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Abstract

:

Simple Summary


The aim of this review was to discuss the fundamental role of E3 ubiquitin ligases in controlling cancer stem cells. It will be surmised that protein degradation controlled by the E3 ubiquitin ligases plays a fundamental role in the self-renewal, maintenance and differentiation of cancer stem cells, highlighting its potential as an effective therapeutic target for anticancer drug development.




Abstract


Cancer stem cells are a small subpopulation within the tumor with high capacity for self-renewal, differentiation and reconstitution of tumor heterogeneity. Cancer stem cells are major contributors of tumor initiation, metastasis and therapy resistance in cancer. Emerging evidence indicates that ubiquitination-mediated post-translational modification plays a fundamental role in the maintenance of cancer stem cell characteristics. In this review, we will discuss how protein degradation controlled by the E3 ubiquitin ligases plays a fundamental role in the self-renewal, maintenance and differentiation of cancer stem cells, highlighting the possibility to develop novel therapeutic strategies against E3 ubiquitin ligases targeting CSCs to fight cancer.
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1. Introduction


Human cancers are heterogeneous diseases containing different subsets of cells [1]. Within the heterogeneity, it is becoming increasingly apparent that all human cancers harbor a subpopulation of cancer stem cells (CSCs) with tumor initiating capacity compared to the bulk tumor cell population. CSCs are characterized by self-renewing capabilities and the potential to differentiate into cells that comprise the tumor (multi-potency) [2]. Many publications have reported the identification of CSCs in several types of tumors including breast cancer, leukemia, brain cancer and colorectal cancer [3,4,5,6,7]. Although genomic instability and epigenetics play a crucial role in CSC function, in recent years, other levels of regulation, including translational and post-translational control, have emerged as fundamental regulators [8,9]. Ubiquitination is a post-translational modification that consists of the labeling of substrate proteins with a molecule of ubiquitin (Ub) inducing its degradation. As a consequence, this process controls the “quantity” and “quality” of specific proteins, ensuring cell homeostasis. Ubiquitination plays a fundamental role in the maintenance of CSCs [10]. In the ubiquitination process, the E3 Ub ligases are key components of the enzymatic reaction as they are responsible for the substrate specificity of ubiquitin-mediated protein degradation [11].



In this review, we will discuss how protein degradation controlled by E3 ubiquitin ligases plays a fundamental role in different processes including the self-renewal, maintenance and differentiation of CSCs, highlighting its potential as effective therapeutic targets for anticancer drug development.




2. Cancer Stem Cells (CSCs)


CSCs are a subpopulation of cells within the tumor that show a high capacity in self-renewal and differentiation, and are able to reconstitute tumor heterogeneity [12]. Furthermore, CSC population is also able to induce cell cycle arrest, allowing to maintain cells in a quiescent state. Given that chemotherapeutic agents commonly target the proliferating cells, CSCs in a quiescent state become resistant to chemo- and radiotherapy, a feature that is known as chemoresistance, contributing to the treatment failure and disease progression, metastasis and recurrence [13]. CSCs were first identified in leukemia and isolated through characteristic surface markers expression markers, mainly CD34+ and CD38− [3]. However, CSCs are highly heterogeneous, and many different biomarkers have been reported in order to identify and isolate CSCs in different types of cancer including brain cancer, prostate cancer, lung cancer or melanoma [6,14,15,16,17]. Given the vast heterogeneity of CSCs, more effective biomarkers are needed. Despite the increased number of techniques that have emerged to identify CSCs, the isolation of specific CSCs is a great challenge due to their low proportion in the total tumor mass [18]. Knowing in detail the molecular profile of these cells may help provide new biomarkers and therapeutic targets. Several signaling pathways, such as Wnt/β-catenin, Notch, Hedgehog (Hh), TGF-β, JAK/STAT, PI3K/Akt and NF-κB have been shown to mediate various stem cell properties [19,20,21] (Figure 1). Moreover, CSCs are also characterized by their high plasticity, which allow them to adapt and resist to cancer treatments [22,23].



Signaling pathways that facilitate pluripotency are activated by the induction of stem cell-related transcription factors such as Oct-3/4, Sox2 and Nanog [24,25]. Indeed, stem-related transcription factors, including Oct-3/4, Sox2, Klf-4 and Nanog have been used to identify CSCs subpopulations in a variety of cancers, such colorectal cancer (CRC) [26]. On the other hand, the role of epigenetic mechanisms in the acquisition or maintenance of the CSCs phenotype has been extensively studied. Mediators of pluripotency based on epigenetic mechanisms such as DNA methylation and histone modification have been reported [27,28,29,30]. Although epigenetics plays a crucial role in CSCs function, in recent years, post-translational control has emerged as an important critical regulator [8,9]. A growing number of studies have highlighted the role of E3 ubiquitin ligases influencing the stemness of cancer cells.




3. Ubiquitination Process


Ubiquitination is the second most common post-translational modification with a crucial role in controlling protein degradation, interactions or activity, thus maintaining cell homeostasis [10]. During the ubiquitination process, an ubiquitin moiety, a highly conserved 76-amino acid (8.5 kDa) protein, is conjugated to a substrate protein in an ATP-dependent manner. The linking of a single ubiquitin moiety to a specific lysine residue of the target protein is named monoubiquitination. On the other hand, polyubiquitination refers to the link of two or more ubiquitin molecules to the same lysine residue of the substrate protein; and branched ubiquitination involves the link of a polyubiquitin chain to a variety of linkages instead of a single one. During the ubiquitin-dependent degradation process, three different types of enzymes participate: an E1 ubiquitin-activating enzyme, an E2 ubiquitin-conjugating enzyme and an E3 ubiquitin ligase. The E1 ubiquitin-activating enzyme activates ubiquitin in an ATP-dependent manner. Then, the activated ubiquitin is transferred to the E2 enzyme to finally be linked to a specific substrate by the action of the E3 ubiquitin ligase [31]. Ubiquitination is a reversible process, as the function of E3 ubiquitin ligases can be reverted by removing the ubiquitin molecules from the protein substrate by deubiquitinating enzymes (DUBs) [10]. The main function of this post-translational modification is degradation by proteasome, lysosome or autophagy after substrate labeling with Ub, but it also intervenes in the regulation of various intercellular signaling pathways involved in important functions such as the control of apoptosis, autophagy, the cellular cycle, transcriptional regulation and DNA repair [32,33]. Ubiquitin can also be phosphorylated, acetylated, sumoylated or neddylated, targeting the substrates for different cellular processes [34,35,36].



At present, around six hundred E3 ubiquitin ligases have been reported in humans. On the contrary, only two E1 enzymes and around thirty E2s have been identified. E3 ubiquitin ligases are responsible for the recognition of substrates conferring the specificity. E3 ubiquitin ligases are classified according to the presence of different domains and the way they transfer ubiquitin to the substrate [37] (Figure 2): (1) HECT domain, the E3 enzyme transfers the ubiquitin from the E2 enzyme directly to the substrate. The HECT-type E3s are also classified into three subfamilies: NEDD4, HERC and “other HECT”. The well-known E3 ubiquitin ligases such as SMURF1 and 2, ITCH, WWP1 and 2, NEDD4 and 4-2 and HECW1 and 2 belong to the best characterized NEDD4 family; (2) RING domain, where E3 ubiquitin ligases bind to the E2 enzyme and the substrate, facilitating the ubiquitin transference. They represent the most abundant ligases with more than 500 members of the family and their role in the regulation of CSCs have been recently reviewed [38]; (3) RBR (RING-between-RING), a RING-HECT-hybrid mechanism that shares both features of RING and HECT E3 ligases. The RBR domain is composed of two RING domains (RING1 and RING2) which are separated by an in-between RING (IBR) domain. RING1 binds to the E2 conjugating enzyme and shows the same features of RING-type E3s. However, the RING2 domain behaves as an HECT domain, since it first forms a thioester bond intermediate with the ubiquitin recruited by RING1 and then transfers the ubiquitin to the substrate protein [39,40,41,42,43].



Alterations in the activity of this type of enzyme lead to the development of various serious diseases such as cancer due to the degradation of certain tumor suppressors or, on the contrary, to the lack of ubiquitination of oncogenic proteins [10]. Today, many small-molecule inhibitors are being developed to target different components of the ubiquitin proteasome system (UPS), including the proteasome, the E1 enzymes, the E2 enzymes, the E3 ligases and the DUB [10,44,45]. Importantly, the interest in E3 ubiquitin ligases as therapeutic targets is constantly increasing due to their substrate specificity, as it is expected that their inhibition causes fewer side effects [10,46]. Indeed, specific blocking the E3 ubiquitin ligase function will reduce the levels of toxicity associated with the inhibition of the proteasome, E1, E2 or ubiquitin. Related to this, different strategies targeting E3 ubiquitin ligases have been explored, including small-molecule inhibitors, microRNAs, peptides or antibodies. Although the specific inhibition of E3 ubiquitin ligase activity is a promising strategy to block cancer, a new innovative strategy came out. In this case, instead of inhibiting the E3 ligase activity, the new strategy is focused on targeted protein degradation allowing to eliminate an undruggable cancer target by using the intracellular ubiquitin-proteasome system to induce targeted protein degradation. Several ways to induce targeted protein degradation have been reported including PROTACs (proteolysis targeting chimeras), IMiDs (immunomodulatory drugs) and SNIPERs (specific and nongenetic IAP-dependent protein erasers) [47]. CSC properties are regulated by ubiquitination process [10]. Indeed, the reported proteomic analysis strongly suggests the involvement of ubiquitination in pluripotency regulation [48,49,50]. For instance, the ubiquitination of the core transcription factors, Nanog, Oct4 and Sox2, is involved in the maintenance of the stemness and pluripotency of stem cells [51,52]. Given that several contributions have recapitulated the contribution of the E3 ubiquitin ligases in cancer, epithelial-to-mesenchymal plasticity and embryonic stem cells, this issue will be not further discussed [10,42,53]. In this review, we will go in depth into the implication of the E3 ubiquitin ligases in cancer stem cells.




4. E3 Ubiquitin Ligases in Cancer Stem Cells


More than 80% of proteins are degraded by the ubiquitin–proteasome system. An important number of publications show that ubiquitination plays a critical role in controlling CSC properties by regulating the abundance of reported substrates related to CSCs. In recent years, several E3 ubiquitin ligases have been reported to be relevant during the CSC process, favoring the properties of pluripotent stem cells. In Table 1, the reported E3 ubiquitin ligases, their substrates and their influence on CSCs is reported.



4.1. RING-Finger Domain E3 Ubiquitin Ligases


4.1.1. CBL Proteins


CBL proteins (Casitas B-lineage lymphoma proteins) belong to RING-type domain of the E3 ubiquitin ligases and are characterized by the presence of different domains: a N-terminal tyrosine kinase binding domain; a RING-finger domain responsible for E3 ubiquitin ligase activity; a proline-rich region; and a C-terminal ubiquitin associated domain (UBA domain) responsible for the interaction with ubiquitin [90]. This CBL family include Cbl, Cbl-b and Cbl-c, and are characterized by the recognition of the specific substrates in a phosphorylation-dependent manner [39]. Cbl and Cbl-b maintain hematopoietic stem cell properties including self-renewal and quiescence. Cbl and Cbl-b induce JAK2 ubiquitination. The depletion of these E3 ubiquitin ligases enhances JAK2 protein, therefore JAK2 signaling is activated by having an impact on cell growth in hematopoietic stem and progenitor cells. It is important to note that CBL is mutated in human leukemias accompanied by high levels of JAK2 protein and signaling [54,55]. Therefore, it is suggested that the use of JAK inhibitors may benefit patients with this type of cancer.




4.1.2. SCF Family: F-Box Proteins


F-box proteins are characterized by the presence of one or more F-box domains, and are part of a SCF E3 ubiquitin ligase complex. Several F-box proteins have been linked to CSCs. For instance, FBXW7 induces the degradation of Notch, c-Myc, cyclin E and c-Jun [57,58,59], impacting on CSCs. Indeed, the depletion of FBXW7 induces stemness, EMT and metastasis in vitro and in vivo, by activating mTOR which in consequence upregulates E-cadherin transcriptional repressors such as snail, slug or snail [91]. On the other hand, FBW7 induces Notch degradation and impacts on CSCs by inducing self-renewal [92]. Indeed, the inhibition of Notch1 was reported to decrease breast CSCs and in consequence brain metastasis [93,94]. This effect of FMW7 on Noth1 was also reported in glioma, leukemia or hepatocarcinoma CSCs [58,95,96]. Importantly, Fbxw7-deficient mice show an increase in c-Myc and Notch-1 targets and it is crucial to maintain the stem cell activation [97]. Therefore, the degradation of Notch by FBW7 is a key regulator of CSCs self-renewal. FBXW7 also interacts with ZMYND8, inducing its polyubiquitination and degradation [98]. ZMYND8 is an epigenetic regulator reported as an oncogene in several tumors [99]. Reduced FBXW7 expression promotes accumulated ZMYND8 protein and enhances tumor progression and stemness in bladder cancer [98]. Another member of this large family is FBXW2, an E3 ubiquitin ligase that plays a key role in the maintenance of the property of stem cells and in the granting of drug resistance due to the binding, ubiquitination and subsequent degradation of its MSX2 substrate [56]. It is reported that the SOX2 is transcriptionally downregulated by the MSX2 [100]. Thus, a negative cascade of the FBXW2–MSX2–SOX2 axis was established, which regulates the property of stem cells and drug resistance. Indeed, under hypoxia conditions, FBXW2-mediated MSX2 ubiquitination and degradation leads to SOX2 induction via derepression. Thus, a negative cascade of the FBXW2–MSX2–SOX2 axis was reported, which regulates stem cell characteristics and drug resistance. Indeed, by the inactivation of FBXW2 using the MLN4924 inhibitor, the MSX2 accumulation was shown, and in consequence, repression of SOX2 expression leading to the suppression of stem cell property and sensitization of breast cancer cells to tamoxifen [56]. FBXW8 induces Nanog ubiquitination and degradation only when Nanog is phosphorylated at S52/71/78 [60]. Finally, FBXO11 is involved in the erythroid maturation by its action on the BAHD1 specific substrate leading to its degradation. In consequence, its transcriptional repression of important genes in erythropoiesis and mediated by PRC2 is eliminated [61]. In sum, the SCF family is implicated in stemness through the control of specific substrates involved in CSCs and they have been proposed as anticancer drug targets.



The F-box protein β-TrCP plays a dual role in the maintenance of the Wnt signaling pathway, acting on two main targets, namely ZNRF3 and β-catenin: this favors the stabilization of the former which positively regulates Wnt signaling and, on the other hand, negatively regulates Wnt signaling by targeting β-catenin [78]. Moreover, β-TrCP induces proteasomal degradation of FAP4, a basic helix–loop–helix transcription factor that was reported to control cell proliferation, stemness and EMT and is up-regulated in colorectal cancer [101]. On the other hand, the association of β-TrCP to SOX9 prevents its association to SKP1 and GLI1 substrates in pancreatic ductal adenocarcinoma (PDA). Moreover, β-TrCP is retained in the nucleus. Indeed, the deletion of β-TrCP in SOX9-deficient PDA cells restores GLI1 levels and promotes CSC properties [102].




4.1.3. Ring-Finger Proteins (RNF)


This family has a wide variety of members with diverse functions, including those implicated in stemness. RNF4 contains several SUMO-interacting motifs, and a RING domain responsible for the dimerization and catalysis of ubiquitin transfer, resulting in poly-SUMO-modified substrates targeted for proteasomal degradation [103]. RNF4 targets oncoproteins such as β-catenin, c-Myc, c-Jun and Notch, inducing the ubiquitination in a phosphorylation-dependent manner. It plays a key role in CRC by regulating Wnt signaling, important for cell proliferation, maintenance of pluripotency and stem cell differentiation [71,72]. The molecule TRH 1-23 and its analogue CCW-16 were reported as a promising RNF4 inhibitor. CCW-16 is a small-molecule recruiter for RNF4, different from other reported recruiters targeting cereblon, VHL, MDM2, and cIAP. Moreover, CCW 28–3 showed higher potency for RNF4 than CCW-16. Indeed, CCW 28–3 is capable of degrading BRD4 in a RNF4-dependent manner via proteasome. The impact of these molecules in CSCs through the action on RNF4 awaits being elucidated [104]. RNF43 and its homologue ZNRF3 are defined as transmembrane E3 ubiquitin ligases. They are tumor suppressors that inhibit Wnt signaling through promoting ubiquitination and lysosomal degradation of Wnt coreceptors frizzled (FZD) and LRP6, influencing stemness. Indeed, this activity is counteracted by stem cell growth factor R-spondin [62,63,64]. RNF6 is a RING domain E3 ubiquitin ligase that induces the ubiquitination and degradation of the transducin-like enhancer of cleavage 3 (TLE3). TLE3 is a transcriptional repressor of the β-catenin/TCF4 complex. Therefore, its degradation triggers a signaling cascade that ultimately leads to the activation of the Wnt/β-catenin pathway [70]. RNF144A also influences stemness. Indeed, it has been recently reported that RNF144A induces LIN28B ubiquitination and proteasome degradation, suppressing ovarian cancer stem cells’ pluripotency and tumor progression [73].




4.1.4. SIAH


SIAH1 and SIAH2 belong to the RING-domain family and are reported to induce the ubiquitination and degradation of Axin via proteasome. Moreover, when GSK3 interacts with Axin, the function of SIAH is altered, suggesting that SIAH-mediated Axin degradation may impact on the Wnt/β-catenin signaling and may favor the expression of genes related to the stem process [69].




4.1.5. MDM2


The E3 ubiquitin ligase MDM2 belongs to the RING-type proteins, and its action on cancer progression has been well documented, mainly in relation to tumors of mesenchymal origin. Its best-known substrate is p53, which is polyubiquitinated and proteasome-degraded by MDM2 action. p53 induces apoptosis under different stress conditions [75]. Indeed, MDM2 mediates p53-mediated apoptosis [75]. In recent years, MDM2 has been linked to CSCs. Given that p53 regulates cell differentiation, it has been proposed that blocking the interaction between MDM2 and p53 could be a good strategy to eliminate CSCs. Indeed, MI-773, a small-molecule compound that blocks MDM2/p53 interaction increases p53 protein and its downstream target p21, in human mucoepidermoid carcinoma tissues. In consequence, the G1 cell-cycle arrest was induced, as well as cell apoptosis, in vitro. Given that patients with mucoepidermoid carcinoma express high levels of MDM2 protein, using the MI-773 inhibitor could be a good strategy to reduce CSCs by the inhibition of the MDM2–p53 interaction [76]. At present, NVP-CGM097 was selected as a small-molecule inhibitor of the protein–protein interaction between p53 and MDM2 and it is currently in phase 1 clinical development [105].




4.1.6. TRIM


The tripartite motif protein family (TRIM) is in the self-renewal of CSCs. TRIM family contain a N-terminal RING finger domain, one or two B boxes domains (B1 box and B2 box), and a coil region [81]. Several members of the TRIM family have been involved in the stemness process: TRIM6 ubiquitin ligase interacts with the Myc proto-oncogene regulating its transcriptional activity during the maintenance of embryonic stem cell pluripotency, however, its potential role on CSCs awaits to be elucidated [80]. Moreover, TRIM16 induces the ubiquitination and degradation via the proteasome of Gli-1 proteins, a mediator of the hedgehog pathway [81]. TRIM19 (also named PML, promyelocytic leukemia protein) was recently linked to CSCs [82,83]. TRIM19 is highly expressed in hematopoietic stem cells. When deleting TRIM19 in leukemia-initiating cells, a reduction in survival is detected, pointing out the role of TRIM19 in leukemia-initiating cells. Moreover, an increased activity of mTOR was observed in the TRIM19−/− hematopoietic stem cells, and the mTOR inhibitor rapamycin substantially rescued the effect of TRIM19 deletion, suggesting that TRIM19 can exert its function in leukemia-initiating cells by inhibiting mTOR activity. Importantly, targeting TRIM19 eradicated quiescent cells but not all leukemia-initiating cells. On the other hand, TRIM19 was also shown to exert an essential role in hematopoietic stem cell maintenance through the regulation of PPAR signaling and fatty-acid oxidation (FAO). Indeed, the TRIM19–PPAR-δ–FAO axis controls the asymmetric division of hematopoietic stem cells and the deletion of TRIM19 and PPAR-δ as well as the inhibition of FAO which results in the symmetric commitment of hematopoietic stem cell daughter cells, further underscoring a metabolic switch for the control of hematopoietic stem cell fate with potential therapeutic implications [84]. TRIM21 was identified as an E3 ubiquitin ligase for the transcription factor Oct-1. TRIM21 enhances Oct-1 ubiquitination and degradation, reducing Oct-1 stability, crucial for the expression of the CSC ALDH1A1 marker [85]. Therefore, the authors showed that sumoylation is important for CSCs’ self-renewal and maintenance and it is proposed as target to control CSCs [85]. TRIM24 was reported to promote the stemness and invasiveness of glioblastoma cells via activating the pluripotency transcription factor Sox2 expression. The knockdown of TRIM24 reduced glioblastoma stem cell self-renewal and invasive growth. However, a specific substrate for the E3 ubiquitin ligase activity of TRIM24 awaits elucidation in order to understand the molecular mechanism by which the TRIM24–Sox2 axis may impact cancer stemness in gliobastoma [86]. TRIM28 was recently associated with breast cancer stem cells through the link to a novel long noncoding RNA named BORG. BORG expression is correlated to Nanog, Aldh1a3 and Itga6 expression, enhancing stem cell properties. BORG promotes breast cancer stem cell phenotypes through its ability to physically interact with TRIM28. Indeed, TRIM28 binds to the promoter region of Itga6, and the genetic inactivation of TRIM28 prevented BORG–TRIM28 complexes. The authors showed that BORG–TRIM28 complexes are drivers of breast CSCs phenotypes impacting on the progression of triple negative breast cancer [87]. Finally, TRIM32 was also reported to mediate the ubiquitination and subsequent degradation of c-MYC, a transcriptional regulator that controls the expression of numerous genes involved in the proliferation, growth and renewal of CSCs. Moreover, in human neuroblastoma cells, TRIM32 is recruited to the spindle poles by CDK1/cyclin B-mediated phosphorylation where it interacts with MYCN during mitosis, facilitating its proteasomal degradation, inducing asymmetric cell division and suppressing sphere formation of neuroblastoma-initiating cells [88,89].




4.1.7. MARCH


Transmembrane-associated RING-CH-type finger (MARCH) proteins are a group of E3 ubiquitin ligases that represent a novel family which targets glycoproteins for lysosomal destruction. They emerged as critical regulators of immune responses. However, it remains unknown whether they play a key role in tumor development [106]. MARCH8 was recently associated with breast CSCs. Indeed, the breast cancer stem-cell marker, CD44, is a membrane protein ubiquitinated and degraded via lysosome by MARCH8. Additionally, a non-membrane protein, STAT3, was identified as another essential ubiquitinated target recognized by MARCH8. In this case, STAT3 degradation through the proteasome pathway is responsible for pro-apoptotic changes, highlighting the importance of MARCH8 as a tumor suppressor by targeting the membrane and non-membrane proteins necessary for breast cancer cell survival and metastasis. Additionally, it impairs the phenotypic functions regulated by cancer stem cells [74].





4.2. HECT-Domain E3 Ubiquitin Ligases


4.2.1. Nedd4 Family


The NEDD4 family is the largest and best characterized family from HECT-domain E3 ubiquitin ligases [107,108]. In addition to the fact that many members have been linked to tumor progression and metastasis, only several publications have reported its role in CSCs. CD133 is a well-known marker of CSCs, recently found in extracellular vesicles. The monoubiquitination of CD133 induces cell migration and its secretion. The depletion of NEDD4 reduces CD133 ubiquitination and vesicle secretion. The lysine 848-residue at the C-terminal region is one of the sites for CD133 ubiquitination, and its mutation (K848R) does not affect CD133 degradation but reduces its secretion, which in consequence reduces cell migration [67]. NEDD4 also has an impact on intestinal stem cells. NEDD4 and NEDD4L target the intestinal stem cell marker LGR5 receptor and the central mediator of the Wnt signaling pathway DVL2 for proteasomal and lysosomal degradation. In consequence, they negatively regulate Wnt/β-catenin signaling, further underscoring the post-translational control of LGR receptors via NEDD4/NEDD4L to regulate intestinal stem cells. Indeed, the inactivation of NEDD4/NEDD4L induces Wnt activation and intestinal stem cells numbers, inducing tumor progression [68]. NEDD4 was also recently reported in CSCs as characteristic in triple-negative breast cancer (TNBC). Reduction in NEDD4 expression decreased the proliferation, migration and mammosphere formation in vitro. By proteomic analysis using breast cancer cells under the depletion of NEDD4, the alteration of CSCs markers was identified, suggesting the involvement of NEDD4 in the maintenance of CSCs in this type of tumor [109]. On the other hand, ITCH, a NEDD4-like E3 ubiquitin ligases, was reported as a regulator of large tumor suppressor 1 (LATS1) [65]. LATS1 is a serine/threonine kinase that is found to be downregulated in several types of cancer. LATS1 is an important regulator of the Hippo pathway that plays an important role in tumorigenesis, stem cell differentiation and self-renewal. Additionally, the E3 ubiquitin ligase WWP1 is also a novel negative regulator of LATS1 [66]. WWP1 promotes LATS1 polyubiquitination and degradation via the 26S proteasome pathway. The degradation of LATS1 is important for WWP1-induced increased cell proliferation in breast cancer cells, opening a novel strategy to develop drugs targeting WWP1 for suppressing breast cancer cell growth.




4.2.2. Other HECT-Domain E3 Ubiquitin Ligases


The E3 ubiquitin-protein ligase E3C (UBE3C) mediates the ubiquitination and degradation of AHNAK, also known as desmoyokin. UBE3C is overexpressed in stem-like non-small cell lung cancer cells (NSCLCs), and its knockdown reduces NSCLC cancer stemness and tumorigenesis in vitro and in vivo. The overexpression of UBE3C reduces AHNAK expression. AHNAK is a cofactor of p53 acting on the inhibition of stemness-related gene transcription. The ubiquitination and degradation of AHNAK by UBE3C removes the inhibition of p53 [79]. These findings underscore the role of UBE3C as an E3 ubiquitin ligase regulator of CSCs in NSCLC. Finally, the E3 ubiquitin ligase HECTH9 (also named HUWEI, ARF-BP1 or MULE) mediates the K63-polyubiquitination of DDX17, which is a cofactor of the Drosha–DGCR8 complex in miRNA biogenesis and a transcriptional co-activator associated with cancer stem-like properties. Under hypoxia, HECTH9 controls stem-like and tumor-initiating properties. Indeed, polyubiquitinated DDX17 disassociates from the Drosha–DGCR8 complex. In consequence, the biogenesis of anti-stemness miRNAs is decreased. Moreover, an increased association of polyubiquitinated DDX17 with p300-YAP induced histone 3-lysine 56 (H3K56) acetylation leading to the transcriptional activation of stemness-related genes. These results show that the coordinated regulation of miRNA biogenesis and histone modifications through post-translational regulation by DDX17 support the stem characteristics in many cancers [77]. Moreover, HECTH9 was reported as a novel regulator of glucose metabolism. HECTH9 mediates the K63-linked ubiquitination of hexokinase 2 (HK2), regulating HK2 localization in the mitochondria and HK2-mediated glycolysis. The deficiency of HECTH9 or HK2 inhibits CSCs’ self-renewal via ROS production. These results highlight the role of the HECTH9/HK2 axis in the regulation of CSCs and CSC-associated chemoresistance [110].






5. Conclusions


As we reviewed in this manuscript, a growing amount of evidence highlights the role of E3 ubiquitin ligases in controlling CSCs’ characteristics, although a complete understanding of the molecular mechanism by which the ubiquitination process may impact CSCs is still needed. Many E3 ubiquitin ligases are awaiting identification to clarify the impact on self-renewal and the differentiation processes involved in CSCs. In this context, interactome or genome-wide CRSPR analyses will help address the impact of the E3 ubiquitin ligases on CSCs. Small-molecules have been reported to specifically target E3 ubiquitin ligases and have been proposed as a potential target therapy against cancer. To date, the results from preclinical and clinical studies are very promising and encouraging, particularly the PROTACs strategy which opens a new opportunity to target many undruggable proteins. Given that CSCs are a small population of cancer cells with the capacity for self-renewal, differentiation and reconstitution of tumor heterogeneity, targeting CSCs is a promising therapeutic strategy for the effective eradication of cancer [111]. In conclusion, a deep understanding of how the E3 ubiquitin ligases may influence CSCs will help develop novel therapeutic strategies against E3 ubiquitin ligases targeting CSCs to fight cancer.
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Figure 1. A schematic drawing of the molecular signaling pathways that influence cancer stem cell properties. 
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Figure 2. Schematic drawing of the general classification of E3 ubiquitin ligase types: (1) HECT-type E3 ubiquitin ligases bind E2 enzymes to the HECT domain and recruit the substrate with the substrate-binding domain. Ubiquitin is transferred from E2 to the HECT domain and then to the substrate protein; (2) RING-type E3 ubiquitin ligases interact with E2 enzymes to facilitate direct ubiquitin transferring to the substrate; and (3) RING-between-RING-type (RBR) E3 ubiquitin ligases bind to E2 enzymes with the RING1 domain, binds the ubiquitin with the RING2 domain and subsequently transfer the ubiquitin to the substrate. 
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Table 1. E3 ubiquitin ligases involved in the regulation of cancer stem cells.
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	Protein
	Substrates
	Functional Roles
	References





	CBL
	JAK2
	Intervenes in the development of hematopoietic stem cells (HSCs).
	[54,55]



	FBXW2
	MSX2
	Involved in the pluripotency and maintenance of the properties of stem cells, through the degradation of MSX2, a repressor of SOX2.
	[56]



	FBXW7
	Notch1, ZMYND8
	Controls proteasome-mediated degradation of Notch and ZMYND8 impacting on CSCs in different types of cancers. Plays a critical role regulating the balance between self-renewal and dormancy of stem cells.
	[57,58,59]



	FBXW8
	Nanog
	Prevents the maintenance of the characteristic properties of stem cells, losing the capacity for pluripotency and self-renewal.
	[60]



	FBXO11
	BAHD1
	Targets BAHD1 influencing on the transcriptional repression mediated by PRC2 during erythropoiesis.
	[61]



	RNF43, ZNRF3
	Frizzel and LRP6
	Negative regulators of Wnt signaling by targeting its coreceptors to degradation, influencing stemness.
	[62,63,64]



	WWP1, ITCH
	LATS1
	Promote the Hippo pathway main regulator LATS1 degradation impairing stem cell differentiation and self-renewal.
	[65,66]



	NEDD4
	LGR5, DVL2
	Plays an important role for ISC self-renewal by regulating Wnt/β-catenin signaling pathway. Degrades LGR5 and DVL2, downregulating stemness and cell migration.
	[67,68]



	SIAH1/2
	Axin
	Promotes axin degradation leading to an excessive accumulation of β-catenin that favors the excessive expression of genes related to the stem process.
	[69]



	RNF6
	TLE3
	Enhances β-catenin activity by suppressing its inhibitor (TLE3). Participates in the regulation of cell proliferation and differentiation.
	[70]



	RNF4
	β-catenin, Myc, c-Jun, Notch
	Stabilizes short-lived oncogenic transcription factors. Positively regulates Wnt and Notch signaling pathways, important for pluripotency, cell proliferation and stem cell differentiation.
	[71,72]



	RNF144A
	LIN28B
	Prevents epithelial ovarian cancer (EOC) cells from acquiring stem cell properties by inducing LIN28B degradation.
	[73]



	MARCH8
	CD44, STAT3
	Degrades STAT3 and CD44 thereby impairing the phenotypic functions regulated by cancer stem cells.
	[74]



	MDM2
	p53
	Degrades one of the most important tumor suppressors (p53). Acts in multiple cellular processes, such as cell cycle regulation, DNA repair and cell differentiation.
	[75,76]



	HECTH9
	DDX17
	Promotes DDX17 poly-ubiquitination by K63 under hypoxia conditions that induces the transcription of genes related to cancer stemness properties.
	[77]



	β-TrCP
	ZNRF3, β-catenin
	Negatively regulates Wnt signaling by targeting β-catenin and positively regulates it by targeting ZNRF3.
	[78]



	UBE3C
	AHNAK
	Promotes AHNAK degradation. AHNAK is a p53 cofactor that inhibits stemness-related gene transcription. Therefore, UBEC3 acts as a key post-translational mechanism involved in maintaining the CSC properties of non-small cell lung cancer (NSCLC).
	[79]



	TRIM6
	c-Myc
	Promotes the differentiation of embryonic stem cells by enhancing the activity of central transcription factors and the induction of specific signaling pathways.
	[80]



	TRIM16
	Gli-1
	Suppresses the properties of CSCs by degrading Gli-1, the effector of the Hh signaling pathway.
	[81]



	TRIM19
	Unknown
	TRIM19 (or PML) positively regulates CSCs division and maintenance. In leukemia-initiating cells, TRIM19-null shows remarkable reduction in survival, indicating the positive role of leukemia-initiating maintenance.
	[82,83,84]



	TRIM21
	Oct-1
	Ubiquitinates Oct-1 and consequently reduces its stability, leading to a loss of self-renewal of CSCs. Oct-1 is a transcription factor that positively regulates ALDH1A1, important for the maintenance of CSC properties.
	[85]



	TRIM24
	Sox2
	Promotes stemness and invasiveness of the glioblastoma stem cells by activating the pluripotency transcription factor Sox2.
	[86]



	TRIM28
	Unknown
	Interacts with BORG and its association promotes the expression of Nanog, Aldh1a3 and Itga6 enhancing the stem cell phenotype in triple negative breast cancer.
	[87]



	TRIM32
	c-Myc, MYCN
	Promotes a RING-mediated ubiquitination and proteasomal degradation of c-Myc, inducing cell differentiation. It also induces asymmetric cell division and suppresses sphere formation in neuroblastoma initiating cells by promoting MYCN degradation.
	[88,89]
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