular, subcellular, and even molecular levels through two- and three-dimensional images of the cells to distinguish different forms of RCDs, which is considered as a “golden standard” (Ericsson, 1969; Krysko et al., 2008). SEM, a kind of observation at the level between TEM and the light microscope, could emerge as a good method to provide a delicate imaging stereo effect of the surface of the cells with a magnification of 300,000 times or more. SEM is utilized for topographic imaging of bulk samples suited for low energy EM, whose maximum electron energies are at 30 keV (Sun et al., 2018). In addition, SEM combined with other analytical instruments can be used to observe the microscopic morphology and to carry out a composition analysis of the material microregion. However, many researchers consider EM analysis to be time-consuming and expensive.

Meanwhile, the preliminary substrate preparation of dying cells for EM could be difficult during the intermediate process because it may cause damage to the original morphology of the RCDs, especially when they detach the dying cells from their substrate, typically resulting in spinning down these floating cells. Recently, EM has been optimized continuously; for example, using macrophages or cytospinning to capture the cells prevents interference with their cell morphology (Vanden Berghe et al., 2013; Crowley et al., 2016d).

SEM/STEM/TED imaging can capture a wealth of information and focused ion beam scanning electron microscopy (FIB/SEM) (Knott et al., 2011), one of the three-dimensional EMs, is being increasingly adopted in life sciences. It is worth noting that the discovery of cryo-electron microscopy (cryo-EM), leading to a detailed or realistic display of ultrastructure in cells, may provide more convincing evidence in RCDs (Li et al., 2018; Fitzpatrick and Saibil, 2019).


Determining Cell Morphology in Apoptosis

As for apoptosis, people have marked it by the typical morphological changes: cell shrinkage, DNA fragmentation (karyorrhexis), chromatin changes during condensation and margination, a ruffling plasma membrane, and breaking up of cell fragments into apoptotic bodies (a process called “budding”), which are eventually degraded within phagolysosomes. Previously, light microscopy has identified the morphological changes occurring during apoptosis with cellular shrinking and pyknosis (Kerr et al., 1972). After hematoxylin and eosin stain (HE staining), the histologic characteristics of apoptosis are defined as confirming a round or oval mass, a red-stained eosinophilic cytoplasm, and purple-dense nuclear chromatin fragments, usually occurring in small clusters of cells or individual cells without inflammation. Besides, the more detailed morphological changes have been confirmed by EM, which could better present the subcellular changes, such as the most characteristic feature of apoptosis, pyknosis in which uniformly dense masses of chromatin are formed and distributed against the nuclear envelope after chromatin condensation (Hacker, 2000; Zucker et al., 2000). Additionally, the loss of cell-to-cell contacts and microvilli are visible in the images (Kerr et al., 1994; Cummings et al., 1997).



Determining Cell Morphology in Necroptosis

Compared to apoptosis, necrosis emerges as a general swollen cell (oncosis) and the swelling of the cytoplasmic organelles (e.g., swollen mitochondria), poorly demarcated clumps of chromatin, a rapid loss of plasma membrane integrity, and the release of cytoplasmic contents, which is uncontrolled and passive, and eventually, the changes of nuclear morphology are described as pyknosis, karyorhexis, and karyolysis. In detail, the major morphological changes during necrosis could be summarized as: (1) nucleus: pyknosis for the nuclear dehydration, karyorhexis (nuclear fragmentation), karyolysis (without the visible outlines of the nuclei); (2) cytoplasm: cytoplasmic vacuoles forming; endoplasmic reticulum swelling; cytoplasmic blebs forming; mitochondria condensing, swelling or breaking up; ribosomes disaggregating and rupturing; (3) others: cellular swelling; membranes disrupting; eventually; an inflammatory response occurring (Trump et al., 1997). Necrosis is another form of cell death that has some similar aspects to apoptosis, due to several processes like the morphologies and mechanisms shared between them (Kerr et al., 1972; Zeiss, 2003). The characteristic morphology in necrotic cells, such as cytoplasmic swelling, is due to the membrane permeabilization being an early event. Losing membrane permeability in apoptotic cells occurs relatively late.



Determining Cell Morphology in Autophagy

Acting as a non-invasive response to cell death with the formation of large-scale autophagic cavitation, autophagy contributes to maintaining the balance of the cellular structure, metabolism, and biological function for homeostasis (Deter and De Duve, 1967; Mizushima and Komatsu, 2011). There are three types of autophagy according to the pathways in which cargoes or phagocytes are transported into lysosomes: microautophagy, macroautophagy, and chaperone-mediated autophagy (CMA) (Rogoza et al., 2004). A comparison of these three forms of autophagy is shown in Table 2. Remarkably, the application of TEM has promoted the progression of autophagy from the phagolysosome to related protein imaging using the cryo-EM structure (Ohsumi, 2014; Hurley and Nogales, 2016).


TABLE 2. Comparison of distinguishing criteria, morphological features and monitoring methods of three kinds of autophagy.
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Macroautophagy

Among the three types of autophagy, macroautophagy has been studied extensively and clearly. It is induced under stress stimulus, resulting in maintaining cell growth through specifically degrading damaged or superfluous organelles or leading to various human pathologies, including lung, heart, neuron, and liver disease, cancer, myopathies, aging and so on, after excessive self-degradation (Yorimitsu and Klionsky, 2005; Parzych and Klionsky, 2014; Pastuhov et al., 2016). Morphologically, the autophagosome is one of the distinct features forming by expansion as well as de novo rather than membrane budding from an already contained cargo (du Toit et al., 2018). The membrane expands and bends, and then a spherical autophagosome is generated. Using electron microscopic examination of the obverse, it has been found that the diameter of autophagosomes ranges from 0.5 to 1.5 μm in mammals and ∼0.4 to 0.9 μm in yeast (Takeshige et al., 1992; Gu et al., 2020). Besides autophagosomes, autophagy precursors (which include the cytoplasm, organelles, or bacteria) and autophagolysosomes (autophagosomes that bind to the lysosome) are also vital subcellular structures.



Microautophagy

For microautophagy, most of the research has focused on yeast and describes its transport pathway as cytoplasmic contents are transported into the lysosome within the lysosomal membrane invagination (Marzella et al., 1981). De Duve et al. first observed microbodies in autophagy using EM (Baudhuin, 1966). Also, Sakai et al. observed the process of microautophagy using vacuoles and microbodies of yeast with fluorescent double-labeling (Itoh et al., 1998). Then, nucleus microautophagy in yeast was reported by Roberts et al. (Fernandez et al., 2003). Early on, using EM, people noticed the free-floating vesicles within the lysosome through englobing Percoll particles by way of cup-like invaginations of the lysosomal membrane (Marzella et al., 1980). Recently, nucleophagy, which targets autophagic degradation as nuclear material, has helped in elucidating the endosomal microautophagy transports detected by indirect immunofluorescence techniques (Otto and Thumm, 2020). Microautophagy is so small that TEM is needed to see it clearly. Due to the limitations of technology, we know little about microautophagy, including the inducing factors, the mechanism, and its role in the disease processes (Mijaljica et al., 2011; Sato et al., 2019; De Falco et al., 2020).



Chaperone-mediated autophagy

Compared with microautophagy and macroautophagy, one of the nonspecific pathways to engulf the cytoplasm, CMA, is highly specific and refers to a specific substrate (a compound formed by a pentapeptide sequence that is biochemically related to KFERQ, namely Lys-Phe-Glu-Arg-Gln and HSPA8/HSC7, the heat shock 70 kDa protein 8) and specific receptor LAMP2A, the lysosomal-associated membrane protein 2A (Chiang et al., 1989; Dice, 1990). The morphological changes of CMA are not obvious, so immunofluorescence analyses, western blots, and other biochemical methods play crucial roles in CMA assays (Wu et al., 2019).



Non-canonical autophagy

Besides these classical autophagy pathways, the recent identification of non-canonical autophagy pathways, such as LC3-associated phagocytosis (LAP) and LC3-associated endocytosis are showing impact on cell viability (Martinez et al., 2016). This non-canonical autophagic process relies on Rubicon (rubicon autophagy regulator [RUBCN]), contributes to immunosuppression (Sil et al., 2020). And these specific pathways have been reported to underly the pathogenesis of various diseases. For example, LAP is closely related to systemic lupus erythematosus (SLE) (Bandyopadhyay and Overholtzer, 2016; Martinez et al., 2016), tumor (Cunha et al., 2018). And LC3-associated endocytosis has been shown to be protective against neuronal cell death in Alzheimer’s Disease (Heckmann et al., 2020a, b). Similar to canonical autophagy, LAP require ATG-7/-3/-5/-12/-16L for LC3 lipidation (Martinez et al., 2011, 2015). But unlike autophagy, LAP is a process requiring NADPH oxidase-2 (NOX2)5, and Rubicon5 (Martinez et al., 2015), and LAP is independent of the pre-initiation complex containing ULK1 and FIP200 and proceeds with a distinct Beclin 1-VPS34 complex lacking ATG14 (Florey et al., 2011; Martinez et al., 2011; Kim et al., 2013).

All in all, these three canonical autophagy pathways could deliver the cargo to the lysosome to degrade and recycle while each of them features with different morphology. The formation of autophagosome is regarded as characteristic changes during macroautophagy, which is formed by portions of the cytosol and intact organelles (e.g., mitochondria) sequestered into a double-membrane vesicle (Mijaljica et al., 2011). By contrast, microautophagy involves the direct engulfment of cytoplasm at the lysosome surface requiring the EM for detecting, whereas CMA refers to a process delivering soluble and unfolded proteins directly across the limiting membrane of the lysosome (Massey et al., 2004).




Determining Cell Morphology in Ferroptosis

As an oxidative, iron-dependent form of RCD, ferroptosis is induced through an excess accumulation of reactive oxygen species (ROS) and lipid peroxidation products (Dixon et al., 2012; Chen et al., 2020). When undergoing ferroptosis, dysmorphic small mitochondria or mitochondria shrinkage with enlarged and reduced crista, and a condensed and ruptured membrane can be detected morphologically using an electron microscope (Dixon et al., 2012; Friedmann Angeli et al., 2014; Doll et al., 2017). Although relevant research in ferroptosis has made rapid progress, using mitochondrial morphology to distinguish ferroptosis is still highly debatable since there is a lack of studies on the correlation between mitochondria and ferroptosis (Dixon et al., 2012; Gaschler et al., 2018).



Determining Cell Morphology in Pyroptosis

Pyroptosis refers to a process in which the pores on plasma membranes are gradually formed, inflammatory cytokines are released, and the lysed cells are induced through the canonical caspase-1-mediated monocyte death or the non-canonical caspase-4/5/11 inflammasome pathways (He et al., 2019; Wang et al., 2019e). The morphological changes during pyroptosis include cell swelling, which is induced through entering water molecules, the formation of 10-15 nm pores in the plasma membrane, and the eventual release of pro-inflammatory cytokines (interleukin-1β (IL-1β) and interleukin-18 (IL-18)), distinct from apoptosis without inflammatory release (Lu et al., 2020). Activating caspases, an N-terminal cleavage product (GSDMD-NT) would be generated, which triggers inflammatory death (pyroptosis) and the release of inflammatory cytokines such as IL-1β 1,2 (Shi et al., 2015). Notably, it is visible by EM since GSDMD-NT oligomerizes in membranes to form pores to trigger pyroptosis (Liu et al., 2016). These morphological changes have been observed in smooth muscle cells (SMC), endothelial cells (EC), macrophages, phagocytes, astrocytes and neurons, and additional research on its mechanism and technical studies are needed in the future (Liu et al., 2018, 2020).



Determining Cell Morphology in NETosis

NETosis, one of the RCD types which was first described in 2004, is regarded as a program for formation of neutrophil extracellular traps (NETs) initiating a fight against pathogens and linking to various diseases (Brinkmann et al., 2004). According to the viability of cells, NETosis could be divided into two different forms, namely classical or suicidal NETosis resulting in the cell death, and vital NETosis retaining viability. The typical morphological changes of classical NETosis are described as chromatin decondensation associated with histone modification, and the release of granule components into the cytosol, as well as many characteristic features which are the same as other forms of RCDs (such as the changes in the nucleus and in the cytoplasm during apoptosis, necroptosis, pyroptosis, and autophagy (Vorobjeva and Chernyak, 2020). As for vital NETosis, it refers to a massive and very fast release of mitochondrial DNA (mtDNA) without loss of viability, when neutrophils retain their viability and natural effector functions (Yousefi et al., 2008, 2009).




Flow Cytometry Assay

Flow cytometry is used as a general measure for rapid analysis of a large number of cells individually, which detects up to 10,000 cells per second. Based on the cellular characteristics, including the size, granularity and morphology of the cells, the integrity or potential of the cell membrane, the intracellular pH, and the levels of cellular contents such as surface receptors, proteins, the ions (e.g., calcium), DNA, and RNA, flow cytometry could provide data to distinguish RCDs through the use of fluorescence, absorbance measurements, and light-scattering.

Currently, flow cytometry is used not only in cell counting but also in image analysis, namely multispectral imaging cytometry for multiparameter studies on cell demise (Lelliott et al., 2019; Cerrato et al., 2020). Morphology-based flow cytometry assays are used to identify RCDs, such as the percentage of apoptotic cells that are indicated based on the cells exhibiting nuclear fragmentation as well as a low nuclear area and a bright detail intensity. Various staining approaches such as 1 μM camptothecin (CPT; Sigma, a DNA topoisomerase I inhibitor) for 6 hours, fixed and stained with PI, and collected on the ImageStream (George et al., 2004), can be applied. Moreover, cells undergoing autophagy can be identified through visualizing fluorescently labeled lysosomal markers, and LC3 puncta labeled and/or the co-localization of fluorescently labeled LC3 using flow cytometry provide benefit in an objective, quantitative, and statistically robust manner (Pugsley, 2017). Also, the loss of plasma membrane integrity using cell-impermeant dyes could be assessed through a morphology-based flow cytometry assay to detect cell viability (Vanden Berghe et al., 2013). Furthermore, flow cytometry is often used to monitor RCDs with biomarkers and we will discuss this below.



Confocal Laser Scanning Microscopy

Detection work needs a point scanning confocal microscope with good optical efficiency. Importantly, a good lens with a long working distance and high NA determines the rendering effect. The Leica TCS4D or SP1 with a Leica inverted IRMB microscope and an Argon-Krypton laser (Omnichrome, Chino, CA, United States) emitting 3 wavelengths (488, 568, and 647 nm) have been used in confocal microscopy (Zucker and Rogers, 2019). A 5 × or 10 × objective with a high numerical aperture (NA) and the lenses including Zeiss 5 × fluor (NA 0.25), Zeiss 10 × fluor (NA 0.5), Leica 10 × Plan APO (NA 0.5), and Leica multi-immersion 10 × (NA 0.4), also a Zeiss lens fitting on a Leica microscope whose magnification could be increased by 20%, are available (Zubairova et al., 2019; Zucker and Rogers, 2019). Confocal microscopy could provide a visible three-dimensional structure as a good indicator for RCDs visualization, and it is also flexible and fast except for some cumbersome processes, namely staining, fixation, dehydration, and clearing (Zucker and Rogers, 2019). For example, confocal microscopy is used to provide insights into the dynamics of cell death with the fluorescent dyes fluorescein diacetate (FDA) and PI (Jones et al., 2016). Also, the research into mitophagy using confocal microscopy and the subcellular localization of ceramide in mitochondria were visualized by colocalization of ceramides and mitochondria (Sentelle et al., 2012).



FM

Fluorescence microscopy is often utilized to monitor RCDs via not only detecting specific markers, but also for evaluating cell nucleus damage and DNA, leading to direct visualization of pathophysiological processes with sub-cellular resolution. On this basis, FM is constantly being improved for various requirements in detection, such as fluorescence lifetime imaging microscopy (FLIM) being used to monitor caspase-3 activity during apoptosis (Buschhaus et al., 2017, 2018). Moreover, autolysosomes for autophagy detection can be visible via the colocalization of LC3 and lysosomal markers by FM (Yoshii and Mizushima, 2017; Bhutia et al., 2019). Caspase-1 activity assays for pyroptosis detection could also be adapted to FM, such as with a Nikon ECLIPSE TE2000-U FM in Tokyo, Japan (Liao Y. et al., 2019). The changes of the nuclei could therefore be identified through FM to distinguish apoptotic cells from healthy cells or necrotic cells for staining with DAPI or other dyes (Crowley et al., 2016). DAPI or Hoechst 33258, 33342, and 34580 are often used to monitor DNA fragmentation or damaged cell nuclei through binding to A-T base pairs lining the minor groove of double-stranded DNA (Eriksson et al., 1993; Martin et al., 2005). FM has tended to be artificially intelligent, and its probes have become smaller and more prominent with more precise targeting options.



Intravital Multiphoton Microscopy

People also pay more attention to RCDs monitoring in vivo. Intravital multiphoton microscopy has been developed in the cell death process for monitoring at the cell level in tissues in vivo (Mesa et al., 2015). It is an objective and real-time technique for capturing morphological changes during RCDs (e.g., apoptosis characteristics with membrane blebbing and ApoBD formation) in vivo with a fluorescence resonance energy transfer (FRET)-based caspase 3 activation reporter (Garrod et al., 2012; Mayer et al., 2017). For staining, poly ((3-((4-methylthiophen-3-yl)oxy)propyl) triphenylphosphonium chloride) (PMTPP), one of the fluorescent sensors or stains used for monitoring ATP levels in cell membranes to monitor cell death processed in vivo through FM, is available (Huang et al., 2017). To make the detection in RCDs more realistic, standard, noninvasive, clinical, magnetic resonance imaging and spectroscopy (MRI/MRS), computed tomography (CT), positron emission tomography (PET), and radionuclide imaging methods are also used for monitoring the biochemical and physiological processes in apoptosis, necrosis, autophagy, and ferroptosis (Brauer, 2003; Lee et al., 2019).




MONITORING AND MEASURING RCDs BY BIOMARKERS

To make the identification of RCDs more objective and quantitative, researchers always combine morphological changes and biomarkers of RCDs. RCDs have different pathways involved with specific proteins; for example, caspase-3 is an important effector of apoptosis, and once activated, it leads to apoptosis (Li X. et al., 2019). Although detection of biomarkers makes RCDs identification more accurate, it can be challenging to distinguish different forms of RCDs clearly for the discovery of new RCDs mechanisms and interlaced protein pathways.

Depending on where the content exists and how the content is extracted, the molecular biomarkers used in RCDs detection are divided into three types: cell surface markers acting at the plasma membrane (e.g., PS (PtdSer), pannexin 1 (PANX1)), intracellular markers working inside the cells (e.g., caspase activity, mitochondrial potential), and soluble extracellular markers as well as released molecules with a potential role as circulating biomarkers of cell death (e.g., caspase-3, cytokeratin 18 (CK18), HMGB1 and the enzyme LDH) (Krysko et al., 2008; Hashimoto et al., 2016; Shukuya et al., 2020; Wimmer et al., 2020). The conventional biomarkers of RCDs are shown in Table 3. These vital biomarkers are shown in a schematic diagram (Figure 3), which depicts the cross-regulation among different types of cell death.


TABLE 3. Conventional biomarkers for RCDs.
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FIGURE 3. A schematic diagram showing biomarkers involved in RCDs within depicting the cross-regulations among different pathways. The solid arrows indicate activating interactions while the T-shaped lines indicate inhibitory interactions.



Biomarker Detection Technology


Western Blot

The main measures for biomarker detection can be considered at three levels, namely DNA, RNA, and proteins. As for gene/mRNA/cfDNA assays, quantitative PCR (qPCR) is a useful and convenient technique. For protein detection, western blots are regarded as a classic technique. The western blot allows for specific identification and characterization of proteins, able to detect specific proteins involved in RCDs to distinguish RCDs. The process is as follows: the proteins are separated through sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), then the polyvinylidene fluoride (PVDF) membrane-transferred proteins are incubated with specific antibodies, and the protein of interest is detected by using a fluorescent agent. Remarkably, some of the modifications of proteins related to RCDs could also be detected through western blots, such as phosphorylation, acetylation, ubiquitin, etc. For example, the phosphorylation of RIPK1 could be analyzed via western blotting with special antibodies for research into the regulation of RIPK1 activation by TAK1-mediated phosphorylation, which modulates apoptosis and necroptosis (Geng et al., 2017).



Flow Cytometry

Requiring a high specificity, flow cytometry analysis is utilized to detect the specified cells through an assay of specific markers, volume, form, or any other signal characteristics (Bandura et al., 2009). For detection of apoptosis, PI is excited with a xenon or mercury arc lamp or with the 488 lines of an argon-ion laser and can be detected in the particular fluorescence channel (FL2 or FL3) of a flow fluorocytometer (FACSCalibur flow fluorocytometer, Becton Dickinson) (Bergamaschi et al., 2019). Traditionally, Annexin A5 (A5, PtdSer binding protein) combined with either PI or 7-aminoactinomycin D (7-AAD, membrane impermeable DNA binding dyes) stains are used in flow cytometry to distinguish apoptosis from necrosis (Koopman et al., 1994; Vermes et al., 1995; Broaddus et al., 1996). For the detection of ferroptosis, flow cytometry-based analysis is easy to carry out and is highly sensitive to measure lipid peroxide levels in live cells with the BODIPYTM 581/591 C11 dye (Martinez et al., 2020). This technique is not only used for the separation of positive cells and the capture of special free contents such as vesicles, but also for identifying molecular biomarkers. Recently, flow cytometry assays have been improved to detect and quantify the various forms of RCDs, such as a three-color flow cytometry analysis that has been reported to detect necroptosis and apoptosis in the early and late-stage, and receptor interaction protein 1 (RIP1)-dependent apoptosis simultaneously in a single cell through targeting proteins like caspase-3 and receptor interaction protein 3 (RIP3), and detecting cell viability (Bergamaschi et al., 2019).



Enzyme-Linked Immunosorbent Assay (ELISA)

In the case of biomarkers for RCDs, ELISA is a sensitive, cost-effective and practical option for detection and quantitative or qualitative analysis based on the production of monoclonal or polyclonal antigen-specific antibodies and radioimmunoassay techniques. The ELISA technique is often used to detect RCD-related proteins such as caspase-3/7 up-regulation during apoptosis or cell-free DNA and nucleosomes (Roth et al., 2011), but there are still some constraints that should be of concern, such as the effect of temperature and time on sample storage since samples stored at −70°C lead to an annual loss of 7% (Holdenrieder et al., 2010).



Cryo-EM

Recently, to present the microenvironment of a protein as much as possible, cryo-EM has been found to be a powerful tool and has been recently used in the research into structural molecular and cellular biology in three-dimensional structures, which was selected by Nature Methods as the Method of the Year 2015, and the Nobel Prize in Chemistry 2017 (Bendory et al., 2020; Garcia-Nafria and Tate, 2020; Guerrero-Ferreira et al., 2020). It provides benefits for a better understanding of how proteins and/or other biological macromolecules are involved in their complex network (Bendory et al., 2020). Cryo-EM is regarded as a suitable method for identifying the structure of isolated biomolecular complexes ranging from a protein sized several tens kilo-Daltons to a virus particle-sized many mega-Daltons and to a whole cell with sub-nanometer resolution (Murata and Wolf, 2018). As for the sample preparations, cryo-EM requires a much smaller amount of sample with tomographic slices of 10-nm thickness; it accepts large image datasets (such as single protein molecules, large protein complexes, thin-protein crystals, virus particles, helical fiber complexes, bacteria, cells, and even entire tissue sections); and near-atomic 3D maps of isolated proteins could be provided (Danev et al., 2019). Kate et al. have shown the reconstructed cryo-tomogram of apoptotic herniating mitochondria to research the classical intrinsic apoptosis pathway by using cryo-EM (McArthur et al., 2018). Meanwhile, cryo-EM has also been used to reveal the morphology of the pores and determine the localization of Bax labeled with nanogold, which allows for understanding the mechanisms of pore formation induced by Bax in apoptosis, necroptosis or ferroptosis (Kuwana, 2019). The proteins of RCD, including their connected macromolecules, microenvironment and even the related signal pathways, can be visualized by using cryo-EM. For example, the filament structure of caspase-8 tandem death effector domain was determined through cryo-EM to achieve a presentation of extensive assembly interfaces and to further confirm with structure-based mutagenesis its filament formation in vitro, as well as Fas-induced apoptosis and ASC-mediated caspase-8 recruitment in cells (Fu et al., 2016).

Also, researchers adapted some targeted approaches for the special marker assays, such as the terminal -deoxynucleotidyl transferase mediated nick end labeling (TUNEL) assay that is designed to detect DNA degradation in the late stages of apoptosis. Recently, circulating molecules (e.g., non-coding RNAs, released proteins, heteromeric complexes, enzymatic activity, subcellular vesicles, etc.) released from special tissues were found to be detectable in the cerebrospinal fluid, plasma, serum, and any other body fluids, which suggests noninvasive clinical applications.




Biomarkers for Detecting RCDs


Cell Surface Markers


PS (PtdSer) exposure vs. membrane permeability

PS (PtdSer), as a vital content in eukaryotic membranes, is the major anionic phospholipid accounting for 2–10%. PtdSer is generally not externally exposed in normal cells and the exposure of PtdSer could be a hallmark for stressed and dying cells, and a key signal for the removal of apoptotic cells through neighboring phagocytic cells (e.g., macrophages or neutrophils). That is, PtdSer exposure not only occurs in apoptosis but also in other types of cell death, such as necroptosis and autophagy (Galluzzi et al., 2012). It is an interconnected process between the exposing PtdSer and the loss of plasma membrane integrity, whose detections are discussed above. As for PtdSer, Annexin V, one of the imaging probes targeting DNA, is widely used to detect apoptosis when it comes to radionuclide imaging. It is worth mentioning that Annexin V, a nonglycosylated membrane protein probe, has been used as one of the few cell death imaging agents reaching phase II/III clinical trials (Nguyen et al., 2012). Synaptotagmin-I (SynI), synaptic vesicle-related protein, provides another point for probe design by binding to the negatively charged phospholipids PS and phosphatidylinositol in the presence of Ca2+ ions (Alam et al., 2010).



Pannexin 1 (PANX1)

The pannexin (Panx) family, consisting of 3 members (Panx1 as the most extensively studied one, Panx2 and Panx3), has been reported as playing a vital role in extracellular ATP release (Baranova et al., 2004). In apoptosis, Panx1 being activated through cleavage mediated by caspase at the C terminus releases ATP as a “find me” signal, which is necessary for macrophage recruitment (Chekeni et al., 2010). Meanwhile, the activation of Panx1 channels contributes to the increase in plasma membrane permeability and the formation of Ca2+-permeable pores at the endoplasmic reticulum, leading to Ca2+ leakage and favoring mitochondrial Ca2+ uptake, which conveys cytochrome c to the cytosol to induce apoptosis (Chekeni et al., 2010). During research, Panx1 inhibitor carbenoxolone (CBX), pharmacological inhibition or small interfering RNA are used for indirectly inspecting the results in vivo and in vitro, suggesting PANX1 as a plasma membrane channel that could mediate the regulated release of find-me signals and selective plasma membrane permeability during apoptosis (Chekeni et al., 2010). The quantitative analysis of Panx1 could be detected through qPCR as mRNA levels for PANX1, and IHC or western blot for protein expression, whose function is analyzed using patch-clamp methods (Huang et al., 2020). In pyroptosis, caspases-3 and-7 and caspase-11 could not only contribute to cleaving the CT moiety of Panx1, resulting in channel opening and extracellular ATP release, but also induce K+ efflux and the activation of NLRP3 inflammasomes to process and subsequently release IL1β (Yang D. et al., 2015). Dahai et al. identified that Pannexin-1 worked critically for ATP-induced pyroptosis and was induced via cytosolic LPS using immunoblotting analysis with or without CBX, probenecid and trovafloxacin (one of the inhibitors of pannexin-1) (Yang D. et al., 2015). As for autophagy, extracellular ATP and engulfing dying cells in the Panx1-dependent pathway could not only recruit immune cells, but was also involved in the pathway of the inflammasome activation in macrophages in which a short hairpin (sh)RNA method for silencing pannexin-1 channels during co-incubation of macrophages with dying autophagic cells leads to the inhibition of ATP release and inflammasome activation (Ayna et al., 2012). By means of inhibitor targeting the key molecule involved in the pathway of RCDs, this reverse validation is also widely accepted, such as CBX or small interfering RNA being used to inhibit Panx1 for apoptosis detection through qPCR and ELISA.




Intracellular Markers


Oligonucleosomal DNA fragmentation

DNA fragmentation to 180-200 bp and a weight more than 50 kbp is considered as a feature that clearly distinguishes apoptosis (Walker et al., 1999). There are various biochemical techniques to detect DNA ladders, including general-use agarose gel electrophoresis or flow fluorocytometric, which benefits from not being time-consuming and allowing for individual cell analysis. According to different technical principles, there are three main routine assays that were developed to detect DNA fragmentation: DNA ladder assay, TUNEL assay, and comet assay. Firstly, the DNA ladder assay: the DNA fragments (180–200 bp) could be separated into the “DNA ladder” pattern on agarose gel electrophoresis. The DNA ladder assay is used in conjunction with commercial kits that lead to a faster, more accurate, and sensitive assay, but at a greater cost (Micoud et al., 2001). Another approach is the TUNEL assay, which is utilized as a standard histochemical method for tissues, adherent cell lines, and suspension cell lines (Cuello-Carrion and Ciocca, 1999). Different from the DNA ladder assay, the TUNEL assay is more sensitive for the use of specific markers [e.g., bromodeoxyuridine labeling (BrdU), fluorescein labeling, thymidine analogs, 5′-ethynyl2-deoxyuridine labeling (EdU) (Wu et al., 2012), etc.] combined with other techniques, such as FM, flow cytometry, or laser scanning cytometry (Darzynkiewicz et al., 2008). As for the comet assay, also named ‘single cell gel electrophoresis assay’ (SCGE), it has been developed in genotoxicity testing with rapid detection of DNA repair or damage in a single cell (Collins, 2004). According to the quantification of the fluorescent signal in the core (formed of macromolecules and unfragmented DNA) and the tail (formed of predominantly single-stranded DNA) as well as the DNA damage, comets are divided into five groups: none or very low damage, low damage, medium damage, long DNA migration, apoptotic or necrotic DNA migration (Konca et al., 2003).

Although optimized approaches have been developed, various limitations are still a challenge. For instance, DNA damage not only appears in the apoptotic process but also exists in necroptosis, leading to false-positive assay results. And if there is no DNA ladder pattern, it cannot be proven that there is no apoptosis occurring in the sample since it can result from an event of the internucleosomal cleavage of DNA occurring in late apoptosis (Cohen et al., 1992; Collins et al., 1995). There are sometimes mushrooming cases where it is absent with internucleosomal DNA degradation during apoptotic or apoptotic-like cell death so that the intensity of DNA fragment labeling in these assays will be inadequate to distinguish apoptosis (Cohen et al., 1992; Catchpoole and Stewart, 1993; Knapp et al., 1999).



Caspase activation

Caspases, as one of the cysteine aspartate-specific proteases, play a vital role in the early stages of apoptosis, and are regarded as general biomarkers to identify apoptosis. They are synthesized as zymogen precursors that consist of an amino-terminal domain of variable length followed by a p20 and a p10 unit containing the residues. These amino-terminal regions in initiator caspases obtain a caspase recruitment domain (including CARD; caspases 1, 2, 4, 5, 9, 11) or death effector domains (including DED; caspases 8, 10), which are essential for substrate recognition and catalytic activity. After being activated by proximity-induced auto-proteolysis or cleavage via upstream proteases in an intracellular cascade, an active heterotetramer is formed and induces the following pathway (Lamkanfi et al., 2002; Ramirez and Salvesen, 2018). According to the functions and domain architecture, the caspase-family members are classified into two parts: inflammatory (including caspases-1, -4, -5, and -11) or apoptotic (caspases-3, -6, -7, and caspases-8, -9, -10) (Van Opdenbosch and Lamkanfi, 2019). The detection of caspase activation has been used to identify the mitochondrial death pathway of apoptosis in cell-free systems (Chandra and Tang, 2009). Besides caspases, other proteins in response to apoptotic stimuli are also targeted as an indicator, such as Bid, Fas-associated protein with death domain (FADD), Bcl-2 and Bax, cytochrome c, high-mobility group box 1 (HMGβ1), nuclear factor kappa B (NFκB), poly [ADP-Ribose] polymerase 1 (PARP) and other apoptosis-related proteins (Nicholson et al., 1995; Gyulkhandanyan et al., 2012; Del Re et al., 2019; Yang L.L. et al., 2019; Zahran et al., 2020). In pyroptosis, it has been reported that caspase-1 could mediate the cleavage of the cytosolic protein gasdermin D (GSDMD), resulting in promotion of the formation of GSDMD membrane pores and cell lysis, which sheds much-needed light on the necrotic execution mechanism of pyroptosis (de Vasconcelos et al., 2019). As a caspase-independent pathway, necroptosis is also regulated through the caspase regulators in which caspase 8 could work as a potent inhibitor of necroptosis mediated through a heterotrimeric complex involving caspase 8, Fadd, and the long isoform of caspase 8- and FADD-like apoptosis regulator (Dillon et al., 2012). Caspase activity and these related proteins can be detected through flow fluorocytometry, the cleavage of an in vivo caspase substrate, FLIM and light microscopy, the Promega Caspase-Glo 3/7 assay, and ELISA, and meanwhile q-PCR is used at the level of the RNAs of the related proteins during cell death. An example of caspase detection, the Promega Caspase-Glo 3/7 assay (Promega Corp., Madison, WI, United States), is utilized for detection, adopting a proluminescent caspase substrate for caspase detection (Mfotie Njoya et al., 2018).



Bid cleavage and the expression of the Bcl-2 protein family

The integrity of the major outer-membrane protein (MOMP) is closely regulated by a group of proteins belonging to the Bcl-2 family and encoded by the BCL2 genes, which consists of pro-apoptotic and anti-apoptotic members (e.g., Bcl-2 and Bcl-xL) or other classes (e.g., BH3-only proteins with Bcl-2 homology (BH) domains only) (Cheng et al., 2001; Wei et al., 2001; Chipuk et al., 2010). Generally, it is believed that Bcl-2, Bax and Bak are of great importance in the intrinsic pathway of apoptosis and the Bcl-2/Bax ratio or the level of Bcl-2 is considered as a hall marker for apoptotic detection (Musumeci et al., 2015; Saraste and Pulkki, 2000). The extrinsic pathway of apoptosis, also known as the death receptor pathway, is closely related to the intrinsic pathway (mitochondrial pathway), since the truncated Bid (tBid) protein translocates to the outer mitochondrial membrane (OMM) to promote RCD by engaging Bax/Bak, resulting in MOMP and subsequent caspase-9 activation (Wu X. et al., 2020). Similar to second mitochondria-derived activator of caspases (SMAC) mimetics, MOMP could trigger tumor necrosis factor (NF-κB-dependent production) and coincidentally induce an alternative form of cell death, namely necroptosis (Giampazolias et al., 2017). Remarkably, the Bid is from both the cytosol and the organelle fraction. Because the form of Bid induced by anti-Fas antibodies stays in the cytosolic fraction briefly and only in small amounts, most of the Bid has been associated with the organelle fraction (Krysko et al., 2008). Both the Bid cleavage and the expression of the Bcl-2 protein family are able to be detected through western blot, ELISA, and flow cytometry.



Cytochrome c release

The release of cytochrome c from the mitochondria is a central signal in the intrinsic pathway of apoptosis mediated through OMM permeabilization. The release of cytochrome c activates caspase-3 or -7 via the apoptosome, leading to the formation of cyt-c, caspase-9 and Apaf-1, after which apoptosis is induced (Green and Kroemer, 2005; Kroemer et al., 2007). The detection of cytochrome c serves as a biomarker of apoptosis and is also important to understand certain diseases at the cellular level. To detect the level of cytochrome c, multiple existing techniques are adopted, including western blot, ELISA, high-performance liquid chromatography (HPLC), spectrophotometry and flow cytometry. As a special detection method for cytochrome c, fluorescent aptamer/carbon dot-based assays are regarded as a simple, sensitive, rapid and selective label-free assay for apoptosis detection employing the principle of a connection between the surfaces of Carbon Dots (CDs) and nucleic acid aptamer biomolecules. It is very sensitive and selective for apoptotic detection with a 25.90 nM limit in detection and a linear range of 40-240 nM (Ghayyem and Faridbod, 2018). Notably, cytosolic fractions and the organelles should be separated using a mild detergent, digitonin (concentration of 0.02%), in order to leave the mitochondria and lysosomes intact to prevent cytochrome c release from the mitochondria, resulting in artifacts of organelle preparation (Krysko et al., 2008). Moreover, cyt c could accumulate in the culture supernatant during secondary necrosis of anti-Fas-stimulated cells, and cyt c could also accumulate in the culture supernatant from the moment that the plasma membrane loses its integrity in the late necrotic phase of TNF-stimulated cells (Denecker et al., 2001).



The expression and phosphorylation status of RIPK1, RIPK3, and MLKL

Various factors work as key participants in necroptosis, namely in a caspase-independent pathway, such as RIP1, RIP3, and MLKL (Galluzzi et al., 2014; Ding et al., 2015; Wu X. et al., 2020). Combined with traditional methods of detection of necrosis (morphological features, the intracellular-component release, and biochemical features involved in necrosis), specific biomarkers in necrosis allow for more accurate detection of necrosis or even a measure with greater potential for clinical implications (Vanden Berghe et al., 2013; Lu et al., 2017). It has been reported that necrosis is sometimes related to upregulated RIPK1, RIPK3, or MLKL mRNA or protein expression levels in vivo in various diseases or physiological conditions (Guo et al., 2020). Activated forms of RIP1, RIP3, and MLKL have emerged as optimal biomarkers for both distinguishing necrosis and the diagnosis or prognostic assessment of diseases related to necrotic injury (He et al., 2016). Some of the specific kinase inhibitors and inducers have been widely used for research into necroptotic signals, such as drug-induced forced dimerization of RIPK1/RIPK3, a means to directly activate RIPK1 or RIPK3 (Rodriguez and Green, 2018). Tissues or cells with increased expression levels of RIPK1, RIPK3, and MLKL may indicate a predisposition to necrosis. However, there are some exceptions to challenge these biomarker indicators while non-necroptotic functions of increased RIPK1 and RIPK3 or necrosis induced without RIPK1 and RIPK3. In detail, the increased expression of RIPK1 and/or RIPK3 could contribute to inflammatory processes as an independent necrotic pathway by regulating pro-inflammatory cytokines (e.g., TNF, IL-1β, and IL-18) (Christofferson et al., 2012; Moriwaki and Chan, 2014; Wong et al., 2014). The phosphorylation status of RIPK3 on S227, and MLKL on Ser358 and Thr357, is considered to reflect activation toward necroptosis (Degterev et al., 2008; McQuade et al., 2013; Wang et al., 2020b). For this biomarker, kinase-dead RIPK3 could function as an anti-necroptotic factor, and similarly, the negative regulation also includes caspase 8, cellular FLICE-inhibitory protein (c-FLIP), chromatin immunoprecipitation (CHIP), MAPK (mitogen-activated protein kinase)-activated protein kinase 2 (MK2), pellino E3 ubiquitin protein ligase 1 (PELI1), and ABIN-1 (A20 binding and inhibitor of NF-κB) (Wang et al., 2018c).



The levels of Atg and LC3

For monitoring autophagy in vivo, the ‘core’ Atg genes knockout mouse, GFP-LC3 transgenic mouse, TfLC3 transgenic mouse, and GFP-LC3-RFP-LC3ΔG transgenic mouse are often used as animal models to detect specific protein markers (Kuma et al., 2017). These markers are experimentally adapted as follows: (1) identification of autophagy-related (ATG) genes and proteins related to the initiation of autophagy could be used to assess the activity of autophagy and to study the role of autophagy in the pathophysiological process; (2) for the LC3 (LC3B) and GABARAP family, the ratio of lipidated LC3 (LC3-II) to free LC3 is usually utilized to reflect the number of autophagosomes forming at any given time; 3) tandem fluorescent-tagged LC3 (tfLC3) reporters are used as single-molecule probes to detect autophagosomes labeled with yellow (mRFP and GFP) and autolysosomes labeled with red (mRFP only). Other detections include the GFP-LC3-RFP-LC3ΔG probe, etc. However, some of the Atg proteins may have autophagy-independent functions and the underlying mechanisms are not elucidated so far, such that the detection of autophagy is still facing challenges (Paunovic et al., 2018; Tan et al., 2019). As for specified autophagy, such as mitophagy, it is related to signaling proteins, such as TOMM20, TIMM23, LC3, and p62 (Wang et al., 2020c).

Meanwhile, the levels of beclin have been used as a marker of autophagy, but there should be more prudent use of it, since in some cases, beclin levels can be transcriptionally upregulated to wild-type levels even in beclin heterozygous or beclin allelic loss cells (Murugan and Amaravadi, 2016). The Atg family are also key proteins, but they are not a reliable reflection of autophagic flux unless combined with LC3 (Murugan and Amaravadi, 2016). According to the functions of LC3 processing for autophagosomes, both its formation and features, western blotting is widely used in autophagy monitoring with antibodies against LC3-I and LC3-II. qPCR-based approaches have also been used for detecting the mRNA levels of autophagy regulators, such as beclin-1, ATG1, DRAM, and LC3 (Kuma et al., 2017).



A brief introduction of biomarkers in pyroptosis

Regarding pyroptosis, there are some proteins used as experimental markers, including caspase-1, propidium, IL-1β, GFP, tdRFP, and LDH. Among these, PI staining is always regarded as a proxy for membrane rupture as it is often found simultaneously for these two things, namely the membrane rupture and the activation of the gasdermin pore (Jorgensen et al., 2016). Recently, researchers have evaluated the reliability of the detection as the molecules and proteins that we detected may pass through the membrane rupture, or through the gasdermin pore, or both (Kovacs and Miao, 2017). For instance, PI and IL-1β (4.5 nm; 5 nm) are small enough to pass through the gasdermin pore (10-15 nm), resulting in a situation that detected significant amounts of PI before the membrane rupture happened (Ding et al., 2016; Liu et al., 2016). On the contrary, tdRFP and LDH are larger, so they seem to be released by the membrane rupture event (Shaner et al., 2004; Russo et al., 2016).



A brief introduction of biomarkers in ferroptosis

As a non-apoptotic form of RCDs, ferroptosis is characterized by iron-dependent accumulation of toxic lipid peroxides in plasma membranes. The cystathionine-β-synthase (CBS) is a marker of transsulfuration pathway activity involved in ferroptosis (Wang et al., 2019b). The lipid peroxide level is closely related to ferroptosis, so it provides a useful means to detect ferroptosis in biological samples, such as measuring the level of cellular lipid peroxide via flow cytometry assays, immunostaining, or colorimetric assays (Uchida et al., 1993: Yagi, 1998; Drummen et al., 2002). Meanwhile, intracellular concentrations of iron and Fe2+ and the mitochondrial membrane potential are also used as indicators to distinguish the induction of ferroptosis (Wang et al., 2019b, 2020a). Furthermore, increased ACSL4 is required for lipotoxicity in ferroptosis, and unlike the other ACSL members, it seems to be a marker of ferroptosis since ACSL4 is remarkably downregulated in ferroptosis-resistant cells (e.g., LNCaP and K562) (Yuan et al., 2016; Wenzel et al., 2017). As for the specific detection of ferroptosis, the changes of the mitochondria are regarded as one of the most important indicators, including the morphological and biochemical changes. Increased intracellular concentrations of iron and Fe2+ can be monitored by kits, such as an Iron Assay Kit (Sigma Aldrich). Increased mitochondrial superoxide can be detected using a specific fluorescent probe, such as MitoSOXTM Red Mitochondrial Superoxide Indicator for live-cell imaging (Invitrogen). Decreased mitochondrial membrane potential is measured by some kits, such as the Mitochondrial Membrane Potential Kit MAK-159 (Sigma Aldrich) for monitoring fluorescence intensity levels (λex = 490/λem = 525 nm) and (λex = 540/λem = 590 nm) for the ratio analysis (Wang et al., 2019b).



A brief introduction of biomarkers in NETosis

Based on the specific molecules involved in the pathway during NETosis, co-localization of neutrophil-derived proteins (such as myeloperoxidase (MPO) and proteinase 3 (PR3)), and extracellular DNA would suggest the presence of NETosis (Kessenbrock et al., 2009; Nakazawa et al., 2012). Additionally, citrullinated histones could be regarded as a marker for indicating NETs formation. Histones are citrullinated by PAD4 which transport from the cytoplasm to the nucleus activated via ROS generation and calcium influx (Remijsen et al., 2011; Wang and Wang, 2013). And cfDNA could also function as one form of NETs remnants which could be detected using PicoGreen® (Zhang et al., 2014).




Release of Extracellular Markers Into the Supernatant or Circulating Biomarkers

The biomarkers released from the cells could remain in the tissue fluid or enter bodily fluids as circulating markers. Some of them could be detected in vitro from the supernatant of the samples such as from primary or secondary necrotic cells. Similarly, the monitoring of biomarkers in vivo in a liquid biopsy (e.g., plasma samples) also provides another method for detection. These kinds of biomarkers include caspases-3 and -7, high mobility group box 1 protein (HMGB-1), and CK18. Identifying the RCDs via the circulating biomarkers is a valid noninvasive alternative in clinical applications.


Caspase-3

Caspase-3, a cysteine protease, could retain its tetrapeptide sequence DEVD (a distinct amino acid sequence of Asp-Glu-Val-Asp), which provides cleaving activity for a long time in various extracellular fluids (Hentze et al., 2001). The p20 subunits of caspase-3 and -7 have been detected in the culture medium following secondary necrosis, whereas there are no such markers but only procaspase-3 and -7 in necrosis (Denecker et al., 2001). Thus, it has been proposed as a specific releasing and circulating biomarker to indicate apoptosis in the tissues (Denecker et al., 2001). Apoptotic cells in the tissue could be measured through various technologies, such as the TdT-mediated X-dUTP nick end labeling method and IHC using antibodies against active caspase 3 or caspase-cleaved proteins to identify the degree of apoptosis (Deng et al., 2019; Kunac et al., 2019).



Cytokeratin 18

CK18 releases a protein cleaved via the effector caspases at two distinct sites (Asp238 and Asp396) during cell death (Ku et al., 2016). The method named the M30-Apoptosense assay (Peviva AB, Bromma, Sweden) is used to measure the caspase-cleavage CK18 at Asp396 (CK18Asp396-NE M30 neo-epitope) and to specifically discriminate between apoptotic and necrotic cell death (Cummings et al., 2008). The circulating ccCK18 was quantitated through a specific ELISA combined with the antibody, which showed a positive signal in M30 and M65 to indicate apoptosis, whereas an exclusive positive signal in M65 was used to indicate necrosis (Kramer et al., 2004). The time and temperature requirements of this test may bias the results since it requires the samples be placed immediately on ice in order to avoid artificial cell death between acquisition and processing (Greystoke et al., 2008).



HMGB-1

High-mobility group box 1, an architectural chromatin-binding factor, could bind to DNA for increasing protein assembly targeted to specific DNA. It is a protein secreted through activated monocytes or macrophages and is passively released via necrotic or damaged cells, but it should be mentioned that HMGB-1 cannot be found in apoptotic cells even after undergoing secondary necrosis and partial autolysis, resulting in a failure to promote inflammation even if not cleared promptly by phagocytic cells (Scaffidi et al., 2002). HMGB-1 released from necrotic cells could activate the macrophages via the toll-like receptor 2 (TLR2) and toll-like receptor 4 (TLR4) pathway (Park et al., 2004). HMGB-1 can also chemoattract and activate dendritic cells (DCs) with processing and presentation of tumor antigens (Apetoh et al., 2007; Yang et al., 2007).

Other markers released from cells may also provide indicators for RCD detection, such as DNA laddering signals. The “DNA laddering” resulting from fragmented DNA is cleaved through DNase activated via the inhibitor of caspase-activated DNase (iCAT) (Krysko et al., 2008). The 166 base pairs (bp)-length cell-free DNA (cfDNA) consists mainly of nucleosome-protected DNA being released from apoptotic tumor cells into the bloodstream, which might be used in the detection of RCD, providing a target for clinical applications (Krysko et al., 2008; Ulz et al., 2016).




Potential Markers

Recently, non-coding RNA (ncRNA) has been confirmed to have a strong correlation with RCDs, and a positive correlation or a negative correlation might be developed as a useful detection method for monitoring RCDs. For instance, miRNAs (microRNA, one of the non-coding RNAs, 21-23 nucleotides long) is closely related to RCDs, like miR-21 is related to necrosis, miR-137 is related to ferroptosis (Park et al., 2004), miR-184 is related to apoptosis, miRNA-335-5p is related to autophagy, and miR-223 is related to pyroptosis (Wang et al., 2015; Afonso et al., 2018; Luo et al., 2018; Zhang Y. et al., 2018; Zhong et al., 2019). Other ncRNAs like long-coding RNA (lincRNA) and circulating RND (circRNA) may also present the same effect (Zhou et al., 2019; Tao et al., 2020). However, some ncRNAs in RCDs of different healthy or pathological cells or tissues emerge with different expression patterns, so there is still controversy about these biomarkers functioning as indicators to detect RCDs. It is also worth noting that RCDs such as apoptotic cells could release vesicles as apoptotic microvesicles and exosomes-like vesicles that are smaller than ApoBDs (apoptotic bodies). Extracellular vesicles (EVs) like exosomes, microvesicles (MV), ApoBDs (1–5 μm in diameter) and ApoMVs (<1 μm in diameter) released from special cells or tissues may have a close connection with RCDs, which suggests an occurrence of RCDs in pathophysiological processes (Caruso and Poon, 2018; Pavlyukov et al., 2018; Grant et al., 2019; Nooshabadi et al., 2020; Qin et al., 2020). Marat S. et al. investigated the extracellular vesicles secreted by apoptotic glioblastoma cells (apoEVs) for apoptotic research associated with a phenotypic shift of the recipient surviving tumor cells (Pavlyukov et al., 2018).

Notably, cell death has been closely linked to inflammation through various signals such as RIPK1, RIPK3, FADD, FLIP and caspase 8. These molecules are incorporated into compatible and exceedingly dynamic Toll-like receptor, retinoic acid-inducible gene I (RIG-I)-like receptors, and NOD-like receptor which have roles in switching from inflammation to cell death, or perform a programmed execution of both. For example, the overexpression of caspase 11 could induce apoptosis (Wang et al., 1996), and it is also linked to inflammation as an upstream regulator of caspase 1 to promote both pyroptosis and pro-IL-1β processing, or as a molecule releasing after lipopolysaccharide (LPS) or tissue injury (Kang et al., 2000). Caspase 8, involved in the extrinsic pathway of apoptosis, could lead to the development of systemic inflammation (Wallach et al., 2014). Pyroptosis is initiated in response to inflammasome activation in the mobilization of the canonical and/or non-canonical pathways (Bergsbaken et al., 2009). The activation of RIPK3 is crucial for necroptosis induced by TNF. The role for RIPK1 is closely related to other molecules as TNFR1, FADD and caspase 8, and TRIF, IFN and RIPK3 related necroptosis to inflammation, or other types of cell death (Dillon et al., 2014; Kaiser et al., 2014; Rickard et al., 2014). As for autophagy, its proteins play a vital role in inflammation, in which the LC3 conjugation system (vital molecules involved in autophagy, i.e., ATG3, ATG5, ATG7, and ATG16L1) is related to the activation of cells with IFN-γ during inflammation (Zhao et al., 2008; Li et al., 2021). LAP could induce pro-inflammatory gene expression and trigger STING-mediated type I interferon responses in tumor-associated macrophages (Cunha et al., 2018). Compelling evidence showed that ferroptosis have an effect on inflammation where ferroptosis inhibitors exerted anti-inflammatory effects in certain diseases (Sun et al., 2020). Besides the events discussed above, there is still a lot of evidence showing a close connection between cell death and inflammation which suggest these specific inflammation-related factors could function as indicators for adjunctive detection of cell death.

All in all, biomarkers provide pathway-specific measures to distinguish different types of RCDs, but there are still some issues: (1) Protein specificity: the overlap or connected markers involved in different types of RCDs; (2) Misleading results: the specific biomarkers are related to other responses not involving the expected cell death, and the occurrence of cell death is not connected with the targeted proteins; (3) Simultaneous events, such as the induction of cell death may result in another cell death or simultaneous events of two or more types of cell death; (4) Limited detection technology: some of the subtle changes require more sensitive and comprehensive detection techniques or combined manipulations of pathway-specific markers in cell death pathways.





MONITORING AND MEASURING RCDS FROM IN VIVO TO CLINICAL APPLICATIONS


Monitoring and Measuring RCDs in vivo

It is hard to mimic the real microenvironment of cells in vitro entirely, and the detection of RCDs in vivo is vital for research. The gamma camera imaging, CT, MRI/MRS, PET, and radionuclide imaging methods are usually used to monitor the biochemical and physiological processes of RCDs in vivo (Brauer, 2003; Huang et al., 2017). As a common example, MRI is used to monitor the volume reduction of a tumor induced by RCDs. For example, 23Na MRI might be a sufficiently useful and practical method in clinical or laboratory detection of apoptosis. 23Na MRI may be sensitive to high concentrations of Na+ in tissues and have a close connection to electrolyte-macromolecular interactions during RCDs (Brauer, 2003). The monitoring of cell death in vivo provides evidence as to whether or not and how much damage occurs and then guide the clinical assessment and treatment based on the severity of the diseases and the drug choice of anti-bacterial or anti-viral agents.

According to various structural and functional perspectives involved in different types of RCD both in vivo and in vitro, multiple techniques are required for detection with high repeatability, specificity, and precision. The assays related to morphological, biochemical, and functional changes are presented in Supplementary Table 1.



RCDs Detection in Clinic Usage

Regulated cell deaths are closely related to a variety of diseases, and mostly detection of RCDs has been used for early diagnosis and prognosis assessment through monitoring the quality and quantity of the biomarkers involved in RCDs and the various molecular players also used as drug targets for treatment (Thygesen et al., 2007). During development, both the nervous system and the immunogenic cells of the hematopoietic system particularly rely on the overproduction of the cells; in other words, RCDs play a vital role in the nervous and the hematopoietic system. A harmonious process that integrates proliferation, differentiation, and RCDs maintains normal development and the generation of functional circuitry within the nervous system, with elimination of neurons migrating and innervating improper targets or ectopic areas, and the limiting amounts of pro-survival factors produced by targets (including glia) resulting in optimal target innervation through competition with neurons (Fricker et al., 2018). Once the balance breaks, it may lead to various neurodegenerative diseases with a fundamental pathological feature of cell death, such as strokes with a high number of neurons dying by necrosis (Tian et al., 2019; Zhou et al., 2020). Some researchers have used multiple detection methods to achieve signaling pathway mining and clinical guidelines, such as the detection of RIP3 and phosphorylated RIP3s using western blots, and verifying the necroptosis of retinal ganglion cells using EM in retinal diseases research (Liao et al., 2017).

In the immune system, many potentially dangerous or useless immune cells could be eliminated through RCD pathways such as the positive selection and negative selection of T cells (Opferman, 2008; Anuradha et al., 2013). The functions of the immune system are also connected to RCDs, such as apoptotic cells being efficiently cleared in a quiescent manner through the immune system (Kolb et al., 2017). Similarly, the breakage of the steady state is closely related to various immune diseases, such as apoptosis-related autoimmune disease and autophagy-related immune renal disease (Mihaljevic et al., 2018; Ye et al., 2019). Elsewhere, in the circulatory system, platelet apoptosis is characterized by platelet-derived microparticle (MP) formation and cell shrinkage in different cellular compartments (mitochondria, cytosol, and plasma membrane) or at the whole-cell level, has a strong correlation with platelet-related diseases such as vascular restenosis, atherosclerosis, wound healing, angiogenesis, inflammation and immune responses (Smyth et al., 2009; Semple et al., 2011; Gyulkhandanyan et al., 2012). In many cancer types, the value of the apoptotic index (AI) in diagnosis or prognosis has been developed but the results of its accurate evaluation and/or standard settings are controversial (Becker et al., 2014; Fu et al., 2014). It has been reported that the subsequent development of diseases is tied closely to AI, which may be a useful biomarker for prospective studies (Braga et al., 2016), but the results still remain controversial.

Furthermore, we have summarized the biomarkers of RCDs used in diagnostic and prognostic assessment in Table 4 as well as some related clinical applications in Supplementary Table 2. The detection of biomarkers in RCDs are widely used in these assessments, but there are still challenges for their accuracy and effectiveness of detection, tissue and species specificity, etc. Furthermore, targeting RCDs is beneficial for not only diagnosis and prognostication, but also treatment through using drugs to regulate the proteins or genes involved in the RCD pathway.


TABLE 4. Biomarkers of RCDs used in diagnostic, prognostic and research histopathology.

[image: Table 4]



CONCLUSION AND PERSPECTIVE

Regulated cell deaths, a controlled cellular process during development, contribute to a balance in physiological conditions for cell clearance, tissue integrity, and homeostasis in multi-cellular organisms, whereas the dysregulation of RCDs results in various pathological conditions, such as neurodegenerative diseases, developmental and immunological disorders, and cancer. RCDs include many types of cell death: apoptosis, necrosis, autophagy, ferroptosis, and pyroptosis, each of which plays an important role in different physiological and pathological conditions via various proteins, genes, and cofactors, building a complex cell signaling network. In the last few years, tremendous progress has been made in digging out the secrets of RCD and striving toward translational medicine and precision medicine. Our team has been engaged in this field of RCD for many years (Huang et al., 2013; Shang et al., 2014, 2017; Ding et al., 2015; Adams et al., 2016; Xiong et al., 2016; Li et al., 2016; Liao et al., 2017; Wang et al., 2018b, c, 2020b; Guo et al., 2020; Wu X. et al., 2020). Remarkably, cryo-EM, emerging as a powerful technique, has been used in a growing number of structural determinations for the assays of high-resolution protein structures besides the proteins involved in RCDs (Cheng et al., 2015). Even realistic presentation of the proteins in their native cellular microenvironment has been achieved through cryo-electron tomography (cryo-ET) (Danev et al., 2019; Kuwana, 2019; Wang et al., 2019a). Also, flow cytometry is regarded as a preferred method since it is sensitive, fast and multifaceted, and this method is constantly improving and being integrated into clinical applications, such as image-based flow cytometry (Kranich et al., 2020). So many methods also show great potential in research and clinical applications, such as real-time fluorometry, or PET and single-photon emission computed tomography (SPECT) with specific tracers, multicolor labeling and sophisticated morphometric analysis, etc. (Grootjans et al., 2016; Wimmer et al., 2020). Remarkably, combining the special markers as indicators for RCDs monitoring would lead to more accurate ways to identify various types of RCDs. All in all, these powerful and specific methods will provide us with stronger evidence to describe the pattern of cell death by identifying molecular players and unraveling the biochemical pathways of death.
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Mast cells are multifunctional immune cells scattered in tissues near blood vessels and mucosal surfaces where they mediate important reactions against parasites and contribute to the pathogenesis of allergic reactions. Serine proteases released from secretory granules upon mast cell activation contribute to these functions by modulating cytokine activity, platelet activation and proteolytic neutralization of toxins. The forced release of granule proteases into the cytosol of mast cells to induce cell suicide has recently been proposed as a therapeutic approach to reduce mast cell numbers in allergic diseases, but the molecular pathways involved in granule-mediated mast cell suicide are incompletely defined. To identify intrinsic granule proteases that can cause mast cell death, we used mice deficient in cytosolic serine protease inhibitors and their respective target proteases. We found that deficiency in Serpinb1a, Serpinb6a, and Serpinb9a or in their target proteases did not alter the kinetics of apoptosis induced by growth factor deprivation in vitro or the number of peritoneal mast cells in vivo. The serine protease cathepsin G induced marginal cell death upon mast cell granule permeabilization only when its inhibitors Serpinb1a or Serpinb6a were deleted. In contrast, the serine protease granzyme B was essential for driving apoptosis in mast cells. On granule permeabilization, granzyme B was required for caspase-3 processing and cell death. Moreover, cytosolic granzyme B inhibitor Serpinb9a prevented caspase-3 processing and mast cell death in a granzyme B-dependent manner. Together, our findings demonstrate that cytosolic serpins provide an inhibitory shield preventing granule protease-induced mast cell apoptosis, and that the granzyme B-Serpinb9a-caspase-3 axis is critical in mast cell survival and could be targeted in the context of allergic diseases.
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INTRODUCTION

Developing from bone marrow precursors, mature mast cells are scattered in tissues and found strategically placed in the proximity of blood vessels, nerves, hair follicles and mucosal surfaces. Since their discovery by Paul Ehrlich 140 years ago, physiological and pathological functions of mast cells have been debated (Maurer et al., 2003; Bradding and Pejler, 2018). The textbook view is that mast cells contribute prominently to IgE-mediated allergic reactions and control parasite infections via the rapid release of mast cell granule contents (Galli et al., 2008). Beyond essential contributions to allergy and the control of helminth infection, novel functions linked to degranulation of mast cells have been demonstrated in innate and adaptive immune responses against various microbes, neoplasia, and chronic non-allergic inflammatory diseases (Galli et al., 2015; Oskeritzian, 2015).

Among the preformed factors released by degranulation of mast cells, specialized proteases act to amplify or dampen inflammation and, importantly, to inactivate endogenous and exogenous toxins (Metz et al., 2006; Piliponsky et al., 2008, 2012; Akahoshi et al., 2011; Galli et al., 2015; Waern et al., 2016). Among these granule proteases are chymases, which are serine proteases that evolved by gene duplication from a common ancestor shared with granzymes, cathepsin G (CatG) and complement factor D. These protease genes are located on three conserved loci in vertebrates (Ahmad et al., 2014). Mast cell granules also store soluble α- and β-tryptases, which are serine proteases that evolved from membrane-bound γ-tryptases independently of chymases (Trivedi et al., 2007). Finally, mast cell granules also contain other serine proteases such as granzyme B (GzmB) and CatG, which are not restricted to mast cells. Thus, mast cells store a range of serine proteases in their granules, and these proteases may also induce proteolysis and cell suicide if released from granules into the cytosol.

Protease inhibitors such as clade B serpins have a nuclear and/or cytoplasmic intracellular localization and promote survival of neutrophils, NK and activated cytotoxic T cells (Kaiserman and Bird, 2010; Benarafa and Simon, 2017). The specific function of intracellular serpins in mast cell homeostasis has not been elucidated but expression analysis from the literature and publicly available resources support the hypothesis that intracellular serpins may provide a survival shield in mast cells against their own granule proteases. Indeed, the cytosolic inhibitor SERPINB6 is expressed in mast cells in the lung, skin and tonsils, as well as in mastocytoma and systemic mastocytosis (Strik et al., 2004). SERPINB6 forms inhibitory complexes with monomeric β-tryptase (Strik et al., 2004) and is one of the best-characterized inhibitors of CatG (Scott et al., 1999). In addition to SERPINB6, mast cells express SERPINB1, a related cytosolic serpin that inhibits CatG and chymase, as well as other leukocyte granule proteases such as neutrophil elastase, proteinase-3, and granzyme H (Cooley et al., 2001; Benarafa et al., 2002; Wang et al., 2013). SERPINB9 inhibits GzmB and is expressed in natural killer cells, cytotoxic T lymphocytes, dendritic cells as well as mast cells (Bird et al., 1998; Hirst et al., 2003; Bladergroen et al., 2005). Here, we used mice deficient in Serpinb1a (Sb1a–/–), Serpinb6a (Sb6a–/–), Serpinb9a (Sb9a–/–), and their target proteases to investigate serpin function in mast cell homeostasis and survival upon granule permeabilization and growth factor deprivation in vitro. We identify a cytoprotective function for these serpins and a major function for GzmB in inducing mast cell apoptosis following cell-intrinsic granule leakage.



RESULTS


Serine Proteases and Caspases Induce Cell Death in Mouse and Human Mast Cells

Permeabilization of granules with L-leucyl-L-leucine methyl ester (LLME), a well-characterized lysosomotropic agent, induces cell death in various leukocytes containing granules (Thiele and Lipsky, 1986, 1990a,b). Melo et al. (2011a, 2015) reported that mast cells are sensitive to LLME-induced death, but the precise molecular mechanisms and whether proteases are involved remain unclear. We replicated their findings showing that treatment of mouse bone marrow-derived mast cells (BMDMCs) with LLME rapidly induces cell death (Figure 1A). Inhibition of serine proteases with Pefabloc [a.k.a. 4-benzenesulfonyl fluoride hydrochloride (AEBSF)] inhibited cell death in a dose-dependent manner with optimal concentrations between 10 and 40 μM, although it was toxic at higher concentrations (Figure 1A). Inhibition of caspases with Q-VD-OPh also reduced death of BMDMCs treated with LLME, with or without Pefabloc, suggesting multiple proteases operate in this cell death pathway (Figure 1B). In addition, we observed a synergistic pro-survival effect of the inhibitors of serine proteases and caspases in the human mast cell line HMC-1.2 treated with LLME (Figure 1C). Importantly, LLME induced a strong activation of caspase-3, which was inhibited by both Q-VD-OPh and by Pefabloc (Figures 1D,E), suggesting that granule serine proteases may contribute to caspase-3 activation leading to apoptosis.
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FIGURE 1. Serine protease- and caspase-dependent cell death in human and mouse mast cells. (A–C) Survival of mast cells treated with L-leucyl-L-leucine methyl ester (LLME) in presence of indicated concentrations of serine protease inhibitor (Pefabloc) and pancaspase inhibitor (Q-VD-OPh). Cell viability was determined by flow cytometry as shown in Supplementary Figure 3. Data are shown as mean ± SEM. (A) WT mouse BMDMCs (n = 3). (B) BMDMCs of WT mice (n = 10). (C) Human mast cell line HMC1.2 (n = 7–9). (B,C) Data are shown as mean ± SEM and were analyzed by one-way ANOVA (****p < 0.0001; ***p < 0.001; *p < 0.05; ns, not significant). (D,E) Western blot analysis of caspase-3 cleavage in WT BMDMCs treated with LLME and inhibitors. (D) cell lysates and (E) cell lysate and supernatant combined are shown. Fifteen μg of protein was loaded in each lane.




Expression of Proteases and Corresponding Cytosolic Inhibitors in Mouse Bone Marrow-Derived Mast Cells

To start identifying the protease(s) responsible for inducing cell death, we then evaluated the expression of a broad range of serine proteases in WT BMDMCs during in vitro differentiation with recombinant mouse IL-3 for 4, 6, and 8 weeks. mRNA expression levels in WT BMDMCs revealed relatively high expression of the mast cell-restricted serine proteases chymases mMCP-2 and mMCP-5, and the tryptase mMCP-6, whereas mMCP-4, -7, -9, and -10 expression was weak or not detected (Figure 2A). Furthermore, we found that serine proteases cathepsin G (CatG), granzyme B (GzmB), and granzyme A (GzmA), which are not restricted to mast cells, are expressed at levels similar to MCP-2, independently of the maturation state of the BMDMCs. Perforin expression, in contrast, was not detected. Expression of the metalloprotease carboxypeptidease 3 (MC-CPA3) was also detected (Figure 2A).
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FIGURE 2. Expression of serine proteases and clade B serpins in BMDMCs. (A) Relative mRNA expression of mouse mast cell proteases (mMCP), including chymases (Mcpt), tryptases (Tpsab), cathepsin G (Ctsg), granzymes (Gzm), carboxypeptidase 3 (Cpa3); and expression of perforin (Prf1) in WT mouse BMDMCs at indicated time of in vitro differentiation with IL-3. (B) Relative mRNA expression of mouse serpin homolog genes in WT mouse BMDMCs at indicated time of in vitro differentiation with IL-3. Data are shown as mean relative expression (bars) with individual BMDMC preparation (dots) (n = 4–6). Data are shown as median with range. (C) Representative flow cytometry histogram (left) and mean ± SD (right) of mean fluorescence intensity (MFI) of reporter GFP signal in BMDMCs of Sb6a–/–, Sb1a.Sb6a–/–, and Sb9a–/– mice. (D) Percentage of mast cells (IgE+, FcεR1a+, c-Kit+) in peritoneal cavity of WT, Sb1a–/–, Sb6a–/–, Sb1a.Sb6a–/–, and Sb9a–/– female and male mice. Data were analyzed by one-way ANOVA and showed no difference relative to WT mice; data are shown as median (red line) and for individual mice (n = 5–11/sex/genotype).


Since BMDMCs expressed appreciable mRNA levels of CatG, GzmA, and GzmB, we investigated the expression of their respective cytosolic inhibitors in WT BMDMCs during in vitro differentiation. We found that two CatG inhibitors Serpinb1a (Benarafa et al., 2002) and Serpinb6a (Sun et al., 1997) had the highest expression levels. In contrast, transcription of Serpinb1b, which also inhibits CatG, was not detectable. Expression of the inhibitors of GzmA and GzmB, Serpinb6b (Kaiserman et al., 2014) and Serpinb9a (Sun et al., 1997), respectively, were also strongly expressed in all preparations and time points. Expression of Serpinb6c, which has no known target protease identified to date, was lower and not consistently detectable (Figure 2B). Previous studies reported that GzmA protein is not expressed in mast cells (Pardo et al., 2007; Ronnberg et al., 2014). Using a GzmA-specific antibody and intracellular staining, we found specific staining of GzmA in wild-type NK cells, but not peritoneal mast cells nor BMDMCs, suggesting that GzmA is post-transcriptionally regulated in mast cells (Supplementary Figures 1A, 2). Because Sb6a–/– and Sb9a–/– mice express green fluorescent protein (GFP) under the control of the respective endogenous serpin promoter, expression of the GFP reporter was quantified in BMDMCs by flow cytometry. In agreement with the transcription data, higher GFP levels were reported in mast cells when driven by endogenous Serpinb6a promoter then when driven by the endogenous Serpinb9a promoter. Furthermore, Sb6a–/– and double-deficient Sb1a.Sb6a–/– mast cells had similar levels of GFP expression (Figure 2C), indicating that deletion of Serpinb1a does not alter basal expression of Serpinb6a in BMDMCs. Co-expression of granule serine proteases and their respective cytosolic inhibitory serpins in BMDMCs suggest cell-intrinsic regulatory mechanisms as shown for other leukocytes (Kaiserman and Bird, 2010; Benarafa and Simon, 2017). We then compared the relative frequency of peritoneal mast cells in mice lacking Serpinb1a (Sb1a–/–), Serpinb6a (Sb6a–/–), Serpinb9a (Sb9a–/–), or both Serpinb1a and Serpinb6a (Sb1a.Sb6a–/–) and found no statistically significant differences compared to WT mice (Figure 2D and Supplementary Figures 1A,B). Together, these findings show that these cytosolic serpins are not required for development and maturation of mast cells under steady state conditions.



Sb9a–/– Bone Marrow-Derived Mast Cells Are Highly Sensitive to Granule Permeabilization Induced Cell Death

Treatment of WT BMDMCs with LLME rapidly induced cell death (Figure 3A and Supplementary Figure 3). The effect of LLME on WT BMDMCs was partly reduced by caspase inhibition with Q-VD-OPh (Figure 3B). Sb9a–/– BMDMCs treated with LLME for 2 and 4 h showed significantly reduced survival compared to WT BMDMCs with and without Q-VD-OPh (Figures 3A,B). In contrast, Sb1a–/–, Sb6a–/–, and Sb1a.Sb6a–/– BMDMCs treated with LLME showed comparable survival to WT BMDMCs in the absence of Q-VD-OPh. Treatment with Q-VD-OPh was less efficient at improving survival in Sb1a–/–, Sb6a–/–, and Sb1a.Sb6a–/– BMDMCs treated with LLME compared to WT, suggesting that multiple proteolytic pathways contribute to the fate of mast cells upon granule permeabilization and that cytosolic serpins, particularly Serpinb9a, are important for survival following leakage of granule proteases into the cytosol.
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FIGURE 3. Kinetics of cell death induced by granule permeabilization of BMDMCs. BMDMCs were treated with 250 μM L-leucyl-L-leucine methyl ester (LLME) with or without 50 μM Q-VD-OPh as indicated: (A) serpin-deficient BMDMCs, (B) serpin-deficient BMDMCs with Q-VD-OPh, (C) GzmB–/– and GzmB.Sb9a–/– BMDMCs with or without Q-VD-OPh, (D) CatG–/– and CatG.Sb1a.Sb6a–/– BMDMCs with or without Q-VD-OPh. (A–D) Viability was measured by flow cytometry using annexin V-APC and PI/7-AAD labeling as shown in Supplementary Figure 3. WT BMDMCs in each panel are from paired experiments with the corresponding mutant BMDMCs. Data are shown as mean ± SEM and were analyzed by two-way ANOVA (**p < 0.01; ***p < 0.001; ****p < 0.0001) (n = 5–14).




Granzyme B Is the Main Inducer of Apoptosis in Mast Cells Upon Granule Leakage

We then investigated BMDMCs of mice deficient for the target proteases of the three serpins. In particular, GzmB–/– BMDMCs were highly resistant to LLME-induced cell death compared to WT BMDMCs (Figure 3C). Moreover, GzmB.Sb9a–/– BMDMCs had similar resistance to LLME treatment as GzmB–/– BMDMCs, and notably demonstrated higher survival than WT BMDMCs. Therefore, the susceptibility of Sb9a–/– BMDMCs to granule protease-mediated suicide is principally due to unleashed GzmB activity (Figure 3B). In the presence of Q-VD-OPh, survival improved in WT BMDMCs, reaching the levels of GzmB–/– and GzmB.Sb9a–/– BMDMCs, suggesting activation of caspases downstream of GzmB (Figure 3C). In contrast, CatG–/– BMDMCs had no survival benefit compared to WT BMDMCs (Figure 3D). The survival of CatG.Sb1a.Sb6a–/– BMDMCs was also similar to WT BMDMCs. Taken together, we conclude that GzmB is the principal mediator of apoptosis following granule leakage in mast cells, and that CatG detectably contributes to cell death only in the absence of its two inhibitory serpins.



Deletion of Cathepsin G, Granzyme B or Their Inhibitors Does Not Alter Bone Marrow-Derived Mast Cell Differentiation and Apoptosis Induced by Growth Factor Deprivation

Survival and differentiation of BMDMCs in vitro is dependent on the supply of growth factors, such as IL-3, which sustain survival in part by inhibiting the intrinsic pathway of apoptosis (Karlberg et al., 2010b; Ottina et al., 2015). To test whether intracellular serpins are also involved in this intrinsic apoptosis pathway, we measured survival of BMDMCs for 96 h after IL-3 withdrawal. Survival of WT BMDMCs was substantially enhanced by the caspase inhibitor Q-VD-OPh (Figure 4). In paired experiments, we observed no significant difference in survival of Sb1a–/–, Sb6a–/–, Sb9a–/–, and Sb1a.Sb6a–/– BMDMCs compared to WT with or without caspase inhibition (Figure 4A). Similarly, BMDMCs derived from mice lacking GzmB and CatG showed no significant protection against cell death induced by IL-3 withdrawal in presence or absence of Q-VD-OPh (Figure 4B). Finally, we tested the survival of BMDMCs lacking the serpins as well as their respective target protease. GzmB.Sb9a–/– and CatG.Sb1a.Sb6a–/– BMDMCs were comparable in their survival as paired cultures of WT BMDMCs (Figure 4C). These findings indicate that although IL-3 removal triggers caspase activation and apoptosis, this pathway does not require granule proteases GzmB and CatG, and it is not regulated by cytosolic serpins.
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FIGURE 4. Kinetics of apoptosis of BMDMCs after growth factor deprivation. BMDMCs differentiated in vitro for 6–9 weeks were cultured for 96 h in the absence of recombinant IL-3 with (black line) or without (dashed line) of 50 μM Q-VD-OPh. Viability was assessed daily by flow cytometry using annexin V-APC/PI/7-AAD exclusion: (A) serpin-deficient BMDMCs, (B) GzmB–/– and CatG–/– BMDMCs, (C) GzmB.Sb9a–/– and CatG.Sb1a.Sb6a–/– BMDMCs. WT BMDMCs in each panel are from paired experiments with the corresponding mutant BMDMCs. Data are shown as mean ± SEM and were analyzed by two-way ANOVA (n = 5–15).




Granzyme B Triggers the Activation of Caspase-3 Following Granule Leakage

GzmB is a known inducer of apoptosis when delivered with perforin to target cells by cytotoxic T lymphocytes and natural killer cells. In the cytosol, GzmB processes multiple targets including direct proteolytic activation of procaspase-3 and indirect activation via mitochondrial apoptotic events (Lord et al., 2003). As caspase inhibition in GzmB–/– BMDMCs treated with LLME only marginally improved survival (Figure 3B), we tested whether GzmB is required for caspase activation upon permeabilization of granules. Western blot analysis of LLME-treated BMDMCs revealed that the active caspase-3 p17 fragment is generated in a dose-dependent manner in WT and Sb9a–/– BMDMCs. Most importantly, absence of GzmB in GzmB–/– and in GzmB.Sb9a–/– BMDMCs prevented the cleavage of pro-caspase-3 p35 into p19 and the active p17 fragment. Conversely, caspase-3 processing was accelerated in Sb9a–/– BMDMCs showing a complete conversion into the active p17 fragment even treated at a low LLME concentration (Figures 5A,B). Overall, our findings indicate that GzmB is the most effective serine protease inducing apoptosis in mast cells after leakage from granules. Sb9a acts as a gatekeeper for caspase-3 activation by inhibiting GzmB. The higher survival of GzmB–/– compared to WT BMDMCs (Figure 3C) suggest that the protease eventually overwhelms its inhibitor to induce caspase-dependent and caspase-independent cell death.
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FIGURE 5. GzmB-dependent cleavage of caspase-3 in LLME-treated BMDMCs. Western Blot analysis of caspase-3 cleavage in BMDMC of (A) WT, Sb9a–/– and GzmB.Sb9a–/– mice (B) Sb9a–/– and GzmB–/– mice stimulated with 50 and 250 μM L-leucyl-L-leucine methyl ester (LLME) for 30 min.




DISCUSSION

Mast cells contribute to severe symptoms associated with allergic disorders (Galli et al., 2008). Reducing mast cell numbers at disease-specific locations may therefore provide a novel therapeutic axis (Karra et al., 2009; Hagforsen et al., 2015; Cildir et al., 2017). Studies by Melo et al. (2011a, b) and Paivandy et al. (2014) showed that mast cells are sensitive to death in response to lysosomotropic agents such as LLME and mefloquine (an anti-malaria drug) due to cell-intrinsic leakage of their secretory granules and that this form of cell death is mediated by serine proteases and caspases. However, the serine protease(s) involved in this cell death pathway remain incompletely defined: BMDMCs deficient in the tryptase mMCP-6 were only marginally protected against cell death and deletion of the chymase mMCP-4 or the carboxypeptidase A (CPA) had no effect (Melo et al., 2011b). Here we have confirmed that cell death induced by LMME in human HMC-1.2 and mouse BMDMCs is efficiently blocked by the combined use of inhibitors of caspases and serine proteases.

We found that the serine proteases GzmB and CatG, previously associated with granule-mediated suicide in other leukocyte classes (Kaiserman and Bird, 2010; Benarafa and Simon, 2017), are also present at appreciable levels in mast cells, comparable to levels of the signature mast cell protease, chymase. We hypothesized that these proteases may be involved in LLME-mediated mast cell death, and that their cognate cytosolic serpins might act to block this death pathway. Indeed, Sb1a –/–, Sb6a–/– and, most severely, double-deficient Sb1a.Sb6a–/– neutrophils have increased susceptibility to this form of cell death as both serpins contribute additively to inhibit CatG (Burgener et al., 2016, 2019). Moreover, granule permeabilization induces cell death in LLME-treated neutrophils in a CatG-dependent manner (Baumann et al., 2013; Burgener et al., 2019). Here, we found that Serpinb1a, Serpinb6a (and their target CatG) are highly expressed in mast cells. Yet, Serpinb1a and Serpinb6a had limited protective effects on mast cells following LLME exposure and this protection was only noticeable when caspases were inhibited. Sb1a.Sb6a–/– BMDMCs did not show increased death compared to single knockout Sb1a–/– or Sb6a–/– BMDMCs. CatG deletion rescued this mild phenotype in CatG.Sb1a.Sb6–/– BMDMCs, demonstrating that CatG has a real but minor effect on mast cell suicide.

Similarly, Serpinb9 protects activated cytotoxic T lymphocytes and natural killer cells against cell intrinsic death induced by GzmB stored in their granules (Hirst et al., 2003; Ida et al., 2003; Bird et al., 2014; Mangan et al., 2017). GzmB and its inhibitor Serpinb9a are expressed in BMDMCs as well as in human mast cells and cell lines (Bladergroen et al., 2005; Pardo et al., 2007; Strik et al., 2007). Importantly, we found that GzmB–/– BMDMCs are resistant to mast cell death induced by LLME and that their survival was significantly improved compared to WT BMDMCs. Conversely, Serpinb9a deletion increased death of BMDMCs. The cytoprotective function of Serpinb9a is principally through inhibition of GzmB since GzmB.Sb9a–/– BMDMCs were as resistant to LLME as GzmB–/– BMDMCs. We found that Pefabloc (AEBSF) protects against LLME-induced death in WT BMDMCs, yet Pefabloc inhibits most serine proteases but not GzmB. This suggests that other Pefabloc-sensitive mast cell proteases, such as mMCP-6, may contribute in part in this pathway via inactivation of Serpinb9a; such a hypothesis remains to be explored.

Our findings suggest multiple pathways leading to death in mast cells via the activity of granule serine proteases GzmB and, to a lesser extent, CatG. The GzmB pathway appears to be the most prominent as GzmB induces apoptosis even in the presence of its endogenous inhibitor Serpinb9a, whereas CatG appears to be well under control of the abundant basal levels of Serpinb1a and Serpinb6a. The relative contribution of serine proteases thus depends on their abundance, especially relative to the levels of cytosolic serpins and to the expression of downstream targets that will accelerate cellular demise.

Our data indicates that GzmB contributes to the direct or indirect activation of caspase-3 upon granule permeabilization. Yet, caspase inhibition was not sufficient to block cell death. This may be due in part to the ability of GzmB to induce apoptosis via multiple independent pathways (Chowdhury and Lieberman, 2008; Martinvalet, 2015). It has been proposed that pro-caspase-3 is also stored and activated in a granzyme B-dependent manner in mast cell secretory granules (Garcia-Faroldi et al., 2013; Zorn et al., 2013). While we cannot exclude the possibility that granule caspase-3 contributes to mast cell death, our data support the view that caspase-3 activation classically occurs in the cytosol. Indeed, Serpinb9a has a nucleo-cytosolic localization and is not found in granules (Bird et al., 2001), while Sb9a–/– BMDMCs treated with LLME showed increased cleavage of caspase-3 into p17 active fragment. The composition of granule cargo is regulated at several levels: the presence of signal peptide is found at the N-terminus of serine and cysteine proteases but not caspases, which are found in the cytosol. The storage of some serine proteases in different granules is further regulated by serglycin. Serglycin is required for the packaging of most mast cell proteases, including chymases and carboxylpeptidase and to a lesser extent tryptases (Ronnberg et al., 2012). GzmB also requires serglycin for localization in granules (Sutton et al., 2016), while CatG does not (Niemann et al., 2007). Interestingly, mast cells of Serglycin–/– mice are protected against LLME-induced apoptotic cell death (Melo et al., 2011b). Our findings on GzmB are thus in agreement with previous work demonstrating that a serglycin-dependent protease is responsible for apoptotic death in mast cells following granule permeabilization (Melo et al., 2012).

Mast cells are long-lived in tissues and their survival depends on pro-survival signals and the regulation of the mitochondrial pathway of apoptosis by B-cell lymphoma-2 (Bcl-2) family proteins (Karlberg et al., 2010b; Garrison et al., 2012). Growth factors such as IL-3 and the c-kit ligand stem cell factor (SCF) sustain the survival of mast cells through increased expression of anti-apoptotic Bcl-2 family proteins such as MCL-1 and A1 (Xiang et al., 2001; Reinhart et al., 2018). Conversely, withdrawal of IL-3 or SCF triggers the mitochondrial pathway of apoptosis by increasing the expression of the BH3 only proteins Puma and Bim, respectively (Moller et al., 2005; Ekoff et al., 2007). In support of this model, we found that deletion of Serpinb1a, Serpinb6a and Serpinb9a or their target proteases CatG and GzmB does not alter the cell death kinetics of apoptosis mediated by IL-3 withdrawal. Similarly, Serglycin–/– BMDMCs undergo apoptosis normally upon IL-3 withdrawal (Melo et al., 2011b). Targeting mast cells in allergic disorders or in systemic mastocytosis using BH3 mimetics holds promise (Aichberger et al., 2009; Karlberg et al., 2010a; Reinhart et al., 2018). Our findings suggest that induction of GzmB-mediated death in mast cells would provide an additional independent mechanism to target mast cells that could be used in synergy with BH3 mimetics.

In conclusion, we have shown that cytosolic clade B serpins provide a key protective shield in mast cells and prevent the onset of a very rapid apoptotic-like cell death associated with granule serine protease activity. The balance between GzmB and Serpinb9a is particularly important to maintain mast cell survival and the targeted release of GzmB in mast cells and/or downregulation of Serpinb9 may be an interesting therapeutic avenue to target mast cells.



MATERIALS AND METHODS


Mice

All animal studies were approved by the Cantonal Veterinary Office of Bern and conducted in accordance with the Swiss federal legislation on animal welfare. Mice were kept in SPF facilities, in individually ventilated cages, with 12/12 light/dark cycle, autoclaved acidified water, autoclaved cages including food, bedding and environmental enrichment. Age and gender of mice is indicated for each in vivo or ex vivo model described below as well as in figure legends. All gene targeted mice were on the C57BL/6J background or had been backcrossed to the C57BL/6J background for at least 10 generations. Sb1a–/– (Serpinb1atm1.1Cben), Sb6a–/– (Serpinb6atm1.1Pib), Sb9a–/– (Serpinb9atm1.1Pib) were described previously (Scarff et al., 2003; Benarafa et al., 2007; Rizzitelli et al., 2012). CatG–/– (Ctsgtm 1Ley) and GzmB–/– (Gzmbtm 1Ley) mice were kindly provided by Christine Pham (Washington University, St. Louis, MO) (MacIvor et al., 1999) and Australian Phenome Facility (Heusel et al., 1994), respectively. Sb1a.Sb6a–/– mice were generated by mating compound heterozygous F1 mice as described previously (Burgener et al., 2019). All double and triple knockout mice as GzmB.Sb9a–/– and CatG.Sb1a.Sb6a–/– mice were generated in our facility by compound heterozygote mating.



Peritoneal Mast Cells and Flow Cytometry

Peritoneal lavage was performed using 5 mL PBS supplemented with 1% heat-inactivated FBS on healthy female and male mice. Total cell numbers were evaluated by counting cells manually in a Neubauer chamber. Relative percentages of live mast cells were determined by flow cytometry; analysis was performed using FlowJo with single cell gating, dead cell exclusion using propidium iodide (PI) and, mast cells identified as FcεRI+, IgE+, and, c-kit+. Single cell suspensions blocked with anti-CD16/CD32 (clone 2.4G2) and stained for 30–40 min on ice with fluorescently labeled antibodies (BioLegend, BD Biosciences) were acquired using a 4-color FACS Calibur (BD Biosciences). Mast cells were permeabilized using the Foxp3 buffer (eBioscience) and stained using an anti-mouse granzyme A antibody (eBioscience, clone 3G8.5).



Cell Culture

The human mast cell leukemia cell line HMC-1.2 was generated as previously described (Dr. J. Butterfield) and kindly provided by Prof. G. Nilsson (Karolinska Institute, Stockholm) (Butterfield et al., 1988; Nilsson et al., 1994). HMC-1.2 cells were cultured as previously described (Sundstrom et al., 2003). Bone marrow derived mast cells (BMDMCs) were obtained by flushing femurs and tibias bone marrow cells of 6–12 week old female and male mice and cultured in DMEM with 2 mM L-glutamine, supplemented with 10% heat-inactivated FBS, 50 μM β-mercaptoethanol, 1% penicillin/streptomycin, and 10 ng/mL recombinant mouse IL-3 (Peprotech). The cells were maintained at a concentration of 2.5 × 105–1 × 106 cells/mL, at 37°C in 5–7% CO2. Maturity was assessed by analysis of the expression of c-Kit, IgE, and FcεRI by flow cytometry 4–5 weeks after isolation (Supplementary Figure 4). In various assays, BMDMCs were seeded at 1 × 106 cells/mL and incubated at indicated concentrations with L-leucyl-L-leucine methyl ester (LLME) (Bachem, # G-2550), Q-VD-OPh (ApexBio, #A1901) or Pefabloc SC (Sigma, #PEFBSC-RO). In some experiments, mature BMDMCs (1.0 × 106/mL) were cultured in absence of rmIL-3 with DMEM, 1% heat-inactivated FBS, 1% penicillin/streptomycin up to 96 h with or without 50 μM Q-VD-OPh (ApexBio, #A1901). Apoptosis and necrosis of mast cells in vitro was determined by staining with Annexin V-fluorescein isothiocyanate (FITC) or Annexin V-allophycocyanin (APC) and propidium iodide (PI) or 7-aminoactinomycin D (7-AAD) at RT for 15 min and measured with a 4-color flow cytometer (FACScalibur, BD Biosciences).



Quantitative RT-PCR

RNA-isolation was performed using RNA-Bee (AMS Biotechnology, #CS-501B). In brief, 3–5 × 106 BMDMCs were resuspended in 1 mL RNA-Bee and total RNA extracted following the manufacturers protocol. After DNAse treatment, 300 ng total RNA was reverse transcribed using ProtoScript III reverse transcriptase and random primer mix (New England Biolabs). Real-time quantitative PCR amplification was carried out in duplicate or triplicate using Mastermix Plus SYBR Assay-Low Rox (Eurogentec, #RT-SY2X-03+WOULRF) in a Vii7 thermocycler (Applied Biosystems). Sequences of the validated specific primers for proteases, serpins and S16 ribosomal protein (RPS16) are shown in Supplementary Table 1 (Chen et al., 2005; Martin et al., 2005; Ekoff et al., 2007; Malbec et al., 2007; Andrew et al., 2008; Cremona et al., 2013). For each sample, mRNA levels were expressed relative to S16 expression.



Western Blot

BMDMCs were treated for 0.5 h with 50–500 μM L-leucyl-L-leucine methyl ester (LLME) (Bachem, #G-2550) and lysed in 0.1% Triton-X-100 lysis buffer without protease inhibitors followed by 2 × 30 s sonication (Soniprep 150 plus, MSE). Lysates were centrifuged at 10,000 g for 10 min at 4°C and supernatant was collected. Total protein concentration in lysates were determined by the BCA assay (Thermo Fisher Scientific, #23225). Cell lysates were pooled with methanol/chloroform-precipitated cell-free supernatants or cell lysates alone (30 μg total protein) were resolved in SDS-PAGE under reducing conditions using Tris-Glycine Buffer. After transfer on nitrocellulose, blocking was performed using 5% skimmed milk and blots were probed with rabbit anti-mouse caspase-3 (Cell Signaling, #9662) and then stripped and reprobed with anti-β-Actin antibody (Abcam, #ab8227).



Statistical Analysis

Statistical analysis was performed using Prism 8.0c (GraphPad, San Diego, CA). Non-parametric tests were used to analyze data from in vivo and ex vivo studies. Independent experiments were performed and pooled, scatter plots represent individual mice and horizontal lines indicate mean ± SEM or median with range. Experiments were analyzed by one-way or two-way ANOVA with Tukey post-test and p-values of p < 0.05 were considered statistically significant (****P < 0.0001; ∗∗∗P < 0.001; ∗∗P < 0.01; ∗P < 0.05). Tests used and number of replicates are indicated in figure legends.
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Supplementary Figure 1 | Analysis of peritoneal mast cells. (A) Flow cytometry gating strategy of steady state peritoneal lavage cells to identify mast cells as IgE+, FcεR1a+, and, c-Kit+. (B) Mast cells (IgE+, FcεR1a+, c-Kit+) in peritoneal cavity of WT, serpin-deficient and protease-deficient mice. Data were analyzed by one-way ANOVA and no difference was found for any deficient mouse relative to WT mice; data are shown as median (red line) and for individual mice (n = 3–11/sex/genotype).

Supplementary Figure 2 | BMDMCs and peritoneal mast cells do not express granzyme A protein. (A) Representative flow cytometry plots of peritoneal mast cells and identified as IgE+, FcεR1a+, and, c-Kit+. Data are representative of three preparations of C57BL/6 wild-type mice at 6–12 weeks. (B) Representative flow cytometry plots of BMDMCs cultured with IL-3 for 5 weeks. (C) Representative flow cytometry plots of mouse spleen NK cells and CD8 T cells. Data are representative of four C57BL/6 wild-type (WT) and five GzmA–/– mice at 6–12 weeks. (A–C) Expression of granzyme A was assessed in fixed and permeabilized cells with a specific antibody.

Supplementary Figure 3 | Flow cytometry analysis of mast cells viability. Representative flow cytometry dot plots and gating strategy for evaluating mast cell survival with annexin V and propidium iodide staining. BMDMCs were treated or not with LLME as indicated.

Supplementary Figure 4 | Maturity of BMDMCs after 4 weeks of in vitro differentiation in presence of IL-3. (A) Flow cytometry gating strategy. (B) Percentage of IgE+FcεR1a+c-Kit+ BMDMCs of each genotype after 4 weeks of maturation in vitro with recombinant mouse IL-3.

Supplementary Figure 5 | Uncropped western blot of Figures 1, 5. Representative uncropped western blots.
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(NHD13)/Bok~=/=

Bok~/~Bak=/~ DKO

Bok~/~Bax~/~ DKO
Bok—/~Bax—/~Bak~/~
TKO in the hematopoietic
system

Bok~/~Bax~/~Bak~/~
full-body TKO

Targeting strategy/comments

e Homologous recombination in C57BL/6 derived ES
cells; C57BL/6J genetic background

e Deletion of half of exon 1 and exon 2

e Homologous recombination in 129-derived ES cells;
backcrossed to C57BL/6 genetic background

e Deletion of exons 2 and 3

e Homologous recombination in 129/SvEv derived ES
cells; backcrossed to C57BL/6N genetic background
e Deletion of exons 2-5

e Crossing Ep-myc transgenic mice with full-body
Bok—/~ mice (Ke et al., 2012)

e Crossing NHD13 transgenic mice with full-body
Bok~/~ mice (Carpio et al., 2015)

o Crossing Bak~/~ mice with Bok~/~ mice

o Crossing Bax~/~ mice with Bok~/~ mice

e Bone marrow chimeras obtained by injection of TKO
fetal liver cells (FLC, E14) into lethally irradiated
wild-type recipients

e Crossing Bok—/~ (Ke et al., 2012), Bax~/~ (Knudson
et al., 1995) and Bak~—/~ (Lindsten et al., 2000) mice;
C57BL/6J genetic background

Characteristics

o No overt phenotype
e Reproduction at expected Mendelian frequency

e Normal development

o No overt phenotype

o No acceleration of lymphoma development and no
impact on disease severity compared to Ep-myc
transgenic mice

e Acute myeloid leukemia development in 36.7% of
mice

e Development of progressive anemia: lower
hemoglobin, lower mean cell hemoglobin
concentration, higher mean cell volume

 No noticeable defects compared to BAK—/~ single
knockout

e Increased ovarian follicle numbers at 1 year of age
¢ Slightly more severe phenotype compared to mice
reconstituted with FLCs of Bax~/ ~Bak~/~ DKO mice
e Increased numbers of leukocytes in the periphery, as
well as in several organs

e Lymphocytic infiltration in multiple organs and
organ-specific autoantibodies

e 1% of mice survive into adulthood

e Developmental defects at E11.5

e Multiple midline defects at E18.5

e Pups develop abnormal tissue growth in multiple
locations
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Items Type Markers References
Apoptosis Diagnostic Bcl-2, p53, FasL, TNF-a, DNA fragmentation, BBC3, Karamitopoulou et al., 2007; Farnebo et al., 2011; Omori et al., 2011;
PMAIP1, M30, XIAP, Survivin Sen et al., 2015; Heng et al., 2016; Bani-Ahmad et al., 2018; Chen
et al., 2019; Henrich et al., 2019; Moledina et al., 2019; Schiffmann
etal, 2019
Prognostic Bcl-2, Bax, p53, Fas, FaslL, caspase-2, caspase-3, Wang P. et al., 2017; Feng et al., 2018; Huang K.H. et al., 2018
caspase-7, caspase-8, caspase-9, TNF-a, DNA
fragmentation, Bak, Bok, Bim, PUMA, PMAIP1, MCL1,
BCL2L10, TRAIL, TRAIL-R1/2/3, c-FLIP, IAPs
Necroptosis Diagnostic NLRP3, AUNIP, RIPK1/3 He etal.,, 2016; Lee et al., 2016; Yang Z. et al., 2019
Prognostic NLRP3, MLKL, RIPK1/3, TLR3/TICAM1, AURKA Yuan et al., 2015; Yao et al., 2017; Conev et al., 2019; Soleymani Fard
et al., 2019; Sun et al., 2019; Malhotra et al., 2020
Autophagy Diagnostic LC3, Na+/K+-ATPase, mTOR Mijatovic et al., 2012; Mete et al., 2018; Sui et al., 2018
Prognostic LC3, ATG, BECN1, Nat/K*-ATPase, AMPK, mTOR Cao et al., 2016; Cheng et al., 2016; Schiafli et al., 2016; Li et al., 2017;
Gajate et al., 2018; Guo et al., 2019
Ferroptosis Diagnostic GPX4, ALOX15, SLC7A11, BAP1, HSP9O, HSPB1, Kamal et al., 2004; Guerriero et al., 2015; Saif et al., 2016; Hui et al.,
FANCD2, TP53 2017; Davidson et al., 2018; Xu et al., 2019
Prognostic GPX4, ACSL4, SLC7A11, TFRC, GLS2, DPP4, Wada et al., 2006; Xu et al., 2010; Zhou et al., 2014; Yang Z. et al.,
NCOA4, BAP1, PEBP1, CARS, VDAC2, HSP9O, 2015; Chen et al., 2016; Luchini et al., 2016; Lu et al., 2017; Sotgia
HSPBH1, ITGAG, ITGB4, OTUB1, TP53, HSPA5, et al., 2017; Sun and Xu, 2017; Zhao et al., 2017; Dimas et al., 2018;
FANCD2 Huang Z.C. et al., 2018; Jiao et al., 2018; Kinowaki et al., 2018; Zhang
L. etal, 2018; Li M. et al., 2019; Saha et al., 2019; Dinarvand et al.,
2020; Feng et al., 2020; Wu G. et al., 2020
Pyroptosis Diagnostic GSDMD, caspase-4 Terlizzi et al., 2018; Xu et al., 2018
Prognostic GSDMD, LPS, caspase-1, caspase-4, PKA, IL-18, Del Gobbo et al., 2016; Wedrychowicz et al., 2018; Gao et al., 2018;

IL-18

Hosonaga et al., 2018; Terlizzi et al., 2018; Garcia de
Guadiana-Romualdo et al., 2019; Gil and Kim, 2019
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Substrate Caspase-2 Position (human) Conserved in Mouse cleavage Position (mouse) Cleaved by other

cleavage motif mouse (Y/N) motif caspases?
(human)

MDM2 DVPD 362 Yes DVPD 359 Caspase-3

Golgin-160 ESPD 59 Yes GSPD 59 No

Golgin-160 SEVD 311 Yes SEAD 308 Caspase-3 and caspase-7

Bid LQTD 60 Yes LQTD 59 Caspase-8 and caspase-3

Ku80 GDVD 726 Yes GDVD 725 Unknown

ICAD ? ? ? ? ? Caspase-3

Rictor ? ? ? ? ? Unknown

elF4B DRKD 563 Yes DRKD 563 Caspase-3*

HDAC4 DVTD 289 Yes DVTD 288 Caspase-3 and caspase-7

Tau KPVD 314 Yes KEQD 289 Unknown

HTT NGKD 213 Yes NGKD 212 Caspase-3

S1P LYGD 846 Yes LYGD 846 Unknown

*With a much lower efficiency than caspase-2.
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Items

Apoptosis

Necroptosis

Autophagy

Ferroptosis

Pyroptosis

Definition

A vital component of various
processes including normal
cell turnover, proper
development and functioning
of the immune system,
hormone-dependent atrophy,
embryonic development and
chemical-induced cell death

A type of cell death that is
caused by the loss of plasma
membrane integrity following
receptor interacting kinase 3
(RIPK3)-mediated
phosphorylation of the
pseudokinase mixed lineage
kinase domain like
(MLKL/pMLKL)

An evolutionarily ancient and
highly conserved catabolic
process involving the
formation of double
membraned vesicles called
autophagosomes that engulf
cellular proteins and
organelles for delivery to the
lysosome

An iron-dependent form of
regulated cell death caused
by unrestricted lipid
peroxidation and subsequent
membrane damage

A form of Iytic cell death that
is triggered by
proinflammatory signals and
associated with inflammation

Morphological features

Cell shrinkage (pyknosis);
DNA fragmentation
(karyorrhexis); nuclear
condensation; membrane
blebbing; apoptotic body
formation

Cell swelling; membrane
rupture; retain integral
nucleus; translucent
cytoplasm

Lack of chromatin
condensation; massive
vacuolization of the
cytoplasm; accumulation
of (double-membraned)
autophagic vacuoles; little
or no uptake by
phagocytic cells

The loss of plasma
membrane integrity; the
leakage of intracellular
contents

Membranous pore
formation; cytoplasmic
swelling; rupture of the
cell membrane and
release of its intra-cellular
contents into the
immediate cellular milieu

Detecting methods

DNA fragmentation (DNA ladder assay, TUNEL assay,
and comet assay); phosphatidylserine (Annexin V, flow
cytometric analysis); bid, p53 (RT-PCR, western blot,
immunohistochemistry); caspase activation (western
blot, ELISA, flow cytometric analysis); Fas, TNF, TRAIL
(RT-PCR, western blot, immunohistochemistry);
Cytochrome C release (ELISA)

RIPK1, RIPK3, MLKL (immunofluorescent staining);
MLKL (guantitative RT-PCR); RIPK1/3, RIP3, MLKL
(western blotting); MLKL, RIPK3, RIP1 (ELISA); annexin
V—/propidium iodide+ or annexin V+/propidium
iodide+ (flow cytometry); RIP1/RIP3 complex
(immunoprecipitation and electron microscopy); RIP1
(immunoblotting); membrane translocation
(immunofluorescence microscopy and TIRF
miCroscopy);

Immune colloidal gold technique; GFP-LC3 or
mRFP-GFP-LC3 (immunofluorescence); LC3-Il / LC3-l,
beclin, ATG5, ATG7, p62 and phosphorylation status of
ULK (western blot); LDH sequestration; MDC staining
Hsc70 with lysosomal markers (immunofluorescence);
LAMP2A (western blot)

ATP5G3, PTGS2, IREB2, CS, RPL8 (quantitative
real—time PCR); JNK, Erk1/2, p38, LC3l/Il, Nrf2, p62,
Slc7al (western blot); Fe? ™ release assay; flow
cytometry; GPX4 (ELISA); NADP/NADPH, LC3
(fluorescence); immunofluorescence;

BCA, casp1 (western blot); real-time PCR; caspase-1,
CD31 (TUNEL staining and immunostaining); IL-18,
IL-18, pro-IL-1B, IL-1a (ELISA); FAM-FLICA-caspase-1
and PI (flow cytometry); NLRP3, caspase-1, IL-18,
IL-18 (immunofluorescence); Ca2* (fluorescence);
IL-1B, casp1, casp8 (immunoblotting); determination of
LDH; PLFA (isotope labeling); spectral analysis; DAB,
AEC (chromogenic staining)

References

Saraste and Pulkki, 2000;
Hunter et al., 2005; Elmore,
2007; Huerta et al., 2007;
Krysko et al., 2008;
Majtnerova and Rousar,
2018

Aachoui et al., 2013; Chen
etal.,2014; He et al., 2016;
Gong et al., 2019; Tonnus
et al., 2019; Wimmer et al.,
2020; Wu Y. et al., 2020

Bernocchi and Barni, 1983;
Boldin et al., 1996;
Broaddus et al., 1996;
Boschker and Middelburg,
2002; Brauer, 2003;
Brinkmann et al., 2004;
Bergsbaken et al., 2009;
Burattini and Falcieri, 2013;
Braga et al., 2016;
Buschhaus et al., 2017,
2018; Bhutia et al., 2019;
Yang J. W. et al., 2018

Wang H. et al., 2017; Kong
etal., 2019; Tang and
Kroemer, 2020

Boschker and Middelburg,
2002; Schneider et al.,
2017; Lei et al., 2018;
Wang et al., 2018a; Wu
etal., 2018; Yang F. et al.,
2018

ATG5/7: Autophagy-Related protein 5/7, ATP5G3: isoform 3 of subunit ¢ of mitochondrial ATP synthase, CD31: platelet/endothelial cell adhesion molecule-1, ELISA:
enzyme linked immunosorbent assay, Erk1/2: extracellular signal-regulated kinase 1, FLICA: fluorochrome-labeled inhibitors of caspases, GFP: green fluorescent protein,
GPX4: glutathione peroxidase 4, IREB2: iron-responsive element-binding protein 2, LAMP2A: lysosome-associated membrane protein 2A, LC3: light chain 3, LDH: lactate
dehydrogenase, MLKL: mixed lineage kinase domain-like pseudokinase, NLRP3: nod-like receptor protein-3, Nrf2: nuclear factor erythroid 2 p45-related factor 2, PLFA:
phospholipid fatty acid, PTGS2: prostaglandin endoperoxide synthase 2, RFP: red fluorescent protein, RIPK1/3: Receptor-interacting serine/threonine-protein kinase 1/3,
Slc7at1: solute carrier family 7 member 11, TIRF: total internal reflection fluorescent, TNF: tumor necrosis factor, TRAIL: tumor necrosis factor-related apoptosis-inducing
ligand, TUNEL: terminal deoxynucleotidyl transferase (TdT) dUTP Nick-End labeling, ULK: Unc-51-like kinas.
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Items

Microautophagy

Macroautophagy

CMA

Definition

Cytoplasmic contents are
transported to the lysosome
within lysosomal membrane
invagination or deformation.
Cargo is transported to the
lysosome by de novo
formation of
autophagosomes.

Unfolded proteins containing
the KFERQ motif are
transported directly across
the lysosomal membrane
through the action of
cytosolic chaperones.

Morphological features

Lysosomal membrane
invagination or
deformation

Membrane expansion
and bend; phagophore
nucleation and
elongation;
autophagosome
formation
Multimerization of
LAMP2A binding to the
lumenal side of the
lysosomal membrane by
HSP90

Detecting methods

Transmission electron microscopy

Electron microscopy; immune colloidal gold
technigue; GFP-LC3 or mRFP-GFP-LC3
(Immunofluorescence); LC3-1l / LC3-l, Beclin,
ATG5, ATG7, p62 and phosphorylation status
of ULK (western blot); radiolabeling; LDH

sequestration; MDC staining

Hsc70 with lysosomal markers
(Immunofluorescence); LAMP2A (western blot);

radiolabeling

References

Mijaljica et al., 2011;
Parzych and Klionsky, 2014

Parzych and Klionsky,
2014; Seglen et al., 2015;
Murugan and Amaravadi,
2016; Orhon and Reggiori,
2017; du Toit et al., 2018;
Yang F. et al., 2018

Cuervo, 2010; Parzych and
Klionsky, 2014; Patel and
Cuervo, 2015; Arias, 2017,
Wu et al., 2019

Abbreviations: LAMP2A: lysosome-associated membrane protein 2A, HSP90: Heat Shock Protein 90, ATG5: Autophagy-Related Gene 5, ATG7: Autophagy-Related
Gene 7, Hsc70: heatshockprotein.
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Species of Biomarker Research Model Death induction Detecting methods Expected results Advantages Disadvantages References
RCDs
Necrosis Phosphorylation ~ Mice of N/A Immunohistochemistry Upregulated It is ideal for detecting Most of the antibodies are  He et al., 2016
Status of RIPK3,  oligodendrocyte Necrosis in vivo only suitable for
RIPK1 and MLKL  degeneration immunoblotting
LDH Cortical neurons 0.25,05,1,2, Cytotoxicity assay Upregulated N/A It might be influenced by Guo et al., 2020
3 mM METH and the effect of other species
39°C of RCDs
Annexin V (FITC)  HT1080MAPKS cells 10 ng/mL TNF, 500 Fluorescence-activated cell  Annexin VFTC, DAPI It is a fast and quantitative It should be combined with  Wallberg et al.,
and L929 cells nM SM sorting Upregulated and method to record the number a time-course study, and/or 2016a
TMRM Downregulated  of dying cells the use of specific inhibitors
Apoptosis  Annexin V (FITC)  HT1080M77XS cells 10 ng/mL TNF, 500 Fluorescence-activated cell  Annexin V¢ It is a fast and quantitative It should be combined with  Wallberg et al.,
and L929 cells nM SM sorting Upregulated and method to record the number a time-course study, and/or 2016a
TMRM, DAPI of dying cells the use of specific inhibitors
Downregulated
Caspase3 Platelet N/A Flow cytometric analysis Upregulated It is a specific method for the  N/A Gyulkhandanyan
and immunofluorescence active form of caspase-3 et al; 2012
PDK1, P-AKT1,  C2C12cells 0.05, 0.5, 1, 2.5, 5- Real-time PCR and western PDK1, P-AKT1 N/A N/A Zhou et al., 2018
BAD, Bcl-2, Bax and 10- mM blot Downregulated and
Fluoride BAD, Bcl-2, Bax
Upregulated
DNA NIH-3T3 cell line 500 pM Hydrogen  DNA ladder assay DNA ladder formed It is an easily available It is a time-consuming Rahbar Saadat
fragmentation peroxide method and not limited to procedure etal., 2015
cells that breed in vitro
Autophagy ~ GFP-LC3 or Zebrafish Rapamycin or Immunofluorescence Being yellow under It allows to examining It might be influenced by Lopez et al., 2018
mRFP-GFP-LC3 Calpain Inhibitors neutral pH conditions,  autophagy in vivo in the impairment of
Probe and being red under vertebrates autolysosome formation.
acidic pH conditions
GrP-LC3-BFP- GFP-LC3-RFP- Starvation Immunofluorescence GFP/RFP ratio It can monitor both basal and It is limited by the level of Yoshii and
LC3AG LC3AG Downregulated induced autophagy GFP-LC3-RFP-LC3AG Mizushima, 2017
probe mice accurately currently.
LC3-1l/p62 Exosome in advanced CQ or HCQ Western blot LC3-1l/ p62 ratio It can monitor the dynamic It might be influenced by Abdel Karim
soild tumor Upregulated changes on autophagic the effect of apoptosis and et al., 2019
patients’plasma activity necrocytosis
Autophagosome  HCT-116 colon cells 100 nM Rapamycin  Immunofluorescence (MDC  Fluorescence emitted MDC staining is readily to MDC staining is Yang F. et al.,
or overexpression  Staining) operate and directly visualize = non-specific 2018
of Beclin1 autophagosome formation
Pyroptosis  IL-1B, IL-18 Wistar rats and rat 40 mg/mL MIA in Real-time PCR, western Upregulated This assay is highly sensitive  Enzyme activity is easily Zuetal, 2019
chondrocytes 0.9% NaCl solution, blot and enzyme-linked affected and this assay
50 pL immunosorbent assay takes many complex
measurements
NLRPS, Wistar rats and rat 40 mg/mL MIA in Real-time PCR, western Upregulated This assay is highly sensitive  These multiple steps are Zuetal, 2019
caspase-1 chondrocytes 0.9% NaCl solution, blot, flow cytometry, time-consuming
50 uL immunofluorescence and
immunohistochemistry
Ferroptosis ~ ACSL4 HepG2, HLEO, LNCaP, 2.5, 5, 10,20 uM Western blot Upregulated N/A N/A Yuanetal., 2016
and K562 cells Erastin
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David L Vaux: described the anti-
apoptotic and tumorigenic role of Bcl-2

Franko, Pomfy, Prosbova: Lysosomal Cell Death (2000), Brad Cookson: Pyrop-
‘ tosis (2001), Arturo Zychlinsky: NETosis (2004), Junying Yuan: Necroptosis (2005),

Lockshin: coined the phrase Schweichel, Merker: firstly classified
“programmed cell death" cell death into types I, II, and Il

Joan Brugge: Entosis (2007), Valina and Ted Dawson: Parthanatos (2009),

on of programmed cell death

Walther Flemmlng delivered precise The tumour suppressor and trans- Yonehara S, Ishii A and Yonehara
M: CD95 first identified in 1989

cription factor p53 was discovered

Brent Stockwell and Scott Dixon: Ferroptosis (2012), Beth Levine: Autosis (2013),
Andreas Pichlmair: Oxeiptosis (2018), D.Tang: Alkaliptosis (2018

8 4ol 1885 1965 1973 1979 1988 2000 2003 2009 2012
2

28

S % 20-

ge
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Za 0

Karl Vogt: historically began
observation of RCD in 1842

The role of caspases in programmed cell death
was first identified with their functions in apoptosis

There are 12 confirmed caspases in humans and 10 in
mice, carrying out a variety of cellular functions (2009)

well (1993)

John Kerr: apoptosis was termed “shrinkage necrosis” (1971), T [

John Kerr, Andrew Wyllie, and Alastair Currie: coined the term he identification of CED9 and CED4 from the RIPK3 was identified as a key effector of necroptosis in 2009
“apoptosis” (1972) tudies of Caenorhabditis elegans (1992) and its substrate, the pseudokinase MLKL, in 2012

Tsujimoto: the human Bcl-2 gene was first reported (1985), Reed: the first demonstration of oncogenic potential of Bcl-2 confirming that Bcl-2 is a bona fide protooncogene (1988)
i activity of Bcl-2 (1988), Cimmino: discovery of loss of miR-mediated repression of Bcl-2 represented the first clear elucidation of a mi

mechanism of tumor suppression in humans (2005)
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