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Abstract

:

Small ubiquitin-like modifier (SUMO)ylation is a reversible post-translational modification that plays a crucial role in numerous aspects of cell physiology, including cell cycle regulation, DNA damage repair, and protein trafficking and turnover, which are of importance for cell homeostasis. Mechanistically, SUMOylation is a sequential multi-enzymatic process where SUMO E3 ligases recruit substrates and accelerate the transfer of SUMO onto targets, modulating their interactions, localization, activity, or stability. Accumulating evidence highlights the critical role of dysregulated SUMO E3 ligases in processes associated with the occurrence and development of cancers. In the present review, we summarize the SUMO E3 ligases, in particular, the novel ones recently identified, and discuss their regulatory roles in cancer pathogenesis.
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1. Introduction


Protein function is regulated by numerous mechanisms, one of which is post-translational modification (PTM). SUMOylation is a reversible PTM by covalent conjugation of the small ubiquitin-like modifier (SUMO) to target proteins, which is responsible for the target’s localization, activity, and stability in normal and pathological states [1,2,3]. Thus far, five SUMO paralogues have been reported in mammals: SUMO1, SUMO2, SUMO3, SUMO4 [4,5], and SUMO5 [6]. These SUMO paralogues are widely present in eukaryotes and highly conserved across species. There are wide expressions of SUMO1, SUMO2, and SUMO3 in humans, while SUMO4 and SUMO5 are only expressed in certain parts of the body. For example, SUMO4 is only found in the lymph nodes, spleen, kidney, and placenta, and SUMO5 is detected in peripheral blood leukocytes and testes only. The peptide sequence similarity between SUMO2 and SUMO3 is ~97% in humans, and thereby they are often referred to as SUMO2/3 since the antibodies cannot recognize them from each other, and SUMO1 and SUMO2/3 have only 53% sequence similarity [7,8]. SUMO4 has an 86% amino acid homology with SUMO2 [4], and, different to SUMO1 and SUMO2/3, there is a unique proline-90 (Pro-90) residue in SUMO4, which may disrupt the formation of the covalent bond with substrates [9]. SUMO5 is highly homologous to SUMO1; sequence analysis showed that the residues 17–21 IKDED, a conserved SUMO modification motif in SUMO5, are absent in SUMO1 (Figure 1) [6].



In all SUMO isomers, the least studied are SUMO4 and SUMO5 till now, their functions are still not well studied. The sizes of these small modifier proteins are around 12KD and through a series of enzymatic cascades, they can covalently bind to substrates (Figure 2). SUMOylation is a dynamical process in which SUMO molecules are conjugated to the lysine residue of a substrate; the attached SUMO isoforms and the physiological state of the cell are important determinants. The SUMO modification consensus motif of most target proteins is “ΨKXE/D”, where Ψ represents a hydrophobic residue, K is the target lysine, X represents any amino acid, and E/D is glutamic acid (Glu) or aspartic acid (Asp) [10,11]. SUMO2/3 carry an internal SUMO consensus motif (SCM) “ΨKXE/D”, which enables the formation of a poly-SUMO chain, while SUMO1 only contains an inverted SUMO consensus site, ExK [12] and often modifies the substrates as a sole molecule, or as the end of a poly-chain of SUMO2/3. Moreover, there is another interaction form between SUMOs and target proteins, which is a non-covalent way through specific SUMO-interacting motifs (SIMs) [13]. The SIMs often consist of four hydrophobic amino acids with the form ΨΨΨΨ, ΨΨxΨ, or ΨxΨΨ, in which Ψ is an amino acid with aliphatic side chain; meanwhile, this side chain is large and non-polar (V, I, or L) and x is usually D, E, S, or T [14,15,16]. Different from the ubiquitination mediated targets degradation (mainly referring to K48-linked ubiquitin chains), SUMOylation predominantly regulates protein localization and activity, and involves in multiple important biologic functions including cell cycle control, gene expression, genome stability, and protein trafficking, which are important for cell and tissue homeostasis. In recent years, many research groups, including our group, have shown that SUMO signaling is implicated in cancers [17,18,19,20,21,22,23,24,25,26]. Many different types of cancers show dysregulation of one or more components of the SUMO machinery, which predominantly results in an increase in SUMOylation.



SUMOylation process contains a highly dynamic enzymatic cascade, which consists of a series of essential components: SUMOs, SUMO activating enzyme E1, SUMO conjugating enzyme E2, SUMO ligases E3, and Sentrin-specific proteases (SENPs). From the identification of SUMO in 1995, only one E1 and one E2 enzyme have been discovered in the SUMO system. E1 is a heterodimeric enzyme, which is composed of the SAE1/SAE2 subunits, and the sole E2 enzyme is Ubc9. In contrast, a growing number of distinct E3 ligases were identified to provide the functional diversity to regulate the activity of many downstream substrate proteins. Mechanistically, the SUMOylation pathway requires several steps: Firstly, SENP converts SUMO into a mature form, which depends on the C-terminal hydrolase activity of the family to cleave SUMO precursors, thereby exposing its diglycine residues. Secondly, mature SUMO is activated by the E1 enzyme, the cysteine residue of E1 is attached by SUMO to form a thioester bond between SUMO and SAE2 in an ATP consuming reaction. Then, SUMO is transferred to the catalytic cysteine of the sole E2 enzyme Ubc9, forming a SUMO-Ubc9 thioester bond via an isopeptide linkage. In the absence of SUMO E3s, very few proteins can be modified by SUMO, such as RanGAP1, and this SUMO modification process can be catalyzed by E3 enzymes by recruiting the target substrate to the Ubc9 charged by SUMO, facilitating Ubc9 to transfer SUMO to the target substrate by altering the structure of the charged Ubc9. SUMO modifications have different forms: mono-SUMOylation, poly-SUMOylation, and multi-SUMOylation [3,27]. Since the SUMOylation process is invertible, SENPs can release SUMO so it can be reutilized.



SUMOylation, which is distinct from ubiquitination that promotes degradation of its substrate (mainly referring to K48-linked ubiquitin chains), is involved in changing the subcellular localization of proteins, patterns of interaction with other proteins, and often interacts with other post-translational modifications, such as ubiquitination, phosphorylation, acetylation, and methylation [28,29,30]. For example, SUMOylation of promyelocytic leukemia (PML) is required for its localization to PML bodies [31,32]. Studies have shown that the activity of a variety of transcription factors such as Sp3 and p53 can be regulated by SUMOylation [33,34,35,36]. This process usually requires SUMO E3 ligases to increase reaction efficiency and make sure of the specificity. Limited SUMO E3 ligases have been documented over the past 25 years, but more studies have shown that ligases-targeted substrates connect the SUMOylation pathway to diverse biological processes and human diseases, such as neurodegenerative disease, cardiovascular diseases, diabetes, and especially cancers [37,38,39,40]. In this review, the categorization of SUMO E3 ligases and their regulatory roles in cancer pathogenesis are presented.




2. The Classification of SUMO E3 Ligases


In the absence of SUMO E3 ligase, SUMO conjugation can also occur, mainly through recognition of the ΨKXD/E motif in the substrate by E2 enzyme Ubc9. Thereby, before the discovery of SUMO E3 ligases, it was thought that the target substrates only needed the E2 enzyme Ubc9 to complete the SUMO process, until the Siz proteins were identified in S. cerevisiae functioning as a factor in the same way as E3 ligase during the SUMOylation process [41]. In later research, in humans, dozens of proteins were discovered to function as SUMO E3 ligases. It is SUMO E3 ligases that guarantee the specificity of the substrate and promote the transfer of SUMO from the E2 enzyme to the substrate. SUMO E3 ligases catalyze SUMO transfer mainly by two distinct mechanisms. On the one hand, they can directly interact with the E2–SUMO complex and substrate to facilitate transfer of SUMO to the substrate [15]. On the other hand, they bind the E2–SUMO complex and keep it in a highly efficient orientation for catalysis with E2-mediated substrate specificity in complexes [42,43]. According to their molecular structure and mechanism, we divided the SUMO E3 ligases into five types: the SP-RING domain family; the TRIM superfamily; noncanonical ligases; ligase-like factors; the other SUMO E3 ligases. Table 1 displays a detailed categorization of SUMO E3 ligases.



2.1. SP-RING Domain Family


The SP-RING domain stimulates the SUMO ligation and binds with the E2 enzyme Ubc9, which is required for E3 ligase activity in vivo and in vitro [110,111]. In humans, PIAS proteins are the first identified with the SP-RING domain. PIAS proteins are an evolutionarily conserved family of enzymes, which contains six members PIAS1–4 (Table 1). Except for the SP-RING domain, other structural domains in the PIAS proteins also have an effect on the SUMOylation process. In the PIASs’ center, there is a conserved SIM1 domain modulating the interaction between PIAS proteins and SUMO members [112]. Moreover, an extra SIM domain, named SIM2, is also identified in PIAS1–4, while the location and function are a bit different. The SIM2 situates at the C-terminus in PIAS1–3, while in PIAS4 it locates between the SP-RING domain and SIM1. In PIAS1/2, the SIM2 domain is required to bind to SUMO1 and plays a crucial role in the forming of a SUMO1–Ubc9– PIAS1/2 complex, but in PIAS4/y, SIM2 binds to SUMO3 and plays an important role in improving PIAS4 ligase activity [112,113,114].



Initially, PIAS proteins were found to function as inhibitors of STAT transcription factors [115,116,117], but it has become increasingly clear that they regulate a wide range of processes. For example, PIAS proteins regulate DNA damage repair, nuclear trafficking, many nuclear receptors, some transcription factors, and NF-kB signaling [115,118,119]. In addition to their SUMO E3 ligase activity, the PIAS proteins have many other functions. For example, PIASy/4 can activate LEF-1 dependent transcriptional activity even in the absence of the SP-RING domain, which is required for their SUMO E3 ligase activity [120].



Human MMS21 (hMMS21) and human zinc finger-containing, Miz1, PIAS-like protein on chromosome 10 (hZimp10) are the other two SUMO E3 ligases containing SP-RING domains [121]. hMMS21 is a subunit of the human SMC5/SMC6 complex; as a SUMO E3 ligase, it promotes the SUMOylation of two substrates, SMC6 and TRAX, which is required for maintaining the genome integrity in response to DNA damage [122]. hZimp10 is detected only in certain human tissues, such as the prostate, ovary, and testis; it is a transcriptional coactivator of p53, Smad3, and the androgen receptor (AR) [123]. While hZimp10 was only confirmed to stimulate the SUMOylation of AR, this SUMOylation enhanced the transcriptional activity of AR in human prostate cancer cells [124]. Since the SP-RING domain in hZimp10 is known to be the binding site for AR, the researchers could design inhibitors with the help of a computer to mimic and occupy the binding site to avoid the SUMOylation of AR, thereby inhibiting the transcription activity of AR.




2.2. TRIM Superfamily


The functionally diverse tripartite motif (TRIM) family is a superfamily with approximately 100 members in the human genome [125]. In this superfamily, TRIM11, TRIM19/PML, TRIM22, TRIM27, TRIM28/KAP1, TRIM32, TRIM33/TIF-1γ, and TRIML2 are also SUMO E3 ligases [126,127,128]. These proteins share a RING domain, one or two B-box domains, and a coiled-coil region. These common domains are located at the N-terminus with the mentioned order, and the more variable regions in TRIM proteins are situated at the C-terminus. Unlike the other SUMO E3 ligases, the RING and B-box domains are both required for TRIM proteins to function. Among them, the RING domain may bind to E2 enzyme Ubc9, and B-box domains are responsible for binding of the substrate, which greatly increases the transfer efficiency of SUMO molecules from Ubc9 to the substrate [126].



TRIM proteins play significant roles in many processes, such as DNA damage repair signaling, tumor suppression, cell growth, etc. [125,129,130]. Among them, TRIM33/TIF-1γ has been reported to act as a SUMO E3 ligase of the transcriptional regulator, SnoN1, regulating the epithelial–mesenchymal transition (EMT) in organoids that derived from human breast cancer cell lines MDA-MB-231 and MCF7, and murine mammary gland epithelia cells [128]. However, different to the other TRIM proteins, the C-terminal PHD and Bromo domains of TRIM33/TIF-1γ are required for their activity as SUMO E3 ligases [128]. The substrates and functional mechanisms of other TRIM proteins as SUMO E3 ligases need to be further clarified.




2.3. Noncanonical Ligases (SIM-Containing SUMO E3 Ligases)


Using the SUMO interaction motifs (SIMs), SUMOylated proteins can non-covalently interact with protein partners. SIMs consist of a short stretch of hydrophobic residues flanked by serine residues and/or several acidic residues at the N- or C-terminus [131]. Evidence has shown that some SIM-containing proteins are identified with SUMO E3 ligase activity.



Nucleoporin RanBP2 is a component of nuclear pore complexes (NPCs); it is a large multi-domain protein [132] with essential functions during mitosis and in nucleocytoplasmic transport processes [133,134]. Different to PIAS proteins, there is no SP-RING domain in RanBP2. In RanBP2, there is a fragment of 30-kDa called IR1-M-IR2, which is sufficient for its catalytic activity. It promotes the conjugation of SUMO to the substrate by optimizing the orientation of the SUMO-Ubc9 thioester by combining both SUMO and Ubc9 [42,135,136]. IR1 and IR2 are two short homologous repeats; each IR contains a SIM, which combines the SUMO, specifically for SUMO1 [136].



Pc2, also named CBX4, belongs to the family of chromobox (CBX) [137]. The CBX family is a typical component of polycomb group (PcG) complexes that regulate the occurrence and development of cancer by restraining cellular differentiation and self-renewal of cancer stem cells [138].



Pc2 recruits Ubc9 and substrates into PcG bodies to function its SUMO E3 ligase activity. The structure–function assay has shown that the E3 ligase activity of Pc2 relies on two domains, the carboxyl-terminal domain for recruiting Ubc9 and substrates and the amino-terminal domain for facilitating the SUMO to the substrate, each of which contains a SIM [139,140].



SLX4, a large multi-domain scaffolding protein, has become a crucial component of multiple pathways, such as genome stability maintenance pathways [141]. Its SUMO E3 ligase activity requires three SIMs and one BTB domain [142]. Similar to other SIM-containing SUMO E3 ligases, such as PanBP2, the SIMs domain in SLX4 helps stabilize the interaction of SLX4 with charged Ubc9-SUMO, and SLX4 preferentially binds poly-SUMO chains. The BTB domain contributes to bind specific substrate, such as XPF, which acts as a substrate adaptor module. The BTB domain, known as POZ (poxvirus and zinc finger) domain, is found at the N-terminus of several C2H2-type transcription factors and is a protein interaction motif. The expression of a common fragile site could result in mitotic catastrophe, and the SLX4 complex-mediated SUMOylation is crucial to prevent this from happening [142].



ZNF451 protein is a transcriptional co-regulator with zinc finger structure, which partially resides in PML bodies [104]. It consists of two tandem SIMs at the N-terminus, 12 C2H2 zinc finger domains, and followed by a ubiquitin-interacting motif at the C-terminus. Similar to RanBP2, ZNF451 also interacts with the charged E2 enzyme Ubc9, placing the donor SUMO in an easily released conformation. However, different to RanBP2 specifically binding to SUMO1, the two SIMs of ZNF451 have a preference for combining SUMO2 [143].



Human ZNF451 has three isoforms, ZNF451-1, ZNF451-2, and ZNF451-3. They share the common sequence of two SIMs at the N-terminus, which presents the catalytic unit, indicating that the more variable C termini may determine the specificity of substrates. Compared to ZNF451-1, ZNF451-2 lacks amino acids (aa) 870 to 917, and ZNF451-3 is completely different, starting at aa 63, and it has a LAP2α domain at C-terminus. All isoforms share SUMO E4 elongase activity, while only ZNF451-1 was confirmed as a SUMO E3 ligase for the PML [144]. Other isoforms might also function as SUMO E3 ligases, which need to be further studied.




2.4. Ligase-like Factors (Dual Functions as SUMO/Ubiquitin E3 Ligases)


Several ubiquitin ligases also have the activity of SUMO E3 ligases, such as Topors (TOP1-binding arginine/serine-rich), UHRF2, and TRAF7. However, the structure domains that function as a SUMO/ubiquitin E3 ligase are independent. In Topors, the C-terminal sequence is sufficient for a two-hybrid interaction with Ubc9 and SUMO1. Topors-mediated ubiquitination of p53 requires its RING domain at the N-terminus, which is not required for the SUMOylation of p53 [145]. UHRF2 is a RING-type ubiquitin E3 ligase that mediates ubiquitination for cyclin D1 and E1 [146]. Yohan Oh and Kwang Chul Chung showed that UHRF2 also acted as a SUMO E3 ligase for ZNF131 by interacting with SUMO1 and Ubc9 [147]. Its SUMO E3 enzyme activity requires the SRA and NCR domains but not the RING domain. TRAF7 is a member of the TRAF family with the RING and zinc finger domains [148]. It is a ubiquitin E3 ligase, and it can SUMOylate c-Myb at the sites of Lys-499 and Lys-523. TRAF7 binds to the DNA-binding domain of c-Myb via its WD40 repeats, regulating the subcellular localization of c-Myb via SUMOylation [149].




2.5. The Other SUMO E3 Ligases


Some proteins were identified with SUMO E3 ligase activity, albeit the essential domains that need to be further clarified. HDAC4 is a member of the histone deacetylase (HDAC) family, its SUMO E3 ligase activity functions to catalyze the SUMOylation of IkBa by interacting with Ubc9 [150], and the interaction of HDAC4 with IkBa needs the C-terminal and N-terminal transcription binding domain (TBD) of HDAC4. Whether the SUMO E3 ligase activity of HDAC4 relies on its TBD domain requires further investigation. Gao et al. showed that HDAC7 could promote the SUMOylation of PML by using its SUMO E3 ligase activity, which played a vital role in the formation of PML nuclear bodies (NBs) [151]. The interaction of HDAC7 with Ubc9 and PML was confirmed in vitro, while the binding domain of HDAC7 as a SUMO E3 ligase has not yet been identified.



SUMOylation is also involved in viral infection by modifying viral proteins or cellular proteins, which are important in antiviral defense [152,153]. Some viral proteins such as adenovirus type 5 (Ad5) E1B-55K [154], Kaposi’s sarcoma-associated herpesvirus (KSHV) K-bZIP [155], and the Ad5 E4-ORF3 [156], were identified as SUMO E3 ligases by an in vitro SUMOylation assay. Ad5 E1B-55K and K-bZIP can both SUMOylate p53, and the Ad5 E4-ORF3 protein has multiple substrates, including TIF-1γ, transcription factor II-I (TFII-I), Nbs1, and Mre11. Thus far, the structural domains of these proteins for SUMO E3 ligase activity have not yet been clarified.



In summary, more SUMO E3 ligases have been identified, while a lot of work needs to be conducted to investigate the detailed structure–function mechanism of these proteins as SUMO E3 ligases to find whether the new structures are essential for the SUMO E3 ligase activity and whether new substrates can be SUMOylated by current SUMO E3 ligases.





3. SUMO E3 Ligases: Dysregulation and Their Role in Human Cancer


With the application of advanced technologies and assay methods, more and more proteins have been identified with functions as SUMO E3 ligases, and numerous functional mechanism studies have been conducted and suggested that SUMO E3s play important roles in many cancers by regulating the protein localization, protein stability, apoptosis, transcriptional regulation, DNA damage repair, and EMT. Much of what is known about the function of SUMO E3 ligases in cancer stems primarily from studies of the PIAS family [38]. In the following sections, the detailed links between SUMO E3 ligases and cancers are described (Figure 3). As well as the PIAS family, we will put our focus more on newly discovered families.



3.1. SUMO E3 Ligases and the Regulation of p53 Signaling Pathway


The tumor suppressor protein p53 plays a critical role in the regulation of the cell cycle, DNA damage, apoptosis, and senescence. Mutations in p53 are frequently found in many cancers [157]. In vitro assays using either cell-free or cell-culture-based assays have shown that SUMO E3 ligases, including all PIAS members [38,158], Topors [145], viral protein E1B-55K and K-bZIP [153], physically interact with p53. Other SUMO E3 ligases, such as TRIML2 [159], MDM2 [34], Pc2 [160], RanBP2 [161], and TRIM25 [162], can also regulate p53 activity either by directly SUMOylating p53 or by SUMOylating p53-associated proteins in distinct tissue environments. Thus far, lysine residue 386 is the only known SUMOylation site of p53. In the absence of K386, the other lysine residues of p53 can also be SUMOylated, while the specific sites need to be further investigated.



The PIASs are the major family of E3s for p53 SUMOylation; the activity of some PIAS proteins on p53 has been studied, but the others have not yet been studied in detail. Studies have shown that PIAS4-mediated SUMOylation exerted the suppressive effect on p53 transcriptional activity by assisting the nuclear export of p53 [163,164], while PIAS1 can exert activating effects on p53-driven transcription [165]. Oxidative stress can induce the expression of PIAS1, which promotes p53 modification by SUMOylation, thereby stimulating the expression of the pro-apoptotic regulator Bax [33]. The cellular environment, other PTMs, or interacting proteins may affect the action of PIAS proteins on p53, which may explain the different results described above.



Decorating p53 with different SUMO molecules by the same SUMO E3 ligase could also result in contradictory consequences. Viral protein E1B-55K mediates the conjugation of p53 with SUMO2/3 during adenoviral infection, which requires the binding of E1B-55K to p53 and nuclear localization of the ligase [154], while Pennella et al. found that the SUMO1 modification of p53 by E1B-55K inhibits its transcriptional activity and exports it from the nucleus [166]. It was also reported that viral protein K-bZIP SUMOylated p53. However, it is unclear whether K-bZIP-dependent SUMOylation either activates or represses p53 [155].



For the rest of the SUMO E3 ligases, the majority of them promote the transcription activity of p53 by stabilizing the expression of p53 in the nucleus, leading to the inducement of apoptosis. For example, TRIML2-enhanced p53 SUMOylation resulted in down-regulation of growth arrest genes and increased the expression of pro-apoptotic p53 target genes, leading to an increased ability to induce apoptosis [159]. The SUMOylation of p53 can also be regulated by MDM2-ARF, which increased the transcriptional activity of p53, caused cells to undergo senescence, and inhibited the development of PTEN-deficient tumors [34,167]. Upon DNA damage, Pc2/CBX4 can mediate the SUMOylation of hnRNP K to enhance the transcriptional activity of p53 [160], except for RanBP2 and TRIM25, which, combined with androgen-induced G3BP2, increased the SUMOylation of p53, promoting its nuclear export, which facilitated the cellular proliferation and suppressed apoptosis in prostate cancer [161,162].



Meanwhile, the other p53 family member p73 also undergoes SUMOylation mediated by SUMO E3 ligases. PIAS1 SUMOylated tumor suppressor p73, decreased the p73 transcriptional activity on several genes, such as Bax and MDM [168]. PIASγ/4 can also bind and SUMOylate p73, thereby promoting p73 proteasomal degradation [169]. Both ligases mediated the SUMOylation of p73 and resulted in the inhibition of p21 transcription, thereby having a big effect on the regulation of the cell cycle.



Taken together, these studies suggest that the activity and the destiny of p53 and p53-related proteins can be regulated by the SUMO E3 enzyme, thereby promoting or suppressing the p53 activity, which plays important roles in cancer.




3.2. SUMO E3 Ligases and the PI3K/AKT Signaling Pathway


The occurrence of many diseases, including cancer, is related to the abnormality of the PI3K/AKT signaling pathway. AKT is a serine–threonine kinase that regulates many cellular functions, such as cell proliferation, metabolism, differentiation, etc. AKT activation is mainly mediated by phosphorylation, and is also achieved through other PTMs, such as SUMOylation. PIAS1-mediated SUMOylation on AKT K276 activates the activity of AKT kinase, which promotes cell proliferation, survival, and tumor formation [170,171,172]. In contrast, PIASxα inhibits the PI3K/AKT signaling by SUMOylating the PTEN on K266 [173]. PTEN functions as a tumor suppressor in the PI3K/AKT signaling by catalyzing the conversion of PIP3 to PIP2. The conjugation of SUMO1 to K266 in PTEN enhanced PTEN protein stability by reducing its ubiquitination, thereby inhibiting the activity of AKT [173].



Current understanding of SUMO E3 on the PI3K/AKT signaling axis mainly comes from studies on the PIAS family and the results showed that they have diverse influences. In the future, more studies should be conducted to investigate whether any other SUMO E3 ligases are involved in the PI3K/AKT signaling pathway.




3.3. SUMO E3 Ligases and PML Protein


The PML protein is a tumor suppressor and an important organizer of PML NBs. It has been reported that when it is overexpressed, cell proliferation is disrupted, resulting in cell cycle arrest, cell senescence, and apoptosis [174,175], while its knockout or reduction in expression correlates with increased tumorigenesis [176].



The role for PIAS1 in SUMO/RNF4-dependent PML degradation has been described in human lung cancer cells [177]. Koidl and co-workers (2016) reported that ZNF451-1 functions as SUMO2/3 specific E3 ligase for PML [144]. This SUMOylation drives PML degradation by RNF4-dependent ubiquitination in the neuroblastoma N2a cell line of mice; an in vivo study should be the next step to investigate whether ZNF451-1 could become a potential target for neuroblastoma.




3.4. SUMO E3 Ligases and Genome Stability


During cellular division, the precise DNA replication is essential to maintain genome stability. When these control mechanisms are disrupted, the genome becomes unstable, a key feature of cancer. SUMOylation is one of the regulatory PTMs that play a pivotal role in controlling replication progression, the repair of DNA, and genome stability.



RIF1 plays a key role in inhibiting DNA end resection and promoting nonhomologous end-joining (NHEJ)-mediated DNA double strand break (DSB) repair in the G1 phase of the cell cycle. PIAS4-mediated SUMOylation of RIF1 is essential if RIF1 needs to be modified by ubiquitination or dissociation from DNA damage sites [178]. The deficiency of PIAS4-induced DNA DSBs’ accumulation of ultrafine anaphase bridges (UFBs) in mitotic cells and RIF1 NBs in G1 cells, therefore resulting in genomic instability [178].



The SLX4 is known as a Fanconi anemia protein, which functions as a tumor suppressor and is involved in DNA repair. Guervilly and colleagues discovered that the SLX4 protein can function as a SUMO E3 ligase that SUMO-modifies not only SLX4 itself, but also the XPF subunit of the DNA repair endonuclease ERCC1-XPF. SUMO-dependent functions of SLX4 are detrimental in response to global replication stress but are critical in response to local replication stress [142].




3.5. SUMO E3 Ligases and Metastasis


Metastasis describes the process through which malignant cells develop the ability to invade tissues beyond their normal boundaries and seed new tumors at secondary sites [179,180]. Metastasis is a complex process that requires a series of cellular changes, such as angiogenesis, EMT, cell migration, and invasion.



When cells lose epithelial characteristics while gaining mesenchymal characteristics, the process is called EMT. A crucial regulator in the EMT is the transforming growth factor-beta (TGF-β). Dadakhujaev and co-workers reported that the SUMO E3 ligase PIAS1 suppresses TGF-β-induced activation of the matrix metalloproteinase MMP2 in human breast cancer cells [181]. Inhibition of PIAS1 in breast cancer cells promotes metastases in mice in vivo. When PIAS1 cooperates with TIF1γ, the collaboration of the two can regulate the SUMOylation of SnoN and inhibit TGF-β-induced EMT, thereby suppressing the growth and invasion of organoids that derived from MDA-MB-231 cells [182,183]. Other members of the PIAS family, PIAS3 and PIAS4 promote the SUMOylation of Smurf2 and Smad3, respectively, which both mediate the suppression of the TGF-β signal response [184,185,186].



Vimentin (VIM) has a role in maintaining cytoskeleton organization and focal adhesion stability; its increased expression is one of the markers of EMT [187]. Li et al. reported that the K439 and K445 residues of VIM could be modified by PIAS1-mediated SUMOylation [40]. After this modification, the solubility of the VIM protein can be increased, and it can promote cell motility and proliferation, which may result in increased cancer cell invasiveness.



The catalytic activities of focal adhesion kinase (FAK) and Src play key roles in promoting protease-associated tumor metastasis and VEGF-related tumor angiogenesis [188]. PIAS1 can SUMOylate FAK at Lys-152, thereby significantly enhancing its auto-phosphorylation at Thr-397, which activates FAK and enhances its ability to recruit many enzymes including Src family kinases.



The GTPase Rac1 is a SUMOylation substrate of PIAS3; it is very essential for cell migration that can induce cytoskeletal rearrangements [189]. When the expression of PIAS3 is down-regulated, the migration ability of cells is impaired compared with the control group. In PIAS3 down-regulated cells, phosphorylation of p38, a known downstream mediator of Rac1 signaling and a substrate for SUMOylation modifications in MAPK signaling in the study of Uzoma and colleagues, was impaired [190].



In addition to PIASs, Wang et al. recently reported that ZNF451 played a critical role in EMT by the SUMOylation-dependent stabilization of TWIST2 [106]. The CBX4 has been shown to regulate hTERT, the catalytic component of the human telomerase enzyme, mediated transcription of CDH1, and promoted cell migration and invasion in breast cancer [95].



Taken together, SUMO E3 ligases play crucial roles in human cancers by regulating many cellular processes and some hallmarks. Since most of these studies were performed in cancer cell lines, or organoids from cancer cell lines, the direct correlations of those SUMO E3 ligases with clinical tumor samples are missing. To fill in this part, the expression of SUMO E3 ligases in different types of cancer tissues were explored with the Gene Expression Profiling Interactive Analysis (GEPIA) database (http://gepia.cancer-pku.cn/, accessed date is 18 March 2022) [191]. The results clearly showed that expressions of SUMO E3s are different in normal and tumor tissues from different types of cancers, and indeed most SUMO E3s are up-regulated in tumor tissues, such as in cholangiocarcinoma (CHOL) (Figure S1). In addition, for the same SUMO E3 ligase, such as PIAS1, the expression is up-regulated in CHOL, while being down-regulated in uterine corpus endometrial carcinoma (UCEC). The explanation could be that in different cancers, the PIAS1 may modify different substrates, and in the cellular environment, other PTMs may also play a role. This correlation analysis hints that some SUMO E3s are positively correlated with cancer and the mechanism has been studied in vitro, such as CBX4 in breast cancer. While some SUMO E3s were found to be up-regulated or down-regulated in cancers, the mechanisms have not yet been investigated. Thus, combining the in vitro assay and the clinical sample analysis, we believe that whether the pathogenesis of these cancers is dependent on the SUMO E3 ligase activity will be clarified.





4. Conclusions and Future Perspectives


It is quite evident from the findings presented above that the relationship of SUMO E3 ligases with human cancers is tight, and multiple mechanisms are involved. Thus, the SUMO E3 ligase may become a potential biomarker for cancer diagnosis and as a drug target for the treatment of cancer. Due to the extremely strong substrate specificity of SUMO E3 ligases, the use of tumor-associated SUMO E3 ligase inhibitors can minimize off-target side effects compared to the use of E1, E2, or SENPs inhibitors, thereby improving the efficiency of cancer treatment, which would be a promising cancer treatment strategy. However, since SUMO E3 ligases usually have many functions, they are not just involved with SUMO E3 ligase activity, as with PIASs, they also function as inhibitors of STAT transcription factors. This makes the inhibition of SUMO E3 ligases complicated and could be one of the reasons that none of the compounds targeting certain SUMO E3 ligases for cancer treatment is in clinical trials yet. However, with the help of great advances in technology, the large-scale, system-wide SUMO proteomics analysis will identify the specific binding site and catalytic site of certain SUMO E3 ligases [192]. By that time, designing inhibitors or agonists with the help of computers to mimic and occupy the binding sites or the catalytic sites, to prevent or enhance the SUMOylation of substrates, will be possible, and the cell-based high-throughput screen could also be used for discovering and verifying the inhibitors or agonists of SUMO E3 ligases [193].



In contrast with the more than 6000 SUMO conjugated proteins identified, only a small number of SUMO E3 ligases have been discovered so far. More and more SUMOylated proteins are being discovered, yet the number of E3 ligases we know is limited; the gap between the two suggests that unknown SUMO E3s are waiting for us to discover. As well as cancer, the SUMOylated proteins are also associated with many other human diseases, such as neurodegenerative disease, cardiac disease, innate immunity in viral infection, etc. Thus, the identification of novel SUMO E3 ligases can not only open new avenues for cancer therapy, but also for the treatment of other related diseases, and it is reasonable to believe that on the basis of a full understanding of the structure of SUMO E3 ligases, with the improvement in screening technology and the corresponding new discovery of the inhibition and activation mechanisms, more success can be achieved against this unexplored potential target.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/ijms23073639/s1.





Author Contributions


X.S. and H.W. conceived the idea for the review. X.S. and Y.D. retrieved and collected the relevant references. X.S. wrote the paper. X.S. and Y.D. designed and prepared the figures and table. S.L. and H.W. provided the suggestions. S.L., Y.D. and H.W. performed the paper revision. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the China Postdoctoral Science Foundation (Beijing, China) (2021M700668 to X.S.).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Acknowledgments


We thank the financial support of the China Postdoctoral Science Foundation of China (2021M700668 to X.S.).




Conflicts of Interest


The authors have no conflict of interest to declare.




References


	



Melchior, F.; Schergaut, M.; Pichler, A. SUMO: Ligases, isopeptidases and nuclear pores. Trends Biochem. Sci. 2003, 28, 612–618. [Google Scholar] [CrossRef] [PubMed]

	



Marx, J. SUMO wrestles its way to prominence in the cell. Science 2005, 307, 836–839. [Google Scholar] [CrossRef] [PubMed]

	



Flotho, A.; Melchior, F. Sumoylation: A regulatory protein modification in health and disease. Annu. Rev. Biochem. 2013, 82, 357–385. [Google Scholar] [CrossRef] [PubMed]

	



Bohren, K.M.; Nadkarni, V.; Song, J.H.; Gabbay, K.H.; Owerbach, D. A M55V polymorphism in a novel SUMO gene (SUMO-4) differentially activates heat shock transcription factors and is associated with susceptibility to type I diabetes mellitus. J. Biol. Chem. 2004, 279, 27233–27238. [Google Scholar] [CrossRef]

	



Guo, D.; Li, M.; Zhang, Y.; Yang, P.; Eckenrode, S.; Hopkins, D.; Zheng, W.; Purohit, S.; Podolsky, R.H.; Muir, A.; et al. A functional variant of SUMO4, a new I kappa B alpha modifier, is associated with type 1 diabetes. Nat. Genet. 2004, 36, 837–841. [Google Scholar] [CrossRef]

	



Liang, Y.C.; Lee, C.C.; Yao, Y.L.; Lai, C.C.; Schmitz, M.L.; Yang, W.M. SUMO5, a Novel Poly-SUMO Isoform, Regulates PML Nuclear Bodies. Sci. Rep. 2016, 6, 26509. [Google Scholar] [CrossRef]

	



Tatham, M.H.; Jaffray, E.; Vaughan, O.A.; Desterro, J.M.; Botting, C.H.; Naismith, J.H.; Hay, R.T. Polymeric chains of SUMO-2 and SUMO-3 are conjugated to protein substrates by SAE1/SAE2 and Ubc9. J. Biol. Chem. 2001, 276, 35368–35374. [Google Scholar] [CrossRef]

	



Saitoh, H.; Hinchey, J. Functional heterogeneity of small ubiquitin-related protein modifiers SUMO-1 versus SUMO-2/3. J. Biol. Chem. 2000, 275, 6252–6258. [Google Scholar] [CrossRef]

	



Owerbach, D.; McKay, E.M.; Yeh, E.T.; Gabbay, K.H.; Bohren, K.M. A proline-90 residue unique to SUMO-4 prevents maturation and sumoylation. Biochem. Biophys. Res. Commun. 2005, 337, 517–520. [Google Scholar] [CrossRef]

	



Rodriguez, M.S.; Dargemont, C.; Hay, R.T. SUMO-1 conjugation in vivo requires both a consensus modification motif and nuclear targeting. J. Biol. Chem. 2001, 276, 12654–12659. [Google Scholar] [CrossRef]

	



Sampson, D.A.; Wang, M.; Matunis, M.J. The small ubiquitin-like modifier-1 (SUMO-1) consensus sequence mediates Ubc9 binding and is essential for SUMO-1 modification. J. Biol. Chem. 2001, 276, 21664–21669. [Google Scholar] [CrossRef] [PubMed]

	



Matic, I.; Schimmel, J.; Hendriks, I.A.; van Santen, M.A.; van de Rijke, F.; van Dam, H.; Gnad, F.; Mann, M.; Vertegaal, A.C. Site-specific identification of SUMO-2 targets in cells reveals an inverted SUMOylation motif and a hydrophobic cluster SUMOylation motif. Mol. Cell 2010, 39, 641–652. [Google Scholar] [CrossRef] [PubMed]

	



Hecker, C.M.; Rabiller, M.; Haglund, K.; Bayer, P.; Dikic, I. Specification of SUMO1- and SUMO2-interacting motifs. J. Biol. Chem. 2006, 281, 16117–16127. [Google Scholar] [CrossRef] [PubMed]

	



Beauclair, G.; Bridier-Nahmias, A.; Zagury, J.F.; Saib, A.; Zamborlini, A. JASSA: A comprehensive tool for prediction of SUMOylation sites and SIMs. Bioinformatics 2015, 31, 3483–3491. [Google Scholar] [CrossRef] [PubMed]

	



Gareau, J.R.; Lima, C.D. The SUMO pathway: Emerging mechanisms that shape specificity, conjugation and recognition. Nat. Rev. Mol. Cell Biol. 2010, 11, 861–871. [Google Scholar] [CrossRef] [PubMed]

	



Song, J.; Durrin, L.K.; Wilkinson, T.A.; Krontiris, T.G.; Chen, Y.A. Identification of a SUMO-binding motif that recognizes SUMO-modified proteins. Proc. Natl. Acad. Sci. USA 2004, 101, 14373–14378. [Google Scholar] [CrossRef]

	



Du, L.; Liu, W.; Rosen, S.T. Targeting SUMOylation in cancer. Curr. Opin. Oncol. 2021, 33, 520–525. [Google Scholar] [CrossRef]

	



Kroonen, J.S.; Vertegaal, A.C.O. Targeting SUMO Signaling to Wrestle Cancer. Trends Cancer 2021, 7, 496–510. [Google Scholar] [CrossRef]

	



Qin, Y.Y.; Yuan, H.; Chen, X.; Yang, X.Y.; Xing, Z.C.; Shen, Y.J.; Dong, W.Y.; An, S.M.; Qi, Y.T.; Wu, H.M. SUMOylation Wrestles with the Occurrence and Development of Breast Cancer. Front. Oncol. 2021, 11, 26509. [Google Scholar] [CrossRef]

	



Schneeweis, C.; Hassan, Z.; Schick, M.; Keller, U.; Schneider, G. The SUMO pathway in pancreatic cancer: Insights and inhibition. Br. J. Cancer 2021, 124, 531–538. [Google Scholar] [CrossRef]

	



Rabellino, A.; Khanna, K.K. The implication of the SUMOylation pathway in breast cancer pathogenesis and treatment. Crit. Rev. Biochem. Mol. 2020, 55, 54–70. [Google Scholar] [CrossRef] [PubMed]

	



Seeler, J.S.; Dejean, A. SUMO and the robustness of cancer. Nat. Rev. Cancer 2017, 17, 184–197. [Google Scholar] [CrossRef] [PubMed]

	



Li, S.J.; Wang, J.; Hu, G.L.; Aman, S.; Li, B.W.; Li, Y.N.; Xia, K.K.; Yang, Y.X.; Ahmad, B.; Wang, M.; et al. SUMOylation of MCL1 protein enhances its stability by regulating the ubiquitin-proteasome pathway. Cell. Signal. 2020, 73, 109686. [Google Scholar] [CrossRef] [PubMed]

	



Ao, X.; Li, S.J.; Xu, Z.W.; Yang, Y.Y.; Chen, M.; Jiang, X.; Wu, H.J. Sumoylation of TCF21 downregulates the transcriptional activity of estrogen receptor-alpha. Oncotarget 2016, 7, 26220–26234. [Google Scholar] [CrossRef]

	



Bi, H.L.; Li, S.J.; Wang, M.; Jia, Z.J.; Chang, A.K.; Pang, P.S.; Wu, H.J. SUMOylation of GPS2 protein regulates its transcription-suppressing function. Mol. Biol. Cell 2014, 25, 2499–2508. [Google Scholar] [CrossRef]

	



Li, S.; Wang, M.; Ao, X.; Chang, A.K.; Yang, C.; Zhao, F.; Bi, H.; Liu, Y.; Xiao, L.; Wu, H. CLOCK is a substrate of SUMO and sumoylation of CLOCK upregulates the transcriptional activity of estrogen receptor-alpha. Oncogene 2013, 32, 4883–4891. [Google Scholar] [CrossRef]

	



Hendriks, I.A.; Vertegaal, A.C. A comprehensive compilation of SUMO proteomics. Nat. Rev. Mol. Cell Biol. 2016, 17, 581–595. [Google Scholar] [CrossRef]

	



Melchior, F. SUMO—Nonclassical ubiquitin. Annu. Rev. Cell Dev. Biol. 2000, 16, 591–626. [Google Scholar] [CrossRef]

	



Hay, R.T. Protein modification by SUMO. Trends Biochem. Sci. 2001, 26, 332–333. [Google Scholar] [CrossRef]

	



Muller, S.; Hoege, C.; Pyrowolakis, G.; Jentsch, S. SUMO, ubiquitin’s mysterious cousin. Nat. Rev. Mol. Cell Biol. 2001, 2, 202–210. [Google Scholar] [CrossRef]

	



Muller, S.; Matunis, M.J.; Dejean, A. Conjugation with the ubiquitin-related modifier SUMO-1 regulates the partitioning of PML within the nucleus. EMBO J. 1998, 17, 61–70. [Google Scholar] [CrossRef] [PubMed]

	



Lallemand-Breitenbach, V.; Zhu, J.; Puvion, F.; Koken, M.; Honore, N.; Doubeikovsky, A.; Duprez, E.; Pandolfi, P.P.; Puvion, E.; Freemont, P.; et al. Role of promyelocytic leukemia (PML) sumolation in nuclear body formation, 11S proteasome recruitment, and As2O3-induced PML or PML/retinoic acid receptor alpha degradation. J. Exp. Med. 2001, 193, 1361–1371. [Google Scholar] [CrossRef] [PubMed]

	



Nie, Q.; Chen, H.M.; Zou, M.; Wang, L.; Hou, M.; Xiang, J.W.; Luo, Z.W.; Gong, X.D.; Fu, J.L.; Wang, Y.; et al. The E3 Ligase PIAS1 Regulates p53 Sumoylation to Control Stress-Induced Apoptosis of Lens Epithelial Cells Through the Proapoptotic Regulator Bax. Front. Cell Dev. Biol. 2021, 9, 660494. [Google Scholar] [CrossRef] [PubMed]

	



Stindt, M.H.; Carter, S.; Vigneron, A.M.; Ryan, K.M.; Vousden, K.H. MDM2 promotes SUMO-2/3 modification of p53 to modulate transcriptional activity. Cell Cycle 2011, 10, 3176–3188. [Google Scholar] [CrossRef]

	



Ross, S.; Best, J.L.; Zon, L.I.; Gill, G. SUMO-1 modification represses Sp3 transcriptional activation and modulates its subnuclear localization. Mol. Cell 2002, 10, 831–842. [Google Scholar] [CrossRef]

	



Sapetschnig, A.; Rischitor, G.; Braun, H.; Doll, A.; Schergaut, M.; Melchior, F.; Suske, G. Transcription factor Sp3 is silenced through SUMO modification by PIAS1. EMBO J. 2002, 21, 5206–5215. [Google Scholar] [CrossRef]

	



Pan, Y.; Li, Q.S.; Cao, Z.J.; Zhao, S.L. The SUMO E3 ligase CBX4 is identified as a poor prognostic marker of gastric cancer through multipronged OMIC analyses. Genes Dis. 2021, 8, 827–837. [Google Scholar] [CrossRef]

	



Rabellino, A.; Andreani, C.; Scaglioni, P.P. The Role of PIAS SUMO E3-Ligases in Cancer. Cancer Res. 2017, 77, 1542–1547. [Google Scholar] [CrossRef]

	



Li, S.J.; Yang, C.H.; Hong, Y.D.; Bi, H.L.; Zhao, F.; Liu, Y.; Ao, X.; Pang, P.S.; Xing, X.R.; Chang, A.K.; et al. The transcriptional activity of co-activator AIB1 is regulated by the SUMO E3 Ligase PIAS1. Biol. Cell 2012, 104, 287–296. [Google Scholar] [CrossRef]

	



Li, C.; McManus, F.P.; Plutoni, C.; Pascariu, C.M.; Nelson, T.; Alberici Delsin, L.E.; Emery, G.; Thibault, P. Quantitative SUMO proteomics identifies PIAS1 substrates involved in cell migration and motility. Nat. Commun. 2020, 11, 834. [Google Scholar] [CrossRef]

	



Johnson, E.S.; Gupta, A.A. An E3-like factor that promotes SUMO conjugation to the yeast septins. Cell 2001, 106, 735–744. [Google Scholar] [CrossRef]

	



Reverter, D.; Lima, C.D. Insights into E3 ligase activity revealed by a SUMO-RanGAP1-Ubc9-Nup358 complex. Nature 2005, 435, 687–692. [Google Scholar] [CrossRef] [PubMed]

	



Tozluoglu, M.; Karaca, E.; Nussinov, R.; Halilogiu, T. A Mechanistic View of the Role of E3 in Sumoylation. PLoS Comput. Biol. 2010, 6, e1000913. [Google Scholar] [CrossRef] [PubMed]

	



Puhr, M.; Hoefer, J.; Eigentler, A.; Dietrich, D.; van Leenders, G.; Uhl, B.; Hoogland, M.; Handle, F.; Schlick, B.; Neuwirt, H.; et al. PIAS1 is a determinant of poor survival and acts as a positive feedback regulator of AR signaling through enhanced AR stabilization in prostate cancer. Oncogene 2016, 35, 2322–2332. [Google Scholar] [CrossRef]

	



Yang, N.; Liu, S.; Qin, T.; Liu, X.; Watanabe, N.; Mayo, K.H.; Li, J.; Li, X. SUMO3 modification by PIAS1 modulates androgen receptor cellular distribution and stability. Cell Commun. Signal. 2019, 17, 153. [Google Scholar] [CrossRef]

	



Brantley, E.C.; Nabors, L.B.; Gillespie, G.Y.; Choi, Y.H.; Palmer, C.A.; Harrison, K.; Roarty, K.; Benveniste, E.N. Loss of protein inhibitors of activated STAT-3 expression in glioblastoma multiforme tumors: Implications for STAT-3 activation and gene expression. Clin. Cancer Res. 2008, 14, 4694–4704. [Google Scholar] [CrossRef]

	



Chien, W.; Lee, K.L.; Ding, L.W.; Wuensche, P.; Kato, H.; Doan, N.B.; Poellinger, L.; Said, J.W.; Koeffler, H.P. PIAS4 is an activator of hypoxia signalling via VHL suppression during growth of pancreatic cancer cells. Br. J. Cancer 2013, 109, 1795–1804. [Google Scholar] [CrossRef]

	



Kang, X.; Li, J.; Zou, Y.; Yi, J.; Zhang, H.; Cao, M.; Yeh, E.T.; Cheng, J. PIASy stimulates HIF1alpha SUMOylation and negatively regulates HIF1alpha activity in response to hypoxia. Oncogene 2010, 29, 5568–5578. [Google Scholar] [CrossRef]

	



Sun, L.N.; Li, H.; Chen, J.L.; Iwasaki, Y.; Kubota, T.; Matsuoka, M.; Shen, A.G.; Chen, Q.; Xu, Y. PIASy mediates hypoxia-induced SIRT1 transcriptional repression and epithelial-to-mesenchymal transition in ovarian cancer cells. J. Cell Sci. 2013, 126, 3939–3947. [Google Scholar] [CrossRef]

	



Chai, S.P.; Lee, E.; Cheng, W.H.; Fong, J.C. Depletion of SUMO ligase hMMS21 inhibits HCT116 colorectal cancer cell growth. FEBS J. 2014, 281, 67. [Google Scholar]

	



Ni, H.J.; Chang, Y.N.; Kao, P.H.; Chai, S.P.; Hsieh, Y.H.; Wang, D.H.; Fong, J.C. Depletion of SUMO ligase hMMS21 impairs G1 to S transition in MCF-7 breast cancer cells. Biochim. Biophys. Acta 2012, 1820, 1893–1900. [Google Scholar] [CrossRef] [PubMed]

	



Khetchoumian, K.; Teletin, M.; Tisserand, J.; Mark, M.; Herquel, B.; Ignat, M.; Zucman-Rossi, J.; Cammas, F.; Lerouge, T.; Thibault, C.; et al. Loss of Trim24 (Tif1alpha) gene function confers oncogenic activity to retinoic acid receptor alpha. Nat. Genet. 2007, 39, 1500–1506. [Google Scholar] [CrossRef] [PubMed]

	



Tsai, W.W.; Wang, Z.; Yiu, T.T.; Akdemir, K.C.; Xia, W.; Winter, S.; Tsai, C.Y.; Shi, X.; Schwarzer, D.; Plunkett, W.; et al. TRIM24 links a non-canonical histone signature to breast cancer. Nature 2010, 468, 927–932. [Google Scholar] [CrossRef]

	



Chambon, M.; Orsetti, B.; Berthe, M.L.; Bascoul-Mollevi, C.; Rodriguez, C.; Duong, V.; Gleizes, M.; Thenot, S.; Bibeau, F.; Theillet, C.; et al. Prognostic significance of TRIM24/TIF-1alpha gene expression in breast cancer. Am. J. Pathol. 2011, 178, 1461–1469. [Google Scholar] [CrossRef] [PubMed]

	



Herquel, B.; Ouararhni, K.; Khetchoumian, K.; Ignat, M.; Teletin, M.; Mark, M.; Bechade, G.; Van Dorsselaer, A.; Sanglier-Cianferani, S.; Hamiche, A.; et al. Transcription cofactors TRIM24, TRIM28, and TRIM33 associate to form regulatory complexes that suppress murine hepatocellular carcinoma. Proc. Natl. Acad. Sci. USA 2011, 108, 8212–8217. [Google Scholar] [CrossRef]

	



Yokoe, T.; Toiyama, Y.; Okugawa, Y.; Tanaka, K.; Ohi, M.; Inoue, Y.; Mohri, Y.; Miki, C.; Kusunoki, M. KAP1 Is Associated With Peritoneal Carcinomatosis in Gastric Cancer. Ann. Surg. Oncol. 2010, 17, 821–828. [Google Scholar] [CrossRef] [PubMed]

	



Kakizuka, A.; Miller, W.H., Jr.; Umesono, K.; Warrell, R.P., Jr.; Frankel, S.R.; Murty, V.V.; Dmitrovsky, E.; Evans, R.M. Chromosomal translocation t(15;17) in human acute promyelocytic leukemia fuses RAR alpha with a novel putative transcription factor, PML. Cell 1991, 66, 663–674. [Google Scholar] [CrossRef]

	



Ma, L.; Yao, N.; Chen, P.; Zhuang, Z. TRIM27 promotes the development of esophagus cancer via regulating PTEN/AKT signaling pathway. Cancer Cell Int. 2019, 19, 283. [Google Scholar] [CrossRef]

	



Yao, Y.; Liu, Z.; Cao, Y.; Guo, H.; Jiang, B.; Deng, J.; Xiong, J. Downregulation of TRIM27 suppresses gastric cancer cell proliferation via inhibition of the Hippo-BIRC5 pathway. Pathol. Res. Pract. 2020, 216, 153048. [Google Scholar] [CrossRef]

	



Zhang, Y.; Feng, Y.F.; Ji, D.J.; Wang, Q.Y.; Qian, W.W.; Wang, S.J.; Zhang, Z.Y.; Ji, B.; Zhang, C.; Sun, Y.M.; et al. TRIM27 functions as an oncogene by activating epithelial-mesenchymal transition and p-AKT in colorectal cancer. Int. J. Oncol. 2018, 53, 620–632. [Google Scholar] [CrossRef]

	



Ma, Y.; Wei, Z.; Bast, R.C., Jr.; Wang, Z.; Li, Y.; Gao, M.; Liu, Y.; Wang, X.; Guo, C.; Zhang, L.; et al. Downregulation of TRIM27 expression inhibits the proliferation of ovarian cancer cells in vitro and in vivo. Lab. Investig. 2016, 96, 37–48. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, J.; Xie, C.; Liu, Y.; Shi, Q.; Chen, Y. Up-regulation of miR-383-5p suppresses proliferation and enhances chemosensitivity in ovarian cancer cells by targeting TRIM27. Biomed. Pharmacother. 2019, 109, 595–601. [Google Scholar] [CrossRef] [PubMed]

	



Lv, X.D.; Xie, Y.H.; Wu, W.X.; Liu, J.L.; Ling, D.Y.; Yang, Z.P. Inhibition of tumor cell adhesion, invasion and migration in human lung cancer cells by silencing of TRIM27. Int. J. Clin. Exp. Patho 2016, 9, 10179–10187. [Google Scholar]

	



Liu, S.Y.; Tian, Y.; Zheng, Y.; Cheng, Y.; Zhang, D.J.; Jiang, J.T.; Li, S.M. TRIM27 acts as an oncogene and regulates cell proliferation and metastasis in non-small cell lung cancer through SIX3-beta-catenin signaling. Aging 2020, 12, 25564–25580. [Google Scholar] [CrossRef]

	



Xiao, C.W.; Zhang, W.; Hua, M.M.A.; Chen, H.; Yang, B.; Wang, Y.; Yang, Q. TRIM27 interacts with I kappa b alpha to promote the growth of human renal cancer cells through regulating the NF-kappa B pathway. BMC Cancer 2021, 21, 18. [Google Scholar] [CrossRef]

	



Yin, H.M.; Li, Z.; Chen, J.; Hu, X.B. Expression and the potential functions of TRIM32 in lung cancer tumorigenesis. J. Cell. Biochem. 2019, 120, 5232–5243. [Google Scholar] [CrossRef]

	



Du, Y.M.; Zhang, W.; Du, B.H.; Zang, S.; Wang, X.P.; Mao, X.; Hu, Z.S. TRIM32 overexpression improves chemoresistance through regulation of mitochondrial function in non-small-cell lung cancers. Oncotargets 2018, 11, 7841–7852. [Google Scholar] [CrossRef]

	



Wang, C.M.; Xu, J.P.; Fu, H.B.; Zhang, Y.; Zhang, X.; Yang, D.J.; Zhu, Z.X.; Wei, Z.R.; Hu, Z.Q.; Yan, R.L.; et al. TRIM32 promotes cell proliferation and invasion by activating beta-catenin signalling in gastric cancer. J. Cell. Mol. Med. 2018, 22, 5020–5028. [Google Scholar] [CrossRef]

	



Wang, J.J.; Fang, Y.J.; Liu, T. TRIM32 Promotes the Growth of Gastric Cancer Cells through Enhancing AKT Activity and Glucose Transportation. Biomed Res. Int. 2020, 2020, 4027627. [Google Scholar] [CrossRef]

	



Zhao, T.T.; Jin, F.; Li, J.G.; Xu, Y.Y.; Dong, H.T.; Liu, Q.; Xing, P.; Zhu, G.L.; Xu, H.; Yin, S.C.; et al. TRIM32 promotes proliferation and confers chemoresistance to breast cancer cells through activation of the NF-kappa B pathway. J. Cancer 2018, 9, 1349–1356. [Google Scholar] [CrossRef]

	



Meng, Q.; Wang, L.; Lv, Y.; Wu, J.; Shi, W. Deletion of HNF1A-AS1 Suppresses the Malignant Phenotypes of Breast Cancer Cells In Vitro and In Vivo Through Targeting miRNA-20a-5p/TRIM32 Axis. Cancer Biother. Radiopharm. 2021, 36, 23–35. [Google Scholar] [CrossRef] [PubMed]

	



Su, X.; Wang, B.; Wang, Y.; Wang, B. Inhibition of TRIM32 Induced by miR-519d Increases the Sensitivity of Colorectal Cancer Cells to Cisplatin. Onco Targets Ther. 2020, 13, 277–289. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, B.; Yan, Y.Y.; Gu, Y.Q.; Teng, F.; Lin, X.; Zhou, X.L.; Che, J.X.; Dong, X.W.; Zhou, L.X.; Lin, N.M. Inhibition of TRIM32 by ibr-7 treatment sensitizes pancreatic cancer cells to gemcitabine via mTOR/p70S6K pathway. J. Cell. Mol. Med. 2022, 26, 515–526. [Google Scholar] [CrossRef] [PubMed]

	



Wang, X.; Shi, W.; Shi, H.; Lu, S.; Wang, K.; Sun, C.; He, J.; Jin, W.; Lv, X.; Zou, H.; et al. TRIM11 overexpression promotes proliferation, migration and invasion of lung cancer cells. J. Exp. Clin. Cancer Res. 2016, 35, 100. [Google Scholar] [CrossRef]

	



Wang, X.L.; Lu, S.C.; Sun, C.; Jin, W.G.; Fan, Y.W.; Shu, Y.S.; Shi, H.C.; Min, L.F. Tripartite motif protein 11 (TRIM11), an oncogene for human lung cancer via the DUSP6-mediated ERK1/2 signaling pathway. Cancer Biol. 2021, 22, 324–332. [Google Scholar] [CrossRef]

	



Chen, Y.; Sun, J.; Ma, J. Proliferation and invasion of ovarian cancer cells are suppressed by knockdown of TRIM11. Oncol. Lett. 2017, 14, 2125–2130. [Google Scholar] [CrossRef]

	



Song, Z.; Guo, Q.; Wang, H.; Gao, L.; Wang, S.; Liu, D.; Liu, J.; Qi, Y.; Lin, B. miR-5193, regulated by FUT1, suppresses proliferation and migration of ovarian cancer cells by targeting TRIM11. Pathol. Res. Pract. 2020, 216, 153148. [Google Scholar] [CrossRef]

	



Tang, J.; Luo, Y.; Tian, Z.; Liao, X.; Cui, Q.; Yang, Q.; Wu, G. TRIM11 promotes breast cancer cell proliferation by stabilizing estrogen receptor alpha. Neoplasia 2020, 22, 343–351. [Google Scholar] [CrossRef]

	



Song, W.; Wang, Z.; Gu, X.; Wang, A.; Chen, X.; Miao, H.; Chu, J.; Tian, Y. TRIM11 promotes proliferation and glycolysis of breast cancer cells via targeting AKT/GLUT1 pathway. Onco Targets 2019, 12, 4975–4984. [Google Scholar] [CrossRef]

	



Luo, N.C.; Wang, Z.H. TRIM11 stimulates the proliferation of gastric cancer through targeting CPEB3/EGFR axis. J. Buon 2020, 25, 2097–2104. [Google Scholar]

	



Lan, Q.; Tan, X.; He, P.; Li, W.; Tian, S.; Dong, W. TRIM11 Promotes Proliferation, Migration, Invasion and EMT of Gastric Cancer by Activating beta-Catenin Signaling. Onco Targets Ther. 2021, 14, 1429–1440. [Google Scholar] [CrossRef] [PubMed]

	



Tang, J.; Tian, Z.; Liao, X.; Wu, G. SOX13/TRIM11/YAP axis promotes the proliferation, migration and chemoresistance of anaplastic thyroid cancer. Int. J. Biol. Sci. 2021, 17, 417–429. [Google Scholar] [CrossRef] [PubMed]

	



Liu, W.; Wu, Z.; Wang, L.; Wang, Q.; Sun, X.; Niu, S. Knockdown of TRIM11 suppresses cell progression and apoptosis of cervical cancer cells via PI3K/AKT pathway. Am. J. Transl. Res. 2021, 13, 10328–10340. [Google Scholar] [PubMed]

	



Yin, Y.; Zhong, J.; Li, S.W.; Li, J.Z.; Zhou, M.; Chen, Y.; Sang, Y.; Liu, L. TRIM11, a direct target of miR-24-3p, promotes cell proliferation and inhibits apoptosis in colon cancer. Oncotarget 2016, 7, 86755–86765. [Google Scholar] [CrossRef] [PubMed]

	



Pan, Y.; Zhang, R.Y.; Chen, H.D.; Chen, W.; Wu, K.M.; Lv, J.J. Expression of Tripartite Motif-Containing Proteactiin 11 (TRIM11) is Associated with the Progression of Human Prostate Cancer and is Downregulated by MicroRNA-5193. Med. Sci. Monit. 2019, 25, 98–106. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, Z.Q.; Gao, W.; Yuan, B.A.; Zhang, S.; Wang, K.J.; Du, T. TRIM22 inhibits the proliferation of gastric cancer cells through the Smad2 protein. Cell Death Discov. 2021, 7, 234. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, L.P.; Zhang, B.Q.; Wei, M.Y.; Xu, Z.; Kong, W.Y.; Deng, K.; Xu, X.X.; Zhang, L.; Zhao, X.B.; Yan, L. TRIM22 inhibits endometrial cancer progression through the NOD2/NF-kB signaling pathway and confers a favorable prognosis. Int. J. Oncol. 2020, 56, 1225–1239. [Google Scholar]

	



Liu, R.H.; Zhao, W.Z.; Wang, H.; Wang, J.B. Long Noncoding RNA LINC01207 Promotes Colon Cancer Cell Proliferation and Invasion by Regulating miR-3125/TRIM22 Axis. BioMed Res. Int. 2020, 2020, 1216325. [Google Scholar] [CrossRef]

	



Wang, Y.; Liang, H.X.; Zhang, C.M.; Zou, M.; Zou, B.B.; Wei, W.; Hu, W. FOXO3/TRIM22 axis abated the antitumor effect of gemcitabine in non-small cell lung cancer via autophagy induction. Transl. Cancer Res. 2020, 9, 937–948. [Google Scholar] [CrossRef]

	



Liu, L.; Zhou, X.M.; Yang, F.F.; Miao, Y.; Yin, Y.; Hu, X.J.; Hou, G.; Wang, Q.Y.; Kang, J. TRIM22 confers poor prognosis and promotes epithelial-mesenchymal transition through regulation of AKT/GSK3 beta/beta-catenin signaling in non-small cell lung cancer. Oncotarget 2017, 8, 62069–62080. [Google Scholar] [CrossRef]

	



BRAF-Like Colorectal Cancer Cells Are Selectively Dependent on RANBP2. Cancer Discov. 2016, 6, OF18. [CrossRef] [PubMed]

	



Wang, H.C.; Luo, Q.Y.; Kang, J.Y.; Wei, Q.; Yang, Y.; Yang, D.; Liu, X.Y.; Liu, T.; Yi, P. YTHDF1 Aggravates the Progression of Cervical Cancer Through m(6)A-Mediated Up-Regulation of RANBP2. Front. Oncol. 2021, 11, 650383. [Google Scholar] [CrossRef] [PubMed]

	



Yang, J.; Liu, Y.; Wang, B.; Lan, H.Z.; Liu, Y.; Chen, F.; Zhang, J.; Luo, J. Sumoylation in p27kip1 via RanBP2 promotes cancer cell growth in cholangiocarcinoma cell line QBC939. BMC Mol. Biol. 2017, 18, 23. [Google Scholar] [CrossRef]

	



Horio, Y.; Osada, H.; Shimizu, J.; Ogawa, S.; Hida, T.; Sekido, Y. Relationship of mRNA expressions of RanBP2 and topoisomerase II isoforms to cytotoxicity of amrubicin in human lung cancer cell lines. Cancer Chemother. Pharm. 2010, 66, 237–243. [Google Scholar] [CrossRef] [PubMed]

	



Sanyal, S.; Mondal, P.; Sen, S.; Sengupta Bandyopadhyay, S.; Das, C. SUMO E3 ligase CBX4 regulates hTERT-mediated transcription of CDH1 and promotes breast cancer cell migration and invasion. Biochem. J. 2020, 477, 3803–3818. [Google Scholar] [CrossRef] [PubMed]

	



Hu, C.; Zhang, Q.; Tang, Q.; Zhou, H.; Liu, W.; Huang, J.; Liu, Y.; Wang, Q.; Zhang, J.; Zhou, M.; et al. CBX4 promotes the proliferation and metastasis via regulating BMI-1 in lung cancer. J. Cell Mol. Med. 2020, 24, 618–631. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, J.; Yang, T.; Li, L. LncRNA FOXP4-AS1 Is Involved in Cervical Cancer Progression via Regulating miR-136-5p/CBX4 Axis. Oncotargets Ther. 2020, 13, 2347–2355. [Google Scholar] [CrossRef]

	



Chen, Y.N.; Du, J.; Wang, Y.; Shi, H.Y.; Jiang, Q.Y.; Wang, Y.F.; Zhang, H.H.; Wei, Y.M.; Xue, W.J.; Pu, Z.Y.; et al. MicroRNA-497-5p Induces Cell Cycle Arrest of Cervical Cancer Cells In S Phase By Targeting CBX4. Oncotargets 2019, 12, 10535–10545. [Google Scholar] [CrossRef]

	



Wei, W.Z.; Zhao, W.; Zhang, Y. CBX4 Provides an Alternate Mode of Colon Cancer Development via Potential Influences on Circadian Rhythm and Immune Infiltration. Front. Cell Dev. Biol. 2021, 9, 650383. [Google Scholar] [CrossRef]

	



Zheng, Z.X.; Qiu, K.Y.; Huang, W.W. Long Non-Coding RNA (IncRNA) RAMS11 Promotes Metastatis and Cell Growth of Prostate Cancer by CBX4 Complex Binding to Top2 alpha. Cancer Manag. Res. 2021, 13, 913–923. [Google Scholar] [CrossRef]

	



Shah, S.; Lach, F.; Kim, Y.; Sarrel, K.; Rau-Murthy, R.; Hansen, N.; Rendleman, J.; Kirchhoff, T.; Joseph, V.; Offit, K.; et al. SLX4 mutation in hereditary breast cancer. Cancer Res. 2012, 72, 2600. [Google Scholar]

	



Lee, J.H.; An, C.H.; Kim, M.S.; Yoo, N.J.; Lee, S.H. Rare frameshift mutations of putative tumor suppressor genes CSMDI and SLX4 in colorectal cancers. Pathol. Res. Pract. 2018, 214, 325–326. [Google Scholar] [CrossRef] [PubMed]

	



de Garibay, G.R.; Diaz, A.; Gavina, B.; Romero, A.; Garre, P.; Vega, A.; Blanco, A.; Tosar, A.; Diez, O.; Perez-Segura, P.; et al. Low prevalence of SLX4 loss-of-function mutations in non-BRCA1/2 breast and/or ovarian cancer families. Eur. J. Hum. Genet. 2013, 21, 883–886. [Google Scholar] [CrossRef] [PubMed]

	



Karvonen, U.; Jaaskelainen, T.; Rytinki, M.; Kaikkonen, S.; Palvimo, J.J. ZNF451 is a novel PML body- and SUMO-associated transcriptional coregulator. J. Mol. Biol. 2008, 382, 585–600. [Google Scholar] [CrossRef] [PubMed]

	



Feng, Y.L.; Wu, H.X.; Xu, Y.X.; Zhang, Z.M.; Liu, T.; Lin, X.; Feng, X.H. Zinc Finger Protein 451 Is a Novel Smad Corepressor in Transforming Growth Factor-beta Signaling. J. Biol. Chem. 2014, 289, 2072–2083. [Google Scholar] [CrossRef] [PubMed]

	



Zeng, W.; Gu, S.C.; Yu, Y.; Feng, Y.L.; Xiao, M.; Feng, X.H. ZNF451 stabilizes TWIST2 through SUMOylation and promotes epithelial-mesenchymal transition. Am. J. Cancer Res. 2021, 11, 898–915. [Google Scholar] [PubMed]

	



Zhang, Z.P.; Chen, H.X.; Lu, Y.B.; Feng, T.C.; Sun, W.J. LncRNA BC032020 suppresses the survival of human pancreatic ductal adenocarcinoma cells by targeting ZNF451. Int. J. Oncol. 2018, 52, 1224–1234. [Google Scholar] [CrossRef]

	



Firmal, P.; Shah, V.K.; Pant, R.; Chattopadhyay, S. RING finger protein TOPORS modulates the expression of tumor suppressor SMAR1 in colorectal cancer via the TLR4-TRIF pathway. Mol. Oncol. 2021. [Google Scholar] [CrossRef]

	



Hu, C.M.; Peng, J.; Lv, L.; Wang, X.H.; Huo, J.R.; Liu, D.L. MiR-196a promotes the proliferation and migration of esophageal cancer via the UHRF2/TET2 axis. Mol. Cell. Biochem. 2021, 477, 537–547. [Google Scholar] [CrossRef]

	



Hochstrasser, M. SP-RING for SUMO: New functions bloom for a ubiquitin-like protein. Cell 2001, 107, 5–8. [Google Scholar] [CrossRef]

	



Reindle, A.; Belichenko, I.; Bylebyl, G.R.; Chen, X.L.; Gandhi, N.; Johnson, E.S. Multiple domains in Siz SUMO ligases contribute to substrate selectivity. J. Cell Sci. 2006, 119 Pt 22, 4749–4757. [Google Scholar] [CrossRef]

	



Minty, A.; Dumont, X.; Kaghad, M.; Caput, D. Covalent modification of p73alpha by SUMO-1. Two-hybrid screening with p73 identifies novel SUMO-1-interacting proteins and a SUMO-1 interaction motif. J. Biol. Chem. 2000, 275, 36316–36323. [Google Scholar] [CrossRef]

	



Kaur, K.; Park, H.; Pandey, N.; Azuma, Y.; De Guzman, R.N. Identification of a new small ubiquitin-like modifier (SUMO)-interacting motif in the E3 ligase PIASy. J. Biol. Chem. 2017, 292, 10230–10238. [Google Scholar] [CrossRef]

	



Lussier-Price, M.; Mascle, X.H.; Cappadocia, L.; Kamada, R.; Sakaguchi, K.; Wahba, H.M.; Omichinski, J.G. Characterization of a C-Terminal SUMO-Interacting Motif Present in Select PIAS-Family Proteins. Structure 2020, 28, 573–585.e5. [Google Scholar] [CrossRef]

	



Rytinki, M.M.; Kaikkonen, S.; Pehkonen, P.; Jaaskelainen, T.; Palvimo, J.J. PIAS proteins: Pleiotropic interactors associated with SUMO. Cell Mol. Life Sci. 2009, 66, 3029–3041. [Google Scholar] [CrossRef]

	



Chung, C.D.; Liao, J.; Liu, B.; Rao, X.; Jay, P.; Berta, P.; Shuai, K. Specific inhibition of Stat3 signal transduction by PIAS3. Science 1997, 278, 1803–1805. [Google Scholar] [CrossRef]

	



Liu, B.; Liao, J.; Rao, X.; Kushner, S.A.; Chung, C.D.; Chang, D.D.; Shuai, K. Inhibition of Stat1-mediated gene activation by PIAS1. Proc. Natl. Acad. Sci. USA 1998, 95, 10626–10631. [Google Scholar] [CrossRef]

	



Galanty, Y.; Belotserkovskaya, R.; Coates, J.; Polo, S.; Miller, K.M.; Jackson, S.P. Mammalian SUMO E3-ligases PIAS1 and PIAS4 promote responses to DNA double-strand breaks. Nature 2009, 462, 935–939. [Google Scholar] [CrossRef]

	



Jang, H.D.; Yoon, K.; Shin, Y.J.; Kim, J.; Lee, S.Y. PIAS3 suppresses NF-kappa B-mediated transcription by interacting with the p65/RelA subunit. J. Biol. Chem. 2004, 279, 24873–24880. [Google Scholar] [CrossRef]

	



Sachdev, S.; Bruhn, L.; Sieber, H.; Pichler, A.; Melchior, F.; Grosschedl, R. PIASy, a nuclear matrix-associated SUMO E3 ligase, represses LEF1 activity by sequestration into nuclear bodies. Gene Dev. 2001, 15, 3088–3103. [Google Scholar] [CrossRef]

	



Li, X.M.; Thyssen, G.; Beliakoff, J.; Sun, Z.J. The novel PIAS-like protein hZimp10 enhances Smad transcriptional activity. J. Biol. Chem. 2006, 281, 23748–23756. [Google Scholar] [CrossRef]

	



Varejao, N.; Ibars, E.; Lascorz, J.; Colomina, N.; Torres-Rosell, J.; Reverter, D. DNA activates the Nse2/Mms21 SUMO E3 ligase in the Smc5/6 complex. EMBO J. 2018, 37, e98306. [Google Scholar] [CrossRef]

	



Lee, J.; Beliakoff, J.; Sun, Z. The novel PIAS-like protein hZimp10 is a transcriptional co-activator of the p53 tumor suppressor. Nucleic Acids Res. 2007, 35, 4523–4534. [Google Scholar] [CrossRef]

	



Sharma, M.J.; Li, X.Y.; Wang, Y.Z.; Zarnegar, M.; Huang, C.Y.; Palvimo, J.J.; Lim, B.; Sun, Z.J. hZimp10 is an androgen receptor co-activator and forms a complex with SUMO-1 at replication foci. EMBO J. 2003, 22, 6101–6114. [Google Scholar] [CrossRef]

	



Ozato, K.; Shin, D.M.; Chang, T.H.; Morse, H.C. TRIM family proteins and their emerging roles in innate immunity. Nat. Rev. Immunol. 2008, 8, 849–860. [Google Scholar] [CrossRef]

	



Chu, Y.; Yang, X. SUMO E3 ligase activity of TRIM proteins. Oncogene 2011, 30, 1108–1116. [Google Scholar] [CrossRef]

	



Liang, Q.M.; Deng, H.Y.; Li, X.J.; Wu, X.F.; Tang, Q.Y.; Chang, T.H.; Peng, H.Z.; Rauscher, F.J.; Ozato, K.; Zhu, F.X. Tripartite Motif-Containing Protein 28 Is a Small Ubiquitin-Related Modifier E3 Ligase and Negative Regulator of IFN Regulatory Factor 7. J. Immunol. 2011, 187, 4754–4763. [Google Scholar] [CrossRef]

	



Ikeuchi, Y.; Dadakhujaev, S.; Chandhoke, A.S.; Huynh, M.A.; Oldenborg, A.; Ikeuchi, M.; Deng, L.; Bennett, E.J.; Harper, J.W.; Bonni, A.; et al. TIF1gamma protein regulates epithelial-mesenchymal transition by operating as a small ubiquitin-like modifier (SUMO) E3 ligase for the transcriptional regulator SnoN1. J. Biol. Chem. 2014, 289, 25067–25078. [Google Scholar] [CrossRef]

	



Nisole, S.; Stoye, J.P.; Saib, A. TRIM family proteins: Retroviral restriction and antiviral defence. Nat. Rev. Microbiol. 2005, 3, 799–808. [Google Scholar] [CrossRef]

	



Schwamborn, J.C.; Berezikov, E.; Knoblich, J.A. The TRIM-NHL protein TRIM32 activates microRNAs and prevents self-renewal in mouse neural progenitors. Cell 2009, 136, 913–925. [Google Scholar] [CrossRef]

	



Kerscher, O. SUMO junction-what’s your function? New insights through SUMO-interacting motifs. EMBO Rep. 2007, 8, 550–555. [Google Scholar] [CrossRef]

	



Yokoyama, N.; Hayashi, N.; Seki, T.; Pante, N.; Ohba, T.; Nishii, K.; Kuma, K.; Hayashida, T.; Miyata, T.; Aebi, U.; et al. A giant nucleopore protein that binds Ran/TC4. Nature 1995, 376, 184–188. [Google Scholar] [CrossRef]

	



Hamada, M.; Haeger, A.; Jeganathan, K.B.; van Ree, J.H.; Malureanu, L.; Walde, S.; Joseph, J.; Kehlenbach, R.H.; van Deursen, J.M. Ran-dependent docking of importin-beta to RanBP2/Nup358 filaments is essential for protein import and cell viability. J. Cell Biol. 2011, 194, 597–612. [Google Scholar] [CrossRef]

	



Dawlaty, M.M.; Malureanu, L.; Jeganathan, K.B.; Kao, E.; Sustmann, C.; Tahk, S.; Shuai, K.; Grosschedl, R.; van Deursen, J.M. Resolution of sister centromeres requires RanBP2-mediated SUMOylation of topoisomerase IIalpha. Cell 2008, 133, 103–115. [Google Scholar] [CrossRef]

	



Werner, A.; Flotho, A.; Melchior, F. The RanBP2/RanGAP1(star)SUMO1/Ubc9 Complex Is a Multisubunit SUMO E3 Ligase. Mol. Cell 2012, 46, 287–298. [Google Scholar] [CrossRef]

	



Gareau, J.R.; Reverter, D.; Lima, C.D. Determinants of Small Ubiquitin-like Modifier 1 (SUMO1) Protein Specificity, E3 Ligase, and SUMO-RanGAP1 Binding Activities of Nucleoporin RanBP2. J. Biol. Chem. 2012, 287, 4740–4751. [Google Scholar] [CrossRef]

	



Kagey, M.H.; Melhuish, T.A.; Wotton, D. The polycomb protein Pc2 is a SUMO E3. Cell 2003, 113, 127–137. [Google Scholar] [CrossRef]

	



Klauke, K.; Radulovic, V.; Broekhuis, M.; Weersing, E.; Zwart, E.; Olthof, S.; Ritsema, M.; Bruggeman, S.; Wu, X.D.; Helin, K.; et al. Polycomb Cbx family members mediate the balance between haematopoietic stem cell self-renewal and differentiation. Nat. Cell Biol. 2013, 15, 353–362. [Google Scholar] [CrossRef]

	



Kagey, M.H.; Melhuish, T.A.; Powers, S.E.; Wotton, D. Multiple activities contribute to Pc2 E3 function. EMBO J. 2005, 24, 108–119. [Google Scholar] [CrossRef]

	



Merrill, J.C.; Melhuish, T.A.; Kagey, M.H.; Yang, S.H.; Sharrocks, A.D.; Wotton, D. A Role for Non-Covalent SUMO Interaction Motifs in Pc2/CBX4 E3 Activity. PLoS ONE 2010, 5, e8794. [Google Scholar] [CrossRef]

	



Kottemann, M.C.; Smogorzewska, A. Fanconi anaemia and the repair of Watson and Crick DNA crosslinks. Nature 2013, 493, 356–363. [Google Scholar] [CrossRef]

	



Guervilly, J.H.; Takedachi, A.; Naim, V.; Scaglione, S.; Chawhan, C.; Lovera, Y.; Despras, E.; Kuraoka, I.; Kannouche, P.; Rosselli, F.; et al. The SLX4 Complex Is a SUMO E3 Ligase that Impacts on Replication Stress Outcome and Genome Stability. Mol. Cell 2015, 57, 123–137. [Google Scholar] [CrossRef]

	



Cappadocia, L.; Pichler, A.; Lima, C.D. Structural basis for catalytic activation by the human ZNF451 SUMO E3 ligase. Nat. Struct. Mol. Biol. 2015, 22, 968–975. [Google Scholar] [CrossRef]

	



Koidl, S.; Eisenhardt, N.; Fatouros, C.; Droescher, M.; Chaugule, V.K.; Pichler, A. The SUMO2/3 specific E3 ligase ZNF451-1 regulates PML stability. Int. J. Biochem. Cell Biol. 2016, 79, 478–487. [Google Scholar] [CrossRef]

	



Weger, S.; Hammer, E.; Heilbronn, R. Topors acts as a SUMO-1 E3 ligase for p53 in vitro and in vivo. FEBS Lett. 2005, 579, 5007–5012. [Google Scholar] [CrossRef]

	



Mori, T.; Ikeda, D.D.; Fukushima, T.; Takenoshita, S.; Kochi, H. NIRF constitutes a nodal point in the cell cycle network and is a candidate tumor suppressor. Cell Cycle 2011, 10, 3284–3299. [Google Scholar] [CrossRef]

	



Oh, Y.; Chung, K.C. UHRF2, a Ubiquitin E3 Ligase, Acts as a Small Ubiquitin-like Modifier E3 Ligase for Zinc Finger Protein 131. J. Biol. Chem. 2013, 288, 9102–9111. [Google Scholar] [CrossRef]

	



Xu, L.G.; Li, L.Y.; Shu, H.B. TRAF7 potentiates MEKK3-induced AP1 and CHOP activation and induces apoptosis. J. Biol. Chem. 2004, 279, 17278–17282. [Google Scholar] [CrossRef]

	



Morita, Y.; Kanei-Ishii, C.; Nomura, T.; Ishii, S. TRAF7 sequesters c-Myb to the cytoplasm by stimulating its sumoylation. Mol. Biol. Cell 2005, 16, 5433–5444. [Google Scholar] [CrossRef]

	



Yang, Q.; Tang, J.L.; Xu, C.H.; Zhao, H.; Zhou, Y.; Wang, Y.Y.; Yang, M.; Chen, X.W.; Chen, J.Z. Histone deacetylase 4 inhibits NF-kappa B activation by facilitating I kappa B alpha sumoylation. J. Mol. Cell Biol. 2020, 12, 933–945. [Google Scholar] [CrossRef]

	



Gao, C.; Ho, C.C.; Reineke, E.; Lam, M.; Cheng, X.; Stanya, K.J.; Liu, Y.; Chakraborty, S.; Shih, H.M.; Kao, H.Y. Histone deacetylase 7 promotes PML sumoylation and is essential for PML nuclear body formation. Mol. Cell. Biol. 2008, 28, 5658–5667. [Google Scholar] [CrossRef]

	



Mattoscio, D.; Medda, A.; Chiocca, S. Recent Highlights: Onco Viral Exploitation of the SUMO System. Curr. Issues Mol. Biol. 2020, 35, 1–16. [Google Scholar] [CrossRef]

	



Fan, Y.; Li, X.; Zhang, L.; Zong, Z.; Wang, F.; Huang, J.; Zeng, L. Zhang; C. Yan, H.; Zhang, L.; Zhou, F. SUMOylation in Viral Replication and Antiviral Defense. Adv. Sci. 2022, 9, e2104126. [Google Scholar] [CrossRef]

	



Muller, S.; Dobner, T. The adenovirus E1B-55K oncoprotein induces SUMO modification of p53. Cell Cycle 2008, 7, 754–758. [Google Scholar] [CrossRef]

	



Yang, W.S.; Campbell, M.; Kung, H.J.; Chang, P.C. In Vitro SUMOylation Assay to Study SUMO E3 Ligase Activity. Jove J. Vis. Exp. 2018, 131, 56629. [Google Scholar] [CrossRef]

	



Sohn, S.Y.; Hearing, P. The adenovirus E4-ORF3 protein functions as a SUMO E3 ligase for TIF-1 gamma sumoylation and poly-SUMO chain elongation. Proc. Natl. Acad. Sci. USA 2016, 113, 6725–6730. [Google Scholar] [CrossRef]

	



Stehmeier, P.; Muller, S. Regulation of p53 family members by the ubiquitin-like SUMO system. DNA Repair 2009, 8, 491–498. [Google Scholar] [CrossRef]

	



Wu, S.Y.; Chiang, C.M. p53 sumoylation Mechanistic insights from reconstitution studies. Epigenetics 2009, 4, 445–451. [Google Scholar] [CrossRef]

	



Kung, C.P.; Khaku, S.; Jennis, M.; Zhou, Y.; Murphy, M.E. Identification of TRIML2, a Novel p53 Target, that Enhances p53 SUMOylation and Regulates the Transactivation of Proapoptotic Genes. Mol. Cancer Res. 2015, 13, 250–262. [Google Scholar] [CrossRef]

	



Pelisch, F.; Pozzi, B.; Risso, G.; Munoz, M.J.; Srebrow, A. DNA Damage-induced Heterogeneous Nuclear Ribonucleoprotein K SUMOylation Regulates p53 Transcriptional Activation. J. Biol. Chem. 2012, 287, 30789–30799. [Google Scholar] [CrossRef]

	



Ashikari, D.; Takayama, K.; Tanaka, T.; Suzuki, Y.; Obinata, D.; Fujimura, T.; Urano, T.; Takahashi, S.; Inoue, S. Androgen induces G3BP2 and SUMO-mediated p53 nuclear export in prostate cancer. Oncogene 2017, 36, 6272–6281. [Google Scholar] [CrossRef] [PubMed]

	



Takayama, K.; Suzuki, T.; Tanaka, T.; Fujimura, T.; Takahashi, S.; Urano, T.; Ikeda, K.; Inoue, S. TRIM25 enhances cell growth and cell survival by modulating p53 signals via interaction with G3BP2 in prostate cancer. Oncogene 2018, 37, 2165–2180. [Google Scholar] [CrossRef] [PubMed]

	



Nelson, V.; Davis, G.E.; Maxwell, S.A. A putative protein inhibitor of activated STAT (PIASy) interacts with p53 and inhibits p53-mediated transactivation but not apoptosis. Apoptosis 2001, 6, 221–234. [Google Scholar] [CrossRef] [PubMed]

	



Takabe, W.; Alberts-Grill, N.; Jo, H. Disturbed flow: p53 SUMOylation in the turnover of endothelial cells. J. Cell Biol. 2011, 193, 805–807. [Google Scholar] [CrossRef] [PubMed]

	



Megidish, T.; Xu, J.H.; Xu, C.W. Activation of p53 by protein inhibitor of activated Stat1 (PIAS1). J. Biol. Chem. 2002, 277, 8255–8259. [Google Scholar] [CrossRef]

	



Pennella, M.A.; Liu, Y.; Woo, J.L.; Kim, C.A.; Berk, A.J. Adenovirus E1B 55-Kilodalton Protein Is a p53-SUMO1 E3 Ligase That Represses p53 and Stimulates Its Nuclear Export through Interactions with Promyelocytic Leukemia Nuclear Bodies. J. Virol. 2010, 84, 12210–12225. [Google Scholar] [CrossRef]

	



Chen, L.H.; Chen, J.D. MDM2-ARF complex regulates p53 sumoylation. Oncogene 2003, 22, 5348–5357. [Google Scholar] [CrossRef]

	



Munarriz, E.; Barcaroli, D.; Stephanou, A.; Townsend, P.A.; Maisse, C.; Terrinoni, A.; Neale, M.H.; Martin, S.J.; Latchman, D.S.; Knight, R.A.; et al. PIAS-1 is a checkpoint regulator which affects exit from G1 and G2 by sumoylation of p73. Mol. Cell. Biol. 2004, 24, 10593–10610. [Google Scholar] [CrossRef]

	



Zhang, C.; Yuan, X.; Yue, L.; Fu, J.; Luo, L.; Yin, Z. PIASy interacts with p73alpha and regulates cell cycle in HEK293 cells. Cell. Immunol. 2010, 263, 235–240. [Google Scholar] [CrossRef]

	



Li, R.; Wei, J.; Jiang, C.; Liu, D.; Deng, L.; Zhang, K.; Wang, P. Akt SUMOylation regulates cell proliferation and tumorigenesis. Cancer Res. 2013, 73, 5742–5753. [Google Scholar] [CrossRef]

	



Risso, G.; Pelisch, F.; Pozzi, B.; Mammi, P.; Blaustein, M.; Colman-Lerner, A.; Srebrow, A. Modification of Akt by SUMO conjugation regulates alternative splicing and cell cycle. Cell Cycle 2013, 12, 3165–3174. [Google Scholar] [CrossRef] [PubMed]

	



Lin, C.H.; Liu, S.Y.; Lee, E.H. SUMO modification of Akt regulates global SUMOylation and substrate SUMOylation specificity through Akt phosphorylation of Ubc9 and SUMO1. Oncogene 2016, 35, 595–607. [Google Scholar] [CrossRef] [PubMed]

	



Wang, W.; Chen, Y.; Wang, S.; Hu, N.; Cao, Z.; Wang, W.; Tong, T.; Zhang, X. PIASxalpha ligase enhances SUMO1 modification of PTEN protein as a SUMO E3 ligase. J. Biol. Chem. 2014, 289, 3217–3230. [Google Scholar] [CrossRef] [PubMed]

	



Rego, E.M.; Wang, Z.G.; Peruzzi, D.; He, L.Z.; Cordon-Cardo, C.; Pandolfi, P.P. Role of promyelocytic leukemia (PML) protein in tumor suppression. J. Exp. Med. 2001, 193, 521–529. [Google Scholar] [CrossRef]

	



Wang, Z.G.; Delva, L.; Gaboli, M.; Rivi, R.; Giorgio, M.; Cordon-Cardo, C.; Grosveld, F.; Pandolfi, P.P. Role of PML in cell growth and the retinoic acid pathway. Science 1998, 279, 1547–1551. [Google Scholar] [CrossRef]

	



Gurrieri, C.; Nafa, K.; Merghoub, T.; Bernardi, R.; Capodieci, P.; Biondi, A.; Nimer, S.; Douer, D.; Cordon-Cardo, C.; Gallagher, R.; et al. Mutations of the PML tumor suppressor gene in acute promyelocytic leukemia. Blood 2004, 103, 2358–2362. [Google Scholar] [CrossRef]

	



Rabellino, A.; Carter, B.; Konstantinidou, G.; Wu, S.Y.; Rimessi, A.; Byers, L.A.; Heymach, J.V.; Girard, L.; Chiang, C.M.; Teruya-Feldstein, J.; et al. The SUMO E3-ligase PIAS1 regulates the tumor suppressor PML and its oncogenic counterpart PML-RARA. Cancer Res. 2012, 72, 2275–2284. [Google Scholar] [CrossRef]

	



Kumar, R.; Fang, C.C. Dynamics of RIF1 SUMOylation is regulated by PIAS4 in the maintenance of Genomic Stability. Sci. Rep. 2017, 7, 17367. [Google Scholar] [CrossRef]

	



Gupta, G.P.; Massague, J. Cancer metastasis: Building a framework. Cell 2006, 127, 679–695. [Google Scholar] [CrossRef]

	



Lambert, A.W.; Pattabiraman, D.R.; Weinberg, R.A. Emerging Biological Principles of Metastasis. Cell 2017, 168, 670–691. [Google Scholar] [CrossRef]

	



Dadakhujaev, S.; Salazar-Arcila, C.; Netherton, S.J.; Chandhoke, A.S.; Singla, A.K.; Jirik, F.R.; Bonni, S. A novel role for the SUMO E3 ligase PIAS1 in cancer metastasis. Oncoscience 2014, 1, 229–240. [Google Scholar] [CrossRef] [PubMed]

	



Chanda, A.; Chan, A.; Deng, L.L.; Kornaga, E.N.; Enwere, E.K.; Morris, D.G.; Bonni, S. Identification of the SUMO E3 ligase PIAS1 as a potential survival biomarker in breast cancer. PLoS ONE 2017, 12, e0177639. [Google Scholar] [CrossRef] [PubMed]

	



Chanda, A.; Ikeuchi, Y.; Karve, K.; Sarkar, A.; Chandhoke, A.S.; Deng, L.; Bonni, A.; Bonni, S. PIAS1 and TIF1gamma collaborate to promote SnoN SUMOylation and suppression of epithelial-mesenchymal transition. Cell Death Differ. 2021, 28, 267–282. [Google Scholar] [CrossRef] [PubMed]

	



Imoto, S.; Sugiyama, K.; Muromoto, R.; Sato, N.; Yamamoto, T.; Matsuda, T. Regulation of transforming growth factor-beta signaling by protein inhibitor of activated STAT, PIASy through Smad3. J. Biol. Chem. 2003, 278, 34253–34258. [Google Scholar] [CrossRef] [PubMed]

	



Chandhoke, A.S.; Karve, K.; Dadakhujaev, S.; Netherton, S.; Deng, L.; Bonni, S. The ubiquitin ligase Smurf2 suppresses TGF beta-induced epithelial-mesenchymal transition in a sumoylation-regulated manner. Cell Death Differ. 2016, 23, 876–888. [Google Scholar] [CrossRef]

	



Chandhoke, A.S.; Chanda, A.; Karve, K.; Deng, L.L.; Bonni, S. The PIAS3-Smurf2 sumoylation pathway suppresses breast cancer organoid invasiveness. Oncotarget 2017, 8, 21001–21014. [Google Scholar] [CrossRef]

	



Liu, C.Y.; Lin, H.H.; Tang, M.J.; Wang, Y.K. Vimentin contributes to epithelial-mesenchymal transition cancer cell mechanics by mediating cytoskeletal organization and focal adhesion maturation. Oncotarget 2015, 6, 15966–15983. [Google Scholar] [CrossRef]

	



Mitra, S.K.; Schlaepfer, D.D. Integrin-regulated FAK-Src signaling in normal and cancer cells. Curr. Opin. Cell Biol. 2006, 18, 516–523. [Google Scholar] [CrossRef]

	



Castillo-Lluva, S.; Tatham, M.H.; Jones, R.C.; Jaffray, E.G.; Edmondson, R.D.; Hay, R.T.; Malliri, A. SUMOylation of the GTPase Rac1 is required for optimal cell migration. Nat. Cell Biol. 2010, 12, 1078–1085. [Google Scholar] [CrossRef]

	



Uzoma, I.; Hu, J.F.; Cox, E.; Xia, S.L.; Zhou, J.Y.; Rho, H.S.; Guzzo, C.; Paul, C.; Ajala, O.; Goodwin, C.R.; et al. Global Identification of Small Ubiquitin-related Modifier (SUMO) Substrates Reveals Crosstalk between SUMOylation and Phosphorylation Promotes Cell Migration. Mol. Cell Proteom. 2018, 17, 871–888. [Google Scholar] [CrossRef]

	



Tang, Z.; Li, C.; Kang, B.; Gao, G.; Li, C.; Zhang, Z. GEPIA: A web server for cancer and normal gene expression profiling and interactive analyses. Nucleic Acids Res. 2017, 45, W98–W102. [Google Scholar] [CrossRef] [PubMed]

	



Hendriks, I.A.; Lyon, D.; Young, C.; Jensen, L.J.; Vertegaal, A.C.O.; Nielsen, M.L. Site-specific mapping of the human SUMO proteome reveals co-modification with phosphorylation. Nat. Struct. Mol. Biol. 2017, 24, 325–336. [Google Scholar] [CrossRef] [PubMed]

	



Herman, A.G.; Hayano, M.; Poyurovsky, M.V.; Shimada, K.; Skouta, R.; Prives, C.; Stockwell, B.R. Discovery of Mdm2-MdmX E3 ligase inhibitors using a cell-based ubiquitination assay. Cancer Discov. 2011, 1, 312–325. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 23 03639 g001 550] 





Figure 1. The sequence alignment results of human SUMO isomers. “*” represents the identical amino acid residues; “:” means the roughly similar molecular weight and hydrophilicity; “.” represents there are similar and dissimilar residues in this column. 
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Figure 2. Overview of SUMOylation process. Maturation: Sentrin-specific proteases (SENPs) family converts SUMO into a mature form, which depends on C-terminal hydrolase activity of the family to cleave SUMO precursors, thereby exposing its diglycine residues. Activation: Mature SUMO is activated by the E1 enzyme, the cysteine residue of E1 is attached by SUMO to form a thioester bond between SUMO and SAE2 in an ATP consuming reaction. Conjugation: The activated SUMO is then transferred to the catalytic cysteine of the sole E2 enzyme Ubc9, forming a SUMO-Ubc9 thioester bond via an isopeptide linkage. Ligation: The specific lysine residue of substrate is attached by SUMO with the help of E3 ligases. De-modification: SENPs remove SUMO molecules from substrates, and the released SUMOs can be used in next cycle [15]. 
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Figure 3. SUMO E3 ligases in the regulation of the hallmarks of cancer. SUMO E3s are involved in cancers by regulating many cellular processes, including the p53 localization, transcription activity, PI3K/AKT signaling, PML protein stability, DNA damage repair, and metastasis. Representative SUMO E3 ligases with their best-defined substrates in these processes are listed. In the p53 signaling pathway, the ligases with green color represent promotion, and those with red color represent inhibition. 
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Table 1. The categorization of SUMO E3 ligases and the cancers they are involved in.
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	Type
	SUMO E3 Ligase
	Impacts on Cancers





	SP-RING domain family
	PIAS1
	prostate cancer [44,45], myeloma [38], B-cell lymphomas [38]



	
	PIASx-α
	



	
	PIASx-β
	



	
	PIAS3
	colorectal cancer [38], glioblastoma [46]



	
	PIAS3β

PIAS4
	pancreatic cancer [47], colorectal cancer [48], ovarian cancer [49]



	
	hMMS21
	colorectal cancer [50], breast cancer [51]



	
	hZimp10
	



	TRIM superfamily
	Trim24 (TIF-1α)
	hepatic tumors [52], breast cancer [53,54]



	
	TRIM33
	hepatocellular carcinoma [55]



	
	TRIM28 (KAP1)
	hepatocellular carcinoma [55], gastric cancer [56]



	
	TRIM19 (PML)
	acute promyelocytic leukemia [57]



	
	TRIM27
	esophageal squamous cell carcinoma [58], gastric cancer [59], colorectal cancer [60], ovarian cancer [61,62], lung cancer [63,64], renal cancer [65]



	
	TRIM32
	lung cancer [66,67], gastric cancer [68,69], breast cancer [70,71], colorectal cancer [72], pancreatic cancer [73]



	
	TRIM11
	lung cancer [74,75], ovarian cancer [76,77], breast cancer [78,79], gastric cancer [80,81], anaplastic thyroid cancer [82], cervical cancer [83], colon cancer [84], prostate cancer [85]



	
	TRIM22
	gastric cancer [86], endometrial cancer [87], colon cancer [88], lung cancer [89,90]



	Noncanonical ligases (SIM-containing SUMO E3 ligases)
	RanBP2
	colorectal cancer [91], cervical cancer [92], cholangiocarcinoma [93], lung cancer [94]



	
	Pc2(CBX4)
	breast cancer [95], lung cancer [96], cervical cancer [97,98], colon cancer [99], prostate cancer [100], gastric cancer [37]



	
	SLX4
	breast cancer [101], colorectal cancer [102], ovarian cancer [103]



	
	ZNF451-1/2/3
	prostate cancer [104], breast cancer [105,106], hepatocellular carcinoma [106], pancreatic ductal adenocarcinoma [107]



	Ligase-like factors (dual functions as SUMO/ubiquitin E3 ligases)
	Topors
	colorectal cancer [108]



	
	UHRF2
	esophageal cancer [109]



	
	TRAF7
	



	The other SUMO E3 ligases
	HDAC4
	



	
	HDAC7
	



	
	Viral proteins: Ad5 E1B-55K, K-bZIP, Ad5 E4-ORF3
	







Note: the listed SUMO E3 ligases are involved in different cancers, but the SUMOylated substrates in some cancers are unknown.
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