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Abstract

:

Flaviviruses implement a broad range of antagonism strategies against the host antiviral response. A pivotal component of the early host response is production and signaling of type I interferon (IFN-I). Ubiquitin, a prevalent cellular protein-modifying molecule, is heavily involved in the cellular regulation of this and other immune response pathways. Viruses use ubiquitin and ubiquitin machinery to antagonize various steps of these pathways through diverse mechanisms. Here, we highlight ways in which flaviviruses use or inhibit ubiquitin to antagonize the antiviral IFN-I response.
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1. Introduction


The Flavivirus genus, of the Flaviviridae family, encompasses a group of prevalent and impactful virus species. Some flaviviruses are ancient, dating back to the 10th century in the case of dengue virus (DENV) [1], while others such as Zika virus emerged relatively recently [2]. There are upwards of 50 species of flaviviruses, but only a handful of them, such as West Nile (WNV), dengue, yellow fever (YFV), Japanese encephalitis (JEV), and tick-borne encephalitis (TBEV) viruses, afflict humans at a global scale. Depending on the flavivirus, disease symptoms range from asymptomatic to mild to severe, including vascular leakage, encephalitis, and/or shock. Flaviviruses may have multiple hosts, principally mammals and arthropods. The geographic range of arthropod vectors has expanded due to rising global temperatures and increased intercontinental travel and transport [3,4,5,6,7]. Consequently, the geographic range of flavivirus infections has broadened as well.



Flaviviruses are enveloped, single-stranded, positive-sense RNA viruses. They enter susceptible cells through clathrin-mediated endocytosis after attachment to cell membrane receptor proteins [8]. The entire 10–11 kilobase, monopartite genome is translated by cellular ribosomes into a single polyprotein upon entry into a permissive cell. Cellular and viral proteases cleave the polyprotein into seven nonstructural proteins and three structural proteins that serve different functions throughout the viral replication cycle. The nonstructural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) are involved in replication and virion assembly, while the structural proteins (capsid, C; pre-membrane, prM; envelope, E) are important for viral entry and egress from cells. To maximize the coding capacity of their tiny genomes, flaviviral proteins play multiple roles during the flavivirus life cycle. Both flaviviral structural and nonstructural proteins have roles in host immunity evasion that are distinct from their replication cycle functions. One example is the DENV protease complex NS2B3, which cleaves the viral polyprotein as well as the adaptor protein, stimulator of interferon genes (STING), thereby blocking the production of type I interferon (IFNα/β or IFN-I) and proinflammatory cytokines in response to viral infection [9,10]. Another example is NS5, an RNA-dependent RNA polymerase and methyltransferase, that also encodes IFN-I signaling antagonist functions [11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29].



Cellular proteins can be covalently modified by small molecules such as phosphorus, carbohydrates, ubiquitin, and methyl groups, leading to changes in protein structure, function, location, and/or stability. These post-translational protein modifications (PTMs) effectively increase protein diversity without additional gene expression. One important protein modifier is ubiquitin, a 76-amino acid molecule. Ubiquitin was discovered only 40 years ago, and determined to be essential for normal cellular protein degradation [30,31,32]. Nearly all cellular processes involve ubiquitin [33]. Extensive use of ubiquitin in cellular processes has inevitably led to viruses evolving mechanisms to hijack this molecule or control its regulators. Ubiquitin is a particularly advantageous PTM for a restricted-genome virus to utilize because the molecule is expressed in most tissues of eukaryotes, and can potentially broaden viral tropism and relieve the need to encode host-specific regulatory proteins such as E3 ligases [19,26,34]. Manipulation of ubiquitin is one strategy adapted by members of the Flavivirus genus [35]. In this review, we discuss the various ways flaviviruses use ubiquitin to antagonize the IFN-I response.




2. The Ubiquitin System


Ubiquitin requires a dedicated collection of enzymes to catalyze attachment to a target protein. A trio of enzymes act in concert to sequentially perform reactions necessary for ubiquitination to occur. First, an activating E1 enzyme attaches free ubiquitin to one of its thiol groups through ATP hydrolysis. Next, a conjugating E2 enzyme bonds the ubiquitin to its own thiol. Finally, an E3 ligase, which can interact with both the E2 and a specific substrate, mediates a one-step direct transfer of ubiquitin to the substrate or a two-step transfer with the E3 acting as the intermediate. There are exceptions to this categorization such as E2 enzymes acting in substrate recognition or an E3 protein acting as a scaffold while another E3 or E2 enzyme catalyzes the transfer of ubiquitin to the substrate [36,37] (Figure 1).



The functional diversity of ubiquitin regulation stems from the number of distinct enzymes encoded by the genome. Humans encode two E1s, approximately 40 E2s, and approximately 700 E3s [38]. Included in this system are negative regulators called deubiquitinases that remove ubiquitin moieties from proteins in a highly specific manner. The abundance of E3s is necessary since most are tasked with specific identification of substrates, and each E3 specializes in the ubiquitin linkage types it can catalyze. The simplest ubiquitin modification is the addition of a single ubiquitin to a lysine (K) residue of a substrate protein in a process called monoubiquitination. Multimonoubiquitination occurs when a single ubiquitin is added to multiple lysines. Polyubiquitination consists of a peptide chain of ubiquitin monomers formed through covalent bonds at one of the seven lysine residues or the N-terminal methionine residue of ubiquitin [33]. Seven ubiquitin linkage types, i.e., the K6, K11, K27, K29, K33, K48, K63, or M1 residues that link two ubiquitin molecules, direct modified proteins to their fates.



The best studied effects of ubiquitination are targeted degradation through the ubiquitin-proteasome system (UPS). K48-linked polyubiquitination of a protein is the canonical signal for its proteasomal degradation, but can also be accompanied by other linkages such as K11-linked or K27-linked polyubiquitination [39,40,41] or heterogeneous chains [42]. Ubiquitin is also used for regulation and substrate specificity in the autophagy-lysosome pathway, which functions in bulk degradation of cellular components including proteins. The best understood linkage type associated with autophagy is K63-linked ubiquitination [43].



Not all ubiquitin linkage configurations designate a protein for destruction; there is extensive use of ubiquitination for signaling and regulation in innate immune pathways [44]. For example, K11 linkages are involved in the negative regulation of STING [45] and the interaction of mitochondrial antiviral signaling (MAVS) with retinoic acid-inducible gene I (RIG-I) [46] in the IFN-I production pathway. M1-linked linear chains are involved in inhibition of MAVS signaling and upregulation of NF-κB signaling [47,48]. K33 linkages have been reported in STAT1 transcription suppression [49] and IFN-I signaling inhibition [50]. K27 linkages are involved in downregulation [51,52,53,54] and upregulation [55,56,57] of IFN-I and proinflammatory cytokine production. No one ubiquitin linkage signal consistently activates or inhibits the protein it modifies. Instead, its fate depends on complex interactions with other cellular factors.




3. The Type I Interferon Response


Interferons (IFNs) initiate the innate immune response to viral infection at the cellular level [58,59,60]. The human genome encodes three classes of IFNs, type I, II and III (IFN-I, IFN-II and IFN-III), but only IFN-I and IFN-III are expressed in direct response to viral challenge [61,62,63,64]. Within the human genome, the IFN-II group includes only IFN-γ, the IFN-III group includes IFN-λ (four subtype variants), and the IFN-I group includes multiple types [65,66]. IFN-α (fourteen subtype variants) and IFN-β (one subtype variant) are the most central IFN-I molecules for activating an antiviral state.



Viral genome replication produces double-stranded RNA intermediates, which act as pathogen-associated molecular patterns (PAMPs). Cytosolic pattern recognition receptors (PRRs), RIG-I and melanoma differentiation-associated protein 5 (MDA5) recognize these PAMPs (Figure 2). RIG-I binds short dsRNA [67] and 5′ triphosphorylated single-stranded RNA [68], while MDA5 detects longer double-stranded RNA [69]. Multisite ubiquitination of RIG-I is critical for its activation and transduction in the IFN-I production pathway since this modification controls its interactions with downstream signaling factors [70,71]. Various cellular E3 ubiquitin ligases work together to regulate RIG-I ubiquitination. One well studied ligase, tripartite motif 25 (TRIM25), induces K63-linked polyubiquitination of RIG-I, leading to its interaction with the adaptor protein mitochondrial antiviral signaling (MAVS), also known as IPS-1, VISA, and CARDIF [72,73,74,75,76].



Another ligase that activates RIG-I is the RING-finger protein Riplet, also known as REUL and RNF135 [85,86,87]. Riplet was thought to derepress RIG-I prior to activation by TRIM25 [83]. However, more recent evidence suggests that its activity may be dominant to TRIM25′s with regard to RIG-I activation [88]. Riplet also potentially directly or indirectly activates the factors downstream from RIG-I, interferon regulatory factor 3 (IRF3) and TANK-binding kinase 1 (TBK1) [84], and has been shown to have ubiquitin-independent functions in the RIG-I-dependent signaling pathway [89].



Following RIG-I/MAVS interaction, a cascade of events occurs that culminates in activation of the transcription factors NF-κB, IRF3 and interferon regulatory factor 7 (IRF7) [90]. Activation of the inhibitor of nuclear factor kappa-B kinase (IKK) complex leads to derepression of NF-κB, causing NF-κB to translocate to the nucleus where it activates the transcription of proinflammatory cytokines [91]. TBK1 and IKK-epsilon (IKKε) complex phosphorylates IRF3 or IRF7, which then dimerize and translocate to the nucleus to activate transcription of IFN-β or IFN-α, respectively.



TBK1 can also be activated by the DNA-sensing PRR adapter protein, stimulator of interferon genes (STING) [92,93]. Cyclic GMP-AMP synthase (cGAS) is a cytosolic receptor, analogous to RIG-I, that binds DNA or RNA-DNA hybrids and signals to STING, which then recruits and activates TBK1. Flavivirus infection induces the release of mitochondrial DNA, which is detected by cGAS, thereby activating the cGAS/STING pathway [94,95] (Figure 2).



Following the production of IFN-I and its extracellular release, IFN-I binds to the type I interferon receptor (IFNAR) (Figure 3). This results in the phosphorylation of Janus kinases, JAK1 and TYK2, which phosphorylate signal transducer and activator of transcription 1 and 2 (STAT1/2). These two proteins recruit a third protein, interferon regulatory factor 9 (IRF9), to form the interferon-stimulated gene factor 3 (ISGF3) complex. ISGF3 translocates to the nucleus and initiates transcription of interferon-stimulated genes (ISGs) by binding to the interferon-stimulated response element (ISRE) in their promoters. ISGs have diverse roles including targeted and generalized antiviral functions, as well as production of additional quantities of interferons and signal transduction proteins to amplify the response (Figure 3).




4. Ubiquitin-Mediated Antagonism of IFN-I Production by Flaviviruses


IFN-I is important for human protection against flavivirus infection, as demonstrated in human cell lines and mouse models of disease, as well as in human patients, where a robust and early IFN-I response is the primary influencer of viral titer and disease prognosis [99,100,101,102]. The critical importance of IFN-I in inhibiting flavivirus infection makes this pathway a prime target for flavivirus countermeasures (Figure 2).



4.1. sfRNA


The ubiquitination of RIG-I is critical to its activation [72, 83], and many viruses antagonize this step [103,104,105]. Viruses of the PR-2B clade of DENV serotype 2 produce subgenomic flavivirus RNA (sfRNA) that binds to tripartite motif-containing protein 25 (TRIM25) and prevents its deubiquitination [80]. Since TRIM25 is repressed while ubiquitinated [106], sfRNA expression maintains TRIM25 repression, impairing optimal activation of RIG-I and IFN production. TRIM25 regulates other processes such as NF-κB signaling [107] and cancer cell growth [108], so it would be interesting to see if TRIM25 antagonism affects its role in other pathways that benefit viral replication. The sfRNA of two other flaviviruses, West Nile virus (WNV) and Zika virus (ZIKV), have also been determined to negatively regulate the interferon response [109,110]. However, TRIM25 was either not investigated or did not bind in these studies, leaving the possibility of other pathways being targeted by sfRNA.




4.2. NS1


The cytosolic DNA-detecting molecule, cyclic GMP-AMP synthase (cGAS), has been shown to inhibit various RNA viruses including flaviviruses [111]. ZIKV NS1 mediates the derepression of the inflammasome protease component, caspase-1, that has been shown to cleave cGAS [77]. Caspase-1 is silenced in an unstimulated state by K11-linked polyubiquitination that marks it for degradation by the proteasome [77]. Recruitment of ubiquitin-specific protease 8 (USP8) by ZIKV NS1 during infection leads to removal of K11-linked ubiquitin, and this correlates with increased cGAS cleavage. Furthermore, caspase-1 knockout leads to greater expression of IFN-β during ZIKV infection. Neither DENV infection nor ectopic expression of DENV NS1 have an effect on caspase-1 abundance, suggesting that this mechanism may be ZIKV specific.



WNV also utilizes the NS1 protein to antagonize PRR recognition through a ubiquitin-mediated mechanism [82]. NS1 interacts with MDA5 and RIG-I in the cytoplasm and inhibits their expression. NS1 promotes the degradation of RIG-I, but not through K48-linked ubiquitination. Instead, there is a global decrease in K63-linked ubiquitination of RIG-I that appears linked to its degradation. This degradation is ameliorated with proteasome inhibitor treatment, supporting proteasome involvement. However, the results are less clear for MDA5, as proteasome inhibitor treatment does not increase MDA5 protein levels, suggesting that another degradative path such as the autophagy-lysosomal pathway may be involved.




4.3. NS2B, NS3 and NS2B3


Downstream adaptor proteins of the IFN production pathway are also targeted by flaviviruses through ubiquitin-mediated mechanisms. The viral NS2B3 complex is composed of the protease NS3 and the cofactor NS2B, and their interaction is essential for the serine protease catalytic activity [78]. Direct K27-linked polyubiquitination of DENV NS3 enhances recruitment of NS2B to form the viral-encoded protease NS2B3 [112]. The NS2B3 complexes of ZIKV and DENV are known to mediate cleavage of human STING [9,113,114]. Furthermore, K27-linked polyubiquitination of NS3 leads to increased STING binding and possibly its cleavage [112].



ZIKV was also shown to target STING and MAVS for degradation through the NS2B3 complex in a recent study [79]. However, the NS2B3 complex is not necessary for both interactions. NS3 interacts with MAVS, while NS2B3 interacts with STING. Both host-viral protein interactions lead to K48-linked ubiquitination and proteasome-mediated degradation of the host proteins. Another consequence of the NS2B-STING interaction is that other MAVS and STING ubiquitin linkages are affected. For MAVS, its K11-linked ubiquitination decreases, while its K29-linked polyubiquitination increases. For STING, K63- and K29-linked polyubiquitination both decrease. Since downstream signal transduction by STING also requires K63-linked ubiquitination [115], NS2B3 inhibits both the activation and abundance of STING.



As an additional example of protease-dependent antagonism, the flavivirus-related hepatitis C virus (HCV) can abrogate K63-linked polyubiquitination of RIG-I and downstream signaling. It does this through cleavage of Riplet by the HCV serine protease NS3-NS4A complex that resembles that of flavivirus NS2B3 [83]. While NS3-NS4A has not been demonstrated to cleave STING like NS2B3, it does cleave MAVS [116] indicating that this may be a shared antagonism mechanism within the Flaviviridae family. In a more recent study, the NS4A transmembrane domain of NS3-NS4A was determined to be critical for Riplet antagonism but evidence also suggests that Riplet may be involved in a pathway separate from RIG-I/MAVS but that still dependent on TBK1 and IRF3 [84]. Since TBK1 requires ubiquitination for its activation [117] it is possible that Riplet contributes to this directly, but how it would mediate this without the PAMP-recognition function of RIG-I is still a mystery. Ubiquitin-independent functions of Riplet have been determined [89] and it may be mediating these effects on TBK1 and IRF3 through an analogous mechanism.




4.4. NS5


DENV NS5 mediates degradation of the spliceosome protein RNA-binding motif 10 (RBM10) [81]. RBM10 has an established negative regulatory role in polyamine synthesis, an effect which can impact viral replication [81,118]. While RBM10 was not previously implicated in RIG-I signaling, the researchers found that the mRNA expression of IFN-I, RIG-I, and the NF-κB-activated gene, interleukin 8, were correlated with RBM10 expression during DENV infection or poly(I:C) treatment. RBM10 was also found to bind RIG-I directly, and this association was correlated with RBM10 concentration-dependent RIG-I ubiquitination. Such results suggest that RBM10 plays a role in activating RIG-I in addition to negative regulation of polyamine synthesis, and that DENV NS5 counters these antiviral actions by mediating ubiquitin-proteasomal degradation of RBM10.





5. Ubiquitin-Mediated Antagonism of IFN-I Signaling by Flaviviruses


Flaviviruses use ubiquitin to evade IFN-I signaling in addition to IFN-I production. STAT proteins are often the major targets for degradation through different mechanisms. However, STAT antagonism is not restricted to degradation. There are other IFN-I signal pathway proteins as well as auxiliary proteins that flaviviruses target. Together, many of these mechanisms are host specific, highlighting the importance of the ubiquitin system in flavivirus host tropism (Figure 3).



5.1. NS5


When DENV NS5 is expressed alone, it is able to bind human STAT2. However, it has to be cleaved away from a polyprotein for it to target STAT2 for proteasome-mediated degradation [13]. The host component that tied both NS5-STAT2 binding and the degradation of STAT2 together is ubiquitin protein ligase E3 component N-recognin 4 (UBR4), a potential E3 ubiquitin ligase of the N-recognin family [15]. While the UBR4-STAT2-NS5 complex is essential for STAT2 degradation, UBR4 contains no HECT nor a RING catalytic domain to perform ubiquitination unlike other verified E3 ligases of the N-recognin family that are involved in protein degradation [119]. DENV2 NS5-mediated STAT2 degradation is species specific, as NS5 binds and degrades human but not mouse STAT2 [16].



ZIKV NS5 also suppresses IFN-I signaling through STAT2 degradation. As with DENV NS5, ZIKV NS5 induces proteasomal degradation of human STAT2 but not mouse STAT2 [17,18]. However, UBR4 does not appear to be involved in the process, indicating that other host E3 or E2 proteins are involved. Furthermore, ZIKV NS5 does not require proteolytic processing to mediate the degradation of STAT2 as DENV NS5 does [16].



Another avenue used by flaviviruses, as well as the distantly related hepatitis C virus (HCV), to degrade STAT2 involves the upregulation of a negative regulator of interferon signaling. HCV is a member of the Flaviviridae family, and shares similarities in genome structure, virion morphology, and replication strategies to flaviviruses that may manifest in similar antagonism pathways. IFN-I treatment of hepatocytes infected with HCV led to degradation of STAT2 after its relocation to the nucleus [96] PDLIM2, an E3 ubiquitin ligase, is known to ubiquitinate STAT1 and STAT4 for targeted proteasomal degradation in mice [120,121] and NF-κB [122,123] in human cells. Since PDLIM2 interacts with STAT2 upon IFN-I treatment, that could explain the increased levels of polyubiquitinated, nuclear STAT2 that were seen following IFN-I or MG132 treatment, or during HCV infection. Infection with HCV, DENV, or ZIKA all showed a MOI-dependent upregulation of PDLIM2 mRNA levels. Importantly, these changes in PDLIM2 were not from ISG production, supporting that PDLIM2 might be targeted by these viruses to antagonize IFN signaling. The exact mechanism of how HCV or flaviviruses influence PDLIM2 upregulation is unknown, but the PDLIM2-associated benefit to infectivity for all three viruses indicate that this may be a conserved mechanism among Flaviviridae family members [96].



Targeting integrated post-translational modification regulatory pathways, for example phosphorylation and ubiquitination, allow viruses more flexibility to achieve the same or greater antagonistic effects against host IFN signaling. For example, heat shock protein 90 (HSP90), a protein responsible for JAK stabilization, is bound but not degraded by NS5 in the flaviviruses WNV, ZIKV, and Japanese encephilitis virus [97]. In the absence of HSP90 binding, JAKs are destabilized and degraded via the ubiquitin-proteasome system. Since JAKs relay IFN and other various cytokine signals to STATs through phosphorylation, the signal transduction is terminated in their absence. In one study, the researchers uncovered the ability of diverse flaviviruses to target HSP90 for inhibition of the JAK/STAT signaling pathways along with other pro-inflammatory and immune-regulating cytokine signaling pathways. These results demonstrate that ubiquitin-mediated antagonism can also affect a broad scale of immune responses simultaneously and that regulatory proteins other than E3 ligases or E2 conjugating enzymes can be manipulated to affect the abundance of key pathway proteins via the ubiquitin-proteasome.



While the majority of ubiquitin-mediated IFN signaling antagonism mechanisms involve degradation of host proteins, specific flaviviruses have alternatively adapted STAT sequestration. In the case of yellow fever virus (YFV), NS5 blocks the IFN-triggered transcription of ISGs via STAT2 binding [19]. The interaction of NS5 and STAT2 is dependent on the K63-polyubiquitination of the NS5 N-terminal region mediated by the host E3 enzyme tripartite motif 23 (TRIM23), an effect which is dependent on IFN-I treatment. Additionally, IFN-I-induced phosphorylation of STAT1 is also essential for STAT2 binding. Again, an intersection between phosphorylation- and ubiquitin-regulated pathways is hijacked for a potent flavivirus antagonism mechanism to IFN-I signaling. The role of YFV NS5 was also investigated in mice [27]. The lack of human-specific ubiquitin modifications of YFV NS5 may be a cause of poor YFV replication in murine cells and in vivo, indicating that host-specific ubiquitin regulation contributes to flavivirus host tropism.




5.2. NS4A


The flavivirus tick-borne encephalitis virus (TBEV) employs a STAT sequestration strategy through its NS4A protein [98]. TBEV NS4A inhibits STAT1/2 phosphorylation and dimerization. Similar to YFV NS5, TBEV NS4A requires ubiquitination of a lysine residue to bind STAT1/2. However, TBEV NS4A inhibits STAT1/2 phosphorylation, and K27-linked ubiquitination is utilized instead of K63-linked. Interestingly, TBEV infection enhances K27-linked ubiquitination while IFN-I treatment interferes with this modification. NS5 of TBEV also inhibits the JAK/STAT pathway [25], but flaviviruses often encode multiple antagonists of one pathway that function in different ways. While it seems that NS4A may be a redundant STAT inhibitor, the time- and IFN-dependent effects on NS4A ubiquitination, and thus STAT inhibition, may have larger implications in the TBEV life cycle.





6. Ubiquitin-Mediated Antagonism of JAK/STAT Signaling in Insects


In mosquitos, ubiquitin plays a role in flavivirus signaling antagonism similar to that found in mammals. The mosquito immune system differs from mammals, but certain elements like Toll and JAK-STAT signal transduction pathways are maintained through homologs [124,125,126]. During WNV infection of Culex mosquito cells, many ubiquitin proteasome system (UPS) genes are upregulated including Culex Cul4 (CxCul4), an ortholog Cullin4A and Cullin4B [26]. Cullin proteins in mammals are known to associate with a multitude of other proteins to form multisubunit E3 enzymes called Cullin-RING ubiquitin ligases that mediate the selectivity and ubiquitination of substrates. CxCul4 functions as a negative regulator of the JAK/STAT pathway by mediating STAT degradation via the UPS. Whether CxCul4 does this through ubiquitinating STAT is unclear, but individual expression of WNV NS1 and NS5 led to significant increases in CxCul4 mRNA abundance, indicating that both proteins might act through this antagonism pathway within WNV-infected mosquitoes. In contrast, WNV infection in human cells does not lead to STAT degradation. WNV instead inhibits STAT1 phosphorylation accumulation via a NS5-mediated mechanism [12]. No ubiquitin component is involved in this WNV mechanism during infection of human cells, but this contrast of host-specific approaches to STAT antagonism demonstrates that ubiquitin pathways are a part of many host post-translational modification regulatory systems that flaviviruses can hijack to optimize their antagonism strategies.




7. Conclusions


Diverse species of flaviviruses have a demonstrated dependence on the ubiquitin system for antagonism of the host immune response. While many flaviviruses use ubiquitin-mediated antagonism, the specific mechanism varies between flavivirus species. Furthermore, multiple effectors from the same viral species can manipulate ubiquitin during the infection of a single host. DENV is such an example, where NS5, NS2B3, and sfRNA each have different ubiquitin-mediated antagonism mechanisms [13,15,80,81,112]. Most of these antagonism mechanisms appear to be adapted independently by different flavivirus species and in a host-specific manner, although some conserved mechanisms may exist amongst flaviviruses and will require further investigation to validate [96,97]. It is well established that ubiquitin is important for the successful infection of flaviviruses, but investigating additional host-specific aspects could benefit efforts to combat flavivirus-mediated disease among the human population. First, elucidating essential host ubiquitin factors for flavivirus antagonism would provide targets for the development of host-directed antiviral therapeutics. Second, epidemiological surveying of flavivirus reservoirs for potential emergence of human-permissive strains could include assessing the ability of a strain to manipulate these ubiquitinating enzymes. In both cases, determining the host ubiquitin-regulating proteins and their molecular interactions with flavivirus effectors are necessary.
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Figure 1. The ubiquitination process. An E1 enzyme starts the ubiquitination process by recruiting and activating a free ubiquitin molecule. This ubiquitin is then passed to an E2 enzyme through direct conjugation. After the E2 enzyme is charged with ubiquitin, multiple pathways can be taken depending on the specific E2 and E3 enzymes involved. In one common pathway, an E3 identifies both substrate and E2, then catalyzes the transfer of ubiquitin directly to the substrate. In another pathway, the E3 links the substrate and E2 enzyme, but the E2 enzyme catalyzes the transfer of ubiquitin to the substrate. Through different cascades and complexes of ubiquitinating enzymes, a substrate can start with a single ubiquitin and, through multiple rounds of ubiquitin–ubiquitin linkage conjugation, end with a chain of polyubiquitin with specific linkage types. 
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Figure 2. Summary of flavivirus ubiquitin-mediated antagonism of IFN production. (A) (1) ZIKV nonstructural protein 1 (NS1) recruits ubiquitin-specific protease 8 (USP8) to cleave ubiquitin from caspase-1, stabilizing caspase-1 and allowing increased cleavage and degradation of the pattern recognition receptor, cGAS [77]. (2) ZIKV NS3 protein is ubiquitinated by an unknown host enzyme, leading to the enhanced formation of the serine protease complex, NS32B. This leads to increased binding of STING and possibly increased STING cleavage [78,79]. NS3 also mediates ubiquitination and degradation of MAVS [79]. (3) DENV2 subgenomic flavivirus RNA (sfRNA) binds the E3 ubiquitin ligase TRIM25 and prevents its deubiquitination by USP15. This downregulates TRIM25 and results in diminished RIG-I ubiquitination and attenuated RIG-I-mediated signaling [80]. (B) RBM10 is a putative activator and mediator of RIG-I ubiquitination. DENV NS5 binds and mediates the proteasomal degradation of RBM10 [81]. (C) The interaction of WNV NS1 with RIG-I correlates with a global decrease in K63-linked ubiquitination of RIG-I. This change results in its degradation suggesting that NS1 is mediating this effect. The ubiquitin-modifying enzyme is unknown [82]. (D) The serine protease complex NS3-NS4A of flavivirus-related hepatitis C virus (HCV) cleaves Riplet, an E3 ligase required for ample activation of RIG-I by ubiquitination, as well as MAVS to antagonize the RIG-I/MAVS signaling pathway [83]. Riplet may also function as an E3 ligase to activate TBK1 or IRF3 directly or indirectly, an effect that is disrupted by NS4A [84]. 
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Figure 3. Summary of flavivirus ubiquitin-mediated antagonism of IFN signaling. (1) DENV NS5 binds both STAT2 and the E3 ligase, UBR4, to mediate proteasomal degradation of STAT2 [13,14,15]. (2) ZIKV NS5 binds an unknown ubiquitinating enzyme along with STAT2 to mediate STAT2 proteasomal degradation [17,18]. (3) Unknown proteins from HCV, DENV, and ZIKV upregulate the E3 ubiquitin ligase, PDLIM2, leading to the ubiquitination and degradation of STAT2 via the nuclear proteasome [96]. (4) NS5 of WNV, ZIKA, and JEV bind to heat shock protein 90 (HSP90) to prevent it from stabilizing the JAK proteins, JAK1, JAK2, and TYK2. Increased destabilization leads to their degradation by the proteasome [97]. (5) YFV NS5 is ubiquitinated by TRIM23 in an IFN-dependent manner, leading NS5 to bind STAT2 and inhibit its transcriptional activity [19]. (6) TBEV NS4A is ubiquitinated by an unknown ubiquitinating enzyme, and binds STAT1 to prevent its phosphorylation and dimerization; STAT2 is similarly affected but does not require ubiquitination [98]. 
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