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Different protein degradation pathways exist in cells. However, the bulk of cellular proteins are degraded by the ubiquitin-
proteasome system (UPS), which is one of these pathways. The upkeep of cellular protein homeostasis is facilitated by the ubiquitin-
proteasome system, which has a variety of important functions. With the emergence of eukaryotic organisms, the relationship
between ubiquitylation and proteolysis by the proteasome became apparent. Severe acute respiratory syndrome coronavirus-2
(SARS-Coronavirus-2) hijacks the ubiquitin-proteasome system and causes their viral proteins to become ubiquitinated, facilitating
assembly and budding. Ubiquitination of the enzyme keratin-38 (E-K38) residue gave the virion the ability to engage with at least one
putative cellular receptor, T-cell immunoglobin-mucin (TIM-1), boosting virus entry, reproduction, and pathogenesis. A fraction of
infectious viral particles produced during replication have been ubiquitinated. The ubiquitin system promotes viral replication. In
order to replicate their viral genome after entering the host cell, viruses combine the resources of the host cell with recently generated
viral proteins. Additionally, viruses have the ability to encode deubiquitinating (DUB)-active proteins that can boost viral replication
through both direct and indirect means. The SARS-Coronavirus-2 papain-like protease (PLpro) protein is a DUB enzyme that is
necessary for breaking down viral polyproteins to create a working replicase complex and promote viral propagation. The ubiquitin-
like molecule interferon-stimulated gene 15 (ISG15), which is likewise a regulator of the innate immune response and has antiviral
characteristics, can also be broken down by this enzyme. However, limiting the El-activating enzyme’s ability to suppress the
ubiquitination pathway prevented virus infection but did not prevent viral RNA genome translation. Numerous investigations have
revealed that the use of proteasome inhibitors has a detrimental effect on the replication of SARS-Coronavirus-2 and other viruses in
the host cell. Studies have shown that the use of proteasome inhibitors is also known to deplete free cellular ubiquitin, which may have
an impact on viral replication and other vital cellular functions.

1. Background

In Wuhan, People’s Republic of China, pneumonia of un-
known origin was first noticed and reported to the World
Health Organization (WHO) in December. Severe acute
respiratory syndrome (SARS-Coronavirus-2) was the des-
ignation given to the illness after it was later determined to
be caused by a new coronavirus [1, 2]. On February 1%,
2020, the WHO classified coronavirus infection as COVID-
19, commonly known as coronavirus disease 2019. Two
months after COVID-19 had spread substantially outside of
China, with epidemic foci in South Korea and Japan and

a sizable outbreak in Italy, the WHO declared it to be
a pandemic [3].

Later, the illness spread quickly over the globe and struck
practically every nation. Because of this, most global
healthcare systems are ill-prepared to handle the increase in
patients needing hospitalization without taking further steps
to prevent system collapse. There was worry that the fatality
rate may have risen because there were not enough intensive
care unit beds to treat the most serious cases [4].

The genetic material of SARS-Coronavirus-2 is positive
RNA and expresses open reading frames that encode both
structural and functional proteins. The membrane, envelope,
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spike, and nucleocapsid proteins are all structural proteins.
The spike protein’s S1 subunit aids in ACE2-mediated virus
attachment, and its S2 subunit aids in membrane fusion. The
leucine, phenylalanine, glutamine, asparagine, and serine
amino acids all contributed to SARS-improved
Coronavirus-2’s ACE2 binding. The viral serine-rich
linker region between the N terminal (NTD) and C ter-
minal makes up the N protein (CTD). These terminals are
necessary for both viral entrance and post-entry
processing [5].

After the host cell is attached, the host transmembrane
serine protease 2 primes the S protein (TMPRSS2). The
SARS-Coronavirus-2 is internalized through endocytosis,
and the endosome releases the viral genome. The viral RNA
is translated into two polyproteins (PPs), ppla and pplab, in
the cytosol. These polyproteins are then processed further to
form sixteen nonstructural proteins (nspl to nsp16), which
are the constituent parts of the viral replicase-transcriptase
complex [6]. The entire viral genome is subsequently
reproduced in vesicles that also contain replicate tran-
scriptase complexes (RTC). The SARS-Coronavirus-2
structural and accessory proteins are produced concur-
rently, and they come together to form the nucleocapsid and
viral envelope at the ER-Golgi intermediate compartment,
enabling the release of mature virions later [7].

2. Ubiquitin Proteasome System

An adult weighing 60 kg produces and degrades about 240 g
of proteins each day, the majority of which are intracellular
proteins. A failure to accurately regulate this normal protein
homeostasis ultimately leads to various pathological con-
ditions [8]. Thousands of proteins are in dynamic balance to
maintain protein homeostasis, or proteostasis, which is
essential for the majority of cellular and organismal normal
function. The biological process of protein, which includes
translation, folding, and degradation, determines the entire
repertoire of cellular proteins (proteome) of the cells [9].

The ubiquitin-proteasome system of the cell (UPS),
which is involved in the breakdown of the majority of
cellular proteins, is one of the various protein degradation
systems used by cells. In the upkeep of cellular protein
homeostasis, the ubiquitin-proteasome system plays a vital
and varied role [10]. The pathway to proteasomal degra-
dation involves a group of enzymes called ubiquitin ligases
that attach ubiquitin moieties to protein substrates [11].

More than 80% of cellular proteins, particularly short-
lived, regulatory, damaged, and misfolded proteins, are
degraded by the UPS, which accounts for the regulation of
many cellular functions. The ubiquitin-proteasome system
controls numerous biological processes, such as the cell
cycle, gene transcription, translation, cell survival, cell death,
cell metabolism, protein quality, and inflammation, by
degrading particular proteins that are involved in these
processes [12].

Due to the extreme specificity of UPS’s substrate rec-
ognition, individual proteins must first be tagged before
being sorted. The proteasome produces a highly heteroge-
neous combination of short and long peptides rather than

International Journal of Inflammation

breaking down proteins into their constituent amino acids.
These peptides are either used as a substrate for the immune
system that is mediated by adaptive cells or further processed
into amino acids by cytosolic peptidases for the de novo
synthesis of proteins [13].

3. Ubiquitylations

Since the biological method of protein degradation (pro-
teolysis) is irreversible, numerous complex mechanisms
have been developed to ensure effective and selective protein
degradation [14]. With the emergence of eukaryotic or-
ganisms, the relationship between ubiquitylation and pro-
teolysis by the proteasome became apparent. The ubiquitin-
proteasome system is made up of the ubiquitin system,
which breaks down ubiquitylated proteins, and the ubiq-
uitylation system, which uses specific enzymes to ubiqg-
uitylate or deubiquitylate target proteins [15]. Three
enzymes, including E1, E2, and E3, are required for the
sequential, adenosine triphosphate (ATP)-dependent pro-
cess of ubiquitylation. These processes involve the covalent
attachment of monomers (ubiquitylation) or poly-
ubiquitylations of highly conserved ubiquitin proteins to
protein substrates [16].

In all mammalian cells, ubiquitin is activated by the
first enzyme (E1), known as the ubiquitin-activating
enzyme. A new covalent link is formed between the
carboxyl-terminal of ubiquitin proteins and the lysine,
cysteine, serine, or methionine residues of the target
proteins by the E2 ubiquitin conjugation enzyme after
activation [17]. An enzyme E3, of the ubiquitin ligase
family, typically contributes to the conjugation process as
well, acting as a docking platform to join the substrate and
the ubiquitin-charged E2, which occasionally involves
ubiquitin conjugation to a cysteine in the E3 enzyme
during transfer to the substrate [17].

Contrary to proteolysis, ubiquitylation of proteins is
areversible process, and the deubiquitylating enzyme closely
controls the removal of ubiquitin from the substrate. Before
proteasomal degradation, DUBs release polyubiquitin
chains from substrates and cleave ubiquitin from proteins
[18]. Deubiquitylating enzyme activity is crucial for recy-
cling ubiquitin for subsequent reactions, avoiding conges-
tion, and managing protein turnover by altering or
eliminating ubiquitin or polyubiquitin chains from the
targeted protein, preventing proteasomal degradation [19].

4. The Ubiquitin-Proteasome and Its
Mechanism of Action

The designation of proteins for proteasome-mediated pro-
tein degradation is carried out by the 76-amino acid protein
ubiquitin. The intricate process of ubiquitination requires
a number of enzymes, including the E1 ubiquitin-activating
enzyme, the E2 ubiquitin-conjugating enzyme, and the E3
ubiquitin ligase enzyme.

Ubiquitin is activated at this stage through an ATP-
dependent process involving the El ubiquitin-activating
enzyme. After forming a compound with E2 and El,
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ubiquitin will be charged to the E2 ubiquitin conjugating
enzyme [20].

Ubiquitin was then transported to a cysteine residue on
E2’s active site. The homologous to the E6-AP carboxyl
terminus (HECT), the retinol-binding protein (RBR), or the
really interesting new gene (RING) domain ligases, one of
the three kinds of E3 ubiquitin ligases, then interact with this
complex to bring in a particular substrate [21]. The HECT
and RBR E3 ligases can transfer Ub directly to the substrate
by creating an intermediary ubiquitin-thioester on one of
the E3 cysteine residues, whereas RING-containing E3 li-
gases place the Ub-loaded E2 close to the substrate for E2-to-
substrate transfer, which typically takes place on a lysine on
that substrate [22]. The involvement of the tripartite motif
(TRIM) subfamily of E3 ligases in regulating the innate
immune response, having both direct and indirect antiviral
activity, and promoting viral replication is of particular
interest [23] (Figure 1).

The cytoplasm and nucleus of mammalian cells contain
the 26 svedberg (S) proteasome, a large, multisubunit
proteolytic apparatus. Two 19S regulatory caps and a cy-
lindrical 20S catalytic core made up the 26S proteasome [25].
The barrel-shaped core portion (20S) is created by stacking
axially four heptameric rings: two identical inner $3-rings,
each made up of seven distinct 3-subunits, and two identical
outside -rings, each made up of seven distinct a-subunits,
1-7. A 19S regulatory particle (RP), which caps the 20S CP at
each end, controls the protease core’s activity [26].

A number of alpha subunits prevent target proteins from
entering the core. These alpha subunits’ conformational
changes are caused by the 19S regulatory, which also permits
the degradation substrate to pass through. The core is made
up of three pairs of beta subunits, which also contain the
active sites for degradation [27]. The proteolytic activities are
trypsin-like (881), which cleaves after basic residues,
chymotrypsin-like (£35), which cleaves after hydrophobic
residues, or caspase-like (£32), which cleaves after acidic
residues. Threonine residues, which are essential for deg-
radation, are present in each active site. After disintegration,
3-22 amino acid protein fragments with an average length of
7-8 residues flow out the opposite opening of the cylindrical
catalytic core and are recycled by the cell for de novo protein
synthesis [28] (Figure 2).

5. Ubiquitin System and Virus Entry to the
Host Cell

Although some viruses can also use less-specific entrance
pathways by interacting with lipids or carbohydrates on the
surface of the cell membrane, viruses often enter the host cell
through highly specific interactions with cellular surface
receptors [29]. Enveloped viruses fuse with the cell after
attachment, either at the cell surface or the endosomal
membrane. Every viral family has a unique entrance
mechanism, and SARS-Coronavirus-2 viruses have exploi-
ted ubiquitin to speed up this mechanism [30].

The ubiquitin system increases viral propagation. In
order to replicate their viral genome after entering the host
cell, viruses combine the resources of the host cell with newly

produced viral proteins. In order to facilitate entry into the
host cell, viruses manipulate the normal cellular ubiq-
uitination process in a proteasome-dependent manner.
According to a previous study, the infectious virion of some
flaviviruses may contain viral proteins that are ubiquitinated
to facilitate extracellular interactions with receptors [31]. The
amount of ubiquitinated E found in infectious viral particles
produced during replication allowed the virion to connect
with at least one possible cellular receptor, TIM-1, facili-
tating viral entrance, replication, and pathogenicity [32].

Numerous studies have shown that using proteasome
inhibitors has a detrimental impact on the virus ability to
replicate in the host cell for the human immunodeficiency
virus, SARS, and other viruses [33]. Studies indicated that
using proteasome inhibitors is also known to deplete free
cellular ubiquitin, which may also have an impact on viral
replications and other crucial cellular functions [34]. As
a result, it was discovered that proteasome inhibitors such as
MG132 could prevent the release of viral components into
the cytoplasm of the host cell by encouraging the accu-
mulation of viral RNA in the endosome [34, 35].

The proteasome inhibitors reduce internalization by
preventing the release of viral ribonucleoproteins (RNP)
from endosomes, but they have no effect on the viral at-
tachment or RNA translation [36]. However, because
ubiquitination is a crucial mechanism for viral uncoating,
inhibiting the El-activating enzyme prevented the trans-
lation of the viral RNA genome rather than preventing virus
internalization [37].

In this instance, the ubiquitination of E1 serves as a tissue
tropism mechanism in addition to playing a role in the early
stages of virus host entrance. Strategies to restrict virus entry
might include ubiquitination and the proteasome-
dependent destruction of cellular proteins. A medication
known as halofuginone was discovered in a screen to activate
the E3 ubiquitin ligase complex DNA damage-binding
protein (DDB1)-cullin family of ubiquitin ligase (CUL4)-
associated factor DCAF1 to promote TMPRSS2 proteasomal
degradation. A serine protease called TMPRSS2 facilitates
the entry of SARS and SARS-Coronavirus-2 by cleaving the
coronavirus spike protein, which is necessary for the virus to
bind to the cell. Other stages of the SARS-Coronavirus-2
replication cycle have also been proposed to be inhibited by
proteasome inhibitors [38, 39]. Several studies have sug-
gested using proteasome inhibitors to stop the cycle of viral
protein replication. Viruses can assemble and budding by
ubiquitinating their viral protein using the ubiquitin system
as a tool [40].

6. The Ubiquitin System and Viral Evasion of the
Type-I Interferon (IFN-I) Response

The innate immune system can detect viral invasion to
prevent viral replication and infection, making it the initial
line of defense against pathogens. When pathogen-
associated molecular pattern (PAMP) receptors, which in-
clude Toll-like receptors (TLRs) and cytoplasmic RIG-I-like
receptors, identify microbial components encoded in bac-
teria, innate immunity is triggered (PAMPs) [41]. When
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FiGure 1: Types of ubiquitination ligases and ligase E3 function. (a) The HECT type of E3 ligases contains the conserved C-terminal HECT
domain, and the N-terminal consists of different domains depending on the specific subtype. HECT-type E3 ligases are involved in the
ubiquitination process, which involves a two-step reaction: ubiquitin is first carried out by an E2 ligase binding to the HECT domain of the
E3 ligase and then transferred to a catalytic cysteine on the E3 ligase; the second step is the transfer of ubiquitin from the E3 ligase to the
substrate. (b) The RING type E3 ligases are characterized by the presence of a zinc-binding domain called a RING at the N-terminal. Ring
E3s mediate a direct transfer of ubiquitin from E2 ligase to the substrate. (c) The U-box type E3 ligases contain a U-box domain at the C-
terminal, which is responsible for binding the ubiquitin-charged E2 ligase and stimulating ubiquitin transfer. (d) The RBR type E3 ligases
consist of two predicted RING domains (RING1 and RING2) separated by an IBR domain. RBR type E3 ligases’ catalyzed ubiquitination
process involves a two-step reaction where ubiquitin is first transferred to a catalytic RING2 domain on the E3 and then to the substrate [24].
(a) HECT E3 ligase; (b) RING E3 ligase; (c) U-box E3 ligase; and (d) RBR E3 ligase.

viral products are recognized by PRRes, this sets off a variety
of downstream signaling cascades by activating kinases such
as IKK, TBK1, TAK1, and others. IRF3, IRF7, and NF-B are
only a few of the transcription factors that are phosphor-
ylated, which facilitate their movement into the nucleus and
cause the generation of proinflammatory cytokines such as
IEN-T [42, 43].

In order to produce IFN-I, RIG-I must be ubiquitinated
by the E3-ubiquitin ligase TRIM25. This activation then
triggers downstream signaling via the adaptor protein
MAVS, which is likewise heavily regulated by the ubiq-
uitination process [44]. IFNs are released from infected cells,
detected by their receptors in an autocrine or paracrine
manner, which activates the JAK-STAT signaling cascade
and causes the expression of antiviral host effector proteins
known as IFN-stimulated genes [45].

Coronaviruses have the capacity to subvert the immune
response of the host, including by inhibiting IFN synthesis
and signaling, which can boost viral proliferation. The
nucleocapsid (N) and papain-like protease (PLpro) proteins
from both the original epidemic strain of SARS-

Coronavirus-2 and the novel SARS-Coronavirus-2 can in-
hibit the IFN response. These proteins are encoded by the
open reading frames 6 and 7a (ORF6 and ORF7a), re-
spectively [46, 47].

On the other hand, STAT2 phosphorylation is sup-
pressed by the ORF7a protein of SARS-Coronavirus-2,
which inhibits IFN-I signaling via its K63-linked poly-
ubiquitination on K119. The SARS-Coronavirus-2 can target
TRIM25, another component of the ubiquitin system in-
volved in IFN generation. It is well known that the E3 ligase
TRIM25 ubiquitinates RIG-I to cause IFN to be produced
later [48, 49].

Viruses have the ability to encode DUB-active proteins,
which can improve viral replication through both direct and
indirect processes. The processing of viral polyproteins to
create a functional replicase complex and promote viral
dissemination calls for the SARS-Coronavirus-2 PLpro
protein, a DUB enzyme. ISG15, a ubiquitin-like protein that
regulates the innate immune response and has antiviral
effects, and ubiquitin are both capable of being broken down
by this enzyme [50, 51].
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FIGURE 2: (a) In the presence of ATP, ubiquitin is activated and attached to E1; (b) ubiquitin is conjugated to E2; (c) E3 targets proteins that
are intended for destruction; (d) ubiquitin is ligated to the protein substrate; (e) repeated ubiquitin ligation aims the substrate at the
proteasome; (f) the 19S cap of the proteasome recognizes the substrate, which is then broken down after entering the 20S core [28].

Pharmacological suppression of the SARS-Coronavirus-2
ubiquitination proteins can lessen cytotoxic effects while
preserving IFN-I responses and limiting virus multiplica-
tion. It may also be possible to inhibit nsp3 self-processing to
prevent virus reproduction. The NLRP3 inflammasome is
activated when the previous pandemic strain of SARS-
Coronavirus-1 infects a person, and this could help the virus
spread more effectively in vivo. Ubiquitin is involved in this
process [52, 53].

When ubiquitin is added to protein substrates, it acts as
a highly specific destruction tag, designating the proteins for
proteasome disintegration. A method for removing ubiq-
uitin from marked proteins using a different set of enzymes.
While poly-Ub chains with Ub moieties joined via iso-
peptide bonds at lysine residue 48 (K48) of Ub are fre-
quently used for proteasome targeting, additional Ub
linkages, particularly K63, and Ub-like modifications are
also frequently used [54].

Many viruses, including SARS-Coronavirus-2, fre-
quently modulate ubiquitin and ubiquitin-like modifiers to
avoid the host cell-immune response. Each member of the
Coronaviridae family has the genetic code for the viral
papain-like protease (PLPs), a deubiquitylating enzyme that
removes ubiquitin from target proteins and modifies cellular
pathways crucial for viral infection [55]. This enzyme is
multifunctional and contains intrinsic cysteine protease
activity that is necessary for viral replication and evading
host cell defenses in addition to deubiquitylation
activity [56].

Similar to DUB, papain-like protease delSGylating in-
volves stripping tagged proteins of their interferon (IFN)-
stimulated gene (ISG)-15 moieties. ISG15 is a little peptide

that resembles Ub and can be covalently bonded to target
proteins in a manner similar to Ub. This can have a variety of
regulatory consequences. ISG15 serves as an effector and
regulator of the host cell’s innate immune response during
viral infection and is most increased during antiviral re-
sponses [57, 58]. During the early replication stage of
coronavirus infection, PLPs play their first role. Once the
virus enters the host cell, a replication/transcription complex
(RTC) is required to coordinate the replication of the viral
unit in the host cytoplasm [59].

SARS and other coronavirus infections frequently in-
clude immune system dysregulation as a pathogenic
characteristic at the systemic level. PLPs are thought to
contribute to infection pathogenesis by leveraging their
intrinsic DUBs and delSGylating activities to counteract
the activation of the host cell’s innate immune response
[60, 61].

PLPs specifically exploit their DUB activity to disrupt the
immunological pathways, such as the IRF3 and NF-kB
pathways, which in turn reduces the antiviral response by
interfering with the proteins that underlie intracellular
sensing and signaling of viral infection. PLPs typically ex-
hibit broad-spectrum DUB activity rather than DUB activity
specific to ubiquitin linkage types K48 or K63 [62].

In the early stages, following SARS-Coronavirus-2 in-
fection, hypoxemia, a decrease in T cells, and an in-
flammatory storm situation are well-known characteristics
of severe COVID-19 patients. The research made the case
that hypoxia might increase the mRNA expression of pro-
teasome subunits, which may be related to lymphocyte cell
death. Proteasome inhibitors have been shown in numerous
studies to induce apoptosis [63].



Additionally, it has been shown that proteasome in-
hibition causes human monocyte-derived dendritic cells to
undergo apoptosis, pointing to a protective role for the
proteasome in the immune system [64]. Furthermore, re-
search suggests that viruses and their infected hosts use the
proteasomal degradation apparatus to aid in viral replication
and prevent viral invasion in the infected host [65]. In this
regard, it has been shown that proteasome inhibitors are
effective at reducing the viral life cycle, including in SARS-
Coronavirus-2 [65, 66].

Due to infection with COVID-19, ubiquitylation bal-
ances immune response activation and inhibition [67]. In an
in vitro investigation, the expression of 16 genes from the
catalytic core and regulatory particles of the 20S proteasome
was examined. These results revealed elevated levels of seven
proteasome subunits in COVID-19 patients (PSMA4, 5;
PSMB2, 9; PSMD14; and PSME1), indicating a potential rise
in proteasome activity brought on by subunit over-
expression. Future COVID-19 therapy plans may be in-
terested in targeting viral PLPs since coronaviruses need
them to both reproduce and counteract the innate immune
response. As such, they are important therapeutic targets for
coronavirus infections [67, 68].

7. Conclusion

A 76-amino acid protein called ubiquitin is well known for
its role in designating proteins for proteasome-mediated
protein breakdown. A number of enzymes, including the
El ubiquitin-activating enzyme, E2 ubiquitin-conjugating
enzyme, and E3 ubiquitin ligase enzyme, are required for the
complex process of ubiquitination. In order to facilitate
entry into the host cell, viruses manipulate the normal
cellular ubiquitination process in a proteasome-dependent
manner. The infectious virion of some viruses may contain
viral proteins that are ubiquitinated to facilitate extracellular
interactions with receptors on the mechanisms by which the
ubiquitination process increases virus entrance.

Coronaviruses have the capacity to subvert the immune
response of the host, including inhibiting IFN synthesis and
signaling, which can boost viral proliferation. The nucleo-
capsid (N) and papain-like protease (PLpro) proteins from
both the original epidemic strain of SARS-Coronavirus-2
and the novel SARS-Coronavirus-2 can inhibit the IFN
response. These proteins are encoded by the open reading
frames 6 and 7a (ORF6, ORF7a), respectively.

The amount of ubiquitinated E found in infectious viral
particles produced during replication allowed the virion to
connect with at least one possible cellular receptor, TIM-1,
facilitating viral entrance, replication, and pathogenicity.
Numerous studies have shown that using proteasome in-
hibitors has a detrimental impact on the virus’ ability to
replicate in the host cell for the human immunodeficiency
virus, SARS, and other viruses. Studies indicate that using
proteasome inhibitors is also known to deplete free cellular
ubiquitin, which may also have an impact on viral repli-
cation and other crucial cellular functions.

As a result, it was discovered that proteasome inhibitors
like MG132 could prevent the release of viral components
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into the cytoplasm of the host cell by encouraging the ac-
cumulation of viral RNA in the endosome. The proteasome
inhibitors reduce internalization by preventing the release of
viral ribonucleoproteins (RNP) from endosomes, but they
have no effect on viral attachment or RNA translation.
However, because ubiquitination is a crucial mechanism for
viral uncoating, inhibiting the El-activating enzyme pre-
vented the translation of the viral RNA genome rather than
preventing virus internalization. However, the proteasome
inhibitors” effect on SARS-Coronavirus-2 and host cell re-
ceptors attachment requires further investigation. Addi-
tionally, the effect of proteasome inhibitors on the normal
cellular UPS mechanism is not well understood.

Abbreviations

ACE2: Angiotensin converting enzyme-2

CTD: C terminal domain

IFN: Interferon

TMPRSS2: Host transmembrane serine protease 2 primes
the S protein

JAK- Janus kinase-signal transducer and activator of
STAT: transcription

MAVS: Mitochondrial antiviral-signaling protein
NTD: N-terminal domain

ORE: Open reading frame

PLpro: Papain-like protease

PAMP: Pathogen-associated molecular pattern

PPs: Polyprotein

RTC: Replicates transcriptase complex
RIG-L: Retinoic acid-inducible gene I

RBR: Retinol-binding protein

TLR: Toll-like receptor

TRIM25:  Tripartite motif-containing protein 25
Ub: Ubiquitin

WHO: World Health Organization.

Data Availability

The data supporting this review article are from previously
reported studies and datasets, which have been cited.

Disclosure

Fikadu Seyoum Tola is the corresponding author of this
article.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

References

[1] A. E. Gorbalenya, S. C. Baker, R. S. Baric et al., “The species
Severe acute respiratory syndrome-related coronavirus:
classifying 2019-nCoronavirus and naming it SARS-Coro-
navirus-2,” Nat Microbiol, vol. 5, no. 4, pp. 536-544, 2020.

[2] J. Xu, S. Zhao, T. Teng et al., “Systematic comparison of two
animal-to-human transmitted human coronaviruses: SARS-
Coronavirus-2 and SARS-Coronavirus,” Viruses, vol. 12,
no. 2, p. 244, 2020.



International Journal of Inflammation

[3] D. Cucinotta and M. Vanelli, “WHO declares COVID-19
a pandemic,” Acta BioMedica, vol. 91, no. 1, pp. 157-160,
2020.

[4] Y. H. Jin, L. Cai, Z. S. Cheng et al., “A rapid advice guideline
for the diagnosis and treatment of 2019 novel coronavirus
(2019-nCoronavirus) infected pneumonia (standard ver-
sion),” Military Medical Research, vol. 7, no. 1, p. 4, 2020.

[5] S.Satarker and M. Nampoothiri, “Structural proteins in severe
acute respiratory syndrome coronavirus-2,” Archives of
Medical Research, vol. 51, no. 6, pp. 482-491, 2020.

[6] A. D. Nardo, M. Schneeweiss-Gleixner, M. Bakail,
E. D. Dixon, S. F. Lax, and M. Trauner, “Pathophysiological
mechanisms of liver injury in COVID-19,” Liver In-
ternational, vol. 41, no. 1, pp. 20-32, 2021.

[7] F. Messina, E. Giombini, C. Montaldo et al., “Looking for
pathways related to COVID-19: confirmation of pathogenic
mechanisms by SARS-Coronavirus-2-host interactome,” Cell
Death & Disease, vol. 12, no. 8, p. 788, 2021.

[8] J.L.Sun,]J.Y.Li,M.J. Wang, Z. T. Song, and J. X. Liu, “Protein
quality control in plant organelles: current progress and future
perspectives,” Molecular Plant, vol. 14, no. 1, pp. 95-114, 2021.

[9] S. Murata, Y. Takahama, M. Kasahara, and K. Tanaka, “The
immunoproteasome and thymoproteasome: functions, evo-
lution and human disease,” Nature Immunology, vol. 19, no. 9,
pp. 923-931, 2018.

[10] A. Calistri, D. Munegato, I. Carli, C. Parolin, and G. Palu, “The
ubiquitin-conjugating system: multiple roles in viral repli-
cation and infection,” Cells, vol. 3, no. 2, pp. 386-417, 2014.

[11] J. S. Bett, “Proteostasis regulation by the ubiquitin system,”
Essays in Biochemistry, vol. 60, no. 2, pp. 143-151, 2016 Oct 15.

[12] S.Haberecht-Muller, E. Kruger, and J. Fielitz, “Out of control:
the role of the ubiquitin proteasome system in skeletal muscle
during inflammation,” Biomolecules, vol. 11, no. 9, p. 1327,
2021.

[13] D. Finley, “Recognition and processing of ubiquitin-protein
conjugates by the proteasome,” Annual Review of Bio-
chemistry, vol. 78, no. 1, pp. 477-513, 2009.

[14] G. A. Collins and A. L. Goldberg, “The logic of the 26S
proteasome,” Cell, vol. 169, no. 5, pp. 792-806, 2017.

[15] T. E. T. Mevissen and D. Komander, “Mechanisms of deu-
biquitinase specificity and regulation,” Annual Review of
Biochemistry, vol. 86, no. 1, pp. 159-192, 2017.

[16] Y. Lu, B. H. Lee, R. W. King, D. Finley, and M. W. Kirschner,
“Substrate degradation by the proteasome: a single-molecule
kinetic analysis,” Science, vol. 348, no. 6231, Article ID
1250834, 2015.

[17] H.J. Meyer and M. Rape, “Enhanced protein degradation by
branched ubiquitin chains,” Cell, vol. 157, no. 4, pp. 910-921,
2014.

[18] H. Yu, A. K. Singh Gautam, S. R. Wilmington et al., “Con-
served sequence preferences contribute to substrate recog-
nition by the proteasome,” Journal of Biological Chemistry,
vol. 291, no. 28, pp. 14526-14539, 2016.

[19] J. Park, J. Cho, and E. J. Song, “Ubiquitin-proteasome system
(UPS) as a target for anticancer treatment,” Archives of
Pharmacal Research, vol. 43, no. 11, pp. 1144-1161, 2020.

[20] X. Li, E. Elmira, S. Rohondia, J. Wang, J. Liu, and Q. P. Dou,
“A patent review of the ubiquitin ligase system: 2015-2018,”
Expert Opinion on Therapeutic Patents, vol. 28, no. 12,
pp. 919-937, 2018.

[21] K. M. Valerdi, A. Hage, S. van Tol, R. Rajsbaum, and
M. 1. Giraldo, “The role of the host ubiquitin system in
promoting replication of emergent viruses,” Viruses, vol. 13,
no. 3, p. 369, 2021.

[22] A. Hage and R. Rajsbaum, “To TRIM or not to TRIM: the
balance of host-virus interactions mediated by the ubiquitin
system,” Journal of General Virology, vol. 100, no. 12,
pp. 1641-1662, 2019.

[23] M. L. Giraldo, A. Hage, S. van Tol, and R. Rajsbaum, “TRIM

proteins in host defense and viral pathogenesis,” Current

Clinical Microbiology Reports, vol. 7, no. 4, pp. 101-114, 2020.

Q. Yang, J. Zhao, D. Chen, and Y. Wang, “E3 ubiquitin ligases:

styles, structures and functions,” Mol Biomed, vol. 2, no. 1,

p. 23, 2021.

[25] A. Fu, V. Cohen-Kaplan, N. Avni, I. Livneh, and
A. Ciechanover, “p62-containing, proteolytically active nu-
clear condensates, increase the efficiency of the ubiquitin-
proteasome system,” Proceedings of the National Academy of
Sciences of the United States of America, vol. 118, no. 33,
Article ID 2107321118, 2021.

[26] H. M. Kim, Y. Yu, and Y. Cheng, “Structure characterization
of the 26S proteasome,” Biochimica et Biophysica Acta (BBA) -
Gene Regulatory Mechanisms, vol. 1809, no. 2, pp. 67-79,
2011.

[27] V. Clemente, P. D’Arcy, and M. Bazzaro, “Deubiquitinating
enzymes in coronaviruses and possible therapeutic oppor-
tunities for COVID-19,” International Journal of Molecular
Sciences, vol. 21, no. 10, p. 3492, 2020.

[28] S. J. Russell, K. A. Steger, and S. A. Johnston, “Subcellular
localization, stoichiometry, and protein levels of 26 S pro-
teasome subunits in yeast,” Journal of Biological Chemistry,
vol. 274, no. 31, pp. 21943-21952, 1999.

[29] M. Marsh and A. Helenius, “Virus entry: open sesame,” Cell,
vol. 124, no. 4, pp. 729-740, 2006.

[30] F.S. Cohen, “How viruses invade cells,” Biophysical Journal,
vol. 110, no. 5, pp. 1028-1032, 2016.

[31] A. Rodriguez, A. Perez-Gonzalez, and A. Nieto, “Influenza
virus infection causes specific degradation of the largest
subunit of cellular RNA polymerase I1,” Journal of Virology,
vol. 81, no. 10, pp. 5315-5324, 2007.

[32] M. L. Giraldo, H. Xia, L. Aguilera-Aguirre et al., “Envelope
protein ubiquitination drives entry and pathogenesis of Zika
virus,” Nature, vol. 585, no. 7825, pp. 414-419, 2020.

[33] S. M. Schneider, S. M. Pritchard, G. A. Wudiri,
C. E. Trammell, and A. V. Nicola, “Early steps in herpes
simplex virus infection blocked by a proteasome inhibitor,”
mBio, vol. 10, no. 3, Article ID e00732-19, 2019.

[34] S. M. Schneider, B. H. Lee, and A. V. Nicola, “Viral entry and
the ubiquitin-proteasome system,” Cellular Microbiology,
vol. 23, no. 2, Article ID 13276, 2021.

[35] S. Wang, H. Liu, X. Zu et al., “The ubiquitin-proteasome
system is essential for the productive entry of Japanese en-
cephalitis virus,” Virology, vol. 498, pp. 116-127, 2016.

[36] E. Alfaro, E. Diaz-Garcia, S. Garcia-Tovar et al., “Upregulated
proteasome subunits in COVID-19 patients: a link with
hypoxemia, lymphopenia and inflammation,” Biomolecules,
vol. 12, no. 3, p. 442, 2022.

[37] L. A. Byk, N. G. Iglesias, F. A. De Maio, L. G. Gebhard,
M. Rossi, and A. V. Gamarnik, “Dengue virus genome un-
coating requires ubiquitination,” mBio, vol. 7, no. 3, Article ID
€00804-16, 2016 Jun 28.

[38] N. Iwata-Yoshikawa, T. Okamura, Y. Shimizu, H. Hasegawa,
M. Takeda, and N. Nagata, “TMPRSS2 contributes to virus
spread and immunopathology in the airways of murine
models after coronavirus infection,” Journal of Virology,
vol. 93, no. 6, Article ID e01815-18, 2019.

[39] Y. Chen, T. B. Lear, J. W. Evankovich et al., “A high
throughput screen for TMPRSS2 expression identifies FDA-

[24



approved and clinically advanced compounds that can limit
SARS-Coronavirus-2 entry,” Research Square, vol. 12, 2020.

[40] T. L. Liao, C. Y. Wu, W. C. Su, K. S. Jeng, and M. M. C. Lai,
“Ubiquitination and deubiquitination of NP protein regulates
influenza A virus RNA replication,” The EMBO Journal,
vol. 29, no. 22, pp. 3879-3890, 2010.

[41] J. Hoffmann and S. Akira, “Innate immunity,” Current
Opinion in Immunology, vol. 25, no. 1, pp. 1-3, 2013.

[42] H. Oshiumi, M. Miyashita, N. Inoue, M. Okabe,
M. Matsumoto, and T. Seya, “The ubiquitin ligase Riplet is
essential for RIG-I-dependent innate immune responses to
RNA virus infection,” Cell Host & Microbe, vol. 8, no. 6,
pp. 496-509, 2010.

[43] H. Oshiumi, “Recent advances and contradictions in the study
of the individual roles of ubiquitin ligases that regulate RIG-
I-like receptor-mediated antiviral innate immune responses,”
Frontiers in Immunology, vol. 11, p. 1296, 2020.

[44] B. Liu and C. Gao, “Regulation of MAVS activation through
post-translational modifications,” Current Opinion in Im-
munology, vol. 50, pp. 75-81, 2018.

[45] S.van Tol, C. Atkins, P. Bharaj et al., “VAMPS8 contributes to
the TRIM6-mediated type I interferon antiviral response
during west nile virus infection,” Journal of Virology, vol. 94,
no. 2, Article ID e01454-19, 2020.

[46] W. Cheng, S. Chen, R. Li, Y. Chen, M. Wang, and D. Guo,
“Severe acute respiratory syndrome coronavirus protein 6
mediates ubiquitin-dependent proteosomal degradation of N-
Myc (and STAT) interactor,” Virologica Sinica, vol. 30, no. 2,
pp. 153-161, 2015.

[47] H. Xia, Z. Cao, X. Xie et al., “Evasion of type I interferon by
SARS-Coronavirus-2,” Cell Reports, vol. 33, no. 1, Article ID
108234, 2020.

[48] M. U. Gack, Y. C. Shin, C. H. Joo et al., “TRIM25 RING-finger
E3 ubiquitin ligase is essential for RIG-I-mediated antiviral
activity,” Nature, vol. 446, no. 7138, pp. 916-920, 2007.

[49] Z. Cao, H. Xia, R. Rajsbaum, X. Xia, H. Wang, and P. Y. Shi,
“Ubiquitination of SARS-Coronavirus-2 ORF7a promotes
antagonism of interferon response,” Cellular and Molecular
Immunology, vol. 18, no. 3, pp. 746-748, 2021.

[50] B. T. Freitas, F. E. M. Scholte, E. Bergeron, and S. D. Pegan,
“How ISG15 combats viral infection,” Virus Research,
vol. 286, Article ID 198036, 2020.

[51] L. Longhitano, D. Tibullo, C. Giallongo et al., “Proteasome
inhibitors as a possible therapy for SARS-Coronavirus-2,”
International Journal of Molecular Sciences, vol. 21, no. 10,
p. 3622, 2020.

[52] K. L. Siu, K. S. Yuen, C. Castano-Rodriguez et al., “Severe
acute respiratory syndrome coronavirus ORF3a protein ac-
tivates the NLRP3 inflammasome by promoting TRAF3-
dependent ubiquitination of ASC,” The FASEB Journal,
vol. 33, no. 8, pp. 8865-8877, 2019.

[53] T. Klemm, G. Ebert, D. J. Calleja et al., “Mechanism and
inhibition of the papain-like protease, PLpro, of SARS-
Coronavirus-2,” The EMBO Journal, vol. 39, no. 18, Article ID
e106275, 2020.

[54] Q. Tang, P. Wu, H. Chen, and G. Li, “Pleiotropic roles of the
ubiquitin-proteasome system during viral propagation,” Life
Sciences, vol. 207, pp. 350-354, 2018.

[55] C. Wu, Y. Liu, Y. Yang et al., “Analysis of therapeutic targets
for SARS-Coronavirus-2 and discovery of potential drugs by
computational methods,” Acta Pharmaceutica Sinica B,
vol. 10, no. 5, pp. 766-788, 2020.

[56] A. M. Mielech, Y. Chen, A. D. Mesecar, and S. C. Baker,
“Nidovirus papain-like proteases: multifunctional enzymes

International Journal of Inflammation

with protease, deubiquitinating and deISGylating activities,”
Virus Research, vol. 194, pp. 184-190, 2014.

[57] D.J. Morales and D. J. Lenschow, “The antiviral activities of
ISG15,” Journal of Molecular Biology, vol. 425, no. 24,
pp. 4995-5008, 2013.

[58] J. V. Dzimianski, F. E. M. Scholte, E. Bergeron, and
S. D. Pegan, “ISG15: it’s Complicated,” Journal of Molecular
Biology, vol. 431, no. 21, pp. 4203-4216, 2019.

[59] J. Lei, Y. Kusov, and R. Hilgenfeld, “Nsp3 of coronaviruses:
structures and functions of a large multi-domain protein,”
Antiviral Research, vol. 149, pp. 58-74, 2018.

[60] R. Channappanavar and S. Perlman, “Pathogenic human
coronavirus infections: causes and consequences of cytokine
storm and immunopathology,” Seminars in Immunopathol-
ogy, vol. 39, no. 5, pp. 529-539, 2017.

[61] L. Yu, X. Zhang, T. Wu et al., “The papain-like protease of
avian infectious bronchitis virus has deubiquitinating activ-
ity,” Archives of Virology, vol. 162, no. 7, pp. 1943-1950, 2017.

[62] X. Yang, X. Chen, G. Bian et al., “Proteolytic processing,
deubiquitinase and interferon antagonist activities of Middle
East respiratory syndrome coronavirus papain-like protease,”
Journal of General Virology, vol. 95, no. 3, pp. 614-626, 2014.

[63] A. Arlt, I. Bauer, C. Schafmayer et al., “Increased proteasome
subunit protein expression and proteasome activity in colon
cancer relate to an enhanced activation of nuclear factor E2-
related factor 2 (Nrf2),” Oncogene, vol. 28, no. 45,
pp. 3983-3996, 2009.

[64] A. Nencioni, A. Garuti, K. Schwarzenberg et al., “Proteasome
inhibitor-induced apoptosis in human monocyte-derived
dendritic cells,” European Journal of Immunology, vol. 36,
no. 3, pp. 681-689, 2006.

[65] J. Proulx, K. Borgmann, and I. W. Park, “Role of virally-
encoded deubiquitinating enzymes in regulation of the virus
life cycle,” International Journal of Molecular Sciences, vol. 22,
no. 9, p. 4438, 2021.

[66] M. Schneider, K. Ackermann, M. Stuart et al., “Severe acute
respiratory syndrome coronavirus replication is severely
impaired by MG132 due to proteasome-independent in-
hibition of M-calpain,” Journal of Virology, vol. 86, no. 18,
pp. 10112-10122, 2012.

[67] H. Luo, “Interplay between the virus and the ubiquitin-
proteasome system: molecular mechanism of viral patho-
genesis,” Current Opinion in Virology, vol. 17, pp. 1-10, 2016.

[68] J. Qu, T. Zou, and Z. Lin, “The roles of the ubiquitin-
proteasome system in the endoplasmic reticulum stress
pathway,” International Journal of Molecular Sciences, vol. 22,
no. 4, p. 1526, 2021.





