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Ubiquitin modification is a common post-translational protein modification and an important mechanism whereby the body regulates protein levels and functions. As a common enzyme associated with ubiquitin modification, the ubiquitin-editing enzyme A20 may be closely associated with the development of numerous pathological processes through its different structural domains. The aim of this paper is to provide an overview of the following: advances in ubiquitination research, the structure and function of A20, and the relationships between A20 and immune inflammatory response, apoptosis, necroptosis, pyroptosis, and autophagy.
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INTRODUCTION
A20 was first reported in 1990, the stimulation of tumor necrosis factor alpha (TNFα) can lead to the upregulation of A20 expression in human umbilical vein endothelial cells; hence, the A20 is also known as TNFα-induced protein 3 (TNFAIP3) (Opipari et al., 1990). Furthermore, A20 has the functions of both deubiquitinase and ubiquitin ligase, so it is called ubiquitin editing enzyme (Wertz et al., 2004). Several studies have confirmed that A20 is a potent anti-inflammatory protein that mediates inflammation in mammals, which is attributed to its ability to suppress Nuclear Factor-kappa B (NF‐κB) signaling in a negative feedback manner (Harhaj and Dixit, 2012). However, recently more and more studies have shown that A20 can also play another function that is independently of NF-κB regulation, such as protect cells from death (Priem et al., 2020). Here we review the role of A20 in regulating the following five essential functions: 1) The immune inflammation response, 2) The apoptosis, 3) The necroptosis, 4) The pyroptosis, 5) The Cell autophagy. We further provide insight into potential mechanisms by which A20 functions in the context of a multi-protein ubiquitin-editing complex.
Advances in Ubiquitination Research
A ubiquitin molecule is a protein polypeptide consisting of 76 amino acid molecules. Ubiquitination is a common post-translational protein modification (Goldstein et al., 1975). In the presence of three successive enzymes (E1 ubiquitin-activating enzyme, E2 ubiquitin-conjugating enzyme, and E3 ligase) and ATP, the ubiquitin molecule is covalently attached to a lysine residue of the substrate protein through its terminal carboxyl group, then making the formation of monomeric or polyubiquitination modifications (Komander, 2009; Komander and Rape, 2012); ubiquitination modifies the substrate protein. First, E1 utilizes ATP and activates ubiquitin. Then, through its cysteine residue, E1 forms a high-energy thioester bond with the C-terminus of the ubiquitin molecule. This is followed by the transfer of the ubiquitin molecule from E1 to the cysteine residue of E2 to form a thioester intermediate. Finally, E3 selectively recognizes the corresponding E2, ubiquitin, and substrate protein, and catalyzes the formation of an isopeptide bond between ubiquitin and a certain lysine residue on the substrate protein. Notably, there are seven lysine residues on the ubiquitin molecule, all of which can attach to the C-terminus of another ubiquitin molecule, resulting in seven polyubiquitin chains with different linkages (K6, K11, K27, K29, K33, K48, K63). Alternatively, the N-terminal end of the ubiquitin molecule can be linked to the C-terminal end of another ubiquitin molecule by a peptide bond to form a linear ubiquitin chain (which is also called M1-Linked ubiquitin chain), resulting in the polyubiquitination of the substrate protein (Cohen and Strickson, 2017; Haakonsen and Rape, 2019). Different ubiquitination modifications can exert different physiological effects. For example, K48-Linked polyubiquitination modification can make the substrate protein susceptible to recognition and subsequent proteasomal degradation. Studies show that A20-mediated K48-Linked polyubiquitination modification of receptor-interacting kinase 3 (RIPK3) may be related to the switching between mycobacterium tuberculosis-induced apoptosis and necrosis (Fu et al., 2021). In addition, A20 can enhance the K48-Linked polyubiquitination modification of Tumor necrosis factor receptor-associated factor 6 (TRAF6) to suppress autophagy under hypoxic conditions, then inhibiting osteoclastogenesis in human periodontal ligament cells (Yan et al., 2020). A20 can mediate K48-Linked polyubiquitination modification of RNF138 for proteasomal degradation to affect NF-κB activation and lymphomagenesis (Yu et al., 2021); K63-Linked and M1-Linked polyubiquitination modification is involved in serving as a scaffolding network for the formation of signaling complexes. Studies indicated that A20 can downregulate the K63-Linked polyubiquitination modification of TRAF6, which is involved in the anti-neuroinflammatory effects of bavachin (Wang H et al., 2021); In addition, A20 can also play an anti-microbial host defense role through affecting the K63-Linked polyubiquitination modification of different substrate proteins (Liu L. et al., 2020; Liu et al., 2021); Polyubiquitination at K6 is correlated with the development of nonalcoholic steatohepatitis; K29-Linked polyubiquitination is associated with the innate cellular immunity of macrophages (Wang et al., 2020; Gao et al., 2021; Tracz and Bialek, 2021).
The process of polyubiquitination modification is a reversible process; the substrate protein can also undergo deubiquitination by deubiquitinating enzymes (DUBs). Currently, more than 100 DUBs have been identified, which are classified into the following six families based on their structural domains: ubiquitin C-terminal hydrolases, ubiquitin-specific proteases, ovarian tumor domain proteases (OTUs), Josephins, JAB1/MPN/MOV34 (JAMMs) and MCPIP. Of these, the ubiquitin-editing enzyme A20 is by far the most studied DUB of the OTU family. The common feature of DUBs is that they contain specific protein recognition structural domains, such as the zinc finger ubiquitin-specific protease domain (ZnF-UBP), the ubiquitin-interacting motif (UIM) and the ubiquitin-binding structural domain (UBA), which is closely involved in the function of DUBs.
The Structure and Function of A20
A20 is a member of the OTU family and has a molecular weight of 90 kDa, Subsequent studies have identified two NF-κB binding sites in the promoter of A20, which demonstrating that A20 can be transcriptionally upregulated by Nuclear Factor-kappa B (NF-κB) in response to stimuli (e.g., TNF, IL-1, ROS, virus), providing negative feedback control of NF-κB signaling pathway (Pujari et al., 2013). A20 has an OTU structural domain at the N-terminal end, which can hydrolyze the K63-Linked polyubiquitin chains, to initially regulate signal transduction. Moreover, the C-terminus has seven tandem zinc finger structural domains (ZnF4 and ZnF7 domains are common). The ZnF4 structural domain has an E3 ubiquitin ligase function and can catalyze the formation of K48-Linked polyubiquitin chains, to promote degradation of key signaling molecules; the ZnF7 structural domain, however, readily binds to M1-Linked ubiquitin chains; besides, A20 can also disrupts the interactions between E2 and E3, thus attenuates the activation of specific E3 ligases, then disrupts the ubiquitination cascade (Shembade and Harhaj, 2010; Martens et al., 2020). Owing to its deubiquitinating and ubiquitin ligase activities, A20 is called ubiquitin-editing enzyme A20, which can regulate different different pathological processes in a catalytic and non-catalytic manner.
A20 and the Immune Inflammatory Response
When an organism receives a harmful external stimulus, such as infection or tissue and organ damage, an inflammatory response occurs. The inflammatory response converts the external stimulus into biological responses through multiple signaling pathways. The NF-κB signaling pathway is one of the main signaling pathways involved in the molecular transduction of inflammatory signals. When stimulated by external signals, such as IL-1β, TNF-α as well as lipopolysaccharide (LPS), IκBα will be degraded and phosphorylated under the stimulation of upstream signaling molecules TGFβ-activated kinase (TAK1) and inhibitor of κBα kinase (IKK) complexes, allowing NF-κB to enter into the nucleus and activate target genes (Hinz et al., 2012). Under normal physiological conditions, A20 is not expressed (or expressed at very low levels) in most cell types, but when NF-κB is activated, NF-κB can transcriptionally activates the expression of A20 via the two NF-κB sites in the A20 promoter (Krikos et al., 1992). Several studies have shown that A20 is closely associated with the pathological processes involved in inflammatory and autoimmune diseases, including inflammatory bowel disease (Zhou et al., 2021), rheumatoid arthritis (Malynn and Ma, 2019), chronic inflammatory lung disease (Momtazi et al., 2019), multiple atherosclerotic disease (Perga et al., 2021), lupus nephritis (Sun et al., 2019), and atherosclerosis (Angolano et al., 2021), which is mostly related to that A20 can inhibit the NF-κB signaling pathway in a feedback manner. A20 may inhibit the NF-κB signaling pathway through many mechanisms: 1) During the inflammatory response mediated by IL-1R/Toll-like receptor (TLR4), A20 may inhibit the NF‐κB signaling pathway through the two mechanisms: 1) A20 expression is induced and directly target the E3 ligase TRAF6 by disassembling the K63-Linked polyubiquitin chains of TRAF6 via its OTU domain; 2) A20 disrupt the interactions between TRAF6 and its E2 enzymes Ubc13 and UbcH5 cooperating with the ubiquitin-binding adaptor molecule TAX1BP1 in the first step, then at later times A20 conjugate K48-Linked polyubiquitin chains on Ubc13 and/or UbcH5c via its ZnF4 domain to trigger their proteasomal degradation (Martens and van Loo, 2020). During a TNF-mediated inflammatory response, A20 may hydrolyze the K63-Linked polyubiquitin chain of receptor-interacting kinase 1 (RIPK1) through its OTU structural domain or cause K48-Linked polyubiquitination through the ZnF4 structural domain, thus inhibiting the NF-κB signaling pathway (Shembade and Harhaj, 2012); In addition, A20 can also disrupt the association between E3 ligase complex cellular inhibitor of apoptosis protein 1/2 (cIAP1/2), TRAF2/5 and E2 ubiquitin-conjugating enzyme Ubc13 followed by triggering the ubiquitination and proteasomal degradation of Ubc13 at later time points (Shembade et al., 2010) 3) A20 can also regulate the activation of NF-κB signaling pathway induced by T cell receptor (TCR) and nucleotide oligomerization domain 2 (NOD2) by affecting the ubiquitination level of MALT1 and RIP2, respectively (Hitotsumatsu et al., 2008; Duwel et al., 2009). Furthermore, in the feedback regulation, the ubiquitin modifying functions of A20 can be further enlarged depended on IKKβ-mediated phosphorylation of A20 at Ser381 (Hutti et al., 2007). Taken together, it can be concluded that A20 may inhibit NF-κB signaling pathway through distinct mechanisms in a catalytic manner. Chen et al. found that the downregulation of A20 expression can, through the activation of the NF-κB and mitogen-activated protein kinase (MAPK) signaling pathways, exacerbate the inflammatory response induced by medium-wave ultraviolet radiation (Chen et al., 2020). Studies also found that A20 deficient mice is characterized by the infiltration of CD8+ T cells into the CNS, which results in abnormal microglia activation and altered neuronal activity (Mohebiany et al., 2020). In addition, formononetin upregulates A20 via G-protein-coupled receptors, which attenuates atopic dermatitis (Yuan et al., 2021). Furthermore, the LINC01140/miR-23/A20 signaling axis alleviates low density lipoprotein (LDL)-induced inflammatory responses in macrophages (He et al., 2020).
Although A20 is thought to inhibit NF-κB signaling pathway by affecting the ubiquitination levels of multiple target proteins, the physiological role of A20 in regulation of NF-κB was still incompletely clarified. Studies showed that different from A20−/−mice, mice bearing a point mutation in either the OTU domain (A20OTU/OTUmice) or ZnF4 domain (A20ZnF4/ZnF4) do not develop severe inflammatory phenotype (Lu et al., 2013; Wertz et al., 2015), however, the A20ZnF7/ZnF7 mice can spontaneously develop arthritis and other autoimmune diseases. These findings indicate that ZnF7 of A20 may play a more prominent role in regulation of NF-κB (Martens et al., 2020; Razani et al., 2020). The mechanism may be related to that A20 can bind to the M1-Linked polyubiquitin chains of RIPK1 and/or NF-κB essential modulator (NEMO) through its ZnF7 structural domain, to stabilize the M1-Linked ubiquitin chain and protect them from deubiquitinase-mediated cleavage, thus affecting the activation of the IKK complex in a non-catalytic manner (Sun, 2020). However, studies have indicated that the inflammatory phenotype of A20ZnF7/ZnF7 mice was far less severe than that of A20−/− mice (Lee et al., 2000), and mice carrying mutations both in ZnF7 and ZnF4 causes more serious inflammation and NOD-like receptor p3 (NLRP3) inflammasome activation than that of A20ZnF7/ZnF7 mice (Razani et al., 2020), furthermore, Martens and his colleagues have demonstrated that A20 can also bind to the K63-Linked ubiquitin chains of RIPK1 through the ZnF4 domain (Martens et al., 2020), suggesting that ZnF4 and ZnF7 may interact with each other in regulating NF-κB signaling pathway. ZnF4 is largely required for repressing severe inflammatory responses and may play a crucial role in repressing inflammatory response in the absence of a functional ZF7 (Sun, 2020), but both the precise mechanism and whether the E3 ligase activity of ZnF4 is involved in this process need to be further elucidated. Additional studies are urgently needed to further test and determine the functions of ZnF4 and ZnF7 in different physiological status, as well as the role of A20 deubiquitinase catalytic activity, in order to provide a theoretical basis for the treatment of A20-associated autoimmune and inflammatory diseases in the future (Figure 1).
[image: Figure 1]FIGURE 1 |  (A) In response to IL-1β and/or LPS stimulation, A20 expression is induced and inhibit the NF-κB signaling in a negative feedback loop. ① A20 directly target the E3 ligase TRAF6 by disassembling the K63-Linked polyubiquitin chains of TRAF6 via its OTU domain; ② A20 disrupt the interactions between TRAF6 and its E2 enzymes Ubc13 and UbcH5 cooperating with the ubiquitin-binding adaptor molecule TAX1BP1 in the first step; ③ then at later times A20 conjugate K48-Linked polyubiquitin chains on Ubc13 and/or UbcH5c via its ZnF4 domain to trigger their proteasomal degradation. (B) In response to TNF stimulation, A20 is reported to inhibit the NF-κB signaling by the following mechanisms: ① A20 hydrolyze the K63-Linked polyubiquitin chains of RIPK1 via its OTU domain to supress the downstream activation of IKK complex, as well as the NF-κB signaling; ② A20 conjugate K48-Linked polyubiquitin chains on RIPK1 via its ZnF4 domain to trigger its proteasomal degradation; ③ A20 bind to the M1-Linked polyubiquitin chains of RIPK1 and/or NF-κB essential modulator (NEMO) through its ZnF7 structural domain, to stabilize the M1-Linked polyubiquitin chains and protect them from proteasomal degradation, thus affecting the activation of the IKK complex in a non-catalytic pathway; ④ A20 bind to the K63-Linked polyubiquitin chains of RIPK1 through the ZnF4 domain, which is largely dispensable for restricting NF-κB signaling.
A20 and Apoptosis
A20 Inhibits Apoptosis
Apoptosis is a nonlytic form of regulated programmed cell death (PCD), depending on the activation of the death receptor (DRs) extrinsic or mitochondrial intrinsic pathway (Taylor et al., 2008). In response to stimulation by external pro-apoptotic signals, like TNF, TNF-related apoptosis-inducing ligand (TRAIL), Fas, and death receptor 3/4/5 (DR3/4/5), the initiating caspase protein (Caspase-2/8/9/10/11/12) binds to Fas-associated protein with death domain and RIPs, activating the downstream effector caspase proteins (Caspase-3/6/7) and consequently, apoptosis. Studies have found that the upregulation of A20 expression can inhibit apoptosis induced by microglial exosomes (Chen et al., 2019). A20 interacts with RIPK1 through its ZnF7 structural domain to affect caspase-8 protein expression in intestinal epithelial cells, thereby inhibiting their apoptosis (Liu X. et al., 2020). Furthermore, A20 upregulation inhibits intestinal epithelial cell apoptosis in Crohn’s disease (Zhou et al., 2019) by affecting the functions of tumor necrosis factor receptor 1 (TNFR1), TNFR1-associated death domain protein (TRADD) and RIPK1. In a mouse model with hepatic damage, A20 inhibited the apoptosis of hepatocytes and immune inflammation through the NF-κB signaling pathway, playing a role in the chronic rejection of allogeneic liver transplantation (Li et al., 2019; Jia et al., 2021). Although it is fully recognized that A20 is a key regulator that can prevent cells from apoptosis, the mechanism by which it does are still not completely elucidated. To date, the function of A20 in the TNF signaling have been most extensively studied. Upon binding of TNF to TNFR, A20 was shown to be recruited to the membrane-bound complex I, which is consist of RIPK1, TRADD, TRAF2/5, cIAP1/2, etc, and bound to M1-Linked polyubiquitin chains of RIPK1 via its ZnF7 domain within minutes, thereby protecting the M1-Linked ubiquitin chains from cylindromatosis (CYLD)-mediated cleavage and repressing the complex I transitioning to a death-inducing cytosolic complex Ⅱ (Ⅱa: FADD/Caspase-8/TRADD; Ⅱb: FADD/Caspase-8/RIPK1) (Wilson et al., 2009; Draber et al., 2015). Recently, another study showed that in M1-Linked polyubiquitin chains proficient cells, the ZnF7 domain may play a dominant role in A20’s prosurvival function, but in absence of M1-Linked polyubiquitin chains, the ZnF4 and ZnF7 domains of A20 cooperate to bind to other types of ubiquitin chains associated to Complex I, potentially K63-Linked chains, then protecting cells from apoptosis by deploying its DUB activity (Priem et al., 2019). Except in the TNF signaling, A20 has been also reported to prevent cells from apoptosis in TRAIL signaling. The studies showed that A20 can promote the formation of the K63-Linked polyubiquitin chains on RIPK1 through its ZnF4 domain, then RIPK1 being recruited to death-inducing signaling complex (DISC), and inhibit the dimerization, cleavage of caspase 8, finally suppress TRAIL-induced apoptosis (Bellail et al., 2012; Guo et al., 2018). In addition, A20 can hydrolysis the cullin3-mediated K63-Linked ubiquitination of caspase-8 on the C-terminal region through its OTU domain, then inhibiting caspase-8 activation (Jin et al., 2009; Lim et al., 2017) (Figure 2). Thus, in summary, A20 appears to have the ability to regulate apoptosis in either a catalytic and/or non-catalytic manner, targeting the function of A20 might therefore be of putative therapeutic value in many diseases.
[image: Figure 2]FIGURE 2 |  (A) In response to TNF stimulation, A20 is reported to inhibit apoptosis by the following mechanisms: ① A20 was shown to be recruited to the membrane-bound complex I, and bound to M1-Linked polyubiquitin chains of RIPK1 via its ZnF7 domain, thereby protecting the M1-Linked polyubiquitin chains from CYLD-mediated cleavage and repressing the complex I transitioning to a death-inducing cytosolic complex II; ② In absence of M1-Linked polyubiquitin chains, the ZnF4 and ZnF7 domains of A20 cooperate to bind to other types of ubiquitin chains associated to Complex I, potentially K63-Linked polyubiquitin chains, then protecting cells from apoptosis. (B) A20 can also inhibt apoptosis in the TRAIL signaling by the following mechanisms: ① A20 promote the formation of the K63-Linked polyubiquitin chains on RIPK1 through its ZnF4 domain, then RIPK1 being recruited to DISC, and inhibit the dimerization, cleavage of Caspase 8; ② A20 hydrolyze the cullin3-mediated K63-Linked polyubiquitin chains of Caspase-8, then inhibiting caspase-8 activation. (C) When Caspase 8 is inhibited, necroptosis can be triggered by DRs, which promote the recruitment of RIPK3 and MLKL to RIPK1 forming Necrosome. Subsequently, RIPK3 can phosphorylate MLKL, resulting in it translocate to the plasma membrane to assemble a pore-forming complex, promoting the release of DAMPs into the environment, thereby inducing necrptosis. A20 restrict the K63-Linked polyubiquitin chains of RIPK3 through its OTU domain, preventing the formation of Necrosome and inhibiting necroptosis.
A20 Promotes Apoptosis
Paradoxically, some studies also found that A20 can promote apoptosis in some cell types. Kool et al. reported that A20-deficient Dendritic cells were resistant to apoptosis, caused by upregulation of antiapoptotic proteins Bcl-2 and Bcl-x, which can be transcriptional regulated by NF-κB (Kool et al., 2011). A similar phenomenon was found in A20-deficient B cells and Nasopharyngeal Carcinoma cells (Tavares et al., 2010; Zheng et al., 2017; Fan et al., 2021). Another study suggested that elevated A20 can stabilize the ripoptosome and potentiate its apoptosis-inducing activity, thereby, promote the RIPK1-dependent apoptosis in intestinal epithelial cells (Garcia-Carbonell et al., 2018). Wang et al. also reported that Dot1L transcriptionally activates A20, contributing to RIPK1-dependent apoptosis after cerebral ischemia-reperfusion (Wang J et al., 2021). Recently, a new mechanism related to A20 promoting apoptosis was put forward. The study showed that A20 can repress the expression of its target gene cIAP1/2 through the canonical NF-κB signaling. The changes in cIAP1/2 protein levels promote NIK stabilization and subsequent activation of noncanonical NF-κB signaling. The activated noncanonical NF-κB signaling can further enhance the NIK stabilization in an autocrine manner. Finally, stabilized NIK promotes the formation of the ripoptosome and the execution of cell death (Feoktistova et al., 2020).
Taken together, we assume that A20 play the paradoxically role in apoptosis may be relevant to the different cell types. In addition, the speed at which the target genes respond to the stimulation is worth being paid more attention. But more research will be needed in the future to confirm this hypothesis.
A20 and Necroptosis
Necroptosis is a lytic, caspase-independent and calpain dependent form of PCD that can induce inflammatory response. Necroptosis is characterized by the formation of necrosome. Necroptosis shares upstream signaling elements with apoptosis, but the outcomes of apoptosis and necroptosis were significantly distinct (Linkermann and Green, 2014). Necroptosis can be triggered by DRs, which promote the recruitment of RIPK3 and mixed lineage kinase domain-like protein (MLKL) to RIPK1 forming RIPK1-RIPK3-MLKL signaling complex, which is also called necrosome. Subsequently, RIPK3 can phosphorylate MLKL, and phosphorylated MLKL translocate to the plasma membrane to assemble a pore-forming complex, promoting the release of danger-associated molecular patterns (DAMPs) into the environment, thereby inducing necrptosis (Jin et al., 2009). Of note, necroptosis appears to have evolved as a backup suicide mechanism, when caspase-8 is inhibited (Kaiser et al., 2011; Zhang et al., 2011). Studies show that melatonin can inhibit RIPK3-mediated microglial necroptosis by up-regulating the A20 expression after ICH (Lu et al., 2019). Studies also demonstrated that A20 was indispensable for regulating and controlling necroptosis after traumatic brain injury. They also found that A20 - silencing lead to aggressive necroptosis and attenuate the anti-necroptotic effects of necrostatin-1 and melatonin (Bao et al., 2019). Lysosomal degradation of A20 has been reported to be related to the necroptosis of endothelial cells in Alzheimer’s disease (Zou et al., 2020). Resveratrol can relieve chlorothalonil-induced necroptosis through up-regulation of A20 in fish kidney cells (Li et al., 2020). Taken together, these studies can be concluded that A20 can ameliorating different kinds of disease, not only by suppressing apoptosis, but also necroptosis. The underlying mechanism by which A20 regulating necroptosis may be related to that A20 can inactive RIPK3 by regulating the K63-Linked polyubiquitination modification of RIPK3, then suppressing necroptosis (Zhou et al., 2021). Onizawa et al. also found that A20 deficient T cells and fibroblasts are susceptible to caspase independent and RIPK3 dependent necroptosis, which is related to that A20 can restrict the K63-Linked polyubiquitination modification of RIPK3 through its deubiquitinating motif, preventing the formation of RIPK1-RIPK3 complexes and inhibiting necroptosis (Onizawa et al., 2015). Moreover, another study demonstrated that in the LPS/TLR signaling, A20 can prevent NLRP3 inflammasome activation by inhibiting RIPK1 kinase-dependent, RIPK3 - MLKL-mediated macrophage necroptosis, through its ZnF7 domain, and this process may be closely related to that A20 can stabilize M1-Linked ubiquition chains of RIPK1 by preventing its degradation by CYLD, which is also relevant for its function in repressing pyroptosis (Polykratis et al., 2019). Besides, it has been reported that A20 can inhibit necroptosis by affecting the activity of RIPK1 (Iorga et al., 2021; Wang Y et al., 2021) (Figures 2, 3). Taken together, there may be overlapping function of A20 in regulating necroptosis and apoptosis, as well as pyroptosis (see in the next section), which deserve being paid more attention to. The overlapping function of A20 in different pathways may have important implications for the treatment of chronic inflammatory diseases in the future.
[image: Figure 3]FIGURE 3 | In response to LPS stimulation, A20 is reported to inhibit pyroptosis by the following mechanisms: ① A20 inhibit pyroptosis through inhibiting NF-κB signaling, resulting in the down-regulation of NLRP3 and pro-IL-1β; ② A20 directly interact with the ubiquitylated pro-IL-1β complex, consisting of pro-Caspase-1, pro-Caspase-8, RIPK1 and RIPK3, and then inhibit the formation of RIPK3-dependent K63-Linked polyubiquitin chains of pro-IL-1β, and further repressing the conversion of pro-IL-1β to mature IL-1β; ③ A20 stabilize M1-Linked polyubiquitin chains of RIPK1 by preventing its CYLD-mediated degradation through its ZnF7 domain, then preventing NLRP3 inflammasome activation by inhibiting RIPK1-dependent, RIPK3-MLKL-mediated macrophage necroptosis; ④ A20 may limit necroptosis-induced NLRP3 inflammasome activation by suppressing the potassium efflux.
[image: Figure 4]FIGURE 4 | A20 can regulate autophagy by the following mechanisms: ① A20 remove the K63-Linked polyubiquitin chains of Beclin1 through its OTU domain; ② A20 affect the ubiquitination level of mTOR through its ZnF7 domain; ③ A20 interact with ATG16L1 to regulate autophagy.
A20 and Pyroptosis
Pyroptosis is another form of PCD that is dependent on NLRP3 inflammasomes. The process is accompanied by the release of numerous inflammatory cytokines and is therefore also known as “inflammatory necrosis” (Lamkanfi and Dixit, 2014). NLRP3 expression is upregulated by the upstream transcription factor, NF-κB. Subsequently, ASC and pro-caspase-1 proteins are recruited and assembled to form NLRP3 inflammasomes. This is followed by the activation of caspase-1, which in turn shears gasdermin D (GSDMD) to active GSDMD-N; the latter can induce pore formation and cause leakage of cellular contents such as IL-1β and IL-18 as well as the massive efflux of potassium ions, leading to cell swelling and lysis (Cao et al., 2021). In cerebral hemorrhage, the upregulation of A20 expression can inhibit RIPK3-mediated programmed cell death (Lu et al., 2019). In diseases such as osteoarthritis (Vande et al., 2014), endotoxic shock (Xue et al., 2019), diabetic nephropathy (Ding et al., 2021), Parkinson’s disease (Mouton-Liger et al., 2018), and neuroinflammation (Voet et al., 2018). A20 can inhibit pyroptosis by suppressing the activation of NLRP3 inflammasomes. Studies have found that A20 can inhibit pyroptosis through inhibiting NF-κB signaling, resulting in the down-regulation of NLRP3 and pro-IL-1β (Cornut et al., 2020; Lopez-Castejon, 2020). Nevertheless, some studies showed that blocking NF-κB cannot reverse the arthritic phenotype in A20-deficient mouse, suggesting that there might be another mechanism that concerning A20 regulation pyroptosis. The studies proposed that after LPS engagement, A20 can directly interact with the ubiquitylated pro-IL-1β complex, consisting of pro-caspase-1, pro-caspase-8, RIPK1 and RIPK3, which formed prior to assembly of the NLRP3 inflammasome, and then inhibit the formation of RIPK3-dependent K63-Linked ubiquitination chains of pro-IL-1β, and further repressing the conversion of pro-IL-1β to mature IL-1β (Vande et al., 2014; Duong et al., 2015). Moreover, another study demonstrated that A20 can prevent NLRP3 inflammasome activation by inhibiting RIPK1 kinase-dependent, RIPK3-MLKL-mediated macrophage necroptosis through its ZnF7 domain, and this process may be closely related to that A20 can stabilize M1-Linked ubiquition chains of RIPK1 by preventing its CYLD-mediated degradation by CYLD (Polykratis et al., 2019). Martens et al. also found that A20ZnF7/ZnF7 BMDMs showed significantly enhanced NLRP3 inflammasome mediated caspase-1 activation, pyroptosis and IL-1β and IL-18, they illustrated that the ZnF7 domain of A20 is very for preserving TNFR1 complex integrity, and for preventing cell death, inflammasome activation and inflammation. which reenforce the idea that A20 can utilize its ZnF7 domain to restrict the activation of NLRP3 inflammasome in macrophage (Vande et al., 2014; Martens et al., 2020). However, Razani et al. reported the exact opposite result. They found that despite increased LPS induced responses, A20ZnF7/ZnF7 macrophages failed to secrete IL-1β after stimulation with LPS alone, furthermore arthritis in A20ZnF7/ZnF7mice is not abrogated by NLRP3 inflammasome deficiency (Razani et al., 2020). We think that these contradictory results may be related to the following reasons: First, Razani et al. only utilized LPS stimulated the A20ZnF7/ZnF7 macrophages, but Martens et al. utilized LPS plus ATP, since extracellular ATP is indispensable in activating the NLRP3 inflammasome in the second signal, perhaps the use of ATP or not may make a difference, and Duong et al. also reported that LPS alone cannot stimulate A20−/−BMDM cells secrete additional IL-1β, in contrast, addition of ATP to these cells induced robust IL-1β secretion (Duong et al., 2015); Second, the ZnF4 domain may also play a synergistic role in the regulation of NLRP3 inflammasome activation, because A20ZF4ZF7/ZF4ZF7 macrophages displayed spontaneous NLRP3 inflammasome activity. But these are just our assumptions and have not been confirmed by more detailed experiments. Taken together, the link between ZnF7 domain of A20 and NLRP3 is controversial, more studies will be need to clarify the function of ZnF7, especially the coordinated function of ZnF7 and ZnF4. Studies also showed that RIPK3-MLKL necroptotic signaling can activate the NLRP3 inflammasome in a cell-intrinsic manner. They also demonstrated that oligomerization and association of MLKL with cellular membranes, and a reduction in intracellular potassium concentration may be linked to MLKL-induced necroptosis with NLRP3 activation (Munoz-Planillo et al., 2013; Conos et al., 2017), so we think that A20 may limits necroptosis-induced NLRP3 inflammasome activation by suppressing the potassium efflux, but more research will be required to fully confirm this hypothesis. In summary, A20 can regulate pyroptosis not only by inhibiting NF-κB-dependent NLRP3 and pro-IL-1β upregulation, but also by repressing the formation of RIPK3-dependent K63-Linked polyubiquitin chains of pro-IL-1β, and necroptosis-inducing NLRP3 inflammasome activation.
A20 and Autophagy
Autophagy is a cathepsin-dependent, and highly conserved process for the degradation of intracellular waste (Dikic and Elazar, 2018). Autophagy is divided into Atg5-Atg12-mediated and Beclin1-mediated pathways. The formation of autophagosomes possessing double-membrane vesicles is the most important mechanism for the occurrence of autophagy. Moreover, Beclin1 expression is positively correlated with autophagy levels. Studies have shown that A20 can inhibit TLR4-induced autophagy through its OTU structural domain by removing the K63-Linked polyubiquitin chain from the lysine residue 117 of Beclin1 (Shi and Kehrl, 2010). Vetters et al. showed that A20 can, through its ZnF7 structural domain, affect the ubiquitination level of mTOR and maintain the balance in the quantity of NK and CD4+ T cells in vivo (Matsuzawa et al., 2015; Vetters et al., 2019). Furthermore, A20 can maintain the stability of the intestinal epithelial barrier by interacting with ATG16L1, a key protein of autophagy (Slowicka et al., 2019). Under hypoxic conditions, A20 inhibits autophagy and thus osteoclastogenesis by affecting the level of TRAF6 ubiquitination (Yan et al., 2020). Moreover, in human ankylosing spondylitis, A20 induces early autophagy by stabilizing mTOR-interacting protein and attenuates the symptoms of the disease (Zhai et al., 2018). There are few studies on the regulation of autophagy by A20, more studies are needed to further determine how A20 affects the ubiquitination levels of mTOR and Beclin1. Moreover, the experiments that relevant to the overlapping function of A20 in regulating autophagy and inflammation, apoptosis, necroptosis, pyroptosis will be more more valuable.
CONCLUSION AND PERSPECTIVES
A20 was initially thought to be a major negative regulator of the NF-κB signaling pathway, and studies on A20 focused on its inhibitory effects on inflammatory responses and autoimmune diseases. In recent years, several studies have confirmed that A20 can not only regulate inflammatory responses, but also play a important in regulating cell death, like apoptosis, necroptosis, pyroptosis, autophagy. Among other mechanisms, it can affect the NF-κB signaling pathway in both catalytic and non-catalytic pathways, hydrolyze the polyubiquitin chain of caspase proteins, inhibit the expression of NLRP3 inflammasomes, and affect the ubiquitination levels of pro-IL-1β, mTOR, Beclin-1, and TRAF6 in both catalytic and noncatalytic pathways. However, it is worth noting that A20 may have different modes of action in different cell types. Therefore, more studies are needed to confirm the specificity of A20 sites of action, which could provide a theoretical basis for presenting A20 as a new target for disease therapy in the future.
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