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Abstract: Ubiquitination of proteins is a post-translational modification process with many different
cellular functions, including protein stability, immune signaling, antiviral functions and virus rep-
lication. While ubiquitination of viral proteins can be used by the host as a defense mechanism by
destroying the incoming pathogen, viruses have adapted to take advantage of this cellular process.
The ubiquitin system can be hijacked by viruses to enhance various steps of the replication cycle
and increase pathogenesis. Emerging viruses, including severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2), flaviviruses like Zika and dengue, as well as highly pathogenic viruses like
Ebola and Nipah, have the ability to directly use the ubiquitination process to enhance their viral-
replication cycle, and evade immune responses. Some of these mechanisms are conserved among
different virus families, especially early during virus entry, providing an opportunity to develop
broad-spectrum antivirals. Here, we discuss the mechanisms used by emergent viruses to exploit
the host ubiquitin system, with the main focus on the role of ubiquitin in enhancing virus replica-
tion.

Keywords: ubiquitin system; emergent viruses; pro-viral function; antagonism of immune re-
sponse; SARS-CoV-2; Ebola; Zika; Nipah; tripartite motif (TRIM) proteins

1. Introduction

Ubiquitin is a 76-amino acid protein well known for its function in marking proteins
for degradation by the proteasome, although multiple non-degradative functions are well
established. Covalent ubiquitination depends on a series of enzymes, including the E1
ubiquitin-activating enzyme, an E2 ubiquitin-conjugating enzyme, and an E3 ubiquitin
ligase [1]. The E1 ubiquitin-activating enzyme activates ubiquitin in an ATP-dependent
fashion [2]. The E2 ubiquitin-conjugating enzyme then forms a complex with the E1. Once
the E1 is charged with ubiquitin, the ubiquitin is then transferred to a Cystine on the active
site of the E2 [3]. The complex can then interact with one of three different classes of E3
ubiquitin ligases, the HECT, RBR or RING domain ligases; these then bring in a specific
substrate. The HECT and RBR E3 ligases can transfer Ub directly to the substrate via for-
mation of an ubiquitin-thioester intermediary on one of the E3 cysteine residues, while
RING-containing E3 ligases position the Ub-loaded E2 in proximity to the substrate for
E2-to-subtrate transfer, which usually occurs on a lysine (K) on that substrate (Figure
1A,B) [3]. The E3 ubiquitin ligases are interesting because they are the most diverse of the
three enzymes, with more than 600 different E3 ligases [4]. Ubiquitin itself has seven ly-
sines, each of which can also be conjugated to another ubiquitin to form a polyubiquitin
chain. The E2 conjugase is an important determinant of the type of polyubiquitin chain
that can be formed (specifically K6-, K11-, K27-, K29-, K33-, K48- or K63-linked), and the
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chain linkage is also important for the specific function. Both the E2 and the E3 ligases can
be expressed in a cell-type or tissue-specific manner, or their expression can be induced
in response to a specific stimulus [4], making the process of ubiquitination a complex pro-
cess to study. The tripartite motif (TRIM) superfamily of E3 ligases is of particular interest
for its roles in regulating the innate immune response and having direct and indirect an-
tiviral activities, and enhancing virus replication [5].
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Figure 1. The ubiquitin system. (A) Free ubiquitin (Ub) is attached to a substrate after a series of ATP-dependent enzymatic
reactions involving an El-activating, E2-conjugating and E3-ligating enzyme. Substrates marked with Ub may be bound
for the proteasome for degradation or can have activities altered to promote non-degradative cellular functions. (B) E3
ligases promote Ub transfer differently with RING family members, facilitating the movement of Ub directly from the E2

conjugase to the substrate,
delivering to the substrate.

while HECT and RBR members first receive Ub from the E2 to their catalytic domain before

Viruses have evolved to antagonize the host immune response by interfering with
host ubiquitin-dependent signaling pathways, or by hijacking the cellular ubiquitination
machinery, to promote viral replication and pathogenesis. With the ongoing pandemic
caused by the novel strain of the severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), it is becoming critical to identify common steps used by different viruses to rep-
licate in host cells that could potentially be targeted with broad-spectrum antivirals. Spe-
cifically, ubiquitination of viral proteins is emerging as an important host cellular process
that is utilized by multiple viruses to promote their replication. In this review, we explore
the various ways that emergent viruses exploit the host ubiquitin system, and we focus
on recent literature highlighting the role of ubiquitin in enhancing virus replication (Table
1).
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Table 1. Comprehensive table of how emerging viruses mentioned in this review can utilize the ubiquitination of both

host and viral proteins to enhance or complete their life cycles.

Virus Target Mechanism of Action Reference

JEV Unknown Viral internalization, and release of viral RNPs from endosome. [6]

DENV Genome uncoating ~ Host E1 UBA1 implicated in vRNA uncoating and or translation. [7]

DENV Host TIM-1 pblqmt%nat'lon of TI_M'-l at K338 and K346 increases virus (8]
internalization and is important for entry

DENV NS1 protein Ubiquitinated at NS1 K189, reduces interaction with viral NS4B [9]

YFV Genome uncoating  Post-fusion stage, viral uncoating [10]

ZIKV E protein Ublqu1t1nat?on of viral E protein at K38 drives viral entry and [11]
pathogenesis

AV M1 protein Ubiquitinated by host ITCH ubiquitin ligase, affects release from [12,13]
endosome

AV M2 protein Ubiquitinatio_n.at K?S facilitatfes interaction' with .Vi_ral M1, which [14]
allows for efficient incorporation of vRNA into virion progeny

ADV Unknown Ubiquitination function of host Mib1 needed for viral uncoating, [15]
and genome release

EBOV VP35 protein Ubiquitinated at K309, enhances polymerase activity [16]

EBOV VP40 protein YP4O iflteracts'with ITCH and regulates the budding of EBOV [17]
virus-like particles (VLPs)

EBOV VP40 protein SUMOylated regulates the stability of VP40 [18]

EBOV Unknown Nedd4 monoubiquitination may modulate budding of VLPs [19]

LCMV Viral Z protein Mechanisn.l for recruitment of ESCRT, an important complex for [20]
viral budding

NiV, HeV, SeV, . . . 1 . :

! eV e Matrix protein Nuclear—Cytoplasmic trafficking of the matrix protein. [21]

Mumps

Viral M protein prevents unanchored K48 Ubiquitin activation of

NIV M protein IKKe through proteasome-independent TRIM6 degradation [22]

SARS-CoV ORF6 protein ORF§ can mterac.t with N-myc and STAT interactor, leading 23]
protein degradation through the ubiquitin proteasome pathway

SARS-CoV-2 ORF7a protein K63 polyublq'ultmatlon on K119 suppresses STAT2 [24]
phosphorylation

SARS-CoV, Interference of RIG-I Viral N protein can interact and block TRIM25 from 25]

MERS-CoV ubiquitination ubiquitinating RIG-1

SARS-CoV Host ASC ORF3a, TRAF and ASC association results in K63 [26]

polyubiquitination of ASC and NLRP3 inflammasome activation

2. Ubiquitin System and Virus Entry

Viruses gain entry to the host cell through highly specific interactions with cellular
surface receptors, although some viruses can also use less-specific mechanisms of entry
via interactions with lipids or carbohydrates on the surface of the cell membrane [27].
Following attachment, enveloped viruses undergo fusion with the cell at either the cell
surface or endosomal membrane (Figure 2) [28]. The exact process of entry differs across
viral families, and some viruses have used ubiquitin to enhance this process. This step is
critical for productive virus infection and could provide a common target to inhibit mul-
tiple viruses. Indeed, many studies have investigated the use of proteasome inhibitors as
potential therapeutics for viral infection. It has been reported that for human immunode-
ficiency virus (HIV), human astrovirus, herpes simplex virus, SARS and other viruses, the
use of proteasome inhibitors negatively affects viral replication in vitro [29-32]. The pro-
teasome can be used in a proviral fashion; however, the use of proteasome inhibitors is
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also known to deplete free cellular ubiquitin, which could also play a role in affecting viral
replication and other functions that are important to maintain cellular homeostasis [33].
The proteasome inhibitor MG132 was found to inhibit mouse hepatitis virus (MHV), a
murine coronavirus, at an early entry step, by promoting accumulation of viral RNA in
the endosome and potentially inhibiting its release to the cytoplasm [34]. An example of
a virus that hijacks the ubiquitination process in a proteasome-dependent manner to pro-
mote entry into cells is the flavivirus Japanese encephalitis virus (JEV) [6]. Proteasome
inhibitors did not affect JEV attachment to the cells, or viral RNA translation, but did in-
hibit internalization at the level of releasing viral ribonucleoproteins (RNPs) from the en-
dosome [6]. Additionally, small interfering RNA (siRNA) used to knock down ubiquitin
in HeLa cells suggested that reduction in ubiquitin levels negatively impacted JEV entry;
however, whether these effects were direct or indirect is unclear [6]. These results partially
resemble observations made with a different flavivirus, dengue virus (DENV). When the
activity of the El1-ubiquitin-activating enzyme UBA1 was inhibited with the UBEI 41 (Pyr-
41) compound, uncoating of DENV was blocked [7]. Although the DENV capsid is de-
graded by the proteasome, inhibition of the proteasome does not affect virus uncoating.
In this case, inhibition of the ubiquitination process by blocking the El-activating enzyme
resulted in inhibition of translation of viral RNA genome, but not virus internalization.
Therefore, a ubiquitination step may be necessary for vVRNA uncoating [7].
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Figure 2. The host ubiquitin system can be hijacked by different viruses at different stages of their life cycles. Entry for
flaviviruses like Zika virus (ZIKV) can be enhanced by ubiquitination of the envelope protein. The K63-linked ubiquitin
ZIKV brings on its envelope protein allows for greater binding affinity to host receptors, improved cellular entry and
higher titers. Adenovirus (ADV) hijacks the E3 ubiquitin ligase Mind bomb-1 (Mib1) to facilitate viral genome uncoating
and release at the nuclear pore complex (NPC). Ebola virus (EBOV) can hijack TRIM6 to ubiquitinate VP35 to promote its
polymerase cofactor activity and enhance viral replication. Egress of EBOV viral-like particles (VLPs) is enhanced by ubig-
uitination of EBOV VP40 protein by WWP1 (WW Domain Containing E3 Ubiquitin Protein Ligase 1). The influenza A
virus (IAV) M2 protein can be ubiquitinated, allowing for better association with M1 and ultimately improved IAV as-
sembly, budding and release of progeny virions.
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Further evidence that flaviviruses in general may use a non-degradative ubiquitina-
tion step for uncoating of the virus genome comes from experiments with yellow fever
virus (YFV). Similar to DENV, inhibition of the El-activating enzyme also inhibited the
initial round of YFV translation, and this required the function of the valosin-containing
protein VCP/p97 [10], which is known to interact with and extract ubiquitinated proteins
from protein complexes [35,36]. Although it is currently unknown which E3-ubiquitin lig-
ase is involved in this process and which viral protein may be ubiquitinated early, these
studies strongly support a non-degradative function of ubiquitination of a viral protein
that most probably occurs at a post-fusion stage and is required for flavivirus uncoating.
However, flaviviruses can also take advantage of the ubiquitination process in an indirect
manner. For example, DENV uses the ubiquitination of T cell immunoglobulin mucin 1
(TIM-1) to mediate its entry into cells [8]. On the cytosolic side of TIM-1, two lysine resi-
dues (K338 and K346) are needed for TIM-1 ubiquitination [8]. When cells expressing
TIM-1 mutants (K338R, K346R and K338/346R) were challenged with DENYV, they inter-
nalized less virus than when wild type TIM-1 was expressed, indicating that ubiquitina-
tion of receptors can also influence DENV entry [8].

While the examples mentioned thus far involve mechanisms in which the intracellu-
lar ubiquitination process promotes flavivirus entry, there is evidence that flaviviruses
may contain ubiquitinated viral proteins in the infectious virion that promote extracellular
interactions with the receptors. For example, a lysine residue (K38) on the envelope (E)
protein of Zika virus (ZIKV), which is conserved in other members of the Flaviviridae
family (DENV2, West Nile virus (WNV) and YFV), plays a direct role in viral entry [11].
Using recombinant infectious mutant viruses, replication of the ZIKV K38R mutant was
significantly attenuated, in a cell-type-specific manner [11]. The host E3-ubiquitin ligase
TRIM7 promoted ubiquitination of ZIKV E, and virus replication was reduced, especially
in brain and reproductive tissues of infected Trim7-- animals. A proportion of infectious
viral particles released during replication contained ubiquitinated E, and ubiquitination
on the E-K38 residue provided the virion the ability to interact with at least one potential
cellular receptor, TIM-1, enhancing virus entry, replication and pathogenesis. In this case,
ubiquitination of E not only functions in the early steps of virus entry, but also provides a
mechanism of tissue tropism [11]. Further evidence that ubiquitination of E promotes bet-
ter virus attachment and subsequent virus replication came from neutralization experi-
ments using a specific anti-K63-linked-polyubiqutin antibody, which could reduce virus
attachment and replication in tissue culture and in vivo [11]. However, the subcellular
location where E ubiquitination occurs and how ubiquitinated E is incorporated into the
virion remains unknown. An additional ubiquitination unique to ZIKV was on residue
K281 of the enveloped protein. Although data suggest that ubiquitination on the E-K281
site may affect a step between virus attachment and uncoating, the precise role of ubiqui-
tination on the K281 site during viral entry remains unclear [11].

Flaviviruses are not the only virus family that can hijack ubiquitin to better enter the
cell. Ubiquitination of M1 of influenza A virus (IAV), an orthomyxovirus, has been found
to play a role in the release of the virus from the late endosome during entry [12,13]. Hu-
man lung adenocarcinoma epithelial cells (A549) treated with shRNA against the E3 ligase
ITCH (HECT-type ubiquitin E3 ligase [37]) revealed that there was more viral RNA
(VRNA) in the cytoplasm of ITCH knockdown cells, as compared to the control. This in-
versely correlated with the amount of vRNA in the nucleus, indicating the release of
VvRNA from endosomes and its transport to the nucleus was delayed [12]. Additional ex-
periments indicated that M1 undergoes direct ubiquitination by ITCH ubiquitin ligase,
implicating the role of ubiquitination of M1 in early stages of IAV replication and/or entry
[12]. Interestingly, IAV may also use unanchored polyubiquitin chains, which are not co-
valently attached to any protein, and seemed to be packaged in the infectious virion, for
entry and efficient uncoating (Figure 2) [38]. These free ubiquitin chains are recognized
by HDACS6, which is a component of the host aggresome pathway [39,40]. Although it is



Viruses 2021, 13, 369

6 of 15

still unclear how IAV packages these unanchored ubiquitin chains, which ubiquitin en-
zymes are involved in this process, and how this may affect other functions of unanchored
ubiquitin, including the innate immune response, this represents additional evidence of
multiple ways in which ubiquitin promotes virus internalization and early steps of the
replication cycle [41].

Another virus that uses ubiquitin to facilitate entry into cells is adenovirus (ADV).
Ubiquitin regulates ADV’s ability to release its genome at the nucleopore of infected cells
[15]. It was reported that siRNA-mediated knockdown of the E3-ubiquitin ligase Mind
bomb-1 (Mib1) significantly reduced the viral load of ADV infection in vitro, and there
was no effect on the early stages of ADV entry [15]. It was also determined that Mib-1 was
needed for viral uncoating and genome release (Figure 2) [15].

Ubiquitination and proteasome-dependent degradation of cellular proteins could
also provide strategies to limit virus entry. For example, a drug called halofuginone was
identified in a screen to induce TMPRSS2 proteasomal degradation via the E3 ubiquitin
ligase complex DDB1-CUL4 associated factor DCAF1 [42]. TMPRSS2 is a serine protease
that promotes SARS and SARS-CoV-2 entry by proteolytic cleavage of the coronavirus
spike protein required for virus attachment to the cell [43]. Proteasome inhibitors have
also been proposed to inhibit other steps of the SARS-CoV-2 replication cycle [44].

3. The Ubiquitin System in Promoting Virus Replication

After a virus enters the cell, the virus uses a combination of the host-cell machinery
and newly synthetized viral proteins to replicate its viral genome. Viruses have been
found to utilize ubiquitin to enhance replication (Figure 2). In several studies, the use of
proteasome inhibitors has been shown to block IAV protein synthesis [45,46]. It was dis-
covered that at late stages of the IAV replication cycle, the deubiquitinase (DUB) USP11
can regulate IAV infection in cell-based in vitro assays [46]. Knockdown of USP11 in 293T
cells resulted in increased IAV viral titers, while USP11 overexpression decreased viral
titers [46]. Based on cellular-localization experiments, USP11 localizes in the nucleus and
affects virus replication. Using a catalytic-defective USP11, the authors determined that
USP11’s DUB activity is required for IAV RNA replication [46], and that these effects were
dependent on monoubiquitination of residue K184 of the viral nucleoprotein (NP) [46]. A
mutant K184R remained ubiquitinated because there were multiple ubiquitination sites
on NP found by mass spectrometry (MS/MS), and could potentially compensate for the
loss of ubiquitination on K184R [47,48]. Primer extension assays showed that ubiquitina-
tion is associated with increased transcription, and replication by the IAV polymerase,
thus enhancing gene expression during IAV infection [47].

Interestingly, ubiquitination of viral polymerase factors may be a more general mech-
anism of regulation of the virus RNA transcription and replication steps. For example, the
highly pathogenic Ebola virus (EBOV; family Filoviridae) VP35 protein directly uses ubiq-
uitin to facilitate VP35's polymerase cofactor activity [16]. The host E3-ubiquitin ligase
TRIM6 ubiquitinates VP35 at K309 [16]. Although the VP35 K309 ubiquitination site is
located in the interferon antagonist domain of VP35, ubiquitination of this residue en-
hances EBOV replication, and the absence of TRIM6 reduces viral replication (Figure 2)
[16]. These results are also supported by experiments using an EBOV minigenome re-
porter assay, in which overexpression of TRIM6 but not a catalytically inactive mutant
(TRIM6-C15A) enhances minigenome luciferase activity [16]. Although the precise mech-
anism is still unknown, ubiquitination of VP35 may affect interactions with factors of the
viral polymerase regulating the balance of virus transcription/replication.

Ubiquitination is also suggested to play a role at the step of virus RNA replication of
some flaviviruses. NS1 of DENV is ubiquitinated with K48-linked polyubiquitin chains.
The ubiquitination of NS1 K189 was shown to reduce the interaction of NS1 with another
viral protein, NS4B [9], and could play a role in the formation of the replication complex
during DENV infection. In addition, as mentioned above, proteasome inhibitors reduce
the levels of ZIKV and DENV RNA during the late stage of the replication cycle [7,11],
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suggesting that ubiquitination and subsequent proteasomal degradation of a viral (or
host) protein is necessary for efficient virus RNA transcription and/or replication.

4. The Ubiquitin System in Virus Assembly and Budding

The ubiquitin system can be hijacked by viruses, leading to ubiquitination of their
viral proteins to allow for assembly and budding. The IAV M2 protein has been shown to
play several important roles in the viral life cycle. This protein not only participates in
acidification in the endosome to allow uncoating and entry of the virus [49], but it also
participates in the late stages of infection, such as assembly, budding and virus release
[50]. Recent reports have found that M2 is ubiquitinated and its ubiquitination plays a
critical role in the late stage of the influenza virus life cycle [14]. A K78R mutation on M2
reduced its ability to interact with the M1 protein, which is important for the efficient
incorporation of vRNP into progeny virions [14]. It was determined that the M2-K78R
mutation does not affect IAV entry or replication, but it does affect the assembly or pro-
duction of infectious virus particles (Figure 2) [14]. The precise mechanism and the specific
interaction with the components of the ubiquitin system remain unclear. Lassa virus
(LASV), an old-world (OW) arenavirus, is known to cause viral hemorrhagic fever. This
virus encodes four proteins: nucleoprotein (NP), surface glycoprotein precursor (GPC), L
polymerase and RING finger protein Z. The Z protein plays an important role in viral
assembly by assisting in the integration of GP, NP and polymerase L in viral progeny [51].
Z protein interaction with the ITCH E3 ligase was required for LASV replication. This
interaction was found to occur through Z protein’s PPXY late domain, as has been shown
for a range of other viruses, including lymphocytic choriomeningitis virus (LCMV) [20],
and did not require the ubiquitin-E3 ligase activity of ITCH. Furthermore, ITCH is im-
portant for the production of infectious LASV particles and necessary for the release of
viral progeny [52]. In EBOV, the PPxY late-domain motif of VP40 interacts with the WW
domain of ITCH. This interaction regulates the budding of EBOV virus-like particles
(VLPs) [17]. EBOV VP40 also has been shown to be SUMOylated, and this may regulate
the stability of VP40. It was also proposed that SUMO and possibly ubiquitin could be
incorporated into the VLPs, but the functions were not elucidated [18]. A similar mecha-
nism has been reported between EBOV VP40 and the E3 ligase WWP1, in which interac-
tions between the two are required for VLP budding (Figure. 2) [53]. Nedd4 is another E3-
ubiquitin ligase that belongs to the HECT-type ubiquitin E3 ligase family [37] and is im-
portant in budding for EBOV and marburg virus (MARV) [19,54]. Nedd4 is found in the
perinuclear region and can be associated with lipid rafts at the cytoplasmic membrane
[54,55]. The protein structure of Nedd4 consists of a C2 membrane-binding domain, four
central WW domains that bind to adaptors that generally contain PY motifs (PPxY or
LPxY x is any residue) in target proteins [19] and a C-terminus homologous to the E6-AP
carboxyl terminus (HECT) ubiquitin ligase domain [56]. Budding of EBOV and MARV
VLPs in the presence of Nedd4 is perhaps modulated by Nedd4 ubiquitination, since there
is a significant reduction when the HECT domain is mutated compared to wild-type
Nedd4 [19,54].

LCMYV has been increasingly recognized as a teratogen in recent years [57]. Nedd4
E3 Ub ligase is required for the release of LCMV particles, and this ubiquitination is used
as a mechanism for the recruitment of ESCRT mediated by PPXY, an important complex
for viral budding, suggesting that ubiquitination can be generated by other Z-associated
proteins [20]. Paramyxoviruses can also utilize the ubiquitin system for the nuclear—cyto-
plasmic trafficking of the matrix protein (M). This was corroborated by mutations in the
putative bipartite nuclear localization signal (NLS) and the leucine-rich nuclear export
signal (NES) found in Nipah virus (NiV), Hendra virus (HeV), Sendai virus (SeV) and
mumps virus [21], which prevented nuclear trafficking and budding. Through the ectopic
expression of ubiquitin, an increase in budding was observed, but when proteasome in-
hibitors such as bortezomib were used, there was nuclear retention of M protein, and viral
budding was blocked [21,58].
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5. The Ubiquitin System and Viral Evasion of the Type-I Interferon (IFN-I) Response

The innate immune system is the first defense against pathogens and can detect virus
invasion to limit virus replication. Innate immunity is activated when pattern recognition
receptors (PRRs) that include Toll-like receptors (TLRs) and cytoplasmic RIG-I-like recep-
tors (RLRs), recognize microbial components encoded in microorganisms that are known
as pathogen-associated molecular patterns (PAMPs) [59]. Recognition of viral products by
PRRs triggers multiple downstream signaling cascades via activation of kinases, including
IxB kinases IKKa/B/e, TBK1, TAK1 and others. Phosphorylation of multiple transcription
factors including, but not limited to, IRF3, IRF7 and NF-kB, promotes their translocation
to the nucleus, resulting in induction of IFN-I and proinflammatory cytokines [59]. RIG-I
has an important role in virus RNA recognition and is activated upon ubiquitination by
the E3-ubiquitin ligases TRIM25 and Riplet [60,61], and subsequent downstream signaling
via the adaptor protein MAVS, which is also heavily regulated by the ubiquitination pro-
cess, leading to IFN-I production [62]. Upon release from infected cells, IFNs are recog-
nized by their receptor in an autocrine or paracrine manner and activate the Janus kinase
signal transducer and activator of transcription (JAK-STAT) signaling pathway, leading
to induction of antiviral host-effector proteins, called IFN-stimulated genes (ISGs) [63]. In
addition, the E3-ubiquitin ligase TRIM6 regulates the phosphorylation and activation of
IKKe-dependent STAT1 phosphorylation, and this can occur via VAMPS, a membrane
protein associated with vesicles [64]. ISGs have a broad scope of antiviral mechanisms that
are able to counter the viruses at different stages of their life cycles. Viruses have evolved
multiple mechanism to block almost every step of these pathways. In many cases, this
includes the inhibition of E3-ubiquitin ligases involved in the signaling, as discussed be-
low (see Figure 3).
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Figure 3. Viruses can evade immune responses utilizing the ubiquitin system. Viruses have evolved the ability to evade
the host-innate immune response by antagonizing IFN production and signaling. SARS-CoV ORF6 can interact with N-
Myc to promote its degradation through the ubiquitin proteasome, while ORF7a utilizes K63-linked polyubiquitin chains
to prevent STAT2 phosphorylation and IFN-I signaling. The N protein of both SARS and MERS-CoV block the interaction
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between TRIM25 and RIG-I, preventing the K63-linked polyubiquitination of RIG-I needed for IFN-I production. TRIM25
is also a target of inhibition by the NS1 protein of IAV and the short noncoding sfRNAs of dengue-2 (DENV2). The PLpro
component of SARS-CoV is capable of antagonizing innate immune pathways by acting as a deubiquitinase and by pre-
venting the ISGylation of cellular proteins, including IRF3. Both SARS-CoV and Zika virus (ZIKV) alter components of
the host ubiquitin system to activate the NLRP3 inflammasome, potentially leading to greater dissemination of viral prog-
eny. The NS1 protein of ZIKV can recruit the deubiquitinase USP8 to cleave the K11-linked polyubiquitin chains from
Caspase-1, while the SARS-CoV ORF3a protein promotes TRAF3 and ASC association, resulting in the K63-linked ubig-
uitination of ASC. In addition, ubiquitination also possesses antiviral functions. TRIM6 can regulate the expression of
VAMPS to promote JAK1 phosphorylation downstream of IFN-I signaling and promote the synthesis of unanchored K48-
linked polyubiquitin chains for IKKe oligomerization.

5.1. Coronaviruses Can Evade the Immune Response by Hijacking the Ubiquitin System

Coronaviruses have the ability to evade the host immune response, including antag-
onizing IFN production and signaling [65], which can lead to increased virus replication.
The proteins encoded by the open reading frame 6 and 7a (ORF6, ORF7a), the nucleocap-
sid (N) and the papain-like protease (PLpro) proteins from both the previous epidemic
strain of SARS-CoV and the new SARS-CoV-2 can antagonize the IFN response [23,24,66—
68]. ORF6 has been the most studied for its structure and function. This protein has been
shown to be highly conserved in SARS-related coronaviruses isolated from bats to hu-
mans [69]. SARS-CoV ORF6 can interact with Nmi (N-myc and STAT interactor) through
the viral protein’s C-terminal 54 to 63 aa region, leading to N-Myc protein degradation
through the ubiquitin proteasome pathway (Figure 3) [23]. On the other hand, the ORF7a
protein of SARS-CoV-2 inhibits IFN-I signaling [24] via its K63-linked polyubiquitination
on K119, which suppresses STAT2 phosphorylation [70]. Another factor of the ubiquitin
system involved in IFN production that can be targeted by SARS-CoV is TRIM25. TRIM25
is well established as an E3 ligase that ubiquitinates RIG-I for downstream signaling to
induce IFN-I [71]. The N protein of SARS-CoV can interact with the C-terminal SPRY re-
gion of TRIM25, blocking the interaction of TRIM25 with RIG-I, leading to inhibition of
the signaling pathway (Figure 3) [67]. SARS-CoV N protein is essential in the virus-host
interaction. Similarly, the N protein of Middle East respiratory syndrome CoV (MERS-
CoV) can also interact with TRIM25 to inhibit RIG-I signaling [67]. Therefore, TRIM25 is
a well-known target for IFN antagonism by multiple viruses, including well-known ex-
amples like the NS1 protein of IAV that inhibits RIG-I activation [72], or the subgenomic
flavivirus RNA (sfRNA) of DENV-2, which binds TRIM25 to inhibit RIG-I activation and
IFN expression [73].

Viruses can encode proteins with DUBs activity [32,44,74,75] that can enhance virus
replication by both direct and indirect mechanisms. The PLpro protein of SARS-CoV is a
DUB enzyme that is required for processing viral polyproteins to generate a functional
replicase complex and enable viral spread [66]. This enzyme has the ability to cleave ubig-
uitin and ISG15, which is an ubiquitin-like molecule that is also a regulator of the innate
immune response and has antiviral properties [76]. Some reports indicated that the inhi-
bition of PLpro blocks SARS-CoV and SARS-CoV-2 replication [77,78]. The PLpro en-
coded by the previous epidemic strain of SARS-CoV reduced ubiquitinated substrates,
and had a lower effect on ISGylated substrates, while SARS-CoV-2 PLpro reduced the
presence of ISGylated proteins [79,80]. Upon infection with SARS-CoV-2, the PLpro pro-
tein promoted ISG15 cleavage from the transcription factor IREF3, inhibiting IFN-I induc-
tion [79,80]. Pharmacological inhibition of the ubiquitination SARS-CoV-2 proteins can
reduce cytopathic effects while maintaining IFN-I responses and reducing virus replica-
tion [79,80], as well as potentially inhibiting self-processing of nsp3 to inhibit virus repli-
cation [81].

Ubiquitin plays a role in the activation of the NLRP3 inflammasome during infection
by the previous epidemic strain of SARS-CoV-1, which could result in better dissemina-
tion of the virus in vivo [26]. SARS-CoV can induce both signals required for NLRP3 in-
flammasome activation, as it promoted the ubiquitination of P105, the transcription of
pro-IL-1§ genes and activation of NF-xB. [26]. In addition, when ORF3a, TRAF3 and ASC
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associate with each other, it results in the K63-polyubiquitination of ASC and, subse-
quently, NLRP3 inflammasome activation [26]. This is an example of ubiquitin being used
in a proviral fashion in an indirect manner (Figure 3).

5.2. Flavivirus Manipulation of the Ubiquitin System and the IFN Response

Interestingly, in addition to SARS, ZIKV has also been shown to induce activation of
the NLRP3 inflammasome via its NS1 protein. This leads to an interesting mechanism of
virus antagonism of the IFN response, by recruiting the DUB USP8, which cleaves the
K11-linked polyubiquitin chains on caspase-1, blocking its degradation (Figure 3) [82].
This leads to increased cleavage of cGAS, which usually can detect mitochondrial DNA
that leaks due to damage during infection [82-84], and results in IFN-I inhibition [82]. The
NS1-mediated activation of the NLRP3 inflammasome attenuated IFN-I both in vitro and
in vivo, and resulted in higher viral replication [82]. ZIKV and DENYV also can antagonize
IFN-I induction by cleaving cGAS and STING via their NS2B viral proteins [83-85]. Fla-
viviruses are also well known to inhibit IFN-I signaling via their NS5 proteins, and involve
different mechanisms of ubiquitin-dependent targeting of STAT2. For in-depth infor-
mation on the several studies on NS5-mediated inhibition of STAT2, please refer to recent
excellent reviews [5,86-92].

5.3. Nipah Virus Matrix Protein (NiV-M) Inhibits TRIM6-Mediated IFN Responses

The host E3-ubiquitin ligase TRIMS6, along with the E2-ubiquitin conjugase Ube2K,
synthesize unanchored K48-linked polyubiquitin chains that enhance the activation and
kinase activity of IKKe [93]. The unanchored ubiquitin promotes IKKe-dependent IFN-I
induction through IRF3 phosphorylation to promotes IFN-I signaling through STAT1
phosphorylation at 5708 [93]. The M protein of NiV, an emergent henipavirus, prevents
K48 unanchored ubiquitin-mediated activation of IKKe through proteasome-independent
TRIM6 degradation [22]. Due to the absence of TRIMS6, the unanchored ubiquitin chains
are not synthesized, and the IKKe-dependent roles in the IFN-I pathway are impaired [22].
Antagonism of IKKe-dependent IFN-I is conserved amongst the henipavirus M proteins,
including hendra virus [22]. NiV-M’s degradation of TRIM6 and IFN-I antagonism re-
quires the K258 residue, located in NiV-M's nuclear-localization sequence [58], and the
ability of M to localize to cytoplasmic membranes [22]. The mechanism underlying
TRIM6's degradation has not been identified, but NiV-M’s nuclear—cytoplasmic traffick-
ing and ubiquitination could be required. Future experiments are also needed to investi-
gate whether NiV-M can hijack TRIMS6, similar to how EBOV VP35 exploits TRIM6 [16],
to promote henipavirus replication (Figure 3).

Other henipaviral proteins block other steps of the IFN-I induction and signaling
pathways. Similar to IAV and SARS- and MERS-CoVs, the accessory protein V (NiV-V) of
NiV and other paramyxoviruses is capable of inhibiting TRIM25-dependent activation of
RIG-1[25]. NiV-V interacts with both the SPRY domain of TRIM25 and the CARD domains
of RIG-I [25]. The V protein is hypothesized to stabilize the TRIM25-RIG-I complex, and
the stabilization of the complex impedes the downstream steps of the IFN-I induction
pathway, including TRIM25-mediated ubiquitination of RIG-I [25].

6. Conclusions and Future Directions

To successfully replicate, viruses depend on specific factors expressed by the host
cell. Many viruses use the ubiquitin system at different stages of their replication cycle,
highlighting the importance of this cellular machinery for viral replication and spread. In
this review, we provided an overview of the complexity of the interaction between emerg-
ing and highly pathogenic viruses such as SARS-CoV-2 and the ubiquitin system. Im-
portantly, ubiquitination of structural proteins that are important in the process of virus
entry is developing as a common non-degradative mechanism used by emergent viruses
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from different families, and could provide targets for broad-spectrum antivirals. One as-
pect that needs further investigation is how and when ubiquitinated proteins, or in some
cases unanchored ubiquitin, are packaged in the infectious virions. Future studies should
focus on identifying the specific steps and the subcellular compartments in which ubiqui-
tination occurs to promote viral replication, and whether these processes are conserved
through the different families of viruses. Identifying the specific factors of the host ubig-
uitin system that are commonly required for replication of different viruses could provide
targets for broad-spectrum antivirals.

Author Contributions: KM.V. and M.1.G. designed the concept; KM.V. and M.L.G. wrote the ini-
tial draft; and KM.V,, M.1.G., A.H., S.v.T. and R.R. revised and edited the manuscript. All authors
have read and agreed to the published version of the manuscript.

Funding: Giraldo is supported by a research career development award (K12HD052023: Building
Interdisciplinary Research Careers in Women’s Health Program-BIRCWH; Berenson, PI) from the
National Institutes of Health/Office of the Director (OD)/National Institute of Allergy and Infec-
tious Diseases (NIAID), and Eunice Kennedy Shriver National Institute of Child Health and Hu-
man Development (NICHD). The content is solely the responsibility of the authors and does not
necessarily represent the official views of the National Institutes of Health. The Rajsbaum lab is
supported by the US National Institute of Health/National Institute of Allergy and Infectious Dis-
eases (NIH/NIAID) grants R01 AI134907 and pilot projects from the UTMB Institute for Human
Infections and Immunity (IHII) to R.R. and T32-AI060549 awarded to S.v.T.; and T32 AI007526
awarded to A.H. from the NIH/NIAID. K.M.V. is supported by grant NIH/NIGMS R25GM134990.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Li, X,; Elmira, E.; Rohondia, S.; Wang, J.; Liu, J.; Dou, Q.P. A patent review of the ubiquitin ligase system: 2015-2018. Expert.
Opin. Ther. Pat. 2018; 28, 919-37, d0i:10.1080/13543776.2018.1549229.

2. Zhuang, J.; Shirazi, F.; Singh, R.K; Kuiatse, I.; Wang, H.; Lee, H.C.; Berkova, Z.; Berger, A.; Hyer, M.; Chattopadhyay, N.; et al.
Ubiquitin-activating enzyme inhibition induces an unfolded protein response and overcomes drug resistance in myeloma. Blood
2019, 133, 1572-1584, doi:10.1182/blood-2018-06-859686.

3. Ye, Y.; Rape, M. Building ubiquitin chains: E2 enzymes at work. Nat. Rev. Mol. Cell Biol. 2009, 10, 755-764, d0i:10.1038/nrm2780.

4.  Hage, A.; Rajsbaum, R. To TRIM or not to TRIM: The balance of host-virus interactions mediated by the ubiquitin system; J.
Gen. Virol. 2019, 100, 1641-1662, doi:10.1099/jgv.0.001341.

5. Giraldo, M.L; Hage, A.; Van, Tol, S.; Rajsbaum, R. TRIM Proteins in Host Defense and Viral Pathogenesis. Curr. Clin. Microbiol.
Rep. 2020, 1-14, doi:10.1007/s40588-020-00150-8.

6. Wang, S; Liu, H.;; Zu, X,; Liu, Y.; Chen, L.; Zhu, X.; Zhang, L.; Zhou, Z.; Xiao, G.; Wang, W. The ubiquitin-proteasome system
is essential for the productive entry of Japanese encephalitis virus. Virology 2016, 498, 116-127, d0i:10.1016/j.virol.2016.08.013.

7.  Byk, L.A;; Iglesias, N.G.; De Maio, F.A.; Gebhard, L.G.; Rossi, M.; Gamarnik, A.V. Dengue Virus Genome Uncoating Requires
Ubiquitination. mBio 2016, 7, doi:10.1128/mBio.00804-16.

8. Dejarnac, O.; Hafirassou, M.L.; Chazal, M.; Versapuech, M.; Gaillard, J.; Perera-Lecoin, M.; Umana-Diaz, C.; Bonnet-Madin, L.;
Carnec, X.; Tinevez, ].Y.; et al. TIM-1 Ubiquitination Mediates Dengue Virus Entry. Cell Rep. 2018, 23, 1779-1793,
doi:10.1016/j.celrep.2018.04.013.

9. Giraldo, M.L; Vargas-Cuartas, O.; Gallego-Gomez, J.C.; Shi, P.Y.; Padilla-Sanabria, L.; Castano-Osorio, J.C.; Rajsbaum, R. K48-
linked polyubiquitination of dengue virus NSI1 protein inhibits its interaction with the viral partner NS4B. Virus Res. 2018, 246,
1-11, do0i:10.1016/j.virusres.2017.12.013.

10. Ramanathan, H.N.; Zhang, S.; Douam, F.; Mar, K.B.; Chang, J.; Yang, P.L.; Schoggins, ].W.; Ploss, A.; Lindenbach, B.D. A Sensi-
tive Yellow Fever Virus Entry Reporter Identifies Valosin-Containing Protein (VCP/p97) as an Essential Host Factor for Fla-
vivirus Uncoating. mBio 2020, 11, doi:10.1128/mBio.00467-20.

11. Giraldo, M.L; Xia, H.; Aguilera-Aguirre, L.; Hage, A.; Van Tol, S.; Shan, C.; Xie, X.; Sturdevant, G.L.; Robertson, S.J.; McNally,

K.L; et al. Envelope protein ubiquitination drives entry and pathogenesis of Zika virus. Nature 2020, 585, 414-419,
doi:10.1038/s41586-020-2457-8.



Viruses 2021, 13, 369 12 of 15

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Su, W.C,; Chen, Y.C; Tseng, C.H.; Hsu, P.W.; Tung, K.F.; Jeng, K.S.; Lai, M.M. Pooled RNAi screen identifies ubiquitin ligase
Itch as crucial for influenza A virus release from the endosome during virus entry. Proc. Natl. Acad. Sci. USA 2013; 110, 17516-
17521, doi:10.1073/pnas.1312374110.

Rudnicka, A.; Yamauchi, Y. Ubiquitin in Influenza Virus Entry and Innate Immunity. Viruses 2016, 8, doi:10.3390/v8100293.
Su, W.C.; Yu, W.Y,; Huang, S.H.; Lai, M.M.C. Ubiquitination of the Cytoplasmic Domain of Influenza A Virus M2 Protein Is
Crucial for Production of Infectious Virus Particles. J. Virol. 2018, 92, doi:10.1128/JV1.01972-17.

Bauer, M.; Flatt, J.W.; Seiler, D.; Cardel, B.; Emmenlauer, M.; Boucke, K.; Suomalainen, M.; Hemmi, S.; Greber, U.F. The E3
Ubiquitin Ligase Mind Bomb 1 Controls Adenovirus Genome Release at the Nuclear Pore Complex. Cell Rep. 2019, 29, 3785
3795, doi:10.1016/j.celrep.2019.11.064.

Bharaj, P.; Atkins, C.; Luthra, P.; Giraldo, M.I; Dawes, B.E.; Miorin, L.; Johnson, J.R.; Krogan, N.J.; Basler, C.F.; Freiberg, A.N.;
et al. The Host E3-Ubiquitin Ligase TRIM6 Ubiquitinates the Ebola Virus VP35 Protein and Promotes Virus Replication. J. Virol.
2017, 91, doi:10.1128/JV1.00833-17.

Han, Z.; Sagum, C.A.; Bedford, M.T.; Sidhu, S.S.; Sudol, M.; Harty, R.N. ITCH E3 Ubiquitin Ligase Interacts with Ebola Virus
VP40 To Regulate Budding. J. Virol. 2016, 90, 9163-9171, doi:10.1128/JV1.01078-16.

Baz-Martinez, M.; El Motiam, A.; Ruibal, P.; Condezo, G.N.; De la Cruz-Herrera, C.F.; Lang, V.; Collado, M.; San Martin, C.;
Rodriguez, M.S.; Munoz-Fontela, C.; et al. Regulation of Ebola virus VP40 matrix protein by SUMO. Sci. Rep. 2016, 6, 37258,
doi:10.1038/srep37258.

Yasuda, J.; Nakao, M.; Kawaoka, Y.; Shida, H. Nedd4 regulates egress of Ebola virus-like particles from host cells. J. Virol. 2003;
77,9987-9992, doi:10.1128/jvi.77.18.9987-9992.2003.

Ziegler, C.M.; Dang, L.; Eisenhauer, P.; Kelly, ].A.; King, B.R.; Klaus, J.P.; Manuelyan, I.; Mattice, E.B.; Shirley, D.].; Weir, M.E;
et al. NEDD4 family ubiquitin ligases associate with LCMV Z's PPXY domain and are required for virus budding, but not via
direct ubiquitination of Z. PLoS Pathog. 2019; 15, doi:10.1371/journal.ppat.1008100.

Pentecost, M.; Vashisht, A.A.; Lester, T.; Voros, T.; Beaty, S.M.; Park, A.; Wang, Y.E.; Yun, T.E,; Freiberg, A.N.; Wohlschlegel,
J.A; et al. Evidence for ubiquitin-regulated nuclear and subnuclear trafficking among Paramyxovirinae matrix proteins. PLoS
Pathog. 2015, 11, 1004739, doi:10.1371/journal.ppat.1004739.

Bharaj, P.; Wang, Y.E.; Dawes, B.E.; Yun, T.E.; Park, A.; Yen, B.; Basler, C.F.; Freiberg, A.N.; Lee, B.; Rajsbaum, R. The Matrix
Protein of Nipah Virus Targets the E3-Ubiquitin Ligase TRIM6 to Inhibit the IKKepsilon Kinase-Mediated Type-I IFN Antiviral
Response. PLoS Pathog. 2016, 12, 1005880, doi:10.1371/journal.ppat.1005880.

Cheng, W.; Chen, S.; Li, R.; Chen, Y.; Wang, M.; Guo, D. Severe acute respiratory syndrome coronavirus protein 6 mediates
ubiquitin-dependent proteosomal degradation of N-Myc (and STAT) interactor. Virol. Sin. 2015, 30, 153-61, doi:10.1007/s12250-
015-3581-8.

Xia, H.; Cao, Z.; Xie, X.; Zhang, X.; Chen, ].Y.; Wang, H.; Menachery, V.D.; Rajsbaum, R.; Shi, P.Y. Evasion of Type I Interferon
by SARS-CoV-2. Cell Rep. 2020, 33, 108234, doi:10.1016/j.celrep.2020.108234.

Sanchez-Aparicio, M.T.; Feinman, L.J.; Garcia-Sastre, A.; Shaw, M.L. Paramyxovirus V Proteins Interact with the RIG-I/TRIM25
Regulatory Complex and Inhibit RIG-I Signaling. J. Virol. 2018, 92, doi:10.1128/JV1.01960-17.

Siu, K.L.; Yuen, K.S.; Castafio-Rodriguez, C.; Ye, ZW.; Yeung, M.L.; Fung, S.Y.; Yuan, S.; Chan, C.P.; Yuen, K.Y.; Enjuanes, L.;
et al. Severe acute respiratory syndrome coronavirus ORF3a protein activates the NLRP3 inflammasome by promoting TRAF3-
dependent ubiquitination of ASC. FASEB ]. 2019, 33, 8865-8877, doi:10.1096/j.201802418R.

Marsh, M.; Helenius, A. Virus entry: Open sesame. Cell 2006, 124, 729-40, doi:10.1016/j.cell.2006.02.007.

Cohen, F.S. How Viruses Invade Cells. Biophys. J. 2016;110, 1028-32, d0i:10.1016/j.bpj.2016.02.006.

Yu, L.; Mohanram, V.; Simonson, O.E.; Smith, C.I; Spetz, A.L.; Mohamed, A.]J. Proteasome inhibitors block HIV-1 replication
by affecting both cellular and viral targets. Biochem. Biophys. Res. Commun. 2009, 385, 100-105, d0i:10.1016/j.bbrc.2009.04.156.
Casorla-Pérez, L.A.; Lopez, T.; Lopez, S.; Arias, C.F. The Ubiquitin-Proteasome System Is Necessary for Efficient Replication of
Human Astrovirus. J. Virol. 2018, 92, doi:10.1128/JVI.01809-17.

Schneider, S.M.; Pritchard, S.M.; Wudiri, G.A.; Trammell, C.E.; Nicola, A.V. Early Steps in Herpes Simplex Virus Infection
Blocked by a Proteasome Inhibitor. mBio 2019, 10, doi:10.1128/mBio.00732-19.

Schneider, M.; Ackermann, K; Stuart, M.; Wex, C.; Protzer, U.; Schétzl, H.M.; Gilch, S. Severe acute respiratory syndrome coro-
navirus replication is severely impaired by MG132 due to proteasome-independent inhibition of M-calpain. J. Virol. 2012,
86,10112-10122, doi:10.1128/JVI.01001-12.

Schneider, S.M.; Lee, B.H.; Nicola, A.V. Viral entry and the ubiquitin-proteasome system. Cell. Microbiol. 2020,
doi:10.1111/cmi.13276.

Yu, G.Y.; Lai, M.M. The ubiquitin-proteasome system facilitates the transfer of murine coronavirus from endosome to cytoplasm
during virus entry. J. Virol. 2005, 79, 644-648, doi:10.1128/JV1.79.1.644-648.2005.

Van den Boom, J.; Meyer, H. VCP/p97-Mediated Unfolding as a Principle in Protein Homeostasis and Signaling. Mol. Cell 2018;
69, 182-194, doi:10.1016/j.molcel.2017.10.028.

Ye, Y.; Tang, W.K.; Zhang, T.; Xia, D. A Mighty "Protein Extractor" of the Cell: Structure and Function of the p97/CDC48 ATPase.
Front. Mol. Biosci. 2017, 4, 39, d0i:10.3389/fmolb.2017.00039.

Sluimer, ].; Distel, B. Regulating the human HECT E3 ligases. Cell Mol. Life Sci. 2018, 75, 3121-3141, d0i:10.1007/s00018-018-2848-
2.



Viruses 2021, 13, 369 13 of 15

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Banerjee, I.; Miyake, Y.; Nobs, S.P.; Schneider, C.; Horvath, P.; Kopf, M.; Matthias, P.; Helenius, A.; Yamauchi, Y. Influenza A
virus uses the aggresome processing machinery for host cell entry. Science 2014; 346, 473-477, doi:10.1126/science.1257037.
Hao, R.; Nanduri, P.; Rao, Y.; Panichelli, R.S; Ito, A.; Yoshida, M.; Yao, T.P. Proteasomes activate aggresome disassembly and
clearance by producing unanchored ubiquitin chains. Mol. Cell 2013, 51, 819-828, d0i:10.1016/j.molcel.2013.08.016.

Kawaguchi, Y.; Kovacs, ].].; McLaurin, A.; Vance, ] M.; Ito, A.; Yao, T.P. The deacetylase HDAC6 regulates aggresome formation
and cell viability in response to misfolded protein stress. Cell 2003, 115, 727-738, d0i:10.1016/s0092-8674(03)00939-5.

Rajsbaum, R.; Garcia-Sastre, A. Virology. Unanchored ubiquitin in virus uncoating. Science 2014, 346, 427-428, doi:10.1126/sci-
ence.1261509.

Chen, Y.; Lear, T.; Evankovich, J.; Larsen, M.; Lin, B.; Alfaras, I.; Kennerdell, J.; Salminen, L.; Camarco, D.; Lockwood, K.; et al.
A high throughput screen for TMPRSS2 expression identifies FDA-approved and clinically advanced compounds that can limit
SARS-CoV-2 entry. Res. Sq. 2020, doi:10.21203/rs.3.rs-48659/v1.

Iwata-Yoshikawa, N.; Okamura, T.; Shimizu, Y.; Hasegawa, H.; Takeda, M.; Nagata, N. TMPRSS2 Contributes to Virus Spread
and Immunopathology in the Airways of Murine Models after Coronavirus Infection. J. Virol. 2019, 93, doi:10.1128/JV1.01815-
18.

Longhitano, L.; Tibullo, D.; Giallongo, C.; Lazzarino, G.; Tartaglia, N.; Galimberti, S.; Li Volti, G.; Palumbo, G.A.; Liso, A. Pro-
teasome Inhibitors as a Possible Therapy for SARS-CoV-2. Int. ]. Mol. Sci. 2020, 21, doi:10.3390/ijms21103622.

Rodriguez, A.; Pérez-Gonzalez, A.; Nieto, A. Influenza virus infection causes specific degradation of the largest subunit of
cellular RNA polymerase II. . Virol. 2007, 81, 5315-5324, doi:10.1128/JV1.02129-06.

Liao, T.L.; Wu, C.Y.; Su, W.C,; Jeng, K.S.; Lai, M.M. Ubiquitination and deubiquitination of NP protein regulates influenza A
virus RNA replication. EMBO ]. 2010, 29, 3879-3890, doi:10.1038/emboj.2010.250.

Kiruj, J.; Mondal, A.; Mehle, A. Ubiquitination Upregulates Influenza Virus Polymerase Function. J. Virol. 2016, 90, 10906-10914,
doi:10.1128/JVI1.01829-16.

Lin, Y.C; Jeng, K.S.; Lai, M.M.C. CNOT4-Mediated Ubiquitination of Influenza A Virus Nucleoprotein Promotes Viral RNA
Replication. mBio 2017, 8, d0i:10.1128/mBio.00597-17.

Pinto, L.H.; Holsinger, L.J.; Lamb, R.A. Influenza virus M2 protein has ion channel activity. Cell 1992, 69, 517-28,
doi:10.1016/0092-8674(92)90452-i.

Rossman, J.S.; Jing, X.; Leser, G.P.; Lamb, R.A. Influenza virus M2 protein mediates ESCRT-independent membrane scission.
Cell 2010, 142, 902-913, d0i:10.1016/j.cell.2010.08.029.

Stott, R.J.; Strecker, T.; Foster, T.L. Distinct Molecular Mechanisms of Host Immune Response Modulation by Arenavirus NP
and Z Proteins. Viruses 2020, 12, doi:10.3390/v12070784.

Baillet, N.; Krieger, S.; Carnec, X.; Mateo, M.; Journeaux, A.; Merabet, O.; Caro, V.; Tangy, F.; Vidalain, P.O.; Baize, S. E3 Ligase
ITCH Interacts with the Z Matrix Protein of Lassa and Mopeia Viruses and Is Required for the Release of Infectious Particles.
Viruses 2019, 12, d0i:10.3390/v12010049.

Han, Z.; Sagum, C.A; Takizawa, F.; Ruthel, G.; Berry, C.T.; Kong, J.; Sunyer, ].O.; Freedman, B.D.; Bedford, M.T.; Sidhu, S.S.; et
al. Ubiquitin Ligase WWP1 Interacts with Ebola Virus VP40 To Regulate Egress. J. Virol. 2017, 91, doi:10.1128/JV1.00812-17.
Urata, S.; Yasuda, J. Regulation of Marburg virus (MARV) budding by Nedd4.1: A different WW domain of Nedd4.1 is critical
for binding to MARV and Ebola virus VP40. ]. Gen. Virol. 2010, 91, 228-234, d0i:10.1099/vir.0.015495-0.

Lafont, F.; Simons, K. Raft-partitioning of the ubiquitin ligases Cbl and Nedd4 upon IgE-triggered cell signaling. Proc. Natl.
Acad. Sci. USA 2001, 98, 3180-3184, doi:10.1073/pnas.051003498.

Harvey, K.F.; Kumar, S. Nedd4-like proteins: An emerging family of ubiquitin-protein ligases implicated in diverse cellular
functions. Trends Cell Biol. 1999, 9, 166-169, d0i:10.1016/s0962-8924(99)01541-x.

Bonthius, D.J.; Perlman, S. Congenital viral infections of the brain: Lessons learned from lymphocytic choriomeningitis virus in
the neonatal rat. PLoS Pathog. 2007, 3, 149, doi:10.1371/journal.ppat.0030149.

Wang, Y.E; Park, A.; Lake, M.; Pentecost, M.; Torres, B.; Yun, T.E.; Wolf, M.C.; Holbrook, M.R.; Freiberg, A.N.; Lee, B. Ubiquitin-
regulated nuclear-cytoplasmic trafficking of the Nipah virus matrix protein is important for viral budding. PLoS Pathog. 2010,
6, 1001186, doi:10.1371/journal.ppat.1001186.

Hoffmann, J.; Akira, S. Innate immunity. Curr. Opin. Immunol. 2013, 25, 1-3, doi:10.1016/j.c0i.2013.01.008.

Oshiumi, H.; Miyashita, M.; Inoue, N.; Okabe, M.; Matsumoto, M.; Seya, T. The ubiquitin ligase Riplet is essential for RIG-I-
dependent innate immune responses to RNA virus infection. Cell Host Microbe 2010, 8, 496-509, doi:10.1016/j.chom.2010.11.008.
Oshiumi, H. Recent Advances and Contradictions in the Study of the Individual Roles of Ubiquitin Ligases That Regulate RIG-
I-Like Receptor-Mediated Antiviral Innate Inmune Responses. Front. Immunol. 2020, 11, 1296, d0i:10.3389/fimmu.2020.01296.
Liu, B.; Gao, C. Regulation of MAVS activation through post-translational modifications. Curr. Opin. Immunol. 2018, 50, 75-81,
doi:10.1016/j.c0i.2017.12.002.

Iwasaki, A. A virological view of innate immune recognition. Annu. Rev. Microbiol. 2012, 66, 177-196, doi:10.1146/annurev-
micro-092611-150203.

Van Tol, S.; Atkins, C.; Bharaj, P.; Johnson, K.N.; Hage, A.; Freiberg, A.N.; Rajsbaum, R. VAMP8 Contributes to the TRIM6-
Mediated Type I Interferon Antiviral Response during West Nile Virus Infection. J. Virol. 2020, 94, doi:10.1128/JV1.01454-19.
Totura, A.L.; Baric, R.S. SARS coronavirus pathogenesis: Host innate immune responses and viral antagonism of interferon.
Curr. Opin. Virol. 2012, 2, 264-75, d0i:10.1016/j.coviro.2012.04.004.



Viruses 2021, 13, 369 14 of 15

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Frieman, M.; Ratia, K.; Johnston, R.E.; Mesecar, A.D.; Baric, R.S. Severe acute respiratory syndrome coronavirus papain-like
protease ubiquitin-like domain and catalytic domain regulate antagonism of IRF3 and NF-kappaB signaling. J. Virol. 2009, 83,
6689-6705, doi:10.1128/JV1.02220-08.

Hu, Y,; Li, W.; Gao, T.; Cui, Y.; Jin, Y.; Li, P.; Ma, Q.; Liu, X.; Cao, C. The Severe Acute Respiratory Syndrome Coronavirus
Nucleocapsid Inhibits Type I Interferon Production by Interfering with TRIM25-Mediated RIG-I Ubiquitination. J. Virol. 2017,
91, doi:10.1128/JV1.02143-16.

Niemeyer, D.; Mosbauer, K.; Klein, E.M.; Sieberg, A; Mettelman, R.C; Mielech, A.M.; Dijkman, R.; Baker, S.C.; Drosten, C.;
Muller, M. A. The papain-like protease determines a virulence trait that varies among members of the SARS-coronavirus species.
PLoS Pathog. 2018, 14, 1007296, doi:10.1371/journal.ppat.1007296.

V'Kovski, P.; Kratzel, A.; Steiner, S.; Stalder, H.; Thiel, V. Coronavirus biology and replication: Implications for SARS-CoV-2.
Nat. Rev. Microbiol. 2020, doi:10.1038/s41579-020-00468-6.

Cao, Z.; Xia, H.; Rajsbaum, R.; Xia, X.; Wang, H.; Shi, P.Y. Ubiquitination of SARS-CoV-2 ORF7a promotes antagonism of inter-
feron response. Cell Mol. Immunol. 2021, d0i:10.1038/s41423-020-00603-6.

Gack, M.U,; Shin, Y.C,; Joo, C.H.; Urano, T.; Liang, C.; Sun, L.; Takeuchi, O.; Akira, S.; Chen, Z.; Inoue, S.; et al. TRIM25 RING-
finger E3 ubiquitin ligase is essential for RIG-I-mediated antiviral activity. Nature 2007, 446, 916-920, doi:10.1038/nature05732.
Gack, M.U.; Albrecht, R.A.; Urano, T.; Inn, K.S.; Huang, I.C.; Carnero, E.; ; Farzan, M.; Inoue, S.; Jung, ].U.; Garcia-Sastre, A.
Influenza A virus NS1 targets the ubiquitin ligase TRIM25 to evade recognition by the host viral RNA sensor RIG-I. Cell Host
Microbe 2009, 5, 439-449, doi:10.1016/j.chom.2009.04.006.

Manokaran, G.; Finol, E.; Wang, C.; Gunaratne, J.; Bahl, J.; Ong, E.Z. ; Tan, H.C.; Sessions, O.M.; Ward, A.M.; Gubler, D.J.; et al.
Dengue subgenomic RNA binds TRIM25 to inhibit interferon expression for epidemiological fitness. Science 2015, 350, 217-221,
doi:10.1126/science.aab3369.

Barretto N, Jukneliene D, Ratia K, Chen Z, Mesecar AD, Baker SC. The papain-like protease of severe acute respiratory syn-
drome coronavirus has deubiquitinating activity. J. Virol. 2005, 79, 15189-15198, doi:10.1128/JV1.79.24.15189-15198.2005.
Lindner, H.A.; Fotouhi-Ardakani, N.; Lytvyn, V.; Lachance, P.; Sulea, T.; Menard, R. The papain-like protease from the severe
acute respiratory syndrome coronavirus is a deubiquitinating enzyme. ]. Virol. 2005, 79, 15199-15208,
doi:10.1128/JV1.79.24.15199-15208.2005.

Freitas, B.T.; Scholte, F.E.M.; Bergeron, E.; Pegan, S.D. How ISG15 combats viral infection. Virus Res. 2020, 286, 198036,
doi:10.1016/j.virusres.2020.198036.

Devaraj, S.G.; Wang, N.; Chen, Z.; Chen, Z.; Tseng, M.; Barretto, N. ; Lin, R.; Peters, C.J.; Tseng, C.T.; Baker, S.C; et al. Regulation
of IRF-3-dependent innate immunity by the papain-like protease domain of the severe acute respiratory syndrome coronavirus.
J. Biol. Chem. 2007, 282, 32208-32221, d0i:10.1074/jbc.M704870200.

Bailey-Elkin, B.A.; Knaap, R.C.; Johnson, G.G.; Dalebout, T J.; Ninaber, D.K.; Van Kasteren, P.B.; Bredenbeek, P.J.; Snijder, E.J.;
Kikkert, M.; Mark, B.L. Crystal structure of the Middle East respiratory syndrome coronavirus (MERS-CoV) papain-like prote-
ase bound to ubiquitin facilitates targeted disruption of deubiquitinating activity to demonstrate its role in innate immune
suppression. J. Biol. Chem. 2014, 289, 34667-34682, doi:10.1074/jbc.M114.609644.

Shin, D.; Mukherjee, R.; Grewe, D.; Bojkova, D.; Baek, K.; Bhattacharya, A.; Schulz, L.; Widera, M.; Mehdipour, A.R.; Tascher,
G.; et al. Papain-like protease regulates SARS-CoV-2 viral spread and innate immunity. Nature 2020, 587, 657-662,
doi:10.1038/s41586-020-2601-5.

Freitas, B.T.; Durie, .A.; Murray, J.; Longo, ].E.; Miller, H.C.; Crich, D.; Hogan, R.J.; Tripp, R.A.; Pegan, S.D. Characterization
and Noncovalent Inhibition of the Deubiquitinase and delSGylase Activity of SARS-CoV-2 Papain-Like Protease. ACS Infect.
Dis. 2020, 6, 2099-2109, doi:10.1021/acsinfecdis.0c00168.

Klemm, T.; Ebert, G; Calleja, D.J.; Allison, C.C.; Richardson, L.W; Bernardini, ].P.; Lu, B.G.; Kuchel, N.W.; Grohmann, C.; Shibata,
Y.; et al. Mechanism and inhibition of the papain-like protease, PLpro, of SARS-CoV-2. EMBO ]. 2020, 39, 106275,
doi:10.15252/embj.2020106275.

Zheng, Y.; Liu, Q.; Wu, Y.; Ma, L.; Zhang, Z,; Liu, T; Jin, S.; She, Y.; Li, Y.P.; Cui, J. Zika virus elicits inflammation to evade
antiviral response by cleaving cGAS via NS1-caspase-1 axis. EMBO J. 2018, 37, d0i:10.15252/embj.201899347.

Aguirre, S.; Luthra, P.; Sanchez-Aparicio, M.T.; Maestre, A.M.; Patel, J.; Lamothe, F.; Fredericks, A.C,; Tripathi, S.; Zhu, T,;
Pintado-Silva, J; et al. Dengue virus NS2B protein targets cGAS for degradation and prevents mitochondrial DNA sensing dur-
ing infection. Nat. Microbiol. 2017, 2, 17037, doi:10.1038/nmicrobiol.2017.37.

Ding, Q.; Gaska, ].M.; Douam, F.; Wei, L.; Kim, D.; Balev, M.; Heller, B.; Ploss, A. Species-specific disruption of STING-depend-
ent antiviral cellular defenses by the Zika virus NS2B3 protease. Proc. Natl. Acad. Sci. USA 2018, 115, E6310-ES,
doi:10.1073/pnas.1803406115.

Aguirre, S.; Maestre, A.M.; Pagni, S.; Patel, ].R.; Savage, T.; Gutman, D.; Maringer, K.; Bernal-Rubio, D.; Shabman, R.S.; Simon,
V.; et al. DENV inhibits type I IFN production in infected cells by cleaving human STING. PLoS Pathog. 2012, 8, 1002934,
doi:10.1371/journal.ppat.1002934.

VanTol, S.; Hage, A.; Giraldo, M.L; Bharaj, P.; Rajsbaum, R. The TRIMendous Role of TRIMs in Virus-Host Interactions. Vaccines
(Basel) 2017, 5, doi:10.3390/vaccines5030023.

Laurent-Rolle, M.; Morrison, J. The Role of NS5 Protein in Determination of Host Cell Range for Yellow Fever Virus. DNA Cell
Biol. 2019, 38, 1414-1417, d0i:10.1089/dna.2019.5115.



Viruses 2021, 13, 369 15 of 15

88.

89.

90.

91.

92.

93.

Miorin, L.; Laurent-Rolle, M.; Pisanelli, G.; Co, P.H.; Albrecht, R.A:, Garcia-Sastre, A.; Morrison, J. Host-Specific NS5 Ubiquiti-
nation Determines Yellow Fever Virus Tropism. J. Virol. 2019, 93, doi:10.1128/JV1.00151-19.

Ashour, J.; Laurent-Rolle, M.; Shi, P.Y.; Garcia-Sastre, A. NS5 of dengue virus mediates STAT2 binding and degradation. J. Virol.
2009, 83, 5408-5418, doi:10.1128/JV1.02188-08.

Morrison, J.; Laurent-Rolle, M.; Maestre, A.M.; Rajsbaum, R.; Pisanelli, G.; Simon, V.; Mulder, L.C.; Fernandez-Sesma, A.;
Garcia-Sastre, A. Dengue virus co-opts UBR4 to degrade STAT2 and antagonize type I interferon signaling. PLoS Pathog. 2013,
9, 1003265, doi:10.1371/journal.ppat.1003265.

Grant, A; Ponia, S.S.; Tripathi, S.; Balasubramaniam, V.; Miorin, L.; Sourisseau, M.; Schwarz, M.C.; Sanchez-Seco, M.P.; Evans,
M.].; Best, S.M.; et al. Zika Virus Targets Human STAT?2 to Inhibit Type I Interferon Signaling. Cell Host Microbe 2016, 19, 882—
890, doi:10.1016/j.chom.2016.05.009.

Laurent-Rolle, M.; Morrison, J.; Rajsbaum, R.; Macleod, ].M.L.; Pisanelli, G.; Pham, A.; Ayllon, ].; Miorin, L.; Martinez, C,;
tenOever, B.R; et al. The interferon signaling antagonist function of yellow fever virus NS5 protein is activated by type I inter-
feron. Cell Host Microbe 2014, 16, 314-327, d0i:10.1016/j.chom.2014.07.015.

Rajsbaum, R.; Versteeg, G.A.; Schmid, S.; Maestre, A.M.; Belicha-Villanueva, A.; Martinez-Romero, C.; Patel, ].R.; Morrison, J.;
Pisanelli, G.; Miorin, L.; et al. Unanchored K48-linked polyubiquitin synthesized by the E3-ubiquitin ligase TRIM6 stimulates
the interferon-IKKepsilon kinase-mediated antiviral response. Immunity 2014, 40, 880-895, doi:10.1016/j.immuni.2014.04.018.



