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ABSTRACT: The COVID-19 pandemic, caused by the newly emerged coronavirus SARS-CoV-2, has resulted in
unprecedented global health challenges, including millions of infections and deaths. While the direct effects of the
virus are critical, the interplay between SARS-CoV-2 and cellular host factors significantly impacts the replication
cycle of the virus and the clinical severity of COVID-19. This review provides a comprehensive analysis of host-
pathogen interactions, focusing on the functional roles and regulatory mechanisms of SARS-CoV-2 viral proteins. We
systematically review the literature to detail how SARS-CoV-2 engages with host cellular machinery, with a specific
emphasis on their modulation by E3 ubiquitin ligases. By dissecting these intricate interactions and the impact of E3
ligases on SARS-CoV-2 infection, we aim to uncover novel therapeutic opportunities and strategies to effectively combat
COVID-19.
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1 Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the virus that causes COVID-
19. In early 2020, the World Health Organization (WHO) classified the COVID-19 pandemic as a Public
Health Emergency of International Concern [1]. In addition to SARS-CoV-2, seven human coronaviruses
(HCoVs) are identified. The two human coronaviruses HCoV-229E and HCoV-OC43, discovered in the
1960s, are known to cause common colds [2]. SARS-CoV emerged in 2002, leading to severe acute respiratory
syndrome (SARS). HCoV-NL63, identified in 2004, causes bronchiolitis and conjunctivitis, while HCoV-
HKU], discovered in 2005, is associated with acute respiratory distress syndrome. MERS-CoV, which
appeared in the Middle East in 2012, also causes severe illness [3]. In December 2019, an outbreak of
pneumonia in Wuhan, China, led to the discovery of a novel coronavirus, named SARS-CoV-2. The first
COVID-19 death occurred on 11 January 2020, and the virus has since affected over 2.6 million people
worldwide [4].

SARS-CoV-2 has a single-stranded, positive-sense RNA genome encoding several critical proteins: the
spike (S) protein, envelope (E) protein, membrane (M) protein, and nucleocapsid (N) protein [5] (Fig. 1).

The spike protein facilitates viral entry by binding to the Angiotensin-converting enzyme 2 (ACE2)
receptor on host cells, leading to virus uptake through endocytosis or direct membrane fusion. Inside the
host cell, the viral RNA is translated into proteins and replicated using the host’s ribosomal machinery and
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RNA-dependent RNA polymerase. New viral particles are assembled in the endoplasmic reticulum (ER) and
Golgi apparatus and released via exocytosis [6].
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Figurel: Schematic representation of SARS-CoV-2 illustrating the structural proteins: Spike (S) protein, Nucleocapsid
(N) protein, Membrane (M) protein, Envelope (E) protein and genomic RNA

During COVID-19 infection, viral and host proteins are subject to ubiquitination by host E3 ligases,
which affects viral replication and pathogenesis [7]. E3 ubiquitin ligases are pivotal elements within the
ubiquitin-proteasome system (UPS), which regulates protein degradation, localization, and function within
the host cell. E3 ubiquitin ligases play an essential role in various processes including cell cycle [8,9],
signaling [10,11], apoptosis [12], viral pathogenesis [13], immune response [14], and neurodegeneration [15].
E3 ligases facilitate the attachment of ubiquitin to lysine (K) residues on target proteins that can occur singly
(monoubiquitination) or in chains (polyubiquitination) [16]. Polyubiquitination of proteins is carried out in
three steps through a sequential activity of three different classes of enzymes. The initial step in this process
involves the activation of ubiquitin by ubiquitin-activating enzyme EI (first step), followed by the transfer
of the activated ubiquitin to the ubiquitin-conjugating enzyme E2 (second step), and then the activated
ubiquitin is transferred from E2 conjugating enzymes to the substrate proteins (third step) through E3
ubiquitin ligase enzymes [17,18] (Fig. 2).
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Figure 2: Overview of the cascade process of ubiquitination mediated by ubiquitin-activating enzyme (E1), ubiquitin-
conjugating enzyme (E2), and ubiquitin ligase (E3)
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The human genome encodes approximately 600 putative E3 ubiquitin ligase enzymes [19]. E3 ubiquitin
ligases are classified into four major classes: RING finger-type, HECT-type, U-box-type, and RBR-finger-
type [8,20]. HECT-type E3 ligases are categorized by their HECT (Homologous to the E6-AP Carboxyl
Terminus) domain, which facilitates a two-step ubiquitin transfer: first, ubiquitin is transferred to a catalytic
cysteine residue in the HECT domain, and then to the substrate protein. RING finger-type E3 ligases are
identified by their RING (Really Interesting New Gene) finger domain, a zinc-binding motif that stabilizes
the interaction between the E2 ubiquitin-conjugating enzyme and the substrate, thereby facilitating direct
ubiquitin transfer. RING-finger-type E3 ubiquitin ligases are the largest family, comprised of monomeric,
dimeric, or multi-subunit RINGs assembled around Cullin subunits [20] (Fig. 3A-D).
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Figure 3: Illustration of the diverse mechanisms employed by (A) HECT-type: Transfer ubiquitin in two steps via a
catalytic cysteine in the HECT domain. (B) RING-type: Mediate direct ubiquitin transfer from E2 to the substrate.
(C) U-box-type: Use a U-box domain to bind E2 and facilitate ubiquitin transfer and (D) RBR-type: Perform in two-step
where ubiquitin is first transferred to a catalytic RING2 domain on the E3 and then to the substrate

Cullins (1, 2, 3, 4, 5, 7 and 9) are integral components of E3 ubiquitin ligase complexes, acting as
scaffolds to facilitate substrate ubiquitination and degradation [21]. Cullin-1 forms complexes with S-phase
kinase-associated protein 1 (SKP1) and various substrate receptor F-box proteins, such as Fbxwl, Fbxw7, and
Fbx8 [22,23]. Cullin-2 partners with Elongin B and C and the von Hippel-Lindau (VHL) protein [24]. Cullin-
3 associates with BTB-domain proteins, including the potassium channel tetramerization domain (KCTD)
family and the Kelch-like (KLHL) family proteins [25]. Cullin-4A and Cullin-4B both interact with Damaged
DNA Binding proteins 1and 2 (DDBI and DDB2) and DDBI Cullin4 associated factor (DCAF) proteins [26].
Lastly, Cullin-5 partners with Elongin B and C and a substrate receptor protein-Suppressors of Cytokine
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Signalling (SOCS) family [27] (Fig. 4). Each cullin’s interaction with specific substrate-binding proteins
determines the selectivity of the ubiquitination process, thereby influencing various cellular pathways [21,28].
In this review, we summarized the E3 ligases involved in the infection, replication, and pathogenesis of
SARS-CoV-2.
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Figure 4: Schematic representation of different types of Cullin based E3 ubiquitin ligase. Cullins 1, 2, 3, 4A, 4B, 5, and
7 are scaffold proteins that assemble with RING finger proteins (RBX1/2), adaptor proteins (SKP1, EloC/EloB, BTB,
DDBI) and substrate receptor proteins (F-box family, VHL family, BTB, DCAF family, SOCS family among others)

2 Structure of SARS-CoV-2

Coronaviruses have a genome size ranging from 26.4 to 31.7 kilobases, consisting of a positive-sense,
single-stranded RNA genome, making it one of the largest among RNA viruses. For SARS-CoV-2, the
genome includes untranslated regions (UTRs) at both ends with cis-acting secondary RNA structures
essential for RNA synthesis. It has 14 open reading frames (ORFs) encoding 29 proteins, including two
overlapping polyproteins (ppla and pplab) [29]. Two polyproteins, ppla and pplab, are translated from
ORFla and ORFlb. They undergo proteolytic cleavage by cysteine proteases Nsp3 (papain-like protease;
PLP™) and Nsp5 (chymotrypsin-like protease), releasing 16 nonstructural proteins (Nsps) via co-translation
and post-translation [30-32]. These Nsps form the viral replication and transcription complex (RTC) and are
involved in RNA processing and proofreading [6]. The remaining genome encodes four structural proteins—
spike (S), envelope (E), membrane (M), and nucleocapsid (N)—and several accessory proteins (e.g., ORF3a,
ORF3b, ORF6, ORF7a) that modulate the host immune response and contribute to viral pathogenesis [33].

2.1 Non-Structural Proteins

The coronavirus genome encodes structural and non-structural proteins crucial for its function. The
5'-region of the viral RNA genome encodes non-structural proteins (Nsps) Nspl to Nspl6. Nspl plays a
crucial role in host translation inhibition by endonucleolytic cleavage of host mRNAs and helps in evading
the host immune response [34]. Nsp3 features multiple domains, including the papain-like protease (PLpro)
domain. Nsp5 is a 3C-like protease that cleaves the polyprotein to release Nsp4-Nspl6. Meanwhile, Nsp6
inhibits autophagosome formation, and Nsp7 partners with Nsp8 to form a hexadecamer assembly with
primase activity. Nsp9 serves as a ss-RNA binding protein, while Nspl0 is crucial for viral mRNA cap
methylation through its interaction with Nspl4 and Nspl6. Nspl2, with cofactors Nsp7 and Nsp8, is the
RNA-dependent RNA polymerase (RdRp) essential for RNA synthesis. Nsp13 exhibits helicase activity with
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zinc-binding capabilities and unwinding abilities, whereas Nspl4 possesses both exoribonuclease and N7-
guanine methyltransferase activities [35]. Lastly, Nspl5 acts as a uridylate-specific endoribonuclease, and
Nspl6 functions as a 2’-O-ribose methyltransferase [36]. Additionally, nine accessory proteins (ORF3a, 3d,
6,7a,7b, 8,9b,14, and 10) arise from at least five Open Reading Frames (ORFs) [29]. These accessory proteins
are crucial virulence factors that play a significant role in SARS-CoV-2 infection, aiding in viral replication
and immune evasion. For example, ORF9c¢ inhibits cytokine secretion, while ORF3b, ORF6, ORF7a, ORFS,
and ORF9D counteract type I interferon responses. Additionally, ORF3a modulates autophagy and apoptosis,
ORF3d influences mitochondrial function, and ORF9D is involved in inflammasome activation [37].

2.2 Structural Proteins

SARS-CoV-2 has four structural proteins known as Spike (S), Envelope (E), Membrane (M), and
Nucleocapsid (N) proteins. S protein recognizes the host cell, binds to the ACE2 receptor, leads to the fusion
of viral envelope and host membranes, and mediates entry of the SARS-CoV-2 virus. SARS-CoV-2 with
mutations in the S protein such as Alpha, Beta, Gamma, Delta, and Omicron significantly enhance infectivity
and contribute to immune evasion [38]. S protein consists of two subunits, S1 and S2. The S1 subunit is
composed of a N-terminal domain (NTD) and a long C-terminal receptor-binding domain (RBD), which
binds to ACE2 on the membrane of host cells [39]. The S2 subunit facilitates viral entry and includes a fusion
peptide, two heptad repeats, a transmembrane domain, and a C-terminal tail. The S2 subunit mediates the
viral and cellular membrane fusion [40].

The E protein is the smallest structural SARS-CoV-2 protein and plays a critical role in viral assembly,
release, and pathogenesis. The E protein is highly conserved across evolution and shares 96% similarity
between SARS-CoV-1 and SARS-CoV-2. It compromises three domains: N-terminus, transmembrane, and
a C-terminus [41]. Only a small percentage of E protein is incorporated into the virions, while most of the
protein is localized at the Golgi and endoplasmic reticulum-Golgi intermediate compartment (ERGIC),
facilitating the viral assembly and release [42]. The SARS-CoV-2 E protein has two notable features. First, it
forms cation-selective channels, or viroporins, which increase the pH in the ERGIC and lysosomes [43]. And
it’s C-terminal DLLV motif binds to postsynaptic density-95 (PSD-95), discs-large, zona occludens 1 (ZO-1)
(PDZ) domain-containing proteins, disrupting epithelial barriers and promoting viral spread [44].

The M protein is crucial for the viral assembly and release of SARS-CoV-2 [45]. It consists of a short
N-terminal domain (NTD), three transmembrane domains, and a C-terminal domain (CTD) located within
the virion [46]. The assembly of SARS-CoV-2 virions occurs in the ERGIC, where the M protein, carrying a
trans-Golgi network localization signal, arrives slightly earlier than the S and E proteins, indicating its role
in initiating virion assembly [47].

The SARS-CoV-2 nucleocapsid (N) protein packages viral RNA into a helical ribonucleoprotein
complex within the viral capsid [48]. It aids RNA transcription and replication through liquid-liquid phase
separation [49]. The N protein consists of an N-terminal domain (NTD), a linker region rich in serine and
arginine, and a C-terminal domain (CTD). The NTD has a -sheet core and a B-hairpin region, while the
CTD forms a rectangular homodimer [50]. Both NTD and CTD are involved in RNA binding, with linker
region phosphorylation affecting this interaction [51].

3 The Life Cycle of SARS-CoV-2

The life cycle of SARS-CoV-2 begins with the virus binding to the ACE2 receptor on human cells via
its spike (S) protein, which consists of two subunits: S1, responsible for receptor binding, and S2, which
facilitates membrane fusion [52]. Upon SI binding to ACE2, a conformational change exposes the fusion
peptide, allowing cellular proteases like Transmembrane Serine Protease 2 (TMPRSS2) and cathepsins to
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cleave S2. This cleavage triggers the fusion of the viral envelope with the host cell membrane, enabling the
virus to enter the cytoplasm [53] (Fig. 5).
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Figure 5: Life cycle of SARS-CoV-2. The spike protein binds to host cell surface receptors to mediate viral entry. The
uncoated genomic RNA is subsequently translated, leading to the replication of viral components. Viral proteins are
then assembled for maturation, and newly packaged viral particles are released from the host cell

In addition to ACE2, several alternative receptors for SARS-CoV and SARS-CoV-2 have been identified.
Lectins and members of phosphatidylserine receptor families (TIM1 and AXL) facilitate viral entry through
virus recognition but are non-specific and ineffective without ACE2. CD147 has been suggested as a receptor,
but its role is disputed due to the lack of S protein binding despite some increases in viral entry. In
addition, Neuropilin 1 (NRP1) can enhance TMPRSS2-mediated entry of wild-type SARS-CoV-2 and bind S,
promoting S1 shedding. Additionally, mutations in the spike protein, such as the E484D substitution, increase
binding to TMEM106B, enhancing TMEM106B-mediated viral entry [54]. Upon entry into the cell, the virus
releases its single-stranded RNA (ssRNA) genome, which is translated by host ribosomes into two large
polyproteins, ppla and pplab. These polyproteins are cleaved by viral proteases, papain-like protease (PL-
PRO), and 3C-like protease (3CL-PRO), into functional non-structural proteins (Nsps) [32]. The Nsps form
the replicase-transcriptase complex (RTC), which replicates the genomic RNA and transcribes subgenomic
mRNAs. These mRNAs are then used to produce structural proteins S, E, M, and N, essential for new
virion formation (Fig. 5) [6]. The structural proteins are synthesized and inserted into the endoplasmic
reticulum (ER), where the nucleocapsid is formed by the binding of the N protein to the genomic RNA. The
nucleocapsid buds into the ERGIC, acquiring the viral envelope [55]. The mature virions are transported
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to the cell surface via vesicles, which fuse with the plasma membrane to release new virions through
exocytosis [47]. This cycle of infection, replication, assembly, and release enables the virus to spread to new
cells and continue the infection process.

4 Cellular Host Factors for SARS-CoV-2 Infection

Multiple genome-wide and targeted CRISPR screens have been performed to uncover cellular host
factors in SARS-CoV-2 infection, with ACE2 being the sole gene consistently identified in all screens
[56-59]. SARS-CoV-2 recognizes the ACE-2 receptor present on the host cell membrane to gain entry inside
the cell [52]. Importantly, CRISPR screens in lung adenocarcinoma Calu-3 and colorectal carcinoma Caco-2
cell lines identified TMPRSS?2, indicating the involvement of factors that are involved in the early entry route,
whereas screens in liver Huh7, non-small cell lung cancer A549, and kidney Vero E6 cell lines identified
CTSL (encoding cathepsin L), indicating viral entry through the late endosomal route [60,61]. Other receptor
candidates such as TMEMI106B and EXT1 were identified in specific screens [62]. In addition to receptors
and proteases, various complexes of vesicle biology, such as Rab GTPases (RAB7A, RABI0, and RAB14)
were identified as essential for SARS-CoV-2 infection. A genome-wide CRISPR screen also highlighted
several genes involved in cholesterol synthesis, phosphatidylinositol phosphate biosynthesis pathways, and
transforming growth factor beta (TGF-f) signaling pathway as critical host factors [63]. Through proteomic
analysis, it was revealed that SARS-CoV-2 inhibits the interferon (IFN) signaling pathway to suppress the
host immune response. The virus specifically targets components of the Janus kinase/signal transducers
and activators of the transcription (JAK-STAT) pathway, including JAKI, Tyk2, and IFNARI. Additionally,
inhibition of JAK kinases enhanced viral infection, suggesting that SARS-CoV-2 exploits this pathway to
enhance its replication and survival in host cells [64].

SARS-CoV-2 infection profoundly disrupts cellular processes across multiple levels, including tran-
scriptional, post-transcriptional, translation, and post-translational pathways [65]. RNA sequencing
(RNA-seq) data reveal a significant reduction in cellular mRNA levels during infection, while viral mRNAs
become predominant [66]. Additionally, the CRISPR screen also identified components and the proteins
involved in the regulation of transcription, such as transcription factors, histone-modifying enzymes, and
members of the SWI/SNF complex [56,57,59,67]. It is shown that SWI/SNF complex activity is crucial
for ACE2 expression and promotes SARS-CoV-2 infection [68]. In addition, the ACE2 receptor is tran-
scriptionally regulated by regulatory elements in the ACE2 locus, Interferon Stimulated Gene Factor 3
(ISGF3), Androgen receptor (AR), Nuclear factor erythroid 2-related factor 2 (Nrf2), and Bromodomain
and extraterminal (BET) proteins [69-73]. Additionally, post-transcriptional modifications such as splicing,
capping, and polyadenylation are also disrupted by SARS-CoV-2 [65]. For instance, Nspl6 binds to the
spliceosome (U1/U2 snRNA) and inhibits global mRNA splicing to suppress interferon response upon
SARS-CoV-2 infection [74].

SARS-CoV-2 disrupts the host immune response by altering microRNAs (miRNAs) expression. miR-
NAs are 18-25 nucleotide small non-coding RNA molecules important in regulating gene expression at the
post-transcriptional level [75]. For example, miR-2392 was identified as being elevated in COVID-19 patients
and targets mitochondrial and inflammatory pathways associated with SARS-CoV-2 [76]. Like other viruses,
SARS-CoV-2 can hijack the miRNA pathway by producing its miRNAs, such as CoV2-miR-O7a and CoV2-
miR-07a.2 (generated by dicer-dependent cleavage of a stem-loop structure of ORF7a) associates with
human Argonaute proteins and represses human targets. CoV2-miR-07a.2 can target 3 UTRs of interferon-
stimulated genes and repress their expression in a miRNA-like fashion [77,78]. Such dysregulation of
miRNAs upon infection can lead to a compromised immune response, and targeting these miRNAs could

offer potential therapeutic strategies.
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The SARS-CoV-2 infection results in a global decrease in protein translation and an increase in the
degradation of cytosolic cellular mRNA [66]. A recent study showed that the N protein directly binds
to host mRNAs in the cell, and it is preferable to select 3 UTR and regulate the stability of the target
mRNA [79]. Notably, Nspl binds to 18S ribosomal RNA in the mRNA entry channel of the ribosome,
leading to a widespread inhibition of mRNA translation [74]. The coronavirus infection triggers endoplasmic
reticulum (ER) stress, which subsequently activates the unfolded protein response (UPR), a key regulator of
the innate immune response [80]. SARS-CoV-2 hijacks the ER-Golgi intermediate compartment for virion
assembly and release, leveraging ER stress to enhance its replication cycle. The ER stress response is primarily
mediated by three main sensors—Protein kinase R-like endoplasmic reticulum kinase (PERK), Inositol
requiring enzyme 1 (IRE1), and Activating transcription factor 6 (ATF6)—which become activated in SARS-
CoV-2 infected cells, leading to protein synthesis inhibition and an increase in ER folding capacity [81].
Interestingly, the overexpression of SARS-CoV-2 ORFS8 or spike (S) proteins alone is sufficient to trigger
the UPR. Notably, pharmacological inhibition of the UPR significantly reduces SARS-CoV-2 replication,
underscoring the crucial role of this pathway in viral replication [82]. Targeting the ER stress pathway has
the potential to inhibit both viral release and the release of proinflammatory cytokines, thereby mitigating
multiple pathological aspects of COVID-19 [82,83].

5 SARS-CoV-2 Proteins and E3 Ubiquitin Ligases

Research has highlighted the crucial function of E3 ubiquitin ligases in regulating SARS-CoV-2 within
the host [84,85]. The battle for control over these E3 ligases plays a pivotal role in deciding if a virus can
successfully invade its host or if the host can mount an effective defense. The virus invades by binding to
host receptors, with the Spike (S) protein targeting ACE2 as a key binding site. However, recent findings
suggest that the ubiquitin E3 ligase may disrupt this interaction. E3 ubiquitin ligase S-phase kinase-associated
protein 2 (SKP2) has been found to regulate ACE2 levels [86]. Studies show that exposure to cigarette
smoke extract (CSE) and the benzo(a)pyrene (BaP) a carcinogen promotes the degradation of ACE2 through
SKP2. Mechanistically, BaP can increase the cellular levels of SKP2, which leads to the ubiquitination
and subsequent breakdown of ACE2. This mechanism potentially has implications for understanding how
environmental pollutants like BaP might influence susceptibility to COVID-19 [86]. Additionally, research
has demonstrated that the Cyclin-dependent kinase 4/6 (CDK4/6) inhibitor palbociclib induces cell cycle
arrest at the GO/GI phase while increasing ACE2 mRNA and protein expression without altering its
subcellular localization. Palbociclib achieves this by downregulating SKP2, thereby inhibiting the ubiquitin-
proteasome and lysosomal degradation pathways of ACE2. Moreover, the elevated ACE2 levels resulting
from palbociclib treatment, as well as from other compounds that cause cell cycle arrest, have been shown
to enhance pseudotyped SARS-CoV-2 infection [87]. Together with previous findings, this underscores the
complex role of E3 ubiquitin ligases like SKP2 in regulating ACE2 levels and their potential impact on
SARS-CoV-2 infection dynamics (Table 1). The transmembrane serine protease type 2 (TMPRSS2) is vital
for the virus to bind to ACE2 and enter host cells [52]. In 2021, Chen et al., using a library of 2560 FDA-
approved or current clinical trial compounds, identify “halofuginone” a small molecule that reduces the
surface expression of TMPRSS2. Interestingly, DDBI1- and CUL4-associated factor 1 (DCAFI), an E3 ligase,
ubiquitinates TMPRSS2 at four lysine residues (K70, K80, K82, K83) on its intracellular domain leading
to its degradation, thereby impeding the binding of the S protein to ACE2 (Table 1) [88]. Furthermore,
knockdown studies confirm that Tripartite motif-containing 28 (TRIM28) regulates the entry of SARS-CoV-
2 by targeting ACE2 in non-small cell lung cancer A549 cells and primary pulmonary alveolar epithelial cells
(PAEpiCs) [89]. Unlike ubiquitination, which often targets proteins for degradation, the E3 small ubiquitin-
like modifier (SUMO) ligase PIAS4 stabilizes ACE2 through SUMOylation. Specifically, the attachment of
SUMO3 to ACE2 at lysine (K) 187 prevents K48-linked ubiquitination of ACE2. This leads to inhibition
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of its autophagic degradation mediated by the cargo receptor TOLLIP, ultimately enhancing SARS-CoV-2
infection [90]. In conclusion, E3 ubiquitin ligases, such as TRIM28, and SKP2, mediated the degradation of
ACE2, while DCAF1 promotes the degradation of TMPRSS2, and plays a crucial role in SARS-CoV-2 entry.
Targeting these cell surface proteins and their associated pathways could significantly reduce infection risk
and viral spread, underscoring the pivotal role of cellular mechanisms in antiviral defense strategies (Fig. 6).
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Figure 6: An overview on the role of E3 ubiquitin ligases involving in different aspects of host-virus interactions during
SARS-CoV-2 infection

Further expanding on the contribution of E3 ligases in combating SARS-CoV-2, several ligases have
been identified as crucial regulators of viral replication, assembly, protein degradation, and host defense
mechanisms. For instance, RNF5 has been found to regulate viral replication by exerting an inhibitory effect
through the K48-linked ubiquitination of the E protein on the 63rd lysine. Importantly, the pharmacological
activator Analog-1 of RNF5 diminishes disease development in a mouse model. Moreover, RNF5 expression
varies across age groups and among patients with differing levels of disease severity, suggesting its potential
use as a prognostic marker for COVID-19 [91]. The E3-ligase TRIM7 acts as an antiviral factor by non-
degradative ubiquitination of M-protein on the SARS-CoV-2 membrane to limit apoptosis and virus
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replication [92]. To explore the molecular mechanisms governing the degradation of viral proteins, a genetic
screening was conducted to identify human E3 ligases responsible for destabilizing SARS-CoV-2 proteins.
This screen revealed that the E3 ligase RNFI85 is responsible for the regulation of SARS-CoV-2 envelope
protein. RNF185 and the envelope protein co-localize within the endoplasmic reticulum (ER). RNF185
facilitates the degradation of the envelope protein, and depletion of RNF185 increases the viral titer of
SARS-CoV-2 in cellular models [84]. TRIM6 promotes K29-linked ubiquitination of N protein at K102,
K347, and K361 residues, increasing its binding to viral genomic RNA, and leading to the proliferation of
SARS-CoV-2 [93]. TRIM2I interacts and promotes polyubiquitination-mediated degradation of N protein,
regulating innate immunity [94]. E3 ubiquitin ligase MARCHS inhibits SARS-CoV-2 virus replication
through degrading N protein [95]. TRIM28-mediated SUMOylation of the N protein is essential for SARS-
CoV-2 virulence, as it plays a pivotal role in suppressing the innate antiviral immune response [96]. The
effective degradation of the viral S protein is also crucial for a robust antiviral response. In this regard, the
E3 ubiquitin ligase MARCHS has been shown to inhibit the SARS-CoV-2 § protein, potentially by retaining
the S protein in the lysosome (Table 1) [97,98].

Beyond the Structural proteins, some nonstructural proteins have also been identified as targets
for E3 enzymes. For example, UBR5 and MARCHF7 inhibit SARS-CoV-2 replication by inducing nspl6
degradation via K48-and K27-linked ubiquitination, respectively [99]. In addition, TRIM7 regulates the
degradation of nsp5 and nsp8 by binding to their glutamine-end motifs, moderately restoring the interferon
response [100]. The E3 ligase TRIM22 reduces viral RNA and protein levels and inhibits SARS-CoV-2
replication by promoting Nsp8 degradation. Upon viral infection, the IFN signaling pathway was activated
and IFN-a stimulates TRIM22 expression to promote Nsp8 degradation. TRIM22 interacts with and
promotes K48-linked polyubiquitination of Nsp8 at K97 position [101]. Yu et al. identified three E3 ubiquitin
ligases (HUWEIL, UBR4, and UBR5) inducing K48-linked ubiquitination and degradation of ORF9b, thereby
diminishing ORF9b-dependent inhibition of the IFN response including SARS-CoV-2 replication [102].
CUL5-TOM70-HSP90« complex serves as a critical regulator of ORF9b stability in SARS-CoV-2 replication,
elucidating the intricate host-virus immune response dynamics [103]. CRL4B E3 ligase recruited by Pre-
mRNA-processing factor 19 (PRPF19) inhibits SARS-CoV-2 infection by promoting ORF6 ubiquitination
and subsequent degradation [104]. Moreover, the E3 ubiquitin ligase Zinc Finger Protein 598 (ZNF598) plays
a significant role in targeting Nspl2 for ubiquitination-mediated degradation under elevated temperature
conditions. This degradation results in a reduction of viral RNA copies and a subsequent decrease in viral
titer [105]. The E3 ubiquitin ligase ZBTB25 inhibits beta coronavirus infection by ubiquitinating the main
viral protease, MPro [106]. The ubiquitin ligase Parkin modulates the stability of the SARS-CoV-2 main
protease and inhibits viral replication [107]. TRIM13 and RNF121 mediated K63-linked polyubiquitination
of Nsp6 and ORF7a, respectively, appears essential for Nuclear factor-kappa B (NF-«B) activation through
associations with TAKI [108]. Collectively, these findings emphasize the diverse and critical roles of various
E3 ubiquitin ligases in regulating SARS-CoV-2 infection.

Viruses harness host machinery including ubiquitination modifications to amplify their virulence. Site-
specific ubiquitination of the GTPase Rab7 disrupts its colocalization with the SARS-CoV-2 ORF3a protein,
thereby reducing the virus’s ability to invade host cells [109]. In addition, E3 ligase ring finger protein 20
(RNF20) was found as a target of the SARS-CoV-2 3CLpro protease. The disruption of RNF20 function
was shown to interfere with its role in regulating the ubiquitination of sterol regulatory element binding
protein 1 (SREBP1), thereby promoting viral replication [110]. Conversely, a different study highlighted a
beneficial role for RNF5, which facilitates the interaction between the M protein and E protein of the
virus [111]. Furthermore, SARS-CoV-2 ORF6 protein targets TRIM25 for proteasomal degradation, thereby
reducing K63-linked ubiquitination of Retinoic acid-inducible gene I (RIG-I) and inhibiting type-I interferon
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production [112]. Also, SARS-CoV-2 ORFI10 exploits CUL2ZYGIIB to degrade Intraflagellar Transport 46
(IFT46), resulting in cilia dysfunction [113]. Viruses can also leverage ubiquitination modifications to
enhance their virulence. Israeli et al. identified CUL5 as a potential contributor to viral infection. CUL5
serves as a key component of multiple E3 ubiquitin-protein ligase complexes. This study suggests that SARS-
CoV-2 may have adapted E3 enzyme-mediated ubiquitination to promote its pathogenicity under certain
conditions [114]. Additionally, SARS-CoV-2 ubiquitinates ORF7a by utilizing the host’s system to disrupt IFN
response and aid infected cells in evading apoptosis, thereby enabling viral replication (Table 2) [115,116].

Table 1: Summary of the E3 Ligases involved in the regulation of SARS-CoV-2 or hijacked by the virus

S. No. Substrates/Viral protein E3 ligase Function Reference
1 ACE2 SKP2 Virus entry [86]
2 TMPRSS2 DCAF1 Virus entry [88]
3 ACE2 TRIM28 Virus entry [89]
4 ACE2 PIAS4 Virus entry [90]
5 M protein TRIM? Inhibit virus replication and host [92]

apoptosis
6 N protein TRIM6 SARS-CoV-2 proliferation [93]
7 N protein TRIM21 Suppress virus’s infection [94]
8 S protein MARCHS Block S protein [97,98]
9 Nspl6 UBR5 and MARCHF7 SARS-CoV-2 replication [99]
10 Nsp5 and Nsp8 TRIM7 Restoring INF response [100]
11 Nsp8 TRIM22 Block SARS-CoV-2 replication [101]
12 ORF9b HUWEL UBR4 and  Inhibit IFN response and viral replication [102]
UBR5
13 ORF6 CRL4B Inhibit viral replication [104]
14 Nspl2 ZNF598 Decrease viral titer [105]
15 MPro ZBTB25 Inhibit viral infection and replication [106]
16 Nsp6 TRIM13 Proinflammatory response [108]
17 ORF7a RNFI121 Proinflammatory response [108]
18 SREBP1 RNF20 Promoting viral replication [110]
19 M and E protein RNF5 Regulate viral assembly, budding [111]
20 ORF6 TRIM25 Diminish IFNI response [112]
21 ACE2 UBR4 Virus entry [117]

Table 2: List of the deubiquitinating enzymes exploited by SARS-CoV-2 to hijack the host immune response

S.No. Substrates/Viral protein DUBs Function Reference
1 M protein POHI1 New virion release [111]
2 ACE2 Ubiquitin Virus entry [118]

Carboxyl-Terminal
Esterase L1 (UCHLI)

3 Nspl3 USP13 Viral invasion [121]
4 Nspl6 USP25 Evading immune surveillance [122]
5 ORF9b USP29 Inhibiting host’s IFN response [123]
6 E protein USP39 Promotes viral replication [124]
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Viral invasion is influenced not only by the actions of E3 ligases but also by the activity of deubiqui-
tinating enzymes (DUBs). The host’s immune system utilizes ubiquitination to degrade viral proteins and
mount an antiviral response. However, SARS-CoV-2 can subvert this defense mechanism by hijacking the
host’s deubiquitinating enzyme system. For example, the SARS-CoV-2 S protein can induce the alienation
of ACE2 from the E3 ligase UBR box N-recognin-4 (UBR4), thereby stabilizing ACE2 levels [117]. Addi-
tionally, deubiquitination by ubiquitin carboxyl-terminal hydrolase 1 (UCHLI) further contributes to ACE2
stability [118]. The deubiquitinating enzyme ubiquitin-specific peptidase 13 (USP13), which interacts with
SARS-CoV-2, shows a notably high frequency of genomic alterations within the immune cells of COVID-19
patients [119]. While USPI13 is typically recognized for its antiviral role in the pathogenesis of SARS-CoV-
2 [120], emerging evidence suggests that in certain circumstances, USP13 may contribute to viral invasion.
This paradoxical function stems from findings that SARS-CoV-2 can exploit the host’s USP13 to prevent the
ubiquitination and subsequent degradation of Nspl3. By stabilizing Nspl3, the virus disrupts the activity
of antiviral components and suppresses type I interferon (IFN) production [I121]. These studies suggest
that SARS-CoV-2 employs complex strategies to manipulate host cellular mechanisms, enabling it to evade
immune defenses and enhance viral replication.

Furthermore, other members of the USP family, such as USP25 and USP29, are crucial in the
pathogenicity of SARS-CoV-2. USP25 contributes by deubiquitinating Nspl6 and its associated complex,
thereby assisting viral RNA to evade immune surveillance with methylation modification [122]. Similarly,
USP29 stabilizes ORF9b, which is essential for inhibiting the host’s interferon response to SARS-CoV-2 [123].
USP39, a deubiquitinase, enhances SARS-CoV-2 replication by removing ubiquitin from and stabilizing
the envelope protein [124]. The studies also identified Pad-One-Homologuel (POHI), a deubiquitinase,
as a negative regulator of this ubiquitination process that helps in virus assembly and release [111]. These
findings underscore the complex interplay between viral and host proteins in regulating the outcome of
SARS-CoV-2 infection.

6 Treatment for COVID-19

Host-directed therapeutics have emerged as promising strategies in combating COVID-19, with a focus
on modulating pathogenic immune activation and directly targeting viral entry mechanisms. Among the
key targets is ACE2, a crucial receptor for SARS-CoV-2 entry. Soluble ACE2, ACE2-Fc, and enzyme-inactive
ACE2-Fc fusion proteins have shown efficacy in blocking SARS-CoV-2 and SARS-CoV infection [125-127].
Additionally, drugs like losartan and lisinopril, initially developed for hypertension, indirectly modulate
ACE2 expression, potentially mitigating COVID-19 severity [128]. Moreover, targeting host proteases like
TMPRSS2, furin, TMPRSS4, TMPRI11D/HAT, and cathepsin L is crucial for preventing virus entry [129].

It has been suggested that SARS-CoV-2 mediated induction of proinflammatory cytokines is achieved
through the activation of NF-xB and Interleukin 6(IL-6)-JAK-STAT3 signaling pathways. JAK2 inhibitors
have emerged as a potential therapeutic option for managing cytokine release syndrome (CRS) associated
with severe COVID-19. Unlike pan-JAK inhibitors, JAK2-selective inhibitors are advantageous because
they do not interfere with type I and type II interferon responses, which are crucial for antiviral and
antibacterial defenses. JAK2 inhibitors selectively inhibit signaling by inflammatory cytokines such as IL-
6 and Granulocyte-macrophage colony-stimulating factor (GM-CSF) that drive CRS. This makes JAK2
inhibitors particularly promising in reducing severe inflammation in COVID-19 without compromising
overall antiviral immunity [130].

Furthermore, chloroquine and hydroxychloroquine, which interfere with endosomal pH, have demon-
strated inhibitory effects on SARS-CoV-2 entry [131]. Neutralization of the SARS-CoV-2 spike protein is
achieved through various means, including neutralizing antibodies, recombinant or soluble ACE2, small
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peptides, and sera [132]. Additionally, small-molecule mSWI/SNF ATPase inhibitors or degraders have been
shown to reduce ACE2 expression, rendering cells resistant to SARS-CoV-2 variants and a remdesivir-
resistant virus [68]. Furthermore, studies have highlighted the potential of lenalidomide, an FDA-approved
drug, in preventing SARS-CoV-2 infection by inactivating Speckle-type BTB-POZ protein (SPOP)/Casein
kinase 1 (CK1)/ACE2 signaling [133]. These findings underscore the development of a class of broad-acting
antivirals for combating emerging coronaviruses and drug-resistant variants, emphasizing the significance
of ongoing research in optimizing efficacy and safety for potential clinical use.

7 Conclusion and Future Perspectives

The COVID-19 pandemic has revealed a spectrum of long-term complications, often referred to as long
COVID or post-acute sequelae of SARS-CoV-2 infection (PASC), which can persist even after individuals
recover from the acute phase of the illness. These complications significantly impact the quality of life of
survivors and affect various organs including the lungs, heart, and brain [134,135]. Although vaccines have
an important role in combating COVID-19, the challenge of viral infections underscores the need for further
research and development of antiviral drugs. A comprehensive study is required to understand the role
of SARS-CoV-2 regulators including E3 ubiquitin ligases that affect virus replication directly or indirectly
by regulating expression levels of other proviral or antiviral factors. One promising approach involves
proteasomal targeting both viral proteins and host factors essential for viral replication and infection. For
viral proteins, innovative strategies such as Proteolysis Targeting Chimeras (PROTACs) might offer a potent
means to selectively degrade specific viral proteins critical for the virus’s lifecycle. PROTAC:s are bifunctional
degrader molecules, that function by recruiting a target protein to an E3 ligase. Several E3 ubiquitin ligases
including Cereblon (CRBN), Von Hippel-Lindau (VHL), Kelch-like ECH-associated protein 1 (KEAP1) and
Mouse double minute 2 homolog (MDM2) have been utilized to develop PROTAC molecules [136]. By
harnessing the cellular ubiquitin-proteasome system, these degrader molecules can target viral proteins.

Indomethacin (INM), a nonsteroidal anti-inflammatory drug (NSAID) with antiviral properties, has
been explored as a potential therapeutic for SARS-CoV-2 [137]. INM has been shown to interact with
the host protein prostaglandin E synthase-2 (PGES-2), which further associates with the SARS-CoV-
2 Nsp7 protein. This discovery led to the creation of INM-based degraders that recruit either VHL or
CRBN E3 ligases [137]. By modifying the linker moiety, researchers expanded the INM-based PROTAC
library, significantly enhancing its antiviral activity and demonstrating strong anti-SARS-CoV-2 effects in
infected human lung cells [138]. While INM-PROTACs do not degrade human PGES-2, they promote the
concentration-dependent degradation of the SARS-CoV-2 main protease, 3CLpro/Mpro, in infected cells.
These INM-based PROTAC: represent the first identified class of Mpro degraders, marking a significant step
forward in the development of broad-spectrum, effective anti-coronavirus treatments [139]. 3CLpro/Mpro
is a conserved enzyme critical for viral replication and pathogenicity. Building on this, Cheng et al. adapted
the Mpro inhibitor GC376 to create novel PROTACs with broad-spectrum activity against human-infecting
coronaviruses such as HCoV-229E, HCoV-OC43, and SARS-CoV-2. Mechanistic binding studies showed
that these PROTAC: effectively targeted Mpro in vitro, leading to its degradation within cells [140]. Another
PROTAC, MPD2, developed by Alugubelli et al., efficiently degraded Mpro in 293T cells and significantly
reduced Mpro protein levels in SARS-CoV-2-infected A549-ACE2 cells. MPD2 exhibited strong antiviral
activity across multiple SARS-CoV-2 strains, with enhanced potency against nirmatrelvir-resistant variants.
The targeted degradation of Mpro offers a promising strategy to combat drug-resistant viral variants [141].

Another innovative approach involves cell-based cysteine chemoproteomics, which identified a covalent
degrader of SARS-CoV-2’s Nspl4. This degrader works by covalently modifying both Nspl14 and host chap-
erones, leading to compound-induced proteasomal degradation. These compounds also induce widespread
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changes in cellular proteostasis, including increased ubiquitylation and proteasome activation [142]. This
targeted approach minimizes off-target effects and enhances specificity compared to traditional small
molecule inhibitors. Another promising approach is targeting host factors involved in key processes like viral
entry, replication, or assembly for antiviral drug development. By disrupting essential host-virus interactions,
such as receptor binding or intracellular signaling pathways, novel therapeutics can prevent viral entry,
replication, or assembly. In this context, Khramtsov et al. developed a modular nanotransporter (MNT),
which contains an amino acid sequence capable of binding to the KEAP1 E3 ubiquitin ligase. It also functions
as an antibody mimetic to SARS-CoV-2’s N-protein, leading to the degradation of the N-protein. The MNT
can internalize into target cells, escape from the endosome into the cytosol, and bind to the N-protein.
Significant degradation of the N-protein in non-small cell lung cancer A549 and epidermoid carcinoma A431
cell lines was observed through flow cytometry and western blotting after ectopic expression of the N-protein
and incubation with the MNTs. This represents a novel approach to the treatment of viral diseases [143].
Additionally, targeted degradation of S protein via computationally optimized peptide fusions by the E3
enzyme TRIM21 inhibits viral infection [144]. These interventions not only inhibit viral spread but also
minimize the likelihood of drug resistance, as targeting host factors limits the virus’ ability to adapt through
mutations in viral proteins. By leveraging cutting-edge technologies and interdisciplinary collaborations, the
development of antiviral drugs targeting both viral and host factors holds promise for improving patient
outcomes bolstering our defenses against emerging viral threats and combatting COVID-19 and future
viral outbreaks.
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