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E3 ubiquitin ligases determine the substrate specificity and catalyze the ubiquitination of lysine residues. HUWE1 is a catalytic HECT domain-containing giant E3 ligase that contains a substrate-binding ring structure, and mediates the ubiquitination of more than 40 diverse substrates. HUWE1 serves as a central node in cellular stress responses, cell growth and death, signal transduction, etc. The expanding atlas of HUWE1 substrates presents a major challenge for the potential therapeutic application of HUWE1 in a particular disease. In addition, HUWE1 has been demonstrated to play contradictory roles in certain aspects of tumor progression in either an oncogenic or a tumor-suppressive manner. We recently defined novel roles of HUWE1 in promoting the activation of multiple inflammasomes. Inflammasome activation-mediated immune responses might lead to multifunctional effects on tumor therapy, inflammation, and autoimmune diseases. In this review, we summarize the known substrates and pleiotropic functions of HUWE1 in different types of cells and models, including its involvement in development, cancer, neuronal disorder and infectious disease. We also discuss the advances in cryo-EM-structural analysis for a functional-mechanistic understanding of HUWE1 in modulating the multitudinous diverse substrates, and introduce the possibility of revisiting the comprehensive roles of HUWE1 in multiple aspects within one microenvironment, which will shed light on the potential therapeutic application of targeting giant E3 ligases like HUWE1.
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Introduction

HUWE1 is a giant E3 ligase that functions as a central node in cellular stress responses, cell growth and apoptosis. HUWE1 is involved in signaling pathways, transcriptional regulation, neuronal differentiation, spermatogenesis, tumorigenesis, DNA damage responses, etc. Furthermore, the Huwe1 gene is located on the X chromosome and associated with X chromosome-linked intellectual disability. Recently, we defined HUWE1 as a master regulator of inflammasome activation and recognized its novel roles in the fields of inflammatory responses and infectious diseases. In this manuscript, we review the roles of HUWE1 in multiple aspects, discuss the controversial finding that HUWE1 can be considered either an oncogene or tumor suppressor, and present the challenges in therapeutic strategies targeting giant E3 ligases such as HUWE1.



Ubiquitination and E3 ligases

Ubiquitination is an evolutionarily conserved modification in which ubiquitin moieties are added to lysine residues of substrates in all eukaryotic organisms. The process of ubiquitination is mediated by three key enzymes: E1 ubiquitin-activating enzymes, E2 ubiquitin-conjugating enzymes and E3 ubiquitin ligases (Scheffner et al., 1995). The E3 ubiquitin ligase determines the substrate specificity and catalyzes the formation of isopeptide bonds between ubiquitin moieties and lysine residues of substrates. More than 600 E3 ubiquitin ligases are encoded by the human genome and are classified into three major categories: really interesting new gene (RING)-type, homologous with E6-associated protein C-terminus (HECT)-type, and RING-between-RING (RBR)-type (Berndsen and Wolberger, 2014). RING-type E3 ligases mediate ubiquitin transfer from E2 enzymes directly to the substrate. In contrast, HECT-type and RBR-type E3 ligases first transfer the ubiquitin moiety from the E2 enzyme to a catalytic cysteine on the E3 enzyme and then to the substrate (Morreale and Walden, 2016). Ubiquitination is one of the most important posttranslational modifications (PTMs) that mediates the degradation, intracellular localization and interaction of proteins. Ubiquitination plays major roles in regulating many cellular processes, such as cell division, cell differentiation, cell death, and signal transduction, which depend on the type of polyubiquitin chain (M1, K6, K11, K27, K29, K33, K48, or K63) (Tracz and Bialek, 2021). K48- and K11-linked polyubiquitin chains have been attributed to proteasome-mediated proteolysis of the substrate (Ravid and Hochstrasser, 2008). K63- and M1-linked polyubiquitin chains are involved in the processes of signaling and innate immune responses (Chen, 2012). K6-, K27-, K29-, and K33-linked polyubiquitin chains have rarely been investigated and mostly thought to modulate signaling, protein trafficking, DNA damage and innate immune responses (Akutsu et al., 2016).



HUWE1 is an X chromosome-linked giant E3 ligase

HECT, UBA and WWE domain-containing protein 1 (HUWE1), also called ARF-BP1, MULE, HECTH9, LASU1, and UREB1, is a large E3 ligase with 4374 aa in humans and 4378 aa in mice (Warr et al., 2005; Giles and Grill, 2020). HUWE1 was initially detected in a screen of large cDNA clones from the brain (Nagase et al., 1997), and full-length cDNA was identified and studied by five independent groups in 2005 (Adhikary et al., 2005; Chen et al., 2005; Liu et al., 2005; Yoon et al., 2005; Zhong et al., 2005). The HUWE1 protein is evolutionarily conserved across the animal kingdom from C. elegans to humans (Giles and Grill, 2020), and the identity of the HUWE1 protein sequence between humans and mice is more than 90% (Zhong et al., 2005). HUWE1 in humans contains four N-terminal armadillo repeat-like domains (ARLD1-4) and a C-terminal HECT ubiquitin ligase domain (Figure 1). A ubiquitin-associated domain, UBA; a WWE domain involved in ubiquitin-dependent proteolysis; and a BH3 domain responsible for protein-protein interactions are identified within ARLD1-4 (Zhong et al., 2005; Hunkeler et al., 2021). Recently, remarkable progress has been made in understanding the control of HECT ligase activity and substrate specificity of the HUWE1 protein. Due to its large size, the HUWE1 protein has been identified to mediate the ubiquitination of a multitude of diverse substrates through its giant substrate-binding ring structure, and this ring structure is highly dynamic. The ligase activity of the flexible C-terminal HECT domain is actually determined by its conformational change through dimerization of the C-terminal HECT domain or disruption of the dimer interface (Sander et al., 2017; Grabarczyk et al., 2021; Hunkeler et al., 2021). Furthermore, Huwe1 gene is located on the X chromosome and associated with X chromosome-linked intellectual disability. Recently, we defined HUWE1 as a master regulator of inflammasome activation. Next, we review the roles of HUWE1 in multiple aspects and discuss the challenges in therapeutic strategies targeting the substrate-selective activity of giant E3 ligases such as HUWE1.




Figure 1 | Schematic representation of full-length HUWE1 with functional domains and indicated boundaries. HUWE1 harbors a ring-shaped architecture composed of four armadillo repeat-like domains (ARLD1-4), and a flexible C-terminal HECT catalytic domain.





HUWE1 regulates the DNA damage response and apoptosis

Through a two-hybrid screen for proteins interacting with Cdc6, Hall et al. identified the HECT-family ubiquitin E3 ligase HUWE1, which directly interacted with Cdc6 and ubiquitinated Cdc6 for degradation in response to DNA damage. Of note, this was the first study that used the official gene name HUWE1 for the HECT, UBA and WWE domain containing 1 gene (Hall et al., 2007). In addition, the authors demonstrated conserved HUWE1-mediated degradation of Cdc6 in budding yeast. The HUWE1 ortholog TOM1 in yeast was also found to regulate Cdc6 degradation. This study indicated that HUWE1 acts as a tumor suppressor by mediating Cdc6 degradation and driving cell cycle arrest and apoptosis during the DNA damage response. Previously, Zhong et al. had also reported that HUWE1 (Mule, Mcl-1 ubiquitin ligase E3) mediated the proteasomal degradation of Mcl-1 and was required for DNA damage-induced apoptosis; combining these results, HUWE1 was considered to be a proapoptotic protein (Zhong et al., 2005). HUWE1 activity should be tightly regulated to shut down apoptosis induced by DNA damage, thus promoting the DNA damage repair process and cell survival. Indeed, the E3 ligase CUL4B was observed to interact with HUWE1 and ubiquitinate it for proteasomal degradation in response to DNA damage (Yi et al., 2015).

HUWE1 was reported to target and regulate the activity of chromosome-associated proteins such as histone proteins, H2AX, and histone modification proteins during the DNA damage response. HUWE1 mediates the ubiquitination and degradation of H2AX in normal cells in a quiescent state to maintain rapid H2AX turnover. H2AX is transiently stabilized and forms γH2AX foci upon DSB formation via the ATM kinase and SIRT6/SNF2H blocking HUWE1 activity (Atsumi et al., 2015). HUWE1 was also reported to interact with the important DNA replication factor PCNA and mediate H2AX monoubiquitination and phosphorylation to promote DNA damage repair signaling at stalled forks. Thus, HUWE1-deficient cells exhibited increased DNA breakage and genomic instability (Choe et al., 2016). Furthermore, HUWE1 was reported to prime ubiquitination of histone H1, which is an essential and important signaling intermediate in the UV-induced DNA damage response (Mandemaker et al., 2017). The histone acetyltransferase Myst2 is critical for the maintenance of pluripotency and self-renewal in embryonic stem cells, and the stability of Myst2 needs to be decreased for proper cell differentiation. HUWE1 was recently reported to be a novel ubiquitin ligase of Myst2 during embryonic stem cell development, and HUWE1-mediated ubiquitination of Myst2 was found to be blocked by Brpf3 overexpression (Cho et al., 2020). HUWE1 was demonstrated to modulate the DNA damage repair pathway by directly regulating DNA polymerase activity. DNA polymerase β is an important base excision repair (BER) enzyme for the removal of DNA lesions during the DNA damage response. ARF-BP1/Mule was identified to interact with polymerase β and catalyze its ubiquitination for degradation. Thus, ARF-deficient cells exhibit decreased DNA repair capacity and an increased probability of tumor development (Parsons et al., 2009). In addition, Mule was found to mediate proteasomal degradation of the DNA polymerase Pol 𝜆, which counteracted the phosphorylation of Pol 𝜆 involved in chromatin binding and oxidative DNA damage repair (Markkanen et al., 2012). Overall, these findings indicate that HUWE1-mediated proteasomal degradation of chromatin-binding proteins contributed significantly to the regulation of gene transcription and genome integrity.

The Chk1 kinase is one of the major cell cycle regulators that functions downstream of DNA damage repair signaling. HUWE1 can regulate the stability of Chk1, and HUWE1 knockdown was found to result in increased endogenous DNA damage and prolong the half-life of Chk1 (Cassidy et al., 2020). In addition, DNA damage-inducible transcript 4 (DDIT4) was identified to interact with HUWE1 and be ubiquitinated for degradation through quantitative diGly proteomics in control and HUWE1 knockdown cells (Thompson et al., 2014). In an ischemia-reperfusion model, proper expression of growth arrest and DNA damage-inducible protein 45 beta (Gadd45b) was found to be essential for recovery. Inhibition of HUWE1 by shRNA increased the expression of Gadd45b in neurons treated with oxygen-glucose deprivation (OGD) and reperfusion, and HUWE1 was proposed to interact with Gadd45b for its ubiquitination and degradation (He et al., 2015). In addition to mediating ubiquitination, HUWE1 was also reported to mediate DNA-PKcs neddylation, which contributed to its phosphorylation and repair activity in the DNA damage response (Guo et al., 2020b). In multiple myeloma (MM) models, increased HUWE1 expression was found to be associated with MM disease progression. HUWE1 contributed to tumor growth by promoting endogenous DNA damage repair, and targeting HUWE1 might be a potential therapeutic approach for MM (Kunz et al., 2020). Recently, through a genome-wide CRISP/Cas9 screening system, HUWE1 was identified among the top hits that correlated with cisplatin sensitivity. Deficiency of HUWE1 can result in an increased DNA damage response, dysfunctional apoptotic cell death, etc. Thus, HUWE1 has critical roles in modulating cisplatin sensitivity (Wenmaekers et al., 2021).



HUWE1 regulates cell proliferation and tumor development

The expression levels of HUWE1 are frequently higher in certain cancers, such as lung cancer and leukemia, than in the corresponding normal tissues. However, HUWE1 expression is reduced in glioblastoma and sarcoma (Confalonieri et al., 2009; Kao et al., 2018; Su et al., 2019). In fact, HUWE1 can act as either an oncogene or tumor suppressor depending on the type of cancer (Kao et al., 2018), and the association between HUWE1 expression and overall survival is not clear for most cancers (Su et al., 2019).

Ubiquitination is a dynamic modulation crucial for tumor-suppressing or tumor-promoting processes in various types of cancers through modulation of different substrates. Substrate specificity is achieved through E3 ligases, and a wide survey of E3 ligase dysregulation in cancer revealed HUWE1 as a significantly correlated prognostic factor. The well-known substrates of HUWE1 in tumor development are the Myc and p53 proteins. HUWE1 (named HectH9) was initially identified as a Myc-interacting protein by screening the interaction partners of Miz, a repressive Myc-interacting protein. HectH9 was reported to catalyze K63-linked polyubiquitination of Myc and function as an oncogene to mediate the transcriptional activation of a subset of Myc target genes to promote tumor cell proliferation (Adhikary et al., 2005). However, in prostate cancer cell lines, HUWE1 overexpression was found to inhibit cell proliferation, cell migration and explant growth, and c-Myc was downregulated in human prostate cancer (CaP) cells with high HUWE1 expression (Qu et al., 2018), suggesting that HUWE1 functioned as a tumor suppressor by negatively regulating c-Myc activity. In colorectal cancer, hUREB1 (HUWE1) was initially determined to inhibit the activity of p53 and promote tumor development. Furthermore, an inverse correlation between HUWE1 and p53 expression in colorectal carcinoma progression was identified, suggesting that HUWE1 mediated the ubiquitination and proteasomal degradation of p53, although the direct interaction between HUWE1 and p53 was not defined in that study (Yoon et al., 2005). In a study to identify ARF-mediated tumor suppressors, Chen et al. observed that the ARF-associated protein ARF-BP1 (HUWE1) directly bound and ubiquitinated p53, which reduced the stabilization of p53 (Chen et al., 2005). In B cells, ARF-BP1 (HUWE1) was found to mediate K48-linked polyubiquitination of p53 for its degradation and K63-linked polyubiquitination of Myc for its activation. Overexpression of Myc reversed the defects-induced by ARF-BP1 deficiency. The dynamic balance between p53 and Myc mediated by ARF-BP1 was essential for normal B cell maturation and lineage commitment (Qi et al., 2013). HUWE1 expression was downregulated in thyroid cancer samples compared with control samples. HUWE1 knockdown promoted cell proliferation, migration and invasion. In thyroid cancer, HUWE1 was found to function as a tumor suppressor by increasing p53 protein stabilization (Ma et al., 2016). The function of HUWE1 in tumor growth or inhibition rarely depends on the cell type and is mediated through different mechanisms. The expression of HUWE1 in multiple myeloma (MM) cells was increased compared with that in normal cells, and was significantly correlated with the expression of Myc. HUWE1 was reported to positively regulate the activity of Myc, possibly through metabolic regulation of intracellular glutamine homeostasis (Crawford et al., 2020), and Myc degradation might result from the lower level of glutamine in HUWE1-deficient cells. In addition, HUWE1 inhibition by the inhibitors BI8622 and BI8626 reduced the proliferation of MM cells, and HUWE1 inhibition promoted the antitumor effects of conventional MM therapies.

Mcl-1 is an anti-apoptotic Bcl-2 family member protein, and its degradation and elimination are essential and required for DNA damage-induced apoptosis. Zhong et al. identified MULE (HUWE1) as a BH3-containing E3 ubiquitin ligase. They further demonstrated that MULE directly bound to Mcl-1 at five lysine residues for its ubiquitination, and promoted its proteasomal degradation (Zhong et al., 2005). The interaction between HUWE1 and Mcl-1 was also defined through position weight matrix (PWM) analysis in a study to identify new members of the BH3-containing Bcl-2 family in HeLa cells. In this study, LASU1 (HUWE1) was found to bind to Mcl-1 and mediate its proteasomal degradation. The protein level of Mcl-1 was increased in the context of LASU1 depletion by siRNA knockdown (Warr et al., 2005). In addition, deficiency of Mule in B cells at steady state resulted in increased p53 accumulation, and Mule maintained p53 at a basal level to support B cell development and homeostasis. However, in response to genotoxic stress, the Mule protein interacted with phospho-ATM, and the protein levels of phospho-ATM, phospho-p53, and Brca1 in B cells were reduced in the absence of Mule, leading to an apoptosis resistance phenotype, suggesting that Mule maintained B cell homeostasis under both steady-state and stress conditions (Hao et al., 2012). In non-small-cell lung cancer development, HUWE1 was also found to target p53 for proteasomal degradation and control the development of cancer. The authors revealed that high expression of HUWE1 was associated with poor survival in lung cancer patients (Yang et al., 2018). Obesity and IL-6 increase the incidence of hepatocellular carcinoma development through Mcl-1 stabilization and apoptosis suppression. In obesity, the expression of HUWE1 was found to be suppressed, leading to stabilization of Mcl-1 independent of IL-6Ra signaling, which contributed to liver carcinogenesis (Gruber et al., 2013). In addition to modifying Mcl-1, MULE/HUWE1/ARF-BP1 was reported to abolish the interaction between c-Myc and Miz1. HUWE1 mediated K48-linked polyubiquitination of both c-Myc and Miz1 for degradation, which resulted in increased p21 and p15 levels to support cell cycle arrest and senescence. In addition, skin tumorigenesis in HUWE1-deficient mice was reversed by c-Myc deficiency, and the increased keratinocyte proliferation in Huwe1-deficient mice was reversed by Miz1 deficiency (Inoue et al., 2013). This study demonstrated that both c-Myc and Miz1 are direct targets of HUWE1 and that HUWE1 functions as a tumor suppressor. Moreover, Miz1 was found to be essential for topoisomerase II binding protein 1 (TopBP1) binding to chromatin and activating Atr-dependent signal transduction. Myc inhibited the interaction of TopBP1 with Miz1 and promoted HUWE1-mediated proteasomal degradation of TopBP1. Thus, HUWE1-mediated TopBP1 stability was determined to be important for the interaction between Miz1 and Myc for Atr checkpoint activity (Herold et al., 2008). In an intestinal tumor model with loss of the tumor suppressor gene Apc, HUWE1 deficiency resulted in increased Myc protein expression, accumulation of DNA damage and elevated Mcl-1 protein expression, which drove accelerated intestinal tumorigenesis. This study identified HUWE1 as functioning as a bona fide tumor suppressor by inhibiting tumor initiation (Myant et al., 2017).

In epigenetic regulation, Mule (HUWE1) was reported to target histone deacetylase 2 (HDAC2) for ubiquitination and proteasomal degradation. In HUWE1-deficient cells, increased HDAC2 impaired p53 acetylation and activity, leading to compromised DNA damage-induced apoptosis (Zhang et al., 2011). This study revealed HUWE1 as functioning as a critical tumor suppressor by modulating the cellular apoptotic response to HDAC inhibition and DNA damage. The clinical relevance of HUWE1 expression to ovarian cancer tumorigenesis was analyzed by using immunohistochemical staining with an anti-HUWE1 antibody and RNA analysis. A high expression level of HUWE1 was observed in the majority of tumors and was correlated with high mortality, suggesting that a high level of HUWE1 is a negative predictive and prognostic factor in ovarian cancer treated with chemotherapy (Podgorska et al., 2015). Mechanistically, Yang et al. demonstrated that HUWE1 promoted ovarian tumor growth through downregulation of H1.3 and upregulation of H19 expression by directly interacting with H1.3 and mediating its degradation, which sustained ovarian epithelial cell transformation and tumor growth without affecting cell survival and apoptosis (Yang et al., 2017). In addition, in B-cell lymphoma, ARF-BP1 (HUWE1) was identified to be a component of the multiprotein complex composed of HUWE1, ARF, p53, MYC and the multifunctional nuclear factor CTCF. HUWE1 mediated K48-linked polyubiquitination of CTCF for proteasomal degradation, which significantly regulated both the Myc proliferative and p53 apoptotic pathways (Qi et al., 2012).

Wnt signaling plays an important role in the development and homeostasis. The Dishevelled (Dvl) protein is a master regulator of upstream events in the Wnt pathway, and Dvl multimerization is thought to be critical for regulating Wnt signaling activity. HUWE1 and its homolog in C. elegans, EEL-1, were demonstrated to mediate Dvl ubiquitination and suppress Dvl multimerization and Wnt signaling (Page et al., 2007; De Groot et al., 2014). This study further showed the conserved role of HUWE1 in mediating the ubiquitination of proteins in the Wnt signaling pathway and provided evidence that K63-linked polyubiquitination suppresses multimerization, a finding that was different from the results of other studies showing that K63-linked ubiquitination mostly mediated the activation of signaling. MyoD is a master regulator of muscle development that activates a broad array of muscle-specific genes. HUWE1 was identified to interact with MyoD and contribute to its ubiquitination and degradation (Noy et al., 2012). BRCA1 is a tumor suppressor and plays important roles in the DNA damage response by modulating checkpoint activation and DNA repair. The protein level of BRCA1 is tightly regulated through a number of mechanisms. HUWE1 was reported to interact with BRCA1 and mediate its ubiquitination and degradation (Wang et al., 2014). In addition to affecting transcription factors and nuclear proteins, HUWE1 also modulates the activity of cell membrane proteins and receptors to influence carcinoma development. HUWE1 mediated the ubiquitination and degradation of the RAC activator TIAM1, which abolished cell-cell adhesion and promoted lung cancer cell invasion and dissemination (Vaughan et al., 2015). In tubulointerstitial fibrosis, opposite changes in HUWE1 and EGFR expression were found in the kidneys of unilateral ureteral obstruction (UUO) mice. Indeed, HUWE1 was observed to directly interact with EGFR, promote its ubiquitination and degradation, and prevent renal tubulointerstitial fibrosis (Zhu et al., 2020).

Mitochondrial metabolism is essential for modulating many processes linked to oncogenesis and has attracted considerable attention for the development of novel anticancer therapies (Porporato et al., 2018). The expression of HectH9 (HUWE1) has been associated with disease progression in prostate cancer. Recently, HectH9 was reported to mediate K63-linked polyubiquitination of HK2, leading to mitochondrial localization of HK2 and a tendency toward glycolysis. In addition, glucose deprivation caused apoptosis in the absence of HectH9, which inhibited tumor metabolism and cancer stem cell expansion (Lee et al., 2019). This was the first report to show that HectH9 regulates tumor cell pathogenesis by targeting metabolic pathways. Moreover, HUWE1 was found to regulate HIF-1α-dependent tumorigenesis. TiPARP is an ADP ribosyltransferase that forms nuclear condensates or nuclear bodies, which recruit both the oncogenic transcription factor HIF-1α and the E3 ubiquitin ligase HUWE1. HUWE1 was found to mediate the ubiquitination and degradation of HIF-1α to suppress tumorigenesis (Zhang et al., 2020). Under hypoxic conditions, HectH9 was found to mediate the K63-linked polyubiquitination and activation of HAUSP (USP7), and HIF-1α was subsequently deubiquitinated and stabilized to further promote EMT and metastasis. Indeed, coexpression of HectH9 and HIF-1α was identified as a prognostic marker in lung cancer cases (Wu et al., 2016). The balance of mitochondrial fission and fusion is a highly dynamic process for the maintenance of mitochondrial function. Mitochondrial outer membrane permeabilization (MOMP) and mitochondrial fragmentation are associated with cytochrome c release from mitochondria and apoptosis. Appropriate expression of dynamin-related protein (Drp1) and the outer mitochondrial membrane GTPase Mitofusin 2 (MFN2) are critical for the mitochondrial fission and fusion processes (Arnoult, 2007). Phosphorylation and degradation of MFN2 are essential for stress-induced mitochondrial fragmentation and activation of apoptotic pathways. Mechanistically, JNK activation regulates MFN2 phosphorylation at Ser27, and HUWE1 is in turn recruited to interact with MFN2 and mediate its degradation, which facilitates stress-induced mitochondrial fragmentation and apoptotic cell death (Leboucher et al., 2012). HUWE1 was also demonstrated to play important roles in modulating the mitochondrial damage-induced mitophagy pathway by ubiquitinating the MFN2 protein. Mitophagy is essential for the removal of damaged mitochondria, and the proautophagic molecule autophagy/beclin-1 regulator-1 (AMBRA1) functions as a critical regulator of mitophagy by inducing proteasomal degradation of MFN2. HUWE1 was identified as an AMBRA1-interacting protein by mass spectrometry (MS) analysis. HUWE1 is translocated to mitochondria upon mitophagy stimulation and mediates the ubiquitination of MFN2 for its degradation. In addition, HUWE1 can mediate AMBRA1 phosphorylation and mitophagy initiation (Di Rita et al., 2018). Mechanistically, AMBRA1-induced mitophagy is regulated via the HUWE1-mediated Mcl-1 pathway. Mcl-1 phosphorylation recruits HUWE1 to interact with AMBRA1 on the mitochondrial membrane. In turn, HUWE1 regulates Mcl-1 ubiquitylation and degradation in response to AMBRA1-mediated mitophagy initiation (Strappazzon et al., 2020). Regarding the mTORC1-regulated autophagy process, mTORC1 phosphorylates WIPI2 at Ser395. HUWE1 was identified to interact with phosphorylated WIPI2 and mediate its degradation. Thus, HUWE1 inhibition resulted in increased autophagy (Wan et al., 2018). This study demonstrated that phosphorylation is essential for ubiquitination. In addition to playing a role in autophagy regulation, HUWE1 is also required for the degradation of unassembled proteins. HUWE1 was identified to mediate the degradation of unassembled Ubl4A protein and form the unassembled soluble protein degradation (USPD) system involved in the cytosolic protein quality control network (Xu et al., 2016). Overall, these findings indicate that HUWE1 regulates multiple signaling pathways, mitochondrial function, autophagy, cell metabolism, cell cycle progression and DNA damage responses to control apoptosis and cell proliferation and is thus involved in tumorigenesis modulation from initiation to progression to metastasis (Gong et al., 2020).



HUWE1 promotes protein degradation during spermatogenesis and oocyte maturation

During spermatogenesis, histone proteins are degraded to permit chromatin condensation during spermatid elongation and maturation. E3histones (HUWE1) was initially identified as an E3 ligase that mediates the ubiquitination of histone H2A (Liu et al., 2005). Moreover, the expression of E3histones was found to be dynamically regulated over time within the testis during spermatogenesis, consistent with its function in histone ubiquitination and degradation involved in spermatid formation (Liu et al., 2007). During early embryonic development, siRNA-mediated knockdown of HUWE1 induced apoptotic cell death and inhibited normal embryonic development. Consistent with this finding, decreased HUWE1 staining in human embryos was found to be associated with poor embryo quality, suggesting that HUWE1 plays important roles in promoting embryonic development (Chen et al., 2016). Recently, an increasing number of mechanisms by which HUWE1 regulates germ cell development have been uncovered. HUWE1 deficiency in male germ cells was found to result in increased histone H2AX expression and an enhanced DNA damage response, which led to degeneration of spermatogonia and entry into meiosis (Bose et al., 2017; Fok et al., 2017). These studies collectively revealed that HUWE1 plays important roles in spermatogonial differentiation by orchestrating DNA damage responses. During oocyte maturation and preimplantation embryo development, oocyte-specific HUWE1 deletion was found to cause oocyte death and female infertility in mice, which were not rescued by p53 deletion, suggesting that another HUWE1 substrate might contribute to this pathway (Eisa et al., 2020).



HUWE1 is associated with intellectual disability and regulates neural development

A large body of literature has shown that HUWE1 copy number variations are linked with intellectual disability (Giles and Grill, 2020), and HUWE1 is considered a dosage-sensitive gene associated with this phenotype (Froyen et al., 2012). Next-generation exome sequencing revealed HUWE1 as an X-linked intellectual disability (XLID) gene commonly identified in individuals with Juberg-Marsidi or Brooks syndrome (Friez et al., 2016). The authors identified the same mutation in the HUWE1 gene in 2 XLID syndromes that were originally considered separate entities. In addition, more HUWE1 missense mutations and splice site variants were reported in a large cohort of patients with intellectual disability harboring HUWE1 variants, including in 14 females and 7 males (Moortgat et al., 2018). Recently, another novel splice site variant of the HUWE1 gene was also identified in Say-Meyer syndrome by exome sequencing (Muthusamy et al., 2020). To date, mutations have been identified broadly across the HUWE1 protein sequence, and the C-terminal HECT domain and the N-terminal DUF908 domain are two mutation hotspots (Giles and Grill, 2020). Overall, HUWE1 has been recognized as the most prominent candidate gene linked to multiple intellectual disability syndromes, although defining the functional roles of HUWE1 in the intelligence genotype-phenotype correlation remains challenging. Continued human genetic and clinical studies, along with studies of the mechanisms by which HUWE1 regulats neuronal function and development, need to be further explored.

HUWE1 is a conserved regulator of neural progenitor proliferation and differentiation, cell migration and axon development in both vertebrate and invertebrate in vivo model systems (Giles and Grill, 2020). HUWE1 was found to regulate the transition of mouse hippocampal stem cells from a proliferating state to quiescence. In hippocampal stem cells, HUWE1 was found to interact with Achaete-scute family bHLH transcription factor 1 (Ascl1) and mediate its degradation, which inhibited the accumulation of cyclin D proteins and cell proliferation. This study demonstrated that HUWE1 is an important regulator of the return of proliferating stem cells to a transient quiescent state, which is essential for long-term maintenance of stem cells (Urbán et al., 2016). The sonic hedgehog (SHH) transcription factor Atoh1 is important for the regulation of cerebellar granule neuron progenitor proliferation and differentiation. Phosphorylation of Atoh1 at S328 and S339 was found to be essential for its stability, and HUWE1 specifically interacted with phosphorylated Atoh1 and mediated its degradation. SHH signaling thus inhibited Atoh1 phosphorylation and protected Atoh1 from HUWE1-mediated degradation, which prevented neuronal differentiation. This study indicated that HUWE1 is an important regulator controlling the balance between the proliferation and differentiation of neuronal progenitors (Forget et al., 2014). Previous studies by Zhao et al. demonstrated that the HUWE1 substrate N-Myc contributes significantly to neural differentiation and proliferation. Precise regulation of N-Myc oncoprotein stability is essential for nervous system development and neuronal differentiation. HUWE1 was reported to interact with N-Myc and mediate its K48-linked polyubiquitination for degradation. Genetic deletion of the Huwe1 gene impaired neuronal differentiation, while silencing of the N-Myc gene in HUWE1-deleted cells restored cell cycle exit and differentiation (Zhao et al., 2008). Furthermore, HUWE1 was identified as a master regulator of the balance between proliferation and differentiation during brain development, and HUWE1 knockout was associated with glioblastoma (GBM). HUWE1 was found to negatively regulate the stability of N-Myc, and HUWE1 deficiency resulted in increased N-Myc protein accumulation in the brain, which induced DLL3 expression and Notch signaling activation. Thus, HUWE1 functions as a tumor suppressor to inhibit neuronal proliferation and promote neurogenesis (Zhao et al., 2009). In addition to directly modulating apoptosis-related protein activity, HUWE1 silencing reduced the apoptosis of cerebral cortical neurons in an ischemia-reperfusion model by modulating JNK and p38 activity (He et al., 2019). Overall, the function of HUWE1 in neural development is most likely to be promoting cell differentiation instead of proliferation, although how this function contributes to intellectual disability remains largely unknown.



HUWE1 mediates inflammasome activation and inflammatory responses

The regulation of NF-κB activation by ubiquitination has been extensively studied, and different types of polyubiquitin chains have been demonstrated to be critical for the regulation of NF-κB signaling activity. K48- and K63-linked chains are the two most abundant and best studied ubiquitin chain types in different steps of the NF-κB signaling pathway. Ohtake et al. reported that HUWE1 was able to mediate K48-K63 branched heterogeneous ubiquitin chains to TRAF6 to amplify NF-κB signaling in response to stimulation (Ohtake et al., 2016). Miz1 is a negative regulator of TNFα-induced JNK activation and apoptosis. HUWE1 was identified as a Miz-associated protein and was found to catalyze its K48-linked polyubiquitination for degradation in response to TNFα stimulation. Inhibition of HUWE1 resulted in decreased JNK activation and apoptotic cell death triggered by TNFα treatment (Yang et al., 2010). In sickle cell disease (SCD), loss of endothelial peroxisome proliferator-activated receptor γ (PPARγ) was found to reduce HUWE1 expression, and HUWE1 was identified to mediate the ubiquitination of p65 for degradation. Thus, overexpression and activation of PPARγ might have high potential for treating SCD-associated pulmonary hypertension through HUWE1-mediated downregulation of NF-κb signaling (Jang et al., 2021). Our recent study revealed that HUWE1 is a master regulator of the activation of multiple inflammasomes, including the NLRP3, AIM2, and NLRC4 inflammasomes. HUWE1 directly interacts with the receptors of NLRP3, AIM2, and NLRC4 and mediates K27-linked polyubiquitination to promote inflammasome assembly, which positively contributes to host defense against multiple kinds of bacterial infections (Guo et al., 2020a). This was the first study to show that HUWE1 mediates K27-linked ubiquitination, which contributes to signaling activation. Moreover, interestingly, HUWE1 was identified as a novel substrate of caspase-1 through the Sensing EndoPeptidase Activity via Release and recapture using flAnking Tag Epitopes (SEPARATE) technique (Román-Meléndez et al., 2020). Together, these studies indicate the complex modulatory relationship between HUWE1 activity and inflammasome activation. Type I interferon signaling and interferon-stimulated genes (ISGs) form a backbone of the innate immune system. ISG proteins are a heterogenous group and need to interact with other cellular proteins to achieve full activity. In addition to mediating inflammasome activation and NF-κB signaling, HUWE1 was also identified by ISGs affinity proteomics to interact with ISG proteins, suggesting that HUWE1 might play essential roles in the ISG network upon infection and stress stimulation (Hubel et al., 2019). In immune thrombocytopenic purpura (ITP) patients, HUWE1 expression in CD4+ T cells in peripheral blood was increased. HUWE1 was identified to interact with E26 transformation-specific-1 (Ets-1) and facilitate its ubiquitination and degradation, which inhibited the differentiation of Treg cells and induced the immune imbalance observed in ITP (Li et al., 2021). HUWE1 is considered a potential candidate contributor to X chromosome- and sex-linked susceptibility to infectious diseases (Schurz et al., 2019). Overall, these studies indicate that HUWE1 might play both positive and negative roles in the activation of inflammatory signaling in a context- and substrate-dependent manner. The reported substrates targeted by HUWE1 are summarized in Table 1.


Table 1 | Known Substrates of HUWE1.





HUWE1 activity regulation and perspectives

The giant E3 ligase HUWE1 has been shown to extensively regulate more than 40 substrates, including membrane-bound receptors, cytosolic receptors, mitochondria-localized proteins, autophagy regulators, nuclear transcription factors, and chromatin epigenetic regulators (Figure 2). Furthermore, HUWE1 exhibits ligase activity in multiple cell types, including epithelial cells, tumor cells, neural cells, stem cells, germ cells, and immune cells. In a specific type of cell under different conditions, HUWE1 needs to target appropriate substrates to perform its function. How the precise regulation of HUWE1 is achieved remains unclear. In addition, the expanding atlas of HUWE1 substrates poses a major challenge to the potential application of HUWE1 in disease therapeutics.




Figure 2 | Intracellular localization of HUWE1 substrates.



HUWE1 activity might be regulated at multiple levels, for example, by transcriptional, posttranscriptional, and posttranslational modifications. Mcl-1 and PP5 function as antiapoptotic proteins and play critical roles in controlling cell proliferation and tumor development. MDM2 was also reported to mediate HUWE1 degradation and in turn regulate the abundance of Mcl1 and PP5 to contribute to tumor cell drug resistance (Kurokawa et al., 2013). The expression of MDM2 and HUWE1 in breast cancer and liposarcoma was demonstrated to have an inverse association, indicating the important role of the MDM2/HUWE1 axis in cell death regulation regardless of p53 status (Canfield et al., 2016). In addition, HUWE1 stability was found to be regulated by the E3 ligase CUL4B in response to DNA damage (Yi et al., 2015).

The HECT domain of HUWE1 is the primary domain controlling its ligase activity and substrate specificity, and an N-terminal helix element significantly stabilizes HECT domain activity (Pandya et al., 2010). Crystal structure analysis of the HUWE1 C-terminus revealed that dimerization inhibits HUWE1 activity, and that disruption of the dimer interface releases this inhibition. This study demonstrated that a conformational switch regulates HUWE1 activity (Sander et al., 2017). Recently, cryo-EM structures of Nematocida and human full-length HUWE1 demonstrated that HUWE1 harbors a snake-like and giant substrate-binding ring, which is highly dynamic, enabling engagement with a multitude of diverse substrates for catalysis via the flexible HECT domain (Hunkeler et al., 2021; Grabarczyk et al., 2021). The HUWE1 protein has become an attractive potential therapeutic target for treating cancer and other diseases, and structural analysis will significantly advance the development of activity inhibitors with substrate-selective recruitment. Bicyclic peptides and ubiquitin variants have been found to be able to efficiently and selectively inhibit HECT ligase activity, and HECT domains have been demonstrated to be potentially druggable (Mund et al., 2014; Zhang et al., 2016). In colorectal carcinogenesis, Peter et al. identified two specific HUWE1 inhibitors, BI8622 and BI8626, using high-throughput screening; these inhibitors were efficient in inhibiting MYC activation in colon cancer cells but not in normal colon cells. Furthermore, stabilization of MIZ induced by HUWE1 inhibition was found to result in suppression of MYC target gene expression (Peter et al., 2014). This study notably showed that the HUWE1 inhibitors BI8622 and BI8626 have prominent effects on the specific inhibition of HUWE1 activity and therapeutic potency. In addition, our study proved the inhibitory activity of BI8622 and BI8626 against HUWE1 in the inflammasome activation pathway and the potential therapeutic applications of BI8622 and BI8626 in treating inflammatory diseases (Guo et al., 2020a). Very recently, HUWE1 was demonstrated to target transferrin receptor 1 (TfR1) for degradation and inhibit ferroptosis in hepatocytes (Wu et al., 2022). Despite the significant advances achieved in identifying HUWE1 targets, our current understanding of HUWE1 activity regulation, particularly the temporal and spatial modulation of HUWE1 activation, is limited. Several important questions need to be examined in the future. The interplay and cross talk of the intrinsic functions of HUWE1 in immune cells and nonimmune cells in a particular disease model and the contribution of HUWE1-mediated immune responses to disease outcomes need to be carefully addressed. The essential differences and relationship among the substrates of HUWE1, together with the regulation of HUWE1 activity also deserve further exploration for potential therapeutic application.



Author contributions

LQ, XX, and XQ conceived the review and wrote the paper. All authors contributed to the article and approved the submitted version.



Funding

Studies in our lab are supported by the National Natural Science Foundation of China (82125021, 31970896, and 82072255).



Acknowledgments

The authors apologize to investigators whose contributions were not cited more extensively because of space limitations.



References

 Adhikary, S., Marinoni, F., Hock, A., Hulleman, E., Popov, N., Beier, R., et al. (2005). The ubiquitin ligase HectH9 regulates transcriptional activation by myc and is essential for tumor cell proliferation. Cell 123, 409–421. doi: 10.1016/j.cell.2005.08.016

 Akutsu, M., Dikic, I., and Bremm, A. (2016). Ubiquitin chain diversity at a glance. J. Cell Sci. 129, 875–880. doi: 10.1242/jcs.183954

 Arnoult, D. (2007). Mitochondrial fragmentation in apoptosis. Trends Cell Biol. 17, 6–12. doi: 10.1016/j.tcb.2006.11.001

 Atsumi, Y., Minakawa, Y., Ono, M., Dobashi, S., Shinohe, K., Shinohara, A., et al. (2015). ATM And SIRT6/SNF2H mediate transient H2AX stabilization when DSBs form by blocking HUWE1 to allow efficient γH2AX foci formation. Cell Rep. 13, 2728–2740. doi: 10.1016/j.celrep.2015.11.054

 Berndsen, C. E., and Wolberger, C. (2014). New insights into ubiquitin E3 ligase mechanism. Nat. Struct. Mol. Biol. 21, 301–307. doi: 10.1038/nsmb.2780

 Bose, R., Sheng, K., Moawad, A. R., Manku, G., O'flaherty, C., Taketo, T., et al. (2017). Ubiquitin ligase Huwe1 modulates spermatogenesis by regulating spermatogonial differentiation and entry into meiosis. Sci. Rep. 7, 17759. doi: 10.1038/s41598-017-17902-0

 Canfield, K., Wells, W., Geradts, J., Kinlaw, W. B., Cheng, C., and Kurokawa, M. (2016). Inverse association between MDM2 and HUWE1 protein expression levels in human breast cancer and liposarcoma. Int. J. Clin. Exp. Pathol. 9, 6342–6349.

 Cassidy, K. B., Bang, S., Kurokawa, M., and Gerber, S. A. (2020). Direct regulation of Chk1 protein stability by E3 ubiquitin ligase HUWE1. FEBS J. 287, 1985–1999. doi: 10.1111/febs.15132

 Chen, Z. J. (2012). Ubiquitination in signaling to and activation of IKK. Immunol. Rev. 246, 95–106. doi: 10.1111/j.1600-065X.2012.01108.x

 Chen, D., Kon, N., Li, M., Zhang, W., Qin, J., and Gu, W. (2005). ARF-BP1/Mule is a critical mediator of the ARF tumor suppressor. Cell 121, 1071–1083. doi: 10.1016/j.cell.2005.03.037

 Chen, L. J., Xu, W. M., Yang, M., Wang, K., Chen, Y., Huang, X. J., et al. (2016). HUWE1 plays important role in mouse preimplantation embryo development and the dysregulation is associated with poor embryo development in humans. Sci. Rep. 6, 37928. doi: 10.1038/srep37928

 Choe, K. N., Nicolae, C. M., Constantin, D., Imamura Kawasawa, Y., Delgado-Diaz, M. R., De, S., et al. (2016). HUWE1 interacts with PCNA to alleviate replication stress. EMBO Rep. 17, 874–886. doi: 10.15252/embr.201541685

 Cho, H. I., Kim, M. S., Lee, J., Yoo, B. C., Kim, K. H., Choe, K. M., et al. (2020). BRPF3-HUWE1-mediated regulation of MYST2 is required for differentiation and cell-cycle progression in embryonic stem cells. Cell Death Differ. 27, 3273–3288. doi: 10.1038/s41418-020-0577-1

 Confalonieri, S., Quarto, M., Goisis, G., Nuciforo, P., Donzelli, M., Jodice, G., et al. (2009). Alterations of ubiquitin ligases in human cancer and their association with the natural history of the tumor. Oncogene 28, 2959–2968. doi: 10.1038/onc.2009.156

 Crawford, L. J., Campbell, D. C., Morgan, J. J., Lawson, M. A., Down, J. M., Chauhan, D., et al. (2020). The E3 ligase HUWE1 inhibition as a therapeutic strategy to target MYC in multiple myeloma. Oncogene 39, 5001–5014. doi: 10.1038/s41388-020-1345-x

 De Groot, R. E., Ganji, R. S., Bernatik, O., Lloyd-Lewis, B., Seipel, K., Šedová, K., et al. (2014). Huwe1-mediated ubiquitylation of dishevelled defines a negative feedback loop in the wnt signaling pathway. Sci. Signal 7, ra26. doi: 10.1126/scisignal.2004985

 Di Rita, A., Peschiaroli, A., Acunzo, P. D., Strobbe, D., Hu, Z., Gruber, J., et al. (2018). HUWE1 E3 ligase promotes PINK1/PARKIN-independent mitophagy by regulating AMBRA1 activation via IKKα. Nat. Commun. 9, 3755. doi: 10.1038/s41467-018-05722-3

 Eisa, A. A., Bang, S., Crawford, K. J., Murphy, E. M., Feng, W. W., Dey, S., et al. (2020). X-Linked Huwe1 is essential for oocyte maturation and preimplantation embryo development. iScience 23, 101523. doi: 10.1016/j.isci.2020.101523

 Fok, K. L., Bose, R., Sheng, K., Chang, C. W., Katz-Egorov, M., Culty, M., et al. (2017). Huwe1 regulates the establishment and maintenance of spermatogonia by suppressing DNA damage response. Endocrinology 158, 4000–4016. doi: 10.1210/en.2017-00396

 Forget, A., Bihannic, L., Cigna, S. M., Lefevre, C., Remke, M., Barnat, M., et al. (2014). Shh signaling protects Atoh1 from degradation mediated by the E3 ubiquitin ligase Huwe1 in neural precursors. Dev. Cell 29, 649–661. doi: 10.1016/j.devcel.2014.05.014

 Friez, M. J., Brooks, S. S., Stevenson, R. E., Field, M., Basehore, M. J., Adès, L. C., et al. (2016). HUWE1 mutations in juberg-marsidi and brooks syndromes: the results of an X-chromosome exome sequencing study. BMJ Open 6, e009537. doi: 10.1136/bmjopen-2015-009537

 Froyen, G., Belet, S., Martinez, F., Santos-Rebouças, C. B., Declercq, M., Verbeeck, J., et al. (2012). Copy-number gains of HUWE1 due to replication- and recombination-based rearrangements. Am. J. Hum. Genet. 91, 252–264. doi: 10.1016/j.ajhg.2012.06.010

 Giles, A. C., and Grill, B. (2020). Roles of the HUWE1 ubiquitin ligase in nervous system development, function and disease. Neural Dev. 15, 6. doi: 10.1186/s13064-020-00143-9

 Gong, X., Du, D., Deng, Y., Zhou, Y., Sun, L., and Yuan, S. (2020). The structure and regulation of the E3 ubiquitin ligase HUWE1 and its biological functions in cancer. Invest. New Drugs 38, 515–524. doi: 10.1007/s10637-020-00894-6

 Grabarczyk, D. B., Petrova, O. A., Deszcz, L., Kurzbauer, R., Murphy, P., Ahel, J., et al. (2021). HUWE1 employs a giant substrate-binding ring to feed and regulate its HECT E3 domain. Nat. Chem. Biol. 17, 1084–1092. doi: 10.1038/s41589-021-00831-5

 Gruber, S., Straub, B. K., Ackermann, P. J., Wunderlich, C. M., Mauer, J., Seeger, J. M., et al. (2013). Obesity promotes liver carcinogenesis via mcl-1 stabilization independent of IL-6Rα signaling. Cell Rep. 4, 669–680. doi: 10.1016/j.celrep.2013.07.023

 Guo, Y., Li, L., Xu, T., Guo, X., Wang, C., Li, Y., et al. (2020a). HUWE1 mediates inflammasome activation and promotes host defense against bacterial infection. J. Clin. Invest. 130, 6301–6316. doi: 10.1172/JCI138234

 Guo, Z., Wang, S., Xie, Y., Han, Y., Hu, S., Guan, H., et al. (2020b). HUWE1-dependent DNA-PKcs neddylation modulates its autophosphorylation in DNA damage response. Cell Death Dis. 11, 400. doi: 10.1038/s41419-020-2611-0

 Hall, J. R., Kow, E., Nevis, K. R., Lu, C. K., Luce, K. S., Zhong, Q., et al. (2007). Cdc6 stability is regulated by the Huwe1 ubiquitin ligase after DNA damage. Mol. Biol. Cell 18, 3340–3350. doi: 10.1091/mbc.e07-02-0173

 Hao, Z., Duncan, G. S., Su, Y.-W., Li, W. Y., Silvester, J., Hong, C., et al. (2012). The E3 ubiquitin ligase mule acts through the ATM–p53 axis to maintain b lymphocyte homeostasis. J. Exp. Med. 209, 173–186. doi: 10.1084/jem.20111363

 Herold, S., Hock, A., Herkert, B., Berns, K., Mullenders, J., Beijersbergen, R., et al. (2008). Miz1 and HectH9 regulate the stability of the checkpoint protein, TopBP1. EMBO J. 27, 2851–2861. doi: 10.1038/emboj.2008.200

 He, G.-Q., Xu, W.-M., Liao, H.-J., Jiang, C., Li, C.-Q., and Zhang, W. (2019). Silencing Huwe1 reduces apoptosis of cortical neurons exposed to oxygen-glucose deprivation and reperfusion. Neural Regen. Res. 14, 1977–1985. doi: 10.4103/1673-5374.259620

 He, G. Q., Xu, W. M., Li, J. F., Li, S. S., Liu, B., Tan, X. D., et al. (2015). Huwe1 interacts with Gadd45b under oxygen-glucose deprivation and reperfusion injury in primary rat cortical neuronal cells. Mol. Brain 8, 88. doi: 10.1186/s13041-015-0178-y

 Hubel, P., Urban, C., Bergant, V., Schneider, W. M., Knauer, B., Stukalov, A., et al. (2019). A protein-interaction network of interferon-stimulated genes extends the innate immune system landscape. Nat. Immunol. 20, 493–502. doi: 10.1038/s41590-019-0323-3

 Hunkeler, M., Jin, C. Y., Ma, M. W., Overwijn, D., Monda, J. K., Bennett, E. J., et al. (2020). Solenoid architecture of HUWE1 contributes to ligase activity and substrate recognition. Molecular Cell 811, 3468–3480.e7. doi: 10.1016/j.molcel.2021.06.032

 Inoue, S., Hao, Z., Elia, A. J., Cescon, D., Zhou, L., Silvester, J., et al. (2013). Mule/Huwe1/Arf-BP1 suppresses ras-driven tumorigenesis by preventing c-Myc/Miz1-mediated down-regulation of p21 and p15. Genes Dev. 27, 1101–1114. doi: 10.1101/gad.214577.113

 Jang, A. J., Chang, S. S., Park, C., Lee, C.-M., Benza, R. L., Passineau, M. J., et al. (2021). PPARγ increases HUWE1 to attenuate NF-κB/p65 and sickle cell disease with pulmonary hypertension. Blood Adv. 5, 399–413. doi: 10.1182/bloodadvances.2020002754

 Kao, S.-H., Wu, H.-T., and Wu, K.-J. (2018). Ubiquitination by HUWE1 in tumorigenesis and beyond. J. Biomed. Sci. 25, 67. doi: 10.1186/s12929-018-0470-0

 Kunz, V., Bommert, K. S., Kruk, J., Schwinning, D., Chatterjee, M., Stühmer, T., et al. (2020). Targeting of the E3 ubiquitin-protein ligase HUWE1 impairs DNA repair capacity and tumor growth in preclinical multiple myeloma models. Sci. Rep. 10, 18419. doi: 10.1038/s41598-020-75499-3

 Kurokawa, M., Kim, J., Geradts, J., Matsuura, K., Liu, L., Ran, X., et al. (2013). A network of substrates of the E3 ubiquitin ligases MDM2 and HUWE1 control apoptosis independently of p53. Sci. Signal 6, ra32. doi: 10.1126/scisignal.2003741

 Leboucher, G. P., Tsai, Y. C., Yang, M., Shaw, K. C., Zhou, M., Veenstra, T. D., et al. (2012). Stress-induced phosphorylation and proteasomal degradation of mitofusin 2 facilitates mitochondrial fragmentation and apoptosis. Mol. Cell 47, 547–557. doi: 10.1016/j.molcel.2012.05.041

 Lee, H. J., Li, C. F., Ruan, D., He, J., Montal, E. D., Lorenz, S., et al. (2019). Non-proteolytic ubiquitination of hexokinase 2 by HectH9 controls tumor metabolism and cancer stem cell expansion. Nat. Commun. 10, 2625. doi: 10.1038/s41467-019-10374-y

 Liu, Z., Miao, D., Xia, Q., Hermo, L., and Wing, S. S. (2007). Regulated expression of the ubiquitin protein ligase, E3Histone/LASU1/Mule/ARF-BP1/HUWE1, during spermatogenesis. Dev. Dyn. 236, 2889–2898. doi: 10.1002/dvdy.21302

 Liu, Z., Oughtred, R., and Wing, S. S. (2005). Characterization of E3Histone, a novel testis ubiquitin protein ligase which ubiquitinates histones. Mol. Cell. Biol. 25, 2819–2831. doi: 10.1128/MCB.25.7.2819-2831.2005

 Li, J., Xia, Y., Fan, X., Wu, X., Yang, F., Hu, S., et al. (2021). HUWE1 causes an immune imbalance in immune thrombocytopenic purpura by reducing the number and function of treg cells through the ubiquitination degradation of ets-1. Front. Cell Dev. Biol. 9. doi: 10.3389/fcell.2021.708562

 Mandemaker, I. K., Van Cuijk, L., Janssens, R. C., Lans, H., Bezstarosti, K., Hoeijmakers, J. H., et al. (2017). DNA Damage-induced histone H1 ubiquitylation is mediated by HUWE1 and stimulates the RNF8-RNF168 pathway. Sci. Rep. 7, 15353. doi: 10.1038/s41598-017-15194-y

 Markkanen, E., Van Loon, B., Ferrari, E., Parsons, J. L., Dianov, G. L., and Hübscher, U. (2012). Regulation of oxidative DNA damage repair by DNA polymerase λ and MutYH by cross-talk of phosphorylation and ubiquitination. Proc. Natl. Acad. Sci. 109, 437–442. doi: 10.1073/pnas.1110449109

 Ma, W., Zhao, P., Zang, L., Zhang, K., Liao, H., and Hu, Z. (2016). Tumour suppressive function of HUWE1 in thyroid cancer. J. Biosci. 41, 395–405. doi: 10.1007/s12038-016-9623-z

 Moortgat, S., Berland, S., Aukrust, I., Maystadt, I., Baker, L., Benoit, V., et al. (2018). HUWE1 variants cause dominant X-linked intellectual disability: a clinical study of 21 patients. Eur. J. Hum. Genet. 26, 64–74. doi: 10.1038/s41431-017-0038-6

 Morreale, F. E., and Walden, H. (2016). Types of ubiquitin ligases. Cell 165, 248–248.e241. doi: 10.1016/j.cell.2016.03.003

 Mund, T., Lewis, M. J., Maslen, S., and Pelham, H. R. (2014). Peptide and small molecule inhibitors of HECT-type ubiquitin ligases. Proc. Natl. Acad. Sci. U.S.A. 111, 16736–16741. doi: 10.1073/pnas.1412152111

 Muthusamy, B., Nguyen, T. T., Bandari, A. K., Basheer, S., Selvan, L. D. N., Chandel, D., et al. (2020). Exome sequencing reveals a novel splice site variant in HUWE1 gene in patients with suspected say-Meyer syndrome. Eur. J. Med. Genet. 63, 103635. doi: 10.1016/j.ejmg.2019.02.007

 Myant, K. B., Cammareri, P., Hodder, M. C., Wills, J., Von Kriegsheim, A., Győrffy, B., et al. (2017). HUWE1 is a critical colonic tumour suppressor gene that prevents MYC signalling, DNA damage accumulation and tumour initiation. EMBO Mol. Med. 9, 181–197. doi: 10.15252/emmm.201606684

 Nagase, T., Ishikawa, K., Nakajima, D., Ohira, M., Seki, N., Miyajima, N., et al. (1997). Prediction of the coding sequences of unidentified human genes. VII. the complete sequences of 100 new cDNA clones from brain which can code for large proteins in vitro. DNA Res. 4, 141–150. doi: 10.1093/dnares/4.2.141

 Noy, T., Suad, O., Taglicht, D., and Ciechanover, A. (2012). HUWE1 ubiquitinates MyoD and targets it for proteasomal degradation. Biochem. Biophys. Res. Commun. 418, 408–413. doi: 10.1016/j.bbrc.2012.01.045

 Ohtake, F., Saeki, Y., Ishido, S., Kanno, J., and Tanaka, K. (2016). The K48-K63 branched ubiquitin chain regulates NF-κB signaling. Mol. Cell 64, 251–266. doi: 10.1016/j.molcel.2016.09.014

 Page, B. D., Diede, S. J., Tenlen, J. R., and Ferguson, E. L. (2007). EEL-1, a hect E3 ubiquitin ligase, controls asymmetry and persistence of the SKN-1 transcription factor in the early c. elegans embryo. Development 134, 2303–2314. doi: 10.1242/dev.02855

 Pandya, R. K., Partridge, J. R., Love, K. R., Schwartz, T. U., and Ploegh, H. L. (2010). A structural element within the HUWE1 HECT domain modulates self-ubiquitination and substrate ubiquitination activities. J. Biol. Chem. 285, 5664–5673. doi: 10.1074/jbc.M109.051805

 Parsons, J. L., Tait, P. S., Finch, D., Dianova, I. I., Edelmann, M. J., Khoronenkova, S. V., et al. (2009). Ubiquitin ligase ARF-BP1/Mule modulates base excision repair. EMBO J. 28, 3207–3215. doi: 10.1038/emboj.2009.243

 Peter, S., Bultinck, J., Myant, K., Jaenicke, L. A., Walz, S., Müller, J., et al. (2014). Tumor cell-specific inhibition of MYC function using small molecule inhibitors of the HUWE1 ubiquitin ligase. EMBO Mol. Med. 6, 1525–1541. doi: 10.15252/emmm.201403927

 Podgorska, A., Rembiszewska, A., Szafron, L., Konopka, B., Lukasik, M., Budzilowska, A., et al. (2015). 448 clinical significance of HUWE1 expression in ovarian cancer. Eur. J. Cancer 51, S94. doi: 10.1016/S0959-8049(16)30282-9

 Porporato, P. E., Filigheddu, N., Pedro, J.M.B.-S., Kroemer, G., and Galluzzi, L. (2018). Mitochondrial metabolism and cancer. Cell Res. 28, 265–280. doi: 10.1038/cr.2017.155

 Qi, C.-F., Kim, Y.-S., Xiang, S., Abdullaev, Z., Torrey, T. A., Janz, S., et al. (2012). Characterization of ARF-BP1/HUWE1 interactions with CTCF, MYC, ARF and p53 in MYC-driven b cell neoplasms. Int. J. Mol. Sci. 13, 6204–6219. doi: 10.3390/ijms13056204

 Qi, C.-F., Zhang, R., Sun, J., Li, Z., Shin, D.-M., Wang, H., et al. (2013). Homeostatic defects in b cells deficient in the E3 ubiquitin ligase ARF-BP1 are restored by enhanced expression of MYC. Leuk. Res. 37, 1680–1689. doi: 10.1016/j.leukres.2013.09.009

 Qu, H., Liu, H., Jin, Y., Cui, Z., and Han, G. (2018). HUWE1 upregulation has tumor suppressive effect in human prostate cancer cell lines through c-myc. Biomed. Pharmacother. 106, 309–315. doi: 10.1016/j.biopha.2018.06.058

 Ravid, T., and Hochstrasser, M. (2008). Diversity of degradation signals in the ubiquitin–proteasome system. Nat. Rev. Mol. Cell Biol. 9, 679–689. doi: 10.1038/nrm2468

 Román-Meléndez, G. D., Venkataraman, T., Monaco, D. R., and Larman, H. B. (2020). Protease activity profiling via programmable phage display of comprehensive proteome-scale peptide libraries. Cell Syst. 11, 375–381.e374. doi: 10.1016/j.cels.2020.08.013

 Sander, B., Xu, W., Eilers, M., Popov, N., and Lorenz, S. (2017). A conformational switch regulates the ubiquitin ligase HUWE1. eLife 6, e21036. doi: 10.7554/eLife.21036.032

 Scheffner, M., Nuber, U., and Huibregtse, J. M. (1995). Protein ubiquitination involving an E1-E2-E3 enzyme ubiquitin thioester cascade. Nature 373, 81–83. doi: 10.1038/373081a0

 Schurz, H., Salie, M., Tromp, G., Hoal, E. G., Kinnear, C. J., and Möller, M. (2019). The X chromosome and sex-specific effects in infectious disease susceptibility. Hum. Genomics 13, 2. doi: 10.1186/s40246-018-0185-z.

 Strappazzon, F., Di Rita, A., Peschiaroli, A., Leoncini, P. P., Locatelli, F., Melino, G., et al. (2020). HUWE1 controls MCL1 stability to unleash AMBRA1-induced mitophagy. Cell Death Differ. 27, 1155–1168. doi: 10.1038/s41418-019-0404-8

 Su, C., Wang, T., Zhao, J., Cheng, J., and Hou, J. (2019). Meta−analysis of gene expression alterations and clinical significance of the HECT domain−containing ubiquitin ligase HUWE1 in cancer. Oncol. Lett. 18, 2292–2303. doi: 10.3892/ol.2019.10579

 Thompson, J. W., Nagel, J., Hoving, S., Gerrits, B., Bauer, A., Thomas, J. R., et al. (2014). Quantitative lys-ϵ-Gly-Gly (diGly) proteomics coupled with inducible RNAi reveals ubiquitin-mediated proteolysis of DNA damage-inducible transcript 4 (DDIT4) by the E3 ligase HUWE1. J. Biol. Chem. 289, 28942–28955. doi: 10.1074/jbc.M114.573352

 Tracz, M., and Bialek, W. (2021). Beyond K48 and K63: non-canonical protein ubiquitination. Cell. Mol. Biol. Lett. 26, 1. doi: 10.1186/s11658-020-00245-6

 Urbán, N., Van Den Berg, D. L., Forget, A., Andersen, J., Demmers, J. A., Hunt, C., et al. (2016). Return to quiescence of mouse neural stem cells by degradation of a proactivation protein. Science 353, 292–295. doi: 10.1126/science.aaf4802

 Vaughan, L., Tan, C.-T., Chapman, A., Nonaka, D., Mack, N. A., Smith, D., et al. (2015). HUWE1 ubiquitylates and degrades the RAC activator TIAM1 promoting cell-cell adhesion disassembly, migration, and invasion. Cell Rep. 10, 88–102. doi: 10.1016/j.celrep.2014.12.012

 Wang, X., Lu, G., Li, L., Yi, J., Yan, K., Wang, Y., et al. (2014). HUWE1 interacts with BRCA1 and promotes its degradation in the ubiquitin-proteasome pathway. Biochem. Biophys. Res. Commun. 444, 290–295. doi: 10.1016/j.bbrc.2013.12.053

 Wan, W., You, Z., Zhou, L., Xu, Y., Peng, C., Zhou, T., et al. (2018). mTORC1-regulated and HUWE1-mediated WIPI2 degradation controls autophagy flux. Mol. Cell 72, 303–315.e306. doi: 10.1016/j.molcel.2018.09.017

 Warr, M. R., Acoca, S., Liu, Z., Germain, M., Watson, M., Blanchette, M., et al. (2005). BH3-ligand regulates access of MCL-1 to its E3 ligase. FEBS Lett. 579, 5603–5608. doi: 10.1016/j.febslet.2005.09.028

 Wenmaekers, S., Viergever, B. J., Kumar, G., Kranenburg, O., Black, P. C., Daugaard, M., et al. (2021). A potential role for HUWE1 in modulating cisplatin sensitivity. Cells 10, 1262. doi: 10.3390/cells10051262

 Wu, Y., Jiao, H., Yue, Y., He, K., Jin, Y., Zhang, J., et al (2022). Ubiquitin ligase E3 HUWE1/MULE targets transferrin receptor for degradation and suppresses ferroptosis in acute liver injury. Cell Death Differ. doi: 10.1038/s41418-022-00957-6

 Wu, H. T., Kuo, Y. C., Hung, J. J., Huang, C. H., Chen, W. Y., Chou, T. Y., et al. (2016). K63-polyubiquitinated HAUSP deubiquitinates HIF-1α and dictates H3K56 acetylation promoting hypoxia-induced tumour progression. Nat. Commun. 7, 13644. doi: 10.1038/ncomms13644

 Xu, Y., Anderson, D. E., and Ye, Y. (2016). The HECT domain ubiquitin ligase HUWE1 targets unassembled soluble proteins for degradation. Cell Discovery 2, 16040. doi: 10.1038/celldisc.2016.40

 Yang, D., Cheng, D., Tu, Q., Yang, H., Sun, B., Yan, L., et al. (2018). HUWE1 controls the development of non-small cell lung cancer through down-regulation of p53. Theranostics 8, 3517–3529. doi: 10.7150/thno.24401

 Yang, Y., Do, H., Tian, X., Zhang, C., Liu, X., Dada, L. A., et al. (2010). E3 ubiquitin ligase mule ubiquitinates Miz1 and is required for TNFα-induced JNK activation. Proc. Natl. Acad. Sci. 107, 13444–13449. doi: 10.1073/pnas.0913690107

 Yang, D., Sun, B., Zhang, X., Cheng, D., Yu, X., Yan, L., et al. (2017). Huwe1 sustains normal ovarian epithelial cell transformation and tumor growth through the histone H1.3-H19 cascade. Cancer Res. 77, 4773–4784. doi: 10.1158/0008-5472.CAN-16-2597

 Yi, J., Lu, G., Li, L., Wang, X., Cao, L., Lin, M., et al. (2015). DNA Damage-induced activation of CUL4B targets HUWE1 for proteasomal degradation. Nucleic Acids Res. 43, 4579–4590. doi: 10.1093/nar/gkv325

 Yoon, S. Y., Lee, Y., Kim, J. H., Chung, A. S., Joo, J. H., Kim, C. N., et al. (2005). Over-expression of human UREB1 in colorectal cancer: HECT domain of human UREB1 inhibits the activity of tumor suppressor p53 protein. Biochem. Biophys. Res. Commun. 326, 7–17. doi: 10.1016/j.bbrc.2004.11.004

 Zhang, L., Cao, J., Dong, L., and Lin, H. (2020). TiPARP forms nuclear condensates to degrade HIF-1α and suppress tumorigenesis. Proc. Natl. Acad. Sci. 117, 13447–13456. doi: 10.1073/pnas.1921815117

 Zhang, J., Kan, S., Huang, B., Hao, Z., Mak, T. W., and Zhong, Q. (2011). Mule determines the apoptotic response to HDAC inhibitors by targeted ubiquitination and destruction of HDAC2. Genes Dev. 25, 2610–2618. doi: 10.1101/gad.170605.111

 Zhang, W., Wu, K. P., Sartori, M. A., Kamadurai, H. B., Ordureau, A., Jiang, C., et al. (2016). System-wide modulation of HECT E3 ligases with selective ubiquitin variant probes. Mol. Cell 62, 121–136. doi: 10.1016/j.molcel.2016.02.005

 Zhao, X., Arca, D. D., Lim, W. K., Brahmachary, M., Carro, M. S., Ludwig, T., et al. (2009). The n-Myc-DLL3 cascade is suppressed by the ubiquitin ligase Huwe1 to inhibit proliferation and promote neurogenesis in the developing brain. Dev. Cell 17, 210–221. doi: 10.1016/j.devcel.2009.07.009

 Zhao, X., Heng, J. I.-T., Guardavaccaro, D., Jiang, R., Pagano, M., Guillemot, F., et al. (2008). The HECT-domain ubiquitin ligase Huwe1 controls neural differentiation and proliferation by destabilizing the n-myc oncoprotein. Nat. Cell Biol. 10, 643–653. doi: 10.1038/ncb1727

 Zhong, Q., Gao, W., Du, F., and Wang, X. (2005). Mule/ARF-BP1, a BH3-only E3 ubiquitin ligase, catalyzes the polyubiquitination of mcl-1 and regulates apoptosis. Cell 121, 1085–1095. doi: 10.1016/j.cell.2005.06.009

 Zhu, Q., Dong, H., Bukhari, A.-A.-S., Zhao, A., Li, M., Sun, Y., et al. (2020). HUWE1 promotes EGFR ubiquitination and degradation to protect against renal tubulointerstitial fibrosis. FASEB J. 34, 4591–4601. doi: 10.1096/fj.201902751R





Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Qi, Xu and Qi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fcimb.2022.905906_cover.jpg
, frontiers ‘ Frontiers in Cellular and Infection Microbiology

The giant E3 ligase HUWE1 is
linked to tumorigenesis,
spermatogenesis, intellectual
disability, and inflammatory
diseases





OEBPS/Images/logo.jpg
’ frontiers ’ Frontiers in Cellular and Infection Microbiology





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        The giant E3 ligase HUWE1 is linked to tumorigenesis, spermatogenesis, intellectual disability, and inflammatory diseases

      

        		

          Introduction

        



        		

          Ubiquitination and E3 ligases

        



        		

          HUWE1 is an X chromosome-linked giant E3 ligase

        



        		

          HUWE1 regulates the DNA damage response and apoptosis

        



        		

          HUWE1 regulates cell proliferation and tumor development

        



        		

          HUWE1 promotes protein degradation during spermatogenesis and oocyte maturation

        



        		

          HUWE1 is associated with intellectual disability and regulates neural development

        



        		

          HUWE1 mediates inflammasome activation and inflammatory responses

        



        		

          HUWE1 activity regulation and perspectives

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table1.jpg
Substrates

Cdc6

Mcl-1

H2AX

PCNA

hitone H1

Myst2
Pol B

Pol A

Chk1

DDIT4

Gadd45b
DNA-PKcs

MYC

c-Myc

p53

p53

c-Myc and Miz

TopBP1
HDAC2
H1.3
CTCF

Dvl

MyoD
BRCA1
TIAM1
EGFR
HK2

HIF-10
HAUSP

MFN2

WIPI2
UbMA

Histones (H1, H2A, H2B,
H3, and Hd)

Ascll
Atohl
N-Myc
TRAF6

Mizl

p65
NLRP3

AIM2

NLRC4

Ets-1
TfR1

Ubiquitination

type
Polyubiquitination

K48-linked
polyubiquitination
K48-linked
polyubiquitination

Only interaction
mono-ubiquitination

ubiquitination

Polyubiquitination
Polyubiquitination
Polyubiquitination
Polyubiquitination

Polyubiquitination
Neddylation

K63-linked
polyubiquitination

Polyubiquitination

K48-linked
polyubiquitination
polyubiquitination

K48-linked

polyubiquitination
Polyubiquitination
polyubiquitination
Polyubiquitination
K48-linked

polyubiquitination
K63-linked

polyubiquitination
Polyubiquitination
polyubiquitination
Polyubiquitination
polyubiquitination
K63-linked

polyubiquitination
Polyubiquitination
K63-linked

polyubiquitination
Polyubiquitination

Polyubiquitination
Polyubiquitination
Polyubiquitination

Polyubiquitination
Polyubiquitination
Polyubiquitination
K48-K63 branched
ubiquitination
K48-linked
polyubiquitination
Polyubiquitination
K27-linked
polyubiquitination
K27-linked
polyubiquitination
K27-linked
polyubiquitination
Polyubiquitination
Polyubiquitination

Alternated gene
name

HUWE1
Mule

HUWE1
HUWE1
HUWE1

HUWE1
Mule

Mule
HUWE1
HUWE1

HUWE1
HUWE1

HectH9
HUWE1

UREBI (colorectal
cancer)

ARF-BP1 (tumor
cells)

HUWE1

HectH9
Mule
HUWE1
ARF-BP1

HUWE1

HUWE1
HUWE1
HUWE1
HUWE1
HectH9

HUWE1
HectH9

HUWE1

HUWE1

HUWE1
E3Histone

HUWE1
HUWE1
HUWE1
HUWE1

HUWE1

HUWE1
HUWE1

HUWE1
HUWE1

HUWE1
HUWE1

Activity

mediates Cdc6 degradation, promotes cell cycle arrest and
apoptosis

promotes Mcl-1 degradation
promotes H2AX degradation

contributes to H2AX mono-ubiquitination and
phosophorylation

primes H1 ubiquitination for activating DNA damage response

meidates degradatio of Myst2

promotes Pol Bdegradation
promotes Pol A degradation
mediates Chk1 degradation
mediates DDIT4 degradation

mediates Gadd45b degradation

mediates DNA-PKcs neddylation to promote its
phosphorylation and DNA repair

promotes MYC activation

promotes c-Myc degradation and suprresses prostate cancer
cell

promotes p53 degradation and functions as oncogene

function as tumor suppressor in p53-null cells; and oncogene
in p53 wild-type cells

promotes c-MYC and Miz degradation

promotes TopBP1 degradation
promotes HDAC2 degradation
promotes H1.3 degradation

promotes CTCF degradation
inhibits Dvl multimerization and the WNT signaling

promotes MyoD degradation
promotes BRCA1 degradation
promotes TIAM1 degradation
promotes EGFR degradation

promotes HK2 activiation and tumor progression

promotes HIF-10. degradation

promotes HAUSP activation
promotes MFN2 degradation

promotes WIPI2 degradation
promotes unassembled Ubl4A degradation

promtotes H2A degradation

promotes Ascll degradation
promotes Atohl degradation
promotes N-Myc degradation

amplifies NF-xB signaling
reduces TNFo-induced JNK activation and apoptosis

promotes p65 degradation

promotes NLRP3 activation
promotes AIM2 activation
promotes NLRC4 activation

promotes Ets-1 degradation
promotes TfR1 degradation

References

Hall et al., 2007

Zhong et al., 2005

Zhong et al., 2005

Choe et al,, 2016

Mandemaker
etal, 2017

Cho et al,, 2020

Parsons et al.,
2009

Markkanen et al.,
2012

Cassidy et al.,
2020

Thompson et al.,
2014

He et al,, 2015
Guo et al., 2020b

Adhikary et al.,
2005

Qu et al,, 2018

Yoon et al., 2005

Chen et al., 2005

Inoue et al., 2013

Herold et al., 2008
Zhang et al,, 2011
Yang et al,, 2017
Qi et al., 2012

De Groot et al.,
2014

Noy et al,, 2012
Wang et al,, 2014
Page et al., 2007
Zhu et al., 2020
Lee et al., 2019

Zhang et al., 2020
Wu et al,, 2016

Leboucher et al.,
2012

Wan et al,, 2018
Xu et al,, 2016

Liu et al., 2005

Urban et al., 2016
Forget et al,, 2014
Zhao et al,, 2008
Ohtake et al., 2016

Yang et al,, 2010

Jang et al., 2021
Guo et al,, 2020a

Guo et al,, 2020a

Guo et al,, 2020a

Li et al,, 2021
WU et al,, 2022





OEBPS/Images/fcimb-12-905906-g001.jpg
ARLD1

1610 il

ARLD?





OEBPS/Images/fcimb-12-905906-g002.jpg





