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Ever since its emergence in 2019, COVID-19 has rapidly disseminated worldwide, engendering a pervasive pandemic that has profoundly impacted healthcare systems and the socio-economic milieu. A plethora of studies has been conducted targeting its pathogenic virus, SARS-CoV-2, to find ways to combat COVID-19. The ubiquitin-proteasome system (UPS) is widely recognized as a crucial mechanism that regulates human biological activities by maintaining protein homeostasis. Within the UPS, the ubiquitination and deubiquitination, two reversible modifications, of substrate proteins have been extensively studied and implicated in the pathogenesis of SARS-CoV-2. The regulation of E3 ubiquitin ligases and DUBs(Deubiquitinating enzymes), which are key enzymes involved in the two modification processes, determines the fate of substrate proteins. Proteins associated with the pathogenesis of SARS-CoV-2 may be retained, degraded, or even activated, thus affecting the ultimate outcome of the confrontation between SARS-CoV-2 and the host. In other words, the clash between SARS-CoV-2 and the host can be viewed as a battle for dominance over E3 ubiquitin ligases and DUBs, from the standpoint of ubiquitin modification regulation. This review primarily aims to clarify the mechanisms by which the virus utilizes host E3 ubiquitin ligases and DUBs, along with its own viral proteins that have similar enzyme activities, to facilitate invasion, replication, escape, and inflammation. We believe that gaining a better understanding of the role of E3 ubiquitin ligases and DUBs in COVID-19 can offer novel and valuable insights for developing antiviral therapies.
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1 Introduction

UPS is a complex cellular process that plays a crucial role in maintaining the balance of proteins within cells, regulating various cellular processes such as the progression of cell cycle, DNA repair, and transcription (Reed, 2006; Daulny and Tansey, 2009; Storici, 2011). UPS entails two opposing processes that perform a crucial role in sustaining protein homeostasis. One process involves the conjugation of a small protein, ubiquitin, to a substrate, which allows for the degradation of the target protein by the subsequent proteasomal pathway. This process comprises a triad of enzymes, namely E1 (ubiquitin-activating enzyme), E2 (ubiquitin-conjugating enzyme), and E3 (ubiquitin ligase) (Daulny and Tansey, 2009). The other process is referred to as deubiquitination, which is the reversal of ubiquitination. DUBs are the key enzymes that execute this process by detaching the ubiquitin tag from the substrate protein, thereby preventing undue degradation of the protein (Amerik and Hochstrasser, 2004). The vital role of ubiquitination and deubiquitination in regulating cellular activities is apparent from the functional changes observed in key enzymes, including E3 enzymes and DUBs, in diseases such as cancer, autoimmune disorders, and infectious diseases, including COVID-19 (Isaacson and Ploegh, 2009; Sun et al., 2020; Yadav et al., 2022).

Since COVID-19 broke out in 2019, the number of confirmed global cases has surpassed 700 million as of April 6, 2023 (WHO COVID-19 Dashboard, 2020). The pandemic’s devastating impact is partly attributed to the extraordinary replication and transmission ability of the pathogenic SARS-CoV-2 virus, coupled with its ability to evade immune surveillance in the human body. Although a considerable portion of those infected with COVID-19 may only manifest mild or no symptoms at all (Vetter et al., 2020), the disease has nonetheless claimed the lives of millions (WHO COVID-19 Dashboard, 2020). Thus, it is necessary to have an evolving understanding of the pathogenic mechanisms of SARS-CoV-2 to develop effective prevention and treatment strategies against the ongoing COVID-19 pandemic.

Transmission of COVID-19 is largely contingent upon the roles played by its viral proteins, comprising 4 structural proteins, 16 non-structural proteins (nsps), and a series of accessory proteins (Yang and Rao, 2021). The structural proteins of SARS-CoV-2 include the spike (S) protein, the envelope (E) protein, the nucleocapsid (N) protein, and the membrane (M) protein. The S protein is a homotrimer anchored to the virus surface that mediates SARS-CoV-2 attachment to host cell membranes and subsequent fusion through binding to host receptors such as angiotensin-converting enzyme-2 (ACE2) (Belouzard et al., 2012). The E protein primarily facilitates the assembly, budding, and release of the virus, and also participates in inflammasome activation (Schoeman and Fielding, 2019). As the only structural protein located inside the viral particle, the N protein packages the viral RNA genome, helps form the ribonucleoprotein complex, provides protection to the viral RNA, and participates in virus replication and transcription (McBride et al., 2014). The M protein can interact with N protein and E protein to promote virus assembly and release (Corse and Machamer, 2003; Yuan et al., 2021; Zhang et al., 2022). Apart from these viral proteins, two proteases involved in the generation of nsps, namely the main protease (Mpro) and the papain-like protease (PLpro), play indispensable roles in the transmission and pathogenesis of the virus.

SARS-CoV-2 infection leads to changes in the ubiquitination system, affecting E3 ligases, DUBs, and enzymes involved in modifying and removing ubiquitin-like molecules (Gao et al., 2021; Selvaraj et al., 2021; Vanderboom et al., 2021; Baskol et al., 2022). Furthermore, the observation of the interaction between key enzymes of the ubiquitin system and viral proteins provides strong evidence for the pivotal role of ubiquitin-mediated regulation in the activity of SARS-CoV-2 (Somasekharan and Gleave, 2021; Stukalov et al., 2021; Bing et al., 2022). Thus, this review expounds upon the host’s employment of E3 ligases and deubiquitinases (DUBs), the key enzymes mediating ubiquitination and deubiquitination, to counteract viral invasion and pathogenesis, and how the SARS-CoV-2 utilizes its viral proteins to compete host control mechanisms, evade immune surveillance, and facilitate viral replication and transmission. Additionally, this review expounds on the roles of other ubiquitin-like modifications, such as ISGylation and SUMOylation, in disease regulation.




2 SARS-CoV-2 virus invasion

The invasion of the virus occurs through the binding of its protein structure to host receptors, and the SARS-CoV-2 Spike (S) protein specifically targets ACE2 as a crucial binding site. However, recent studies have indicated that the ubiquitin E3 ligase may interfere with this interaction process. Transmembrane serine protease type 2 (TMPRSS2) is essential for the virus to bind to ACE2 and enter host cells (Hoffmann et al., 2020), and DDB1- and CUL4-associated factor 1 (DCAF1), an E3 ubiquitin ligase component, can ubiquitinate and degrade TMPRSS2, hindering the binding of the S protein to ACE2 (Chen et al., 2021).

In addition, E3 ubiquitin ligase can directly regulate the levels of ACE2. Wang et al. found that hospitalized smokers had a lower incidence of COVID-19 during the pandemic. Further investigation showed that cigarette smoke extract (CSE) and carcinogen benzo(a)pyrene (BaP) activate the catabolism of the ACE2 protein through the ubiquitin E3 ligase Skp2 (S-phase kinase-associated protein 2). This, combined with the interference of tobacco carcinogens on the function of the SARS-CoV-2 S protein, renders smokers less susceptible to SARS-CoV-2 infection (Wang et al., 2021). In line with this finding, another study demonstrated that cell cycle arresting compounds could decrease Skp2 expression and lead to a reduction in ACE2 degradation, which promotes the entry of SARS-CoV-2 into host cells (Xiao et al., 2023). Targeting these E3 ligases is one mechanism of virus invasion. For instance, the S protein of the virus can promote the dissociation of ACE2 from the E3 ligase UBR box N-recognin-4 (UBR4) (Chuang et al., 2022), thereby stabilizing the levels of ACE2. Deubiquitination by ubiquitin carboxyl terminal hydrolase 1 (UCHL1) can also contribute to the stabilization of ACE2 (Bednash et al., 2023). Unlike the process of ubiquitination, which marks proteins for degradation, the action of the E3 small ubiquitin-like modifier (SUMO) ligase protein inhibitor of activated STAT 4 (PIAS4) in ACE2 SUMOylation can actually stabilize the ACE2 protein and further promote SARS-CoV-2 infection (Jin et al., 2022).




3 SARS-CoV-2 virus replication, assembly, and release

The SARS-CoV-2 RNA polymerase serves as the fundamental structure for the virus’ transcription and replication, with nsp12 being a crucial component of the polymerase (Wang et al., 2020). An investigation has revealed that elevated temperatures can impede the virus by facilitating nsp12 ubiquitination mediated by E3 ubiquitin ligase Zinc Finger Protein 598 (ZNF598), leading to a reduction in the quantity of viral RNA copies and a decrease in the viral concentration (Maimaitiyiming et al., 2022). Additionally, it is widely recognized that Mpro, a kind of 3CLpro, plays a crucial role in the viral replication process due to its ability to cleave viral polyproteins, releasing nsps that initiate subsequent virus transcription. However, the role of Mpro in viral replication through the cleavage of host proteins related to the ubiquitination pathway is also noteworthy (Prescott, 2022). Another study identified E3 ligase ring finger protein 20 (RNF20) as a target protein of 3CLpro and demonstrated that impairment of RNF20 interferes with its regulation of the ubiquitination of sterol regulatory element binding protein 1 (SREBP1), thereby promoting virus replication (Zhang et al., 2021).

Unlike RNF20, RNF5 has been found to be involved in regulating viral assembly and budding. RNF5 exerts an inhibitory regulatory effect on virus assembly and budding through ubiquitination of the E protein (Li et al., 2023). However, in contrast to this discovery, another study showed a beneficial influence by RNF5 promoting the interaction between the M protein and E protein. This study also mentioned Pad-One-Homologue1 (POH1), a deubiquitinase negatively regulates this ubiquitination process (Yuan et al., 2021). The contradictory reports on the role of RNF5 in regulating virus assembly and release suggest a more complex role for RNF5 in this regulatory process than previously thought, which may require further research in the future to fully understand.




4 Host antiviral response and SARS-CoV-2 immune evasion

The efficient degradation of viral invasion-related S protein is vital for an effective antiviral response in the host. Recent research suggests that the E3 ubiquitin ligase MARCH8 may regulate this process, as it has been found to inhibit SARS-CoV-2 S protein in a dose-dependent manner (Yanzhao et al., 2022). Its mechanism may be linked to the retention of S protein in an internal, LAMP-1+ compartment (Lun et al., 2021). Another E3 enzyme, tripartite motif-containing protein 21 (TRIM21), also targets the S protein to inhibit viral infection ability (Chatterjee et al., 2020). Besides the S protein, some nsps have also been identified as targets for E3 enzymes in the fight against viral infection. The E3 ubiquitin ligase TRIM7 degrades nsp5 and nsp8 by binding to the glutamine-end motif, which partially restores the interferon response that is inhibited by these proteins (Liang et al., 2022). Moreover, the ubiquitination of host proteins targeted by the virus is another approach for combating viral invasion. Specifically, site-specific ubiquitination on Rab7, a GTPase, can weaken the virus’s ability to invade host cells by inhibiting its colocalization with ORF3a of SARS-CoV-2 (Jung et al., 2022).

The human body can defend itself against viral invasion by degrading viral proteins through ubiquitination. However, SARS-CoV-2 can hijack the host’s deubiquitinating enzyme system to counteract the antiviral response. For example, as a protein that interacts with SARS-CoV-2, ubiquitin-specific peptidase 13 (USP13) displays a considerably high incidence of genomic alterations within immune cells of SARS-CoV-2 patients (Süt, 2020). Although USP13 assumes an antiviral role during the pathogenesis of SARS-CoV-2 (Ravindran et al., 2022), some contend that in specific scenarios, USP13 not only fails to impart antiviral effects but instead stimulates viral invasion. This is due to their discovery that SARS-CoV-2 hijacks the host’s USP13 to impede nsp13 degradation through ubiquitination, resulting in obstruction of antiviral constituents’ functionality and inhibition of type I IFN production (Guo et al., 2021). Moreover, other USP family members, USP25 and USP29, also contribute significantly to the pathogenicity of SARS-CoV-2 (Gao et al., 2022; Kim et al., 2023). The contribution of USP25 arises from its protective deubiquitinating effect on nsp16 and its associated complex which aids the virus RNA in evading immune system surveillance through methylation modification (Alshiraihi et al., 2021). And ORF9b, which is protected by USP29, plays a vital role in countering the host’s interferon response to SARS-CoV-2 (Han et al., 2021).

Viruses can also use ubiquitination modification to enhance their virulence. Israeli, M. and colleagues identified the CUL5 gene as a potential facilitator of viral infection. This gene codes for the Cullin5 protein, which is a crucial component of several E3 ubiquitin-protein ligase complexes. Their findings suggest that the SARS-CoV-2 virus may have adapted E3 enzyme-mediated ubiquitination modification and utilized it to promote its pathogenicity under specific circumstances (Israeli et al., 2022). Similarly, two studies on the ORF7a viral protein indicate that the SARS-CoV-2 virus has a potent ability to exploit the host’s ubiquitin system. By utilizing the host’s ubiquitin system to ubiquitinate ORF7a, SARS-CoV-2 disrupts IFN responses and helps infected cells evade apoptosis, thus facilitating viral replication (Cao et al., 2021; Liu et al., 2022).

The IFN response is a significant element of the innate immune system, and its indispensable role in the anti-SARS-CoV-2 response is indisputable. The activation of IFN production is controlled by multiple steps involving E3 enzymes and DUBs regulation. For instance, the interferon-stimulated gene (ISG) XAF1, can initiate IFN-triggered antiviral immunity, possibly by counteracting the CHIP-mediated ubiquitination and degradation of IFN regulatory factor 1 (IRF1), a nuclear factor that stimulates the IFN-I gene promoter (Han et al., 2022). Moreover, Pattern recognition receptors (PRRs) can detect viruses and trigger pathways to induce IFN production. RNA helicase DHX16, a potential PRR, can amplify the activation of the IFN-I production pathway. The process requires DHX16 to interact with unanchored K48-poly-Ub mediated by E3-Ub ligase TRIM6 (Hage et al., 2022). And for another recently discovered PRR, stimulator of interferon genes protein (STING), which has been shown to have anti-SARS-CoV-2 effects, and the deubiquitinase USP22 may regulate the IFN signaling through ubiquitination modification that involves STING’s physical scaffold (Li et al., 2021; Karlowitz et al., 2022).

To conflict host’s IFN response, SARS-CoV-2 specifically targets various stages of the IFN response to evade host immunity through the ubiquitination of key proteins. For instance, the ubiquitination of STING is impeded by the 3Clpro of SARS-CoV-2, which leads to its impaired functionality (Rui et al., 2021). Moreover, SARS-CoV-2 uses E3 ligases, such as host RNA-binding antiviral protein TRIM25 (Lee et al., 2021), to regulate retinoic acid-inducible gene I (RIG-I), another PRR, for counteracting host immune responses. On one hand, SARS-CoV-2 can interfere with TRIM25 E3 ligase-mediated ubiquitination of RIG-I activity (Wu et al., 2020), while on the other hand, it can promote TRIM25 and STIP1 homology and U-Box containing protein 1 (STUB1)-mediated ubiquitination of RIG-I degradation to ultimately interfere with IFN production (Zhang et al., 2021; Zhao et al., 2021). Activated RLRs can transmit signals to downstream mitochondrial antiviral signaling (MAVS), which further activates various kinases such as TANK-binding kinase 1 (TBK1) and NF-κB essential modulator (NEMO) for subsequent IFN signaling (Seth et al., 2005) (p3), (Rothwarf et al., 1998). However, MAVS, TBK1, and NEMO have been identified as targets for SARS-CoV-2 to evade innate immunity through ubiquitination. Nsp5 can act as an E3 ligase to promote ubiquitination degradation of MAVS (Liu et al., 2021), while the N protein inhibits TRIM31-mediated MAVS activation of multiubiquitination and aggregation (Wang et al., 2021). For the kinases, the virus M protein promotes TBK1 ubiquitination degradation (Sui et al., 2021), while ORF9b inhibits NEMO activation of multiubiquitination (Wu et al., 2021). Ubiquitination not only participates in SARS-CoV-2 interference with IFN production but also impedes IFN function. Ubiquitination degradation of the interferon receptor subunit 1 (IFNAR1) leads to SARS-CoV-2-infected cells developing tolerance to IFN (Chen et al., 2021). And SARS-CoV-2 disrupts the antiviral effects of interferon (IFN) by upregulating suppressor of cytokine signaling 1 (SOCS1), which recruits the E3 ubiquitin ligase adaptors elongins-B/C to speed up the ubiquitin degradation of Janus kinase 2 (JAK2), an important kinase in downstream IFN signaling (Rong et al., 2021).




5 SARS-CoV-2-induced host damage



5.1 Excessive inflammation and cytokine storm

While the innate immune response is crucial in defending against SARS-CoV-2, excessive immune activation can cause severe cytokine storms, even leading to worsening and potential multiple organ failure (Song et al., 2020). Researchers have found that during SARS-CoV-2 infection, E3 ligase cellular inhibitor of apoptosis (cIAP) and linear ubiquitin chain assembly complex (LUBAC) can mediate the ubiquitination of Z-DNA-binding protein 1 (ZBP1), a PRR, and its scaffold RIP kinases at K63 and M1, which promotes ZBP1 signal transduction and leads to cytokine production. While ZBP1-induced ubiquitin-dependent NF-κB signaling can have antiviral effects, the authors also noted that ZBP1 may contribute to pathogenic type-I IFN responses (Peng et al., 2022). Moreover, studies have shown that viral proteins nsp6 and ORF7a, with the participation of E3 enzymes TRIM13 and RNF121, can directly recruit transforming growth factor-β-activated kinase 1 (TAK1) and IκB kinase (IKK) complexes in a ubiquitin-dependent manner to activate NF-κB signaling and promote the production of numerous pro-inflammatory factors (Nishitsuji et al., 2022). Some antiviral ubiquitin-like modifications (Perng and Lenschow, 2018) have also been demonstrated to regulate SARS-CoV-2-induced cytokine storm. For instance, viral nsp5 enhances the NF-κB signal by stabilizing MAVS through SUMOylation (Li et al., 2021). Blocking neddylation can prevent the activation of PBMCs, ultimately leading to a decrease in cytokine production (Serrano-Maciá et al., 2022). And symptomatic COVID-19 patients have been shown to have higher ISGylation levels in peripheral blood mononuclear cells (PBMC) (Schwartzenburg et al., 2022). However, Cao X believes that extracellular free ISG15 caused by SARS-CoV-2 deubiquitination of ISGylation is the main cause of SARS-CoV-2-induced inflammation (Cao, 2021). The virus-induced excessive inflammation can lead to damage in various tissues and organs, such as the nerves and kidneys. Viral microRNA can disrupt the stability of IRF9 by inhibiting USP33, which hinders its role in regulating inflammation, ultimately causing activation of human microglia and nerve injury (Mishra and Banerjea, 2021). The viral protein ORF3A utilizes the E3 enzyme TRIM59 to modulate the activation of the STAT3 signal, thereby causing SARS-CoV-2-related renal tubular cell injury (Cai et al., 2023).




5.2 Complications and comorbidities

A study has shown that protein ubiquitination exacerbates disease severity in affected individuals, which may imply its involvement in the development of complications (Huang et al., 2022). Research posits that the deubiquitinase UCHL1 potentially participates in the neuropathological damage and ensuing complications that stem from SARS-CoV-2 infection and may also possess prognostic value (De Lorenzo et al., 2021; Liu et al., 2021; Tokic et al., 2022). The M protein inhibits B-cell lymphoma 2 ovarian killer (BOK) by ubiquitinating it. This results in apoptosis of lung cells, increased lung permeability, and ultimately pulmonary edema. The injury can progress to a severe complication-respiratory failure (Yang et al., 2022). In addition to severe complications, some patients experience loss of smell and taste (Bagheri et al., 2020; Makaronidis et al., 2020), potentially due to SARS-CoV-2 ORF10’s promotion of the ubiquitination of cilia function-associated proteins by the E3 ligase CRL2(CUL2ZYG11B)complex, leading to cilia dysfunction with odorant receptor expression (Wang et al., 2022).

Additionally, SARS-CoV-2 can modulate the progression of other concurrent diseases by manipulating the ubiquitination pathway. By co-opting the host ubiquitination system, SARS-CoV-2 can transform host proteins into autoantigens and aggravate autoimmune diseases (Wang et al., 2021). The virus may also impact cancer by involving E3 ligases in its action. SARS-CoV-2 has been found to leverage E3 ligases to modulate the RAS family and exert influence on the tumor microenvironment, thereby potentially affecting tumor development (Cui et al., 2021). Meanwhile, there appears to be a mutual interaction between SARS-CoV-2 and tumors, as tumor patients exhibit increased susceptibility to SARS-CoV-2 infection, and Temena et al. propose that the E3 linking enzyme TRIM31 may facilitate this process (Temena and Acar, 2022).





6 DUB and de-ISGylating activity of PLpro

In addition to manipulating host’s ubiquitin regulation system, SARS-CoV-2 can also encode PLpro enzyme, which possesses deubiquitinating and deISGylating activity (Freitas et al., 2020; Klemm et al., 2020; Freitas et al., 2022). Researchers have pointed out that PLpro’s capacity to disengage ISG15 from ISGylated modifications may prove to be critical to the virus’s replicative cycle (Swaim et al., 2021; Große et al., 2022). Moreover, PLpro’s de-ISGylation activity impinges significantly on immune responses. On the one hand, the process of de-ISGylation by PLpro in macrophages, coupled with an escalation of extracellular free ISG15, can engender a perturbed macrophage response (Cao, 2021; Munnur et al., 2021). On the other hand, PLpro’s de-ISGylation activity on components of the IFN signaling pathway, such as melanoma differentiation-associated protein 5 (MDA5) and interferon responsive factor 3 (IRF3), critically impairs innate immunity’s capacity to combat viral infections (Shin et al., 2020; Liu et al., 2021). The DUB activity of PLpro can hinder innate immune responses by obstructing the initiation and signal transduction of IFN through deubiquitination in diverse RLRs (a type of PRRs) signaling pathway’s proteins (Ran et al., 2022; Sun et al., 2022).





Conclusion and perspective

Recent studies have revealed the important role of ubiquitination and deubiquitination processes in the competition between SARS-CoV-2 and the host. The competition for control over key enzymes in the ubiquitin system, such as E3 ligases and deubiquitinases (DUBs), is a critical factor in determining whether a virus can successfully invade its host or whether the host can effectively resist the virus. This review provides a better understanding of the various responses triggered by SARS-CoV-2 infection in the human body from the perspective of ubiquitin modification regulation and insight for potential COVID-19 treatments by targeting critical enzymes such as E3 ligases and DUBs (Figure 1; Table 1). These approaches aim to weaken the virus’s advantage in competing with the host cells, enhance the host’s resistance to the virus, and prevent excessive immune-inflammatory responses. By intervening in these enzymes, we may be able to limit the virus’s ability to replicate and evade the host immune system, ultimately reducing the severity of the infection. However, it is important to note that this approach is still in its early stages of research and development, and further studies are needed to fully understand its potential therapeutic benefits.




Figure 1 | An overview of the role of ubiquitination and deubiquitination involving E3 ubiquitin ligases and deubiquitinating enzymes in multiple aspects of virus-host interactions during the invasion of SARS-CoV-2.




Table 1 | E3 ligases and DUBs in SARS-CoV-2 infection.
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DCAF1 TMPRSS2 virus invasion (Chen et al,, 2021)

Skp2 ACE2 virus invasion (Wang et al,, 2021; Xiao et al., 2023)

UBR4 ACE2 virus invasion (Chuang et al,, 2022)

PIAS4 ACE2 virus invasion (Jin et al., 2022)

ZNF598 nspl2 virus replication (Maimaitiyiming et al., 2022)

RNF20 SREBP1 virus replication (Zhang et al., 2021)

RNF5 virus M&E protein virus assembly and release (Yuan et al,, 2021; Li et al,, 2023)
MARCHS virus S protein Host antiviral response (Lun et al,, 2021; Yanzhao et al., 2022)
TRIM21 virus S protein Host antiviral response (Chatterjee et al., 2020)

TRIM7 nsp5&nsp8 Host antiviral response (Liang et al., 2022)
Cullin5 multiple substrates SARS-CoV-2 hijacking (Israeli et al., 2022)

CHIP IRF1 IFN response (Han et al., 2022)

TRIM6 DHX16 IFN response (Hage et al,, 2022)
TRIM25 RIG-T IFN response resistance (Wu et al,, 2020; Zhao et al., 2021)
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nsp5 MAVS IEN response resistance, excessive inflammation (Liu et al,, 2021; Li et al,, 2021)

TRIM31 MAVS IFN response resistance (Wang et al,, 2021)
elongins-B/C JAK2 IFN response resistance (Rong et al., 2021)

cIAP1 ZBP1 excessive inflammation (Peng et al,, 2022)
LUBAC ZBP1 excessive inflammation (Peng et al,, 2022)
TRIM13 nsp6 excessive inflammation (Nishitsuji et al., 2022)
RNF121 ORF7a excessive inflammation (Nishitsuji et al., 2022)
TRIM59 STAT3 excessive inflammation (Cai et al,, 2023)

CRL2 IFT46,0RF10 indirect effect (Bing et al., 2022; Wang et al., 2022)
UCHL1 ACE2 virus invasion (Bednash et al., 2023)

POHI1 virus M&E protein virus assembly and release (Yuan et al, 2021)

USP13 nspl3 SARS-CoV-2 hijacking (Siit, 20205 Guo et al, 2021)

USP25 nsp16 and its associated complex SARS-CoV-2 hijacking (Alshiraihi et al., 2021)

UsP29 ORF9b SARS-CoV-2 hijacking (Han et al,, 2021)

USP22 STING IFN response (Karlowitz et al., 2022)
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