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Abstract: Flaviviruses comprise a large number of arthropod-borne viruses, some of which are
associated with life-threatening diseases. Flavivirus infections are rising worldwide, mainly due
to the proliferation and geographical expansion of their vectors. The main human pathogens are
mosquito-borne flaviviruses, including dengue virus, Zika virus, and West Nile virus, but tick-
borne flaviviruses are also emerging. As with any viral infection, the body’s first line of defense
against flavivirus infections is the innate immune defense, of which type I interferon is the armed
wing. This cytokine exerts its antiviral activity by triggering the synthesis of hundreds of interferon-
induced genes (ISGs), whose products can prevent infection. Among the ISGs that inhibit flavivirus
replication, certain tripartite motif (TRIM) proteins have been identified. Although involved in other
biological processes, TRIMs constitute a large family of antiviral proteins active on a wide range
of viruses. Furthermore, whereas some TRIM proteins directly block viral replication, others are
positive regulators of the IFN response. Therefore, viruses have developed strategies to evade or
counteract TRIM proteins, and some even hijack certain TRIM proteins to their advantage. In this
review, we summarize the current state of knowledge on the interactions between flaviviruses and
TRIM proteins, covering both direct and indirect antiviral mechanisms.

Keywords: antiviral innate immunity; TRIM proteins; interferon response; flaviviruses; restriction
factors

1. Introduction

Flaviviruses are viruses belonging to the genus Orthoflavivirus (hereafter referred to
as flaviviruses for simplicity), within the family Flaviviridae. Most of them are arthropod-
borne viruses (arboviruses), with the two most common vectors being mosquitoes and
ticks [1,2]. Mosquito-borne flaviviruses include a large number of emerging or re-emerging
viruses, including dengue virus (DENV), yellow fever virus (YFV), Zika virus (ZIKV), West
Nile virus (WNYV), and Japanese encephalitis virus (JEV) [2]. The natural cycle of these
viruses involves vertebrates as reservoirs and amplifying hosts, and mosquitoes as vectors.
Whereas DENV, ZIKV and YFV use nonhuman primates [3], WNV and JEV mostly use wild
birds as reservoir hosts [4]. Tick-borne viruses are also drawing increasing attention from
health authorities, and comprise several viruses that are pathogenic to humans, including
tick-borne encephalitis virus (TBEV) or Kyasanur Forest disease virus (KFDV), which both
use rodents as reservoir hosts [5]. Flaviviruses are emerging or re-emerging worldwide,
posing a major threat to human health [2,6,7].

Flaviviruses are enveloped viruses with a positive single-stranded RNA genome.
They enter into cells by endocytosis followed by pH-triggered fusion with the endosome
membrane [8]. Once the genome has been released in the cytoplasm, it is translated at the
endoplasmic reticulum (ER) as a polyprotein, then cleaved by viral and cellular proteases.
Genome replication and viral assembly take place in invaginations of the ER that constitute
"viral factories”, a cloaking strategy enabling them to replicate away from cellular immune
sensors [9]. The viral particle is then matured in the Golgi and released by exocytosis at
the plasma membrane [10]. As with all viruses, cellular defenses exist to limit flavivirus
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replication and, thus, prevent their propagation in the organism. These defenses can be
divided into two groups: intrinsic defenses, consisting of restriction factors constitutively
expressed in the cell, and the innate immune response, triggered by type I interferon (IFN-I).
The IEN-I response is initiated by the recognition of viral RNA by cellular sensors, including
RIG-I (retinoic acid-inducible gene I), which triggers a signaling cascade leading to IFN-I
production [11]. Once secreted, IFN-I acts both in an autocrine and paracrine manner by
binding to its receptor, triggering the so-called JAK/STAT signaling pathway that leads to
the expression of hundreds of interferon-stimulated genes (ISGs), the products of which
are able to interfere with viral replication [12].

Tripartite motif (TRIM) proteins play a key role in cellular antiviral defenses against
viruses, since they include restriction factors, antiviral ISGs, and are also important regula-
tors of the IEN response (reviewed in [13]). TRIM proteins are constitutively expressed at
different levels depending on cell type [14], sometimes sufficiently to exert a potent antiviral
activity, as in the case for TRIM5«, a potent restriction factor of HIV-1 (human immunode-
ficiency virus 1) [15]. Moreover, the expression of many TRIM proteins was shown to be
induced by IFN-I [14,16,17], but also by IEN-II [14,16], IFN-III, or interleukin 27 [16]. The
TRIM protein family comprises proteins with the same tripartite organization, consisting
of an RING domain, one or two B-Box domains, and a coiled-coiled (CC) domain [18,19].
In humans, the TRIM protein family comprises over 70 members, all sharing the same
tripartite organization but differing from one another in the nature of their C-terminal
region. In 2006, Short and Cox proposed a classification of TRIM proteins into nine different
subgroups, based on the nature of their C-terminal domains [20]. Interest in this family of
proteins surged following the discovery of TRIM5«x as a host-dependent restriction factor
capable of blocking replication of HIV-1 and other retroviruses [15,21]. Indeed, other TRIM
proteins were subsequently shown to interfere with the replication of other viruses, and
many of them have been identified as ISGs, both in mouse [17] and human cells [14]. In
addition, many TRIM proteins have been identified as positive or negative regulators of
the IFN response, via the ubiquitin ligase activity carried by their RING domain [13,22,23].

Over the years, TRIM proteins have, thus, emerged as key players in cellular defenses
against many viruses, either by directly interfering with their replication or by modulat-
ing the IFN response. In this review, we focus on the antiviral activity of TRIM proteins
against members of the Orthoflavivirus genus. We summarize the current state of knowl-
edge on the role of the various TRIM proteins in the flavivirus replication cycle, dividing
them according to their mechanism of action, in order to distinguish those that interact
directly with flavivirus components from those that modulate the IFN response during
flavivirus infections.

2. TRIM Proteins Directly Inhibit Flaviviruses via Their Ubiquitin-Ligase Activity

Ubiquitination is a post-translational modification involving the covalent conjugation
of ubiquitin moieties to lysine residues of a specific protein. Protein ubiquitination is a
multistep process requiring the sequential action of 3 enzymes: an E1 activating enzyme, an
E2 conjugating enzyme, and, finally, an E3 ligase, which confers specificity by transferring
ubiquitin to the target protein [24]. Since ubiquitin contains seven lysines, it can itself serve
as a substrate for ubiquitination, leading to the formation of polyubiquitin chains. Each type
of chain has specific consequences for the substrate protein, with the most frequent being
K48- and K63-linked polyubiquitin chains. Whereas K48 polyubiquitination is usually
followed by the proteasomal degradation of target proteins, K63 polyubiquitination is
generally involved in protein activation [24]. In addition, some TRIM proteins, including
TRIMS6, can synthesize unanchored K48-linked polyubiquitin chains, which stimulate
IFN-mediated antiviral response [25]. Most TRIM proteins display an E3-ubiquitin ligase
activity and are, therefore, able to ubiquitinate cellular, but also viral, proteins [13,26]. This
activity has been largely described as key for TRIM-mediated restriction of diverse viruses,
and flaviviruses seem to be no exception. In particular, certain TRIM proteins have been
shown to induce the degradation of certain viral proteins through ubiquitination (Figure 1).
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Figure 1. Impact of TRIM proteins on flavivirus replication cycle. Following their interaction with

cell receptors, flaviviruses penetrate into target cells by clathrin-dependent endocytosis. The low pH
in late endosomes triggers fusion of the viral envelope and endosomal membranes, leading to release
of the viral genome into the cytoplasm. At the ER, viral proteins are translated by host ribosomes
into polyproteins, which will then be cleaved by cellular and viral proteases. Viral RNA replication
and assembly takes place within invaginations of the ER membrane. Immature virions then transit
through Golgi apparatus, before mature viruses are released from the cell. ER, endoplasmic reticulum.
ZIKV, Zika virus. JEV, Japanese encephalitis virus. DENV, dengue virus. TBEV, tick-borne encephalitis.
LGTV, Langat virus. POWYV, Powassan virus. KFDV, Kyasanur Forest disease virus.

2.1. TRIM69

TRIM69 contains a PRY/SPRY domain in its C-terminal part, and belongs to the
class IV of TRIM protein family according to the Short and Cox classification [20]. Like
most proteins in its family, TRIM69 displays a well-characterized E3-ubiquitin ligase
activity supported by its RING domain, and localizes both in the cytoplasm and the
nucleus. Interestingly, its nuclear localization has been shown to be dependent on its
RING domain [27]. Although it was first discovered in testis [27], TRIM69 is expressed
in a variety of cell types, including primary blood cells [28]. TRIM69 has been described
as a broad-spectrum antiviral protein, capable of inhibiting unrelated viruses, including
vesicular stomatitis virus (VSV) in human cell lines [29], HIV-1, and severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) in macrophage-like cells [28]. In the case of HIV-1
and SARS-CoV-2, restriction has been shown to involve the association of TRIM69 with
microtubules, inducing their stabilization [28].

TRIM69 also inhibits flavivirus replication by targeting their NS3 protein (Figure 1).
NS3 is a nonstructural protein of flaviviruses with both protease and helicase activi-
ties [30,31]. As such, NS3 is particularly crucial for the cleavage of the polyprotein and the
replication of the viral RNA. TRIM69 expression is induced by IFN-I treatment [14] but has
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also been shown to be upregulated upon DENV (serotype 2) infection in different human
and mouse cell lines, in which it inhibits DENV replication [32]. In vivo, mice lacking
TRIM69 displayed a lower resistance to DENV infection [32]. This restriction was shown to
rely on its E3-ubiquitin ligase activity and, therefore, on its RING domain. Mechanistically,
TRIM69 was shown to interact with DENV NS3 protein, inducing its ubiquitination on a
specific residue (Lys104), leading to NS3 proteasomal degradation both in mice and human
cells [32]. Of note, a more recent study mapped the interface of interaction between TRIM69
and DENV NS2B/NS3 complex [33]. It proposed a rationale for the ubiquitination of NS3
Lys104 by TRIM69 and underlined that both Lys104 and residues at the interface were
conserved across DENV serotypes but also in ZIKV, JEV, and WNV, suggesting that TRIM69
could be involved in restricting other flaviviruses [33].

2.2. TRIM22

TRIM22 is also a member of the class IV subfamily of TRIM proteins (with a PRY /SPRY
domain in its C-terminal part), which displays an E3-ubiquitin ligase activity. Its localization
is predominantly nuclear, although diffuse cytoplasmic expression has also been observed
in certain cell types [34]. TRIM22 is ubiquitously expressed [35,36] and has been shown to
restrict viruses from different families (reviewed in [37]). This inhibition involves different
mechanisms depending on the virus considered. For example, its nuclear localization
has been shown to be important for its antiviral activity against Herpes Simplex Virus 1
and Porcine Reproductive and Respiratory Syndrome Virus (PRRSV) [38,39], while its E3-
ubiquitin ligase activity is required for viral protein degradation by the ubiquitin-dependent
proteasome in the case of SARS-CoV-2 [40], Influenza A virus (IAV) [41], or Hepatitis C
Virus (HCV, a member of the Hepacivirus genus within the Flaviviridae family) [42].

In the case of flaviviruses, TRIM22 has been shown to inhibit DENYV, YFV, and ZIKV
replication [43]. By interacting with both NS1 and NS3 via its SPRY domain (Figure 1), it
induces their ubiquitination by K48-linked chains, thus triggering their degradation by the
proteasome [43].

2.3. TRIMb«

TRIM5« has been extensively studied for its ability to block HIV-1 replication, which it
does by inducing capsid disassembly, thus inhibiting reverse-transcription and subsequent
steps of replication [15]. Whether or not the ubiquitin ligase activity carried by TRIM5«’s
RING domain is involved in HIV-1 restriction remains unclear [44,45]. TRIMb5 has also been
shown to restrict Vaccinia virus [46] and Epstein—Barr virus (EBV) [47], each time relying
on its RING domain. TRIM5a belongs to the class IV TRIM proteins, is ubiquitous, and
mainly localizes in the cytoplasm of cells, were it forms highly dynamic speckles [18].

Among flaviviruses, human and rhesus monkey TRIM5« restrict the replication of tick-
borne encephalitis virus (TBEV), Langat virus (LGTV), and Kyasanur Forest disease virus
(KFDV) [48]. TRIM5«x was found to reduce TBEV, LGTV, and KFDV replication in human
cell lines and primary dendritic cells, both in overexpression and knockdown models. It was
shown to interact with the viral NS2B/NS3 complex (Figure 1), leading to its ubiquitination by
K48-linked chains that target the viral proteins to the proteasome for degradation. Surprisingly,
TRIM5a could not restrict any mosquito-borne flaviviruses tested (DENV, ZIKV, YFV, and
WNV) [48], and may, thus, constitute a specific inhibitor of tick-borne flaviviruses.

2.4. TRIMb2

TRIM52 belongs to the class V subfamily of TRIM proteins, as it lacks a specific C-
terminal domain. TRIM52 displays an E3-ubiquitin ligase activity, and is ubiquitously
expressed both in the cytoplasm and the nucleus [49,50]. TRIM52 has not been previously
described as an antiviral factor, but was shown to activate the NF-«kf3 signaling pathway,
thus triggering inflammatory response [50].

The same team demonstrated that TRIM52 efficiently inhibited JEV replication when
overexpressed in different human cell lines [49]. It was found to target JEV NS2A (Figure 1),
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a small nonstructural viral protein involved in viral replication, assembly, and inhibition of
innate immunity (reviewed in [51]). The proposed mechanism is a TRIM52-mediated ubig-
uitination of JEV NS2A with K48-linked chains, leading to its proteasomal degradation [49].

2.5. TRIM7

TRIMY is a cytoplasmic protein [52,53] expressed in most human tissues [54]. A
member of the class IV of TRIM proteins, TRIM7 displays a well-characterized E3-ubiquitin
ligase activity, which allows it to play a role in multiple innate immune pathways (reviewed
in [55]), thus restricting several unrelated viruses, including members of the Picornaviridae
and Caliciviridae viral families [52,56,57].

Concerning flaviviruses, the only study to date concerns ZIKV and, surprisingly,
describes TRIM7 as proviral [53]. Specifically, this study from Giraldo and colleagues
demonstrated that ZIKV could take advantage of TRIM7 ubiquitin-ligase activity [53]. They
showed that the ZIKV E protein could be ubiquitinated by TRIM?, especially on its K38
residue. This ubiquitination with K63-linked chains resulted in a higher infectivity of ZIKV
virions through more efficient attachment and entry steps into host cells (Figure 1) [53].
Importantly, these observations have been confirmed in vivo, since in mice, ubiquitination
of ZIKV E protein by TRIMY results in greater viral replication, especially in the brain and
reproductive organs [53]. These data suggest that TRIM7 might play a role in ZIKV tropism
in mammals, as it is well known that ZIKV is a neurotropic virus transmitted through the
placenta from mother to infant and causes children microcephaly [58]. Strikingly, ZIKV
E ubiquitination showed no impact on viral replication in mosquitoes (both in vitro and
in vivo) and was only partial in virions produced from mosquito cells, emphasizing the
importance of host-specific modification of virions in viral cycle and infectivity [53].

3. TRIM Proteins Directly Inhibit Flavivirus Replication via a Ubiquitin-Independent
Mechanism

Although targeting viral proteins to the proteasome is an efficient way to restrict
viral replication, it is not the only mechanism through which TRIM proteins interfere with
flavivirus infection.

3.1. PML (TRIM19)

PML (promyelocytic leukemia protein, also termed TRIM19) has no specific C-terminal
domain, which classifies it as a TRIM protein of subgroup V. It is ubiquitously expressed
as seven different isoforms in human cells, which are designated PMLI to VII. With the
notable exception of PML VIIb, PML isoforms localize in the nucleus, where they are the
major component of PML nuclear bodies (PML NBs) [59]. PML-NBs have been widely
characterized, notably for their role in innate immune response [60] and viral infections [61].

In a first article, Giovannoni and colleagues demonstrated that PML restricts DENV
(serotype 2) infection in A549 cells [62]. A disruption of PML-NBs was also observed during
the course of DENV infection, although it was not investigated whether this was due to the
infection itself. Finally, they showed that IFN-I treatment reduced DENV infection while
increasing the number of PML-NBs in infected cells. In a follow-up study, the same group
proved that PML interacts with DENV NS5 and recruits it into PML-NBs (Figure 1) [63].
This sequestration of DENV polymerase in PML-NBs impaired DENYV replication but could
only be achieved by isoforms III and IV of PML. In parallel, overexpression of DENV NS5
reduced the number of PML-NBs and increased the turnover of isoforms III and IV of PML,
suggesting a viral mechanism for counteracting this cellular defense. Remarkably, a similar
mechanism was recently described with porcine PML isoforms I, III, IV, and V, which are
able to inhibit JEV replication in a porcine cell line [64].

3.2. TRIMb6

A member of the class V subfamily of TRIM proteins, TRIM56 is known to localize in
the cytoplasm of cells of most human tissues [65,66] and to exhibit an E3 ubiquitin-ligase



Viruses 2024, 16, 1262

6 of 16

activity [65]. This activity is notably required for TRIM56 antiviral activity against the
bovine viral diarrhea virus (BVDV), a pestivirus member of the Flaviviridae family [65].
Moreover, TRIM56 has been characterized as a positive regulator of the Toll-like receptor
3 (TLR3) signaling pathway, responsible for dsSRNA sensing and further activation of the
antiviral response [67], a feature that enables it to inhibit porcine epidemic diarrhea virus
(PEDV), a member of the coronavirus family [68]. It has also been described to restrict
hepatitis B virus (HBV), through the activation of the NF-kf3 signaling pathway [69] and to
enhance the activation of cGAS, a cytoplasmic sensor of DNA [70].

TRIM56 has been shown to inhibit YFV and DENV (serotype 2) replication in different
human cell lines when overexpressed, and to promote it when silenced [71]. Kinetics led
the authors to conclude that the restriction occurred at the step of viral RNA replication [71].
Moreover, this restriction was shown to be strictly dependent on both its RING and C-terminal
domain. Finally, by silencing effectors of the innate immune response, the authors demon-
strated that TRIM56 inhibition of YFV and DENV did not require RIG-I, TRIF, or STING, thus
suggesting that TRIM56 would act directly on the virus to block its replication, although no
mechanism was proposed (Figure 1) [71]. TRIM56 was also found to inhibit ZIKV replication,
using both overexpression and knockdown models, in HeLa but also in neural cell lines [72].
This antiviral activity relied on a direct interaction between the C-terminal domain of TRIM56
and ZIKV RNA, a mechanism reminiscent of TRIM56-mediated inhibition of IAV [73]. Further-
more, ZIKV inhibition (but not the binding) was shown to be dependent on TRIM56 E3-ligase
activity mediated by its RING domain. Knowing that TRIM56 shows sequence homology with
the NHL domain of other TRIM proteins, a domain involved in miRNA regulation [74], they
hypothesized that TRIM56-mediated restriction of ZIKV might be linked to miRNA processes,
but proved that it was not the case, although the precise mechanism was not deciphered.
TRIM56 showed a similar inhibition of DENV (serotype 1) [72].

3.3. TRIM25

TRIM25 belongs to the class IV subfamily of TRIM proteins and possesses a well-
described E3-ubiquitin ligase activity [75]. TRIM25 is a ubiquitously expressed cytoplasmic
protein [18]. It was found to inhibit rabies virus [76] and influenza virus [77] by directly
targeting viral components. TRIM25 has been shown to be a crucial cofactor for ZAP (Zinc-
Finger Antiviral Protein), notably for the inhibition of Sindbis [78] or Ebola [79] viruses.

This partnership between TRIM25 and ZAP is also essential for TRIM25-mediated
restriction of JEV RNA translation (Figure 1) [80]. In this context, ZAP (but not TRIM25)
bound viral RNA to inhibit its translation, and was potentiated by the interaction with
TRIM25, although no mechanism was proposed (Figure 1). TRIM25 was also highlighted
as an antiviral against WNV both in gain-of-function [81] and loss-of-function [82] screens,
as well as against YFV [81] and ZIKV [83] in two gain-of-function screens.

However, it is important to note that TRIM25 is also an important regulator of the
innate immune response and is, thus, capable of exerting broad-spectrum antiviral activity
via an enhancement of the IFN response. This aspect will be discussed in Section 4.2.

3.4. TRIM79«

TRIM79¢ (also called TRIM30-3 or TRIM30D) is a mouse-specific ISG described in
2011, which belongs to the class IV subfamily of TRIMs [84]. It localizes in the cytoplasm of
cells [84] and is expressed in most mouse tissues, although it is higher in immune organs
like the spleen or bone marrow [84].

Taylor and colleagues established that TRIM79« interacts with LGTV NS5 (Figure 1),
the viral polymerase, promoting its degradation by lysosomes, cell compartments that
degrade large protein complexes [84]. Interestingly, NS3 and NS2B were also degraded
by TRIM79« as part of the replication complex. This resulted in the impairment of LGTV
replication when TRIM79« was overexpressed, or in its enhancement in a knockdown
model [84]. Contrary to proteasome-dependent degradations described above, ubiquitina-
tion is not required for TRIM79« to promote the lysosomal degradation of NS5. TBEV and
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IFN induction cascade

Powassan virus (POWYV), another tick-borne flavivirus, were also shown to be inhibited by
the same mechanism, as opposed to mosquito-borne WNV and JEV, that are resistant to
TRIM79x-mediated restriction [84].

TRIM proteins are, therefore, able to block flaviviruses replication at different steps
of their cycle (Figure 1). Yet, some flaviviruses have evolved mechanisms to counteract
TRIM protein-mediated restriction, or even to take advantage of TRIM protein activities
to enhance replication. Nevertheless, TRIM proteins do not always act directly on viral
components, but are also part of a broader antiviral response against flaviviruses.

4. TRIM Proteins Restrict Flaviviruses Replication via IFN Response Modulation

One of the first lines of antiviral defenses is the IFN-I response. This response is trig-
gered by the recognition of pathogen-associated molecular patterns (PAMPs) by pathogen
recognition receptors (PRRs), including the cytoplasmic RNA sensors RIG-I and MDA5
(Figure 2). This recognition initiates a signaling cascade (the IFN induction cascade), which
results in the phosphorylation and subsequent translocation of IRF3 and/or IRF7 into
the nucleus to trigger the expression of IFN-I. IFN-I is then secreted, binds to its receptor
IFNAR, and activates the JAK-STAT signaling cascade (the so-called IFN signaling cascade).
STAT1/2 are phosphorylated and form a complex with IRF9, the so-called ISGF3 complex.
This complex is translocated to the nucleus, leading to the expression of hundreds of ISGs
that confer an antiviral state to the cells (Figure 2) [12].
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Figure 2. Modulation of type I interferon response by TRIM proteins upon flavivirus infection. Upon
its activation by viral RNA, RIG-I interacts with the downstream adaptor MAVS, which in turn recruits
TANK-binding kinase 1 (TBK1) and I«B kinase-¢ (IKK¢), leading to the phosphorylation of interferon
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Regulatory Factor 3 and/or 7 (IRF3/7). Once phosphorylated, IRF3/7 dimerize and translocate into
the nucleus to induce the expression of IFN-I. Once secreted, IFN-I binds to its receptor, leading to the
activation of the Jak tyrosine kinases Tyk2 and JAK1, which in turn phosphorylate STAT1 and STAT2.
Phosphorylated STATs heterodimerize and associate with IFN regulatory factor 9 (IRF9), to form a
complex known as IFN-stimulated growth factor 3 (ISGF3). Once this complex translocates into the
nucleus, it induces the expression of hundreds of interferon-stimulated genes (ISGs). Cellular and
viral proteins that interfere with the type I IFN response are indicated in blue and red, respectively.
IFN, interferon; ZIKV, Zika virus; JEV, Japanese encephalitis virus; DENV, dengue virus; WNV, West
Nile virus.

The IFN-I response is essential for the organism to control viral infections and is,
therefore, tightly regulated. In this context, TRIM proteins have recently emergent as
important regulators of these antiviral pathways [13,85]. Given the key role of TRIM
proteins in the IFN response, it is no surprise that they represent a prime target for viruses,
and flaviviruses in particular, to counteract cellular defenses (Figure 2).

4.1. TRIM6

TRIMS is ubiquitously expressed and forms speckles in the cytoplasm of cells [18].
It belongs to class IV of TRIM proteins and exhibits E3-ubiquitin ligase activity [25]. It
is through this activity that TRIM6 promotes Ebola virus replication, by regulating its
transcription and assembly [86,87]. It has also been established that TRIM6 can stimulate
the IEN signaling cascade via the synthesis of unanchored ubiquitin chains that interact
with IKKe, a kinase that phosphorylate STAT1, and which is required for IKKe-dependent
ISG expression [25]. Interestingly, this feature is counteracted by Nipah virus [88].

To date, TRIMS is the only TRIM protein described as being capable of controlling
flavivirus replication by acting on both IFN induction and signaling cascades (Figure 2). In
the context of ZIKV infection, it has been reported that the RNA helicase DHX16 is able
to bind viral RNA and to form a complex with RIG-I to ensure an optimal production of
IFN-I [89]. The formation of this complex is enhanced by an interaction between DHX16,
the SPRY domain of TRIM6, and unanchored K48-linked polyubiquitin chains synthesized
by TRIM6 (Figure 2) [89]. Therefore, the E3-ubiquitin ligase activity of TRIM6 is essential
for an efficient antiviral IFN-I response against ZIKV. In the context of WNV infection,
TRIMS6 was also demonstrated to enhance ISG response by targeting the IFN signaling
cascade [90]. In this study, VAMPS (Vesicle Associated Membrane Protein 8) was found to
be downregulated upon TRIM6 knockdown. Further experiments showed that VAMPS8
was important for JAK1 phosphorylation, and, thus, activation of the IFN signaling cascade
(Figure 2). Moreover, both VAMPS8 expression and VAMP8-mediated phosphorylation of
JAK1 were enhanced by TRIMS6 [90]. It was also shown that VAMPS8 and TRIM6 interact,
but the exact mechanism remains to be elucidated [90].

4.2. TRIM25

Beyond its capacity to directly inhibit replication of several viruses, as discussed above
(Section 3.3), TRIM25 is also an important positive regulator of RIG-I signaling. Indeed,
TRIM25, upon its own deubiquitylation, polyubiquitinates RIG-I, thus promoting its sus-
tained activation, leading to greater IFN-I production and, thus, enhancing the antiviral
response [75]. For instance, this mechanism has proved efficient to block Sendai virus [75],
porcine reproductive and respiratory syndrome virus (PRRSV) [91], or thrombocytope-
nia syndrome virus (SFTSV) [92], although most viruses have evolved mechanisms to
counteract TRIM25-mediated enhancement of RIG-I activation.

A similar conclusion has been reached concerning DENV (serotype 2) restriction by
TRIM25 [93]. Indeed, comparing two strains isolated in Puerto Rico, Manokaran and
colleagues showed that higher production of subgenomic flaviviral RNA (sfRNA), which
are small RN As produced by incomplete digestion of flaviviral genomic RNA by the cellular
exoribonuclease XRN1, correlated with a lower IEN-I response during infection [93]. They
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then established that DENV sfRNA binds TRIM25 and interferes with its deubiquitylation,
thus decreasing RIG-I activation and IFN-I induction efficacy (Figure 2) [93]. Interestingly,
these results show that DENV, but also other viruses from distant viral families, has evolved
mechanisms to silence IFN-I response at its very first step, allowing stronger replication.

4.3. TRIM21

TRIM21, another member of class IV of TRIM proteins, is ubiquitously expressed in the
cytoplasm of cells and displays an E3-ubiquitin ligase activity [18]. It has been identified
as an antiviral protein against viruses from various families, notably via a ubiquitin-
dependent degradation of viral proteins of HBV [94,95] or IAV [96], for example. TRIM21
has also been shown to be involved in the regulation of the IFN-I signaling pathway by
targeting IRF7 [97] and IRF3 [98]. Concerning IRF3, a first study demonstrated that TRIM21
interacts with IRF3 via its C-terminal SPRY domain and induces its ubiquitin-dependent
proteasomal degradation upon LPS, poly I:C, and Sendai virus stimulations, thus inhibiting
IEN-I antiviral response [98]. However, a year later, a contradictory paper described that
TRIM21 sustains the activation of IRF3 upon infection by Sendai virus by inhibiting its
ubiquitination, thus preventing its degradation [99].

In the case of flaviviruses, TRIM21 has been identified as an antiviral against WNV
in a loss-of-function screen by shRNA in HeLa cells [82]. Conversely, TRIM21 has been
demonstrated to be proviral in the context of JEV infection of microglial cells [100]. In-
deed, in human microglial cells (but not in HeLa cells), JEV infection strongly enhanced
TRIM21 expression, leading to a reduction in IRF3 phosphorylation, therefore impairing
the production of IFN-I in infected cells (Figure 2) [100]. The precise mechanism was not
dissected further, but the study clearly highlights potential proviral effects of TRIM proteins
modulation of IFN-I response [100].

4.4. TRIM23

TRIM23 contains an ARF domain in its C-terminal part, which confers GTPase activ-
ity [101] in addition to its E3 ubiquitin-ligase activity [102], making it the only member of
the class IX subgroup of TRIM proteins [20]. TRIM23 is a ubiquitous protein with both
nuclear and cytoplasmic localization [18]. It has been described as an important modulator
of various pathways upon viral infections, including the NF-k3 pathway in the case of
human cytomegalovirus infection [103] or virus-induced autophagy [104]. TRIM23 has
also been shown to enhance NF-k3 signaling by ubiquitination of NEMO, an adaptor of
this signaling pathway [105].

But the role of TRIM23 upon flavivirus infection involves another innate immune
pathway: the IFN-I signaling cascade. In particular, YFV NS5 has been found to be
ubiquitinated on its K6 residue by TRIM23 with K63-linked ubiquitin chains [102]. This
ubiquitination enabled YFV NS5 to bind STAT2 (when it is associated to STAT1), leading to
the formation of an NS5-STAT1/2 complex (Figure 2). This interaction impairs the capacity
of STAT1/2 to form a complex with IRF9, to translocate in the nucleus and to trigger the
expression of ISGs [102]. Therefore, TRIM23 has a proviral effect upon YFV infection, as
NS5 takes advantage of TRIM23’s enzymatic activity to shut down IFN response (Figure 2).

4.5. PML (TRIM19)

As explained above (see Section 3.1), PML is the major component of PML-NBs and was
shown to inhibit DENV through a direct interaction with its NS5 protein [63]. The interaction
between PML and NS5 was also shown to be involved in the inhibition of IFN signaling
cascade in hBMECs (human brain microvascular endothelial cells) upon DENV or ZIKV
infection [106]. NS5 localizes to the nucleus and interacts with SUMO proteins [106,107].
This interaction was shown to disrupt the interaction of SUMO with PML and STAT?, its
usual partners in NBs, leading to decreased ISG production (Figure 2). Although the mecha-
nism was not precisely described, this study highlights an original mechanism developed
by DENV and ZIKV to attenuate the IFN-mediated antiviral response [106].
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TRIM proteins, thus, modulate the IFN response in the context of flavivirus infection,
although not always to the advantage of the host cell (Figure 2). Indeed, while some TRIM
proteins potentiate IFN induction and/or signaling cascades, others can be hijacked by
flaviviruses to dampen the IFN response, thus illustrating the evolutionary arms race
between TRIM proteins and flaviviruses.

5. Conclusions and Perspectives

Given the threat they pose to public health worldwide, emerging and re-emerging
flaviviruses are the focus of ever-increasing attention [2]. Especially, their interactions
with human intrinsic and innate defenses have gained interest in the last few decades, as
illustrated by the growing interest in TRIM proteins in the context of flaviviral infections
(Table 1). While TRIM proteins are largely constitutively expressed and can, therefore, be
involved in so-called intrinsic antiviral immunity, most of them are ISGs, whose expression
can be induced by different types of IFN [14,16,17]. Unlike other ISGs, TRIM proteins
have the unique ability not only to directly block replication of various viruses, but also to
stimulate the innate immune response, making them powerful broad-spectrum antivirals. A
perfect illustration of the impact of TRIM proteins on virus propagation is the fact that most
viruses have had to develop escape or counteract mechanisms in order to replicate. Some
viruses have even managed to hijack the functions of TRIM proteins to their advantage.
This suggests that flaviviruses and human TRIM proteins have coevolved and are probably
still engaged in an arms race [108]. Understanding these complex interactions is not
only a challenge for fundamental virology, but could also lead to the identification of
vulnerabilities in flavivirus replication, which could be exploited for therapeutic strategies.

Table 1. Summary of the pro- and antiviral effects of TRIM proteins on flaviviruses. DENV, dengue
virus. ZIKV, Zika virus. YFV, yellow fever virus. JEV, Japanese encephalitis virus. WNV, West Nile
virus. TBEYV, tick-borne encephalitis. LGTV, Langat virus. KFDV, Kyasanur Forest disease virus.
POWY, Powassan virus. n/a, nor applicable. IFN-I, type I interferon.

Arthropod Targeted TRIM Pro- (+) or Anti- Mechanism Ubiquitin- References
Vector Flavivirus Protein (—) Viral Dependent
Direct
TRIM69 N (NS3 degradation) yes [52,33]
Direct
TRIM22 N (NS1 and NS3 degradation) yes [43]
Direct
DENV TRIM19 N (NS5 sequestration) no [63]
TRIM56 — Not described n/a [71]
Indirect
TRIM25 — (pro-TFN-I) yes [93]
Mosquito Ind
ndirect
TRIM19 — (pro-IFN-T) no [106]
TRIM22 - Direct es [43]
(NS1 and NS3 degradation) y
Direct
TRIM7 * (Env ubiquitination) yes 53]
ZIKV TRIM56 — Not described n/a [72]
Indirect
TRIM6 — (pro-TFN-I) yes [89]
TRIM19 - Indirect no [106]

(pro-IFN-I)
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Table 1. Cont.
Arthropod Targeted TRIM Pro- (+) or Anti- . Ubiquitin-
Vector Flavivirus Protein (—) Viral Mechanism Dependent References
Direct
B an egradation
TRIM22 (NS1 and NS3 degrad ) yes [43]
YEV TRIM56 — Not described n/a [71]
Indirect
TRIM23 + (anti-IFN-T) yes [102]
Mosquito _ Direct
TRIMS2 (NS2A degradation) yes (4]
Not described
JEV TRIM25 - (involves ZAP) no (801
Indirect
TRIM21 + (anti-IFN-T) n/a [100]
Indirect
WNV TRIM6 — (pro-TFN-I) n/a [90]
TRIM5 - Direct es [48]
TBEV (NS3 degradation) y
Direct
TRIM79e N (NS5 degradation) no [84]
Direct
Tick LGTV TRIMS« - (NS3 degradation) yes (48]
Direct
TRIM79c B (NS5 degradation) no [84]
Direct
KFDV TRIM5x — (NS3 degradation) yes [48]
Direct
POWV TRIM79« — (NS5 degradation) no [84]

Although the picture of interactions between flaviviruses and TRIM proteins is far from
complete, there is a clear overall difference in TRIM restriction between mosquito-borne
and tick-borne flaviviruses, although the latter are generally less studied. In particular,
TRIM79¢ [84] and TRIM5« [48] were shown to restrict the replication of most tick-borne
viruses, but none of the mosquito-borne flaviviruses tested (Table 1). Given their relative
phylogenetic distance among flaviviruses [1], this difference is not surprising. Moreover,
other differences in host—pathogen interactions between tick-borne and mosquito-borne
flaviviruses have been described, as illustrated by the recent description of the unique
mechanism by which the NS5 protein encoded by tick-borne flaviviruses inhibits IFN sig-
naling via an interaction with TYK2 [109]. These differences could represent an adaptation
of the viruses to their respective vectors, and raise many questions about the importance
of the vector in viral infectivity in humans. In this respect, it has been shown that the
ubiquitination of the ZIKV E protein differs depending on whether the virus originates
from mammalian or mosquito cells, affecting its overall pathogenesis [53]. Similarly, it has
been described that the glycosylation of flavivirus envelope differs between human and
mosquito cells, impacting their infectivity [110]. It would also be of great interest to assess
whether TRIM proteins of different hosts, especially flavivirus amplifying host, can inhibit
their replication and to what extent this would be conserved in humans. Two articles have
recently showed that some porcine PML isoforms play a role in inhibiting JEV [64,111] and
another one has focused on duck TRIM25, which was shown to restrict the Tembusu virus
(an arbovirus from the Orthoflavivirus genus). These pave the way for future research into
TRIM-mediated immunity in birds and nonhuman mammals, as a way to better understand
overall flavivirus pathogenesis.



Viruses 2024, 16, 1262 12 of 16

Author Contributions: Writing—original draft preparation, M.C.; writing—review and editing, M.C.
and S.N. project administration, S.N.; funding acquisition, S.N. All authors have read and agreed to
the published version of the manuscript.

Funding: This work was supported by the Agence Nationale de la Recherche (ANR-21-CE15-0041).
Acknowledgments: We thank Nathalie J. Arhel for her critical reading of the manuscript.

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

References

1.  Simmonds, P; Becher, P.; Bukh, ].; Gould, E.A.; Meyers, G.; Monath, T.; Muerhoff, S.; Pletnev, A.; Rico-Hesse, R.; Smith, D.B.; et al.
ICTV Virus Taxonomy Profile: Flaviviridae. J. Gen. Virol. 2017, 98, 2-3. [CrossRef] [PubMed]

2. Pijerson, T.C.; Diamond, M.S. The Continued Threat of Emerging Flaviviruses. Nat. Microbiol. 2020, 5, 796-812. [CrossRef]
[PubMed]

3. Valentine, M.J.; Murdock, C.C.; Kelly, P]J. Sylvatic Cycles of Arboviruses in Non-Human Primates. Parasites Vectors 2019, 12, 463.
[CrossRef]

4. Agliani, G.; Giglia, G.; Marshall, EM.; Grone, A.; Rockx, B.H.G.; van den Brand, ].M.A. Pathological Features of West Nile
and Usutu Virus Natural Infections in Wild and Domestic Animals and in Humans: A Comparative Review. One Health 2023,
16, 100525. [CrossRef]

5.  Dobler, G. Zoonotic Tick-Borne Flaviviruses. Vet. Microbiol. 2010, 140, 221-228. [CrossRef] [PubMed]

6. Erazo, D.; Grant, L.; Ghisbain, G.; Marini, G.; Colén-Gonzalez, FJ.; Wint, W.; Rizzoli, A.; Van Bortel, W.; Vogels, C.B.F.; Grubaugh,
N.D; et al. Contribution of Climate Change to the Spatial Expansion of West Nile Virus in Europe. Nat. Commun. 2024, 15, 1196.
[CrossRef] [PubMed]

7. Liu-Helmersson, J.; Quam, M.; Wilder-Smith, A.; Stenlund, H.; Ebi, K.; Massad, E.; Rocklov, J. Climate Change and Aedes Vectors:
21st Century Projections for Dengue Transmission in Europe. eBioMedicine 2016, 7, 267-277. [CrossRef]

8.  Laureti, M.; Narayanan, D.; Rodriguez-Andres, J.; Fazakerley, ].K.; Kedzierski, L. Flavivirus Receptors: Diversity, Identity, and
Cell Entry. Front. Immunol. 2018, 9, 2180. [CrossRef] [PubMed]

9. Gillespie, L.K.; Hoenen, A.; Morgan, G.; Mackenzie, ] M. The Endoplasmic Reticulum Provides the Membrane Platform for
Biogenesis of the Flavivirus Replication Complex. . Virol. 2010, 84, 10438-10447. [CrossRef]

10. Mukhopadhyay, S.; Kuhn, R.J.; Rossmann, M.G. A Structural Perspective of the Flavivirus Life Cycle. Nat. Rev. Microbiol. 2005, 3,
13-22. [CrossRef]

11. Kato, H.; Takahasi, K.; Fujita, T. RIG-I-like Receptors: Cytoplasmic Sensors for Non-Self RNA. Immunol. Rev. 2011, 243, 91-98.
[CrossRef]

12.  Ivashkiv, L.B.; Donlin, L.T. Regulation of Type I Interferon Responses. Nat. Rev. Immunol. 2014, 14, 36-49. [CrossRef] [PubMed]

13. Rajsbaum, R.; Garcia-Sastre, A.; Versteeg, G.A. TRIMmunity: The Roles of the TRIM E3-Ubiquitin Ligase Family in Innate
Antiviral Immunity. J. Mol. Biol. 2014, 426, 1265-1284. [CrossRef]

14. Carthagena, L.; Bergamaschi, A.; Luna, ].M.; David, A.; Uchil, P.D.; Margottin-Goguet, F.; Mothes, W.; Hazan, U.; Transy, C.;
Pancino, G.; et al. Human TRIM Gene Expression in Response to Interferons. PLoS ONE 2009, 4, e4894. [CrossRef] [PubMed]

15. Stremlau, M.; Owens, C.M.; Perron, M.]; Kiessling, M.; Autissier, P.; Sodroski, ]. The Cytoplasmic Body Component TRIM5alpha
Restricts HIV-1 Infection in Old World Monkeys. Nature 2004, 427, 848-853. [CrossRef] [PubMed]

16. Hernandez-Sarmiento, L.J.; Tamayo-Molina, Y.S.; Valdés-Lépez, ].E; Urcuqui-Inchima, S. Interleukin 27, Similar to Interferons,
Modulates Gene Expression of Tripartite Motif (TRIM) Family Members and Interferes with Mayaro Virus Replication in Human
Macrophages. Viruses 2024, 16, 996. [CrossRef]

17.  Rajsbaum, R.; Stoye, ].P.; O’Garra, A. Type I Interferon-Dependent and -Independent Expression of Tripartite Motif Proteins in
Immune Cells. Eur. J. Immunol. 2008, 38, 619-630. [CrossRef]

18.  Reymond, A.; Meroni, G.; Fantozzi, A.; Merla, G.; Cairo, S.; Luzi, L.; Riganelli, D.; Zanaria, E.; Messali, S.; Cainarca, S.; et al. The
Tripartite Motif Family Identifies Cell Compartments. EMBO J. 2001, 20, 2140-2151. [CrossRef]

19. Nisole, S.; Stoye, J.P.; Saib, A. TRIM Family Proteins: Retroviral Restriction and Antiviral Defence. Nat. Rev. Microbiol. 2005, 3,
799-808. [CrossRef]

20. Short, KM.; Cox, T.C. Subclassification of the RBCC/TRIM Superfamily Reveals a Novel Motif Necessary for Microtubule
Binding. J. Biol. Chem. 2006, 281, 8970-8980. [CrossRef]

21. Yap, M.W.; Nisole, S.; Lynch, C.; Stoye, J.P. Trim5« Protein Restricts Both HIV-1 and Murine Leukemia Virus. Proc. Natl. Acad. Sci.
USA 2004, 101, 10786-10791. [CrossRef] [PubMed]

22.  Versteeg, G.A ; Benke, S.; Garcia-Sastre, A.; Rajsbaum, R. INTRIMsic Immunity: Positive and Negative Regulation of Immune
Signaling by Tripartite Motif Proteins. Cyfokine Growth Factor Rev. 2014, 25, 563-576. [CrossRef] [PubMed]

23. vanTol, S.;; Hage, A.; Giraldo, M.L; Bharaj, P; Rajsbaum, R. The TRIMendous Role of TRIMs in Virus-Host Interactions. Vaccines
2017, 5, 23. [CrossRef] [PubMed]

24. Trempe, ]J.-F. Reading the Ubiquitin Postal Code. Curr. Opin. Struct. Biol. 2011, 21, 792-801. [CrossRef] [PubMed]


https://doi.org/10.1099/jgv.0.000672
https://www.ncbi.nlm.nih.gov/pubmed/28218572
https://doi.org/10.1038/s41564-020-0714-0
https://www.ncbi.nlm.nih.gov/pubmed/32367055
https://doi.org/10.1186/s13071-019-3732-0
https://doi.org/10.1016/j.onehlt.2023.100525
https://doi.org/10.1016/j.vetmic.2009.08.024
https://www.ncbi.nlm.nih.gov/pubmed/19765917
https://doi.org/10.1038/s41467-024-45290-3
https://www.ncbi.nlm.nih.gov/pubmed/38331945
https://doi.org/10.1016/j.ebiom.2016.03.046
https://doi.org/10.3389/fimmu.2018.02180
https://www.ncbi.nlm.nih.gov/pubmed/30319635
https://doi.org/10.1128/JVI.00986-10
https://doi.org/10.1038/nrmicro1067
https://doi.org/10.1111/j.1600-065X.2011.01052.x
https://doi.org/10.1038/nri3581
https://www.ncbi.nlm.nih.gov/pubmed/24362405
https://doi.org/10.1016/j.jmb.2013.12.005
https://doi.org/10.1371/journal.pone.0004894
https://www.ncbi.nlm.nih.gov/pubmed/19290053
https://doi.org/10.1038/nature02343
https://www.ncbi.nlm.nih.gov/pubmed/14985764
https://doi.org/10.3390/v16060996
https://doi.org/10.1002/eji.200737916
https://doi.org/10.1093/emboj/20.9.2140
https://doi.org/10.1038/nrmicro1248
https://doi.org/10.1074/jbc.M512755200
https://doi.org/10.1073/pnas.0402876101
https://www.ncbi.nlm.nih.gov/pubmed/15249690
https://doi.org/10.1016/j.cytogfr.2014.08.001
https://www.ncbi.nlm.nih.gov/pubmed/25172371
https://doi.org/10.3390/vaccines5030023
https://www.ncbi.nlm.nih.gov/pubmed/28829373
https://doi.org/10.1016/j.sbi.2011.09.009
https://www.ncbi.nlm.nih.gov/pubmed/22036065

Viruses 2024, 16, 1262 13 of 16

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

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-IKKe Kinase-Mediated Antiviral Response. Immunity 2014, 40, 880-895. [CrossRef] [PubMed]

Meroni, G.; Diez-Roux, G. TRIM/RBCC, a Novel Class of ‘Single Protein RING Finger’ E3 Ubiquitin Ligases. BioEssays 2005, 27,
1147-1157. [CrossRef] [PubMed]

Han, Y;; Li, R.; Gao, ].; Miao, S.; Wang, L. Characterisation of Human RING Finger Protein TRIM69, a Novel Testis E3 Ubiquitin
Ligase and Its Subcellular Localisation. Biochem. Biophys. Res. Commun. 2012, 429, 6-11. [CrossRef]

Song, Y.; Nguyen, X.-N.; Kumar, A.; da Silva, C.; Picard, L.; Etienne, L.; Cimarelli, A. Trim69 Is a Microtubule Regulator That Acts
as a Pantropic Viral Inhibitor. Proc. Natl. Acad. Sci. USA 2022, 119, e2211467119. [CrossRef]

Rihn, S.J.; Aziz, M.A ; Stewart, D.G.; Hughes, J.; Turnbull, M.L.; Varela, M.; Sugrue, E.; Herd, C.S.; Stanifer, M.; Sinkins, S.P; et al.
TRIM69 Inhibits Vesicular Stomatitis Indiana Virus. J. Virol. 2019, 93, e00951-19. [CrossRef] [PubMed]

Chambers, T.]J.; Weir, R.C.; Grakoui, A.; McCourt, D.W.; Bazan, J.F,; Fletterick, R.J.; Rice, C.M. Evidence That the N-Terminal
Domain of Nonstructural Protein NS3 from Yellow Fever Virus Is a Serine Protease Responsible for Site-Specific Cleavages in the
Viral Polyprotein. Proc. Natl. Acad. Sci. USA 1990, 87, 8898-8902. [CrossRef] [PubMed]

Borowski, P.; Niebuhr, A.; Mueller, O.; Bretner, M.; Felczak, K.; Kulikowski, T.; Schmitz, H. Purification and Characterization of
West Nile Virus Nucleoside Triphosphatase (NTPase)/Helicase: Evidence for Dissociation of the NTPase and Helicase Activities
of the Enzyme. J. Virol. 2001, 75, 3220-3229. [CrossRef] [PubMed]

Wang, K.; Zou, C.; Wang, X.; Huang, C.; Feng, T.; Pan, W.; Wu, Q.; Wang, P.; Dai, J. Interferon-Stimulated TRIM69 Interrupts
Dengue Virus Replication by Ubiquitinating Viral Nonstructural Protein 3. PLoS Pathog. 2018, 14, e1007287. [CrossRef] [PubMed]
Bagga, T.; Tulsian, N.K.; Mok, Y.K.; Kini, R.M.; Sivaraman, J. Mapping of Molecular Interactions between Human E3 Ligase
TRIM69 and Dengue Virus NS3 Protease Using Hydrogen-Deuterium Exchange Mass Spectrometry. Cell. Mol. Life Sci. 2022,
79, 233. [CrossRef] [PubMed]

Hattlmann, C.J.; Kelly, ].N.; Barr, S.D. TRIM22: A Diverse and Dynamic Antiviral Protein. Mol. Biol. Int. 2012, 2012, 153415.
[CrossRef]

Tissot, C.; Mechti, N. Molecular Cloning of a New Interferon-Induced Factor That Represses Human Immunodeficiency Virus
Type 1 Long Terminal Repeat Expression (x). J. Biol. Chemn. 1995, 270, 14891-14898. [CrossRef]

Charman, M.; McFarlane, S.; Wojtus, ] K,; Sloan, E.; Dewar, R.; Leeming, G.; Al-Saadi, M.; Hunter, L.; Carroll, M.W.,; Stewart,
J.P; et al. Constitutive TRIM22 Expression in the Respiratory Tract Confers a Pre-Existing Defence Against Influenza A Virus
Infection. Front. Cell Infect. Microbiol. 2021, 11, 689707. [CrossRef] [PubMed]

Pagani, I; Poli, G.; Vicenzi, E. TRIM22. A Multitasking Antiviral Factor. Cells 2021, 10, 1864. [CrossRef] [PubMed]

Reddi, T'S.; Merkl, P.E.; Lim, S.-Y.; Letvin, N.L.; Knipe, D.M. Tripartite Motif 22 (TRIM22) Protein Restricts Herpes Simplex Virus
1 by Epigenetic Silencing of Viral Immediate-Early Genes. PLoS Pathog. 2021, 17, €1009281. [CrossRef]

Jing, H.; Tao, R.; Dong, N.; Cao, S.; Sun, Y.; Ke, W.; Li, Y.; Wang, J.; Zhang, Y.; Huang, H.; et al. Nuclear Localization Signal in
TRIM22 Is Essential for Inhibition of Type 2 Porcine Reproductive and Respiratory Syndrome Virus Replication in MARC-145
Cells. Virus Genes 2019, 55, 660-672. [CrossRef]

Fan, L.; Zhou, Y.; Wei, X,; Feng, W.; Guo, H.; Li, Y,; Gao, X.; Zhou, J.; Wen, Y.; Wu, Y.; et al. The E3 Ligase TRIM22 Restricts
SARS-CoV-2 Replication by Promoting Proteasomal Degradation of NSP8. mBio 2024, 15, €02320-23. [CrossRef]

Di Pietro, A.; Kajaste-Rudnitski, A.; Oteiza, A.; Nicora, L.; Towers, G.J.; Mechti, N.; Vicenzi, E. TRIM22 Inhibits Influenza A Virus
Infection by Targeting the Viral Nucleoprotein for Degradation. J. Virol. 2013, 87, 4523-4533. [CrossRef] [PubMed]

Yang, C.; Zhao, X.; Sun, D.; Yang, L.; Chong, C.; Pan, Y.; Chi, X.; Gao, Y.; Wang, M.; Shi, X; et al. Interferon Alpha (IFN«)-Induced
TRIM22 Interrupts HCV Replication by Ubiquitinating NS5A. Cell Mol. Immunol. 2016, 13, 94-102. [CrossRef] [PubMed]

Zu, S.; Li, C; Li, L.; Deng, Y.-Q.; Chen, X.; Luo, D.; Ye, Q.; Huang, Y.-J.; Li, X.-F,; Zhang, R.-R.; et al. TRIM22 Suppresses Zika Virus
Replication by Targeting NS1 and NS3 for Proteasomal Degradation. Cell Biosci. 2022, 12, 139. [CrossRef] [PubMed]

Lienlaf, M.; Hayashi, F.; Di Nunzio, E; Tochio, N.; Kigawa, T.; Yokoyama, S.; Diaz-Griffero, F. Contribution of E3-Ubiquitin Ligase
Activity to HIV-1 Restriction by TRIM5arh: Structure of the RING Domain of TRIM5«. J. Virol. 2011, 85, 8725-8737. [CrossRef]
[PubMed]

Kim, J.; Tipper, C.; Sodroski, J. Role of TRIM5« RING Domain E3 Ubiquitin Ligase Activity in Capsid Disassembly, Reverse
Transcription Blockade, and Restriction of Simian Immunodeficiency Virus. J. Virol. 2011, 85, 8116-8132. [CrossRef] [PubMed]
Zhao, Y.; Lu, Y,; Richardson, S.; Sreekumar, M.; Albarnaz, J.D.; Smith, G.L. TRIM5« Restricts Poxviruses and Is Antagonized by
CypA and the Viral Protein C6. Nature 2023, 620, 873-880. [CrossRef] [PubMed]

Huang, H.-H.; Chen, C.-S.; Wang, W.-H.; Hsu, 5.-W.; Tsai, H.-H.; Liu, S.-T.; Chang, L.-K. TRIM5& Promotes Ubiquitination of Rta
from Epstein—Barr Virus to Attenuate Lytic Progression. Front. Microbiol. 2017, 7, 2129. [CrossRef]

Chiramel, A I; Meyerson, N.R.; McNally, K.L.; Broeckel, R.M.; Montoya, V.R.; Méndez-Solis, O.; Robertson, S.J.; Sturdevant, G.L.;
Lubick, K.J.; Nair, V.; et al. TRIM5« Restricts Flavivirus Replication by Targeting the Viral Protease for Proteasomal Degradation.
Cell Rep. 2019, 27, 3269-3283.e6. [CrossRef]

Fan, W.; Wu, M,; Qian, S.; Zhou, Y.; Chen, H.; Li, X,; Qian, P. TRIM52 Inhibits Japanese Encephalitis Virus Replication by
Degrading the Viral NS2A. Sci. Rep. 2016, 6, 33698. [CrossRef]

Fan, W,; Liu, T.; Li, X.; Zhou, Y.; Wu, M.; Cui, X.; Chen, H.; Qian, P. TRIM52: A Nuclear TRIM Protein That Positively Regulates
the Nuclear Factor-Kappa B Signaling Pathway. Mol. Immunol. 2017, 82, 114-122. [CrossRef]


https://doi.org/10.1016/j.immuni.2014.04.018
https://www.ncbi.nlm.nih.gov/pubmed/24882218
https://doi.org/10.1002/bies.20304
https://www.ncbi.nlm.nih.gov/pubmed/16237670
https://doi.org/10.1016/j.bbrc.2012.10.109
https://doi.org/10.1073/pnas.2211467119
https://doi.org/10.1128/JVI.00951-19
https://www.ncbi.nlm.nih.gov/pubmed/31375575
https://doi.org/10.1073/pnas.87.22.8898
https://www.ncbi.nlm.nih.gov/pubmed/2147282
https://doi.org/10.1128/JVI.75.7.3220-3229.2001
https://www.ncbi.nlm.nih.gov/pubmed/11238848
https://doi.org/10.1371/journal.ppat.1007287
https://www.ncbi.nlm.nih.gov/pubmed/30142214
https://doi.org/10.1007/s00018-022-04245-x
https://www.ncbi.nlm.nih.gov/pubmed/35397701
https://doi.org/10.1155/2012/153415
https://doi.org/10.1074/jbc.270.25.14891
https://doi.org/10.3389/fcimb.2021.689707
https://www.ncbi.nlm.nih.gov/pubmed/34621686
https://doi.org/10.3390/cells10081864
https://www.ncbi.nlm.nih.gov/pubmed/34440633
https://doi.org/10.1371/journal.ppat.1009281
https://doi.org/10.1007/s11262-019-01691-x
https://doi.org/10.1128/mbio.02320-23
https://doi.org/10.1128/JVI.02548-12
https://www.ncbi.nlm.nih.gov/pubmed/23408607
https://doi.org/10.1038/cmi.2014.131
https://www.ncbi.nlm.nih.gov/pubmed/25683609
https://doi.org/10.1186/s13578-022-00872-w
https://www.ncbi.nlm.nih.gov/pubmed/36042495
https://doi.org/10.1128/JVI.00497-11
https://www.ncbi.nlm.nih.gov/pubmed/21734049
https://doi.org/10.1128/JVI.00341-11
https://www.ncbi.nlm.nih.gov/pubmed/21680520
https://doi.org/10.1038/s41586-023-06401-0
https://www.ncbi.nlm.nih.gov/pubmed/37558876
https://doi.org/10.3389/fmicb.2016.02129
https://doi.org/10.1016/j.celrep.2019.05.040
https://doi.org/10.1038/srep33698
https://doi.org/10.1016/j.molimm.2017.01.003

Viruses 2024, 16, 1262 14 of 16

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Gopala Reddy, S.B.; Chin, W.-X.; Shivananju, N.S. Dengue Virus NS2 and NS4: Minor Proteins, Mammoth Roles. Biochem.
Pharmacol. 2018, 154, 54-63. [CrossRef] [PubMed]

Fan, W.; Mar, K.B,; Sari, L.; Gaszek, LK.; Cheng, Q.; Evers, B.M.; Shelton, ] M.; Wight-Carter, M.; Siegwart, D.J.; Lin, M.M.; et al.
TRIMY? Inhibits Enterovirus Replication and Promotes Emergence of a Viral Variant with Increased Pathogenicity. Cell 2021, 184,
3410-3425.e17. [CrossRef] [PubMed]

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. [CrossRef]
[PubMed]

Zhai, L.; Dietrich, A.; Skurat, A.V.; Roach, P.J. Structure-Function Analysis of GNIP, the Glycogenin-Interacting Protein. Arch.
Biochem. Biophys. 2004, 421, 236-242. [CrossRef] [PubMed]

Liu, Y; Jiang, L.; Sun, X,; Song, Y,; Liu, Y.; Zhang, L. Interplay between TRIM7 and Antiviral Immunity. Front. Cell. Infect.
Microbiol. 2023, 13, 1256882. [CrossRef] [PubMed]

Li, M.,; Yan, J.; Zhu, H.; Guo, C,; Jiang, X.; Gao, Y.; Liu, X,; Jiang, P; Bai, ]. TRIM7 Inhibits Encephalomyocarditis Virus Replication
by Activating Interferon-f Signaling Pathway. Vet. Microbiol. 2023, 281, 109729. [CrossRef]

Luptak, J.; Mallery, D.L.; Jahun, A.S.; Albecka, A.; Clift, D.; Ather, O.; Slodkowicz, G.; Goodfellow, I.; James, L.C. TRIM7 Restricts
Coxsackievirus and Norovirus Infection by Detecting the C-Terminal Glutamine Generated by 3C Protease Processing. Viruses
2022, 14, 1610. [CrossRef]

Chen, W.; Foo, S.-S.; Hong, E.; Wu, C.; Lee, W.-S,; Lee, S.-A.; Evseenko, D.; Lopes Moreira, M.E.; Garcia-Sastre, A.; Cheng, G.; et al.
Zika Virus NS3 Protease Induces Bone Morphogenetic Protein-Dependent Brain Calcification in Human Fetuses. Nat. Microbiol.
2021, 6, 455-466. [CrossRef]

Nisole, S.; Maroui, M.A.; Mascle, X.H.; Aubry, M.; Chelbi-Alix, M.K. Differential Roles of PML Isoforms. Front. Oncol. 2013, 3, 125.
[CrossRef]

El Asmi, F; Maroui, M.A.; Dutrieux, J.; Blondel, D.; Nisole, S.; Chelbi-Alix, M.K. Implication of PMLIV in Both Intrinsic and
Innate Immunity. PLoS Pathog. 2014, 10, e1003975. [CrossRef]

Neerukonda, S.N. Interplay between RNA Viruses and Promyelocytic Leukemia Nuclear Bodies. Vet. Sci. 2021, 8, 57. [CrossRef]
[PubMed]

Giovannoni, F.; Damonte, E.B.; Garcia, C.C. Cellular Promyelocytic Leukemia Protein Is an Important Dengue Virus Restriction
Factor. PLoS ONE 2015, 10, €0125690. [CrossRef]

Giovannoni, F,; Ladelfa, M.E,; Monte, M.; Jans, D.A.; Hemmerich, P; Garcia, C. Dengue Non-Structural Protein 5 Polymerase
Complexes with Promyelocytic Leukemia Protein (PML) Isoforms IIT and IV to Disrupt PML-Nuclear Bodies in Infected Cells.
Front. Cell. Infect. Microbiol. 2019, 9, 284. [CrossRef] [PubMed]

Yang, S.; Liu, H.; Chen, Z.; Wang, H.; Li, X.; Zhou, X.; Zhao, A. Japanese Encephalitis Virus Perturbs PML-Nuclear Bodies by
Engaging in Interactions with Distinct Porcine PML Isoforms. Front. Cell. Infect. Microbiol. 2023, 13, 1239234. [CrossRef] [PubMed]
Wang, J.; Liu, B.; Wang, N.; Lee, Y.-M.; Liu, C.; Li, K. TRIM56 Is a Virus- and Interferon-Inducible E3 Ubiquitin Ligase That
Restricts Pestivirus Infection. J. Virol. 2011, 85, 3733-3745. [CrossRef] [PubMed]

Wang, B.; Wang, Z.; Li, Y.; Shang, Z.; Liu, Z.; Fan, H.; Zhan, R.; Xin, T. TRIM56: A Promising Prognostic Inmune Biomarker for
Glioma Revealed by Pan-Cancer and Single-Cell Analysis. Front. Immunol. 2024, 15, 1327898. [CrossRef] [PubMed]

Shen, Y,; Li, N.L.; Wang, J.; Liu, B.; Lester, S.; Li, K. TRIM56 Is an Essential Component of the TLR3 Antiviral Signaling Pathway.
J. Biol. Chem. 2012, 287, 36404-36413. [CrossRef]

Xu, X.; Wang, L.; Liu, Y;; Shi, X.; Yan, Y.; Zhang, S.; Zhang, Q. TRIM56 Overexpression Restricts Porcine Epidemic Diarrhoea Virus
Replication in Marc-145 Cells by Enhancing TLR3-TRAF3-Mediated IFN-3 Antiviral Response. J. Gen. Virol. 2022, 103, 001748.
[CrossRef]

Tian, X.; Dong, H.; Lai, X.; Ou, G.; Cao, J.; Shi, J.; Xiang, C.; Wang, L.; Zhang, X.; Zhang, K.; et al. TRIM56 Impairs HBV Infection
and Replication by Inhibiting HBV Core Promoter Activity. Antivir. Res. 2022, 207, 105406. [CrossRef]

Seo, G.J.; Kim, C.; Shin, W.-]; Sklan, E.H.; Eoh, H.; Jung, J.U. TRIM56-Mediated Monoubiquitination of cGAS for Cytosolic DNA
Sensing. Nat. Commun. 2018, 9, 613. [CrossRef]

Liu, B.; Li, N.L.; Wang, J.; Shi, P-Y,; Wang, T.; Miller, M.A.; Li, K. Overlapping and Distinct Molecular Determinants Dictating the
Antiviral Activities of TRIM56 against Flaviviruses and Coronavirus. J. Virol. 2014, 88, 13821-13835. [CrossRef] [PubMed]
Yang, D.; Li, N.L.; Wei, D.; Liu, B.; Guo, F; Elbahesh, H.; Zhang, Y.; Zhou, Z.; Chen, G.-Y,; Li, K. The E3 Ligase TRIM56 Is a Host
Restriction Factor of Zika Virus and Depends on Its RNA-Binding Activity but Not miRNA Regulation, for Antiviral Function.
PLoS Negl. Trop. Dis. 2019, 13, e0007537. [CrossRef]

Liu, B,; Li, N.L,; Shen, Y.; Bao, X.; Fabrizio, T.; Elbahesh, H.; Webby, R.J.; Li, K. The C-Terminal Tail of TRIM56 Dictates Antiviral
Restriction of Influenza A and B Viruses by Impeding Viral RNA Synthesis. J. Virol. 2016, 90, 4369-4382. [CrossRef]

Loedige, L; Filipowicz, W. TRIM-NHL Proteins Take on miRNA Regulation. Cell 2009, 136, 818-820. [CrossRef] [PubMed]
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. [CrossRef]
[PubMed]

Yuan, Y.; Fang, A.; Wang, Z.; Tian, B.; Zhang, Y.; Sui, B.; Luo, Z; Li, Y.; Zhou, M.; Chen, H.; et al. Trim25 Restricts Rabies Virus
Replication by Destabilizing Phosphoprotein. Cell Insight 2022, 1, 100057. [CrossRef]


https://doi.org/10.1016/j.bcp.2018.04.008
https://www.ncbi.nlm.nih.gov/pubmed/29674002
https://doi.org/10.1016/j.cell.2021.04.047
https://www.ncbi.nlm.nih.gov/pubmed/34062120
https://doi.org/10.1038/s41586-020-2457-8
https://www.ncbi.nlm.nih.gov/pubmed/32641828
https://doi.org/10.1016/j.abb.2003.11.017
https://www.ncbi.nlm.nih.gov/pubmed/14984203
https://doi.org/10.3389/fcimb.2023.1256882
https://www.ncbi.nlm.nih.gov/pubmed/37719674
https://doi.org/10.1016/j.vetmic.2023.109729
https://doi.org/10.3390/v14081610
https://doi.org/10.1038/s41564-020-00850-3
https://doi.org/10.3389/fonc.2013.00125
https://doi.org/10.1371/journal.ppat.1003975
https://doi.org/10.3390/vetsci8040057
https://www.ncbi.nlm.nih.gov/pubmed/33807177
https://doi.org/10.1371/journal.pone.0125690
https://doi.org/10.3389/fcimb.2019.00284
https://www.ncbi.nlm.nih.gov/pubmed/31456950
https://doi.org/10.3389/fcimb.2023.1239234
https://www.ncbi.nlm.nih.gov/pubmed/37928180
https://doi.org/10.1128/JVI.02546-10
https://www.ncbi.nlm.nih.gov/pubmed/21289118
https://doi.org/10.3389/fimmu.2024.1327898
https://www.ncbi.nlm.nih.gov/pubmed/38348047
https://doi.org/10.1074/jbc.M112.397075
https://doi.org/10.1099/jgv.0.001748
https://doi.org/10.1016/j.antiviral.2022.105406
https://doi.org/10.1038/s41467-018-02936-3
https://doi.org/10.1128/JVI.02505-14
https://www.ncbi.nlm.nih.gov/pubmed/25253338
https://doi.org/10.1371/journal.pntd.0007537
https://doi.org/10.1128/JVI.03172-15
https://doi.org/10.1016/j.cell.2009.02.030
https://www.ncbi.nlm.nih.gov/pubmed/19269362
https://doi.org/10.1038/nature05732
https://www.ncbi.nlm.nih.gov/pubmed/17392790
https://doi.org/10.1016/j.cellin.2022.100057

Viruses 2024, 16, 1262 150f 16

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Meyerson, N.R.; Zhou, L.; Guo, Y.R.; Zhao, C.; Tao, Y.J.; Krug, R.M.; Sawyer, S.L. Nuclear TRIM25 Specifically Targets Influenza
Virus Ribonucleoproteins to Block the Onset of RNA Chain Elongation. Cell Host Microbe 2017, 22, 627-638.e7. [CrossRef]

Li, MM.H,; Lau, Z; Cheung, P; Aguilar, E.G.; Schneider, W.M.; Bozzacco, L.; Molina, H.; Buehler, E.; Takaoka, A.; Rice, C.M,;
et al. TRIM25 Enhances the Antiviral Action of Zinc-Finger Antiviral Protein (ZAP). PLoS Pathog. 2017, 13, €1006145. [CrossRef]
[PubMed]

Galao, R.P; Wilson, H.; Schierhorn, K.L.; Debeljak, F.; Bodmer, B.S.; Goldhill, D.; Hoenen, T.; Wilson, S.J.; Swanson, C.M.; Neil,
S.J.D. TRIM25 and ZAP Target the Ebola Virus Ribonucleoprotein Complex to Mediate Interferon-Induced Restriction. PLoS
Pathog. 2022, 18, €1010530. [CrossRef] [PubMed]

Yang, E.; Nguyen, L.P.; Wisherop, C.A.; Kan, R.L.; Li, M.M.H. The Role of ZAP and TRIM25 RNA Binding in Restricting Viral
Translation. Front. Cell. Infect. Microbiol. 2022, 12, 886929. [CrossRef]

Schoggins, ].W.; Wilson, S.J.; Panis, M.; Murphy, M.Y.; Jones, C.T.; Bieniasz, P.; Rice, C.M. A Diverse Range of Gene Products Are
Effectors of the Type I Interferon Antiviral Response. Nature 2011, 472, 481-485. [CrossRef] [PubMed]

Li, J.; Ding, S.C.; Cho, H.; Chung, B.C.; Gale, M.; Chanda, S.K.; Diamond, M.S. A Short Hairpin RNA Screen of Interferon-
Stimulated Genes Identifies a Novel Negative Regulator of the Cellular Antiviral Response. mBio 2013, 4, e€00385-13. [CrossRef]
[PubMed]

Dukhovny, A.; Lamkiewicz, K.; Chen, Q.; Fricke, M.; Jabrane-Ferrat, N.; Marz, M.; Jung, J.U.; Sklan, E.H. A CRISPR Activation
Screen Identifies Genes That Protect against Zika Virus Infection. J. Virol. 2019, 93, e00211-19. [CrossRef]

Taylor, R.T.; Lubick, K.J.; Robertson, S.J.; Broughton, J.P.; Bloom, M.E.; Bresnahan, W.A_; Best, S.M. TRIM79«, an Interferon-
Stimulated Gene Product, Restricts Tick-Borne Encephalitis Virus Replication by Degrading the Viral RNA Polymerase. Cell Host
Microbe 2011, 10, 185-196. [CrossRef] [PubMed]

McNab, EW.; Rajsbaum, R.; Stoye, ].P.; O’Garra, A. Tripartite-Motif Proteins and Innate Immune Regulation. Curr. Opin. Immunol.
2011, 23, 46-56. [CrossRef] [PubMed]

Bharaj, P; Atkins, C.; Luthra, P.; Giraldo, M.I.; Dawes, B.E.; Miorin, L.; Johnson, J.R.; Krogan, N.J.; Basler, C.E; 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, e00833-17. [CrossRef]

van Tol, S.; Kalveram, B.; Ilinykh, P.A.; Ronk, A.; Huang, K.; Aguilera-Aguirre, L.; Bharaj, P.; Hage, A.; Atkins, C.; Giraldo,
M.L; et al. Ubiquitination of Ebola Virus VP35 at Lysine 309 Regulates Viral Transcription and Assembly. PLoS Pathog. 2022, 18,
€1010532. [CrossRef]

Bharaj, P; Wang, Y.E.; Dawes, B.E.; Yun, TE; 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 TRIMS6 to Inhibit the IKKe Kinase-Mediated Type-I IFN Antiviral Response. PLoS
Pathog. 2016, 12, €1005880. [CrossRef]

Hage, A.; Bharaj, P; van Tol, S.; Giraldo, M.1.; Gonzalez-Orozco, M.; Valerdi, KM.; Warren, A.N.; Aguilera-Aguirre, L.; Xie,
X.; Widen, S.G.; et al. The RNA Helicase DHX16 Recognizes Specific Viral RNA to Trigger RIG-I-Dependent Innate Antiviral
Immunity. Cell Rep. 2022, 38, 110434. [CrossRef]

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, e01454-19. [CrossRef]

Zhao, K,; Li, L.-W.; Jiang, Y.-F,; Gao, F.; Zhang, Y.-].; Zhao, W.-Y,; Li, G.-X,; Yu, L.-X_; Zhou, Y.-].; Tong, G.-Z. Nucleocapsid Protein
of Porcine Reproductive and Respiratory Syndrome Virus Antagonizes the Antiviral Activity of TRIM25 by Interfering with
TRIM25-Mediated RIG-I Ubiquitination. Vet. Microbiol. 2019, 233, 140-146. [CrossRef]

Min, Y.-Q.; Ning, Y.-].; Wang, H.; Deng, F. A RIG-I-like Receptor Directs Antiviral Responses to a Bunyavirus and Is Antagonized
by Virus-Induced Blockade of TRIM25-Mediated Ubiquitination. J. Biol. Chem. 2020, 295, 9691-9711. [CrossRef] [PubMed]
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.
[CrossRef] [PubMed]

Mu, T,; Zhao, X.; Zhu, Y,; Fan, H.; Tang, H. The E3 Ubiquitin Ligase TRIM21 Promotes HBV DNA Polymerase Degradation.
Viruses 2020, 12, 346. [CrossRef] [PubMed]

Song, Y.; Li, M.; Wang, Y.; Zhang, H.; Wei, L.; Xu, W. E3 Ubiquitin Ligase TRIM21 Restricts Hepatitis B Virus Replication by
Targeting HBx for Proteasomal Degradation. Antivir. Res. 2021, 192, 105107. [CrossRef] [PubMed]

Lin, L.; Wang, X.; Chen, Z.; Deng, T,; Yan, Y.; Dong, W.; Huang, Y.; Zhou, J. TRIM21 Restricts Influenza A Virus Replication by
Ubiquitination-Dependent Degradation of M1. PLoS Pathog. 2023, 19, €1011472. [CrossRef] [PubMed]

Higgs, R.; Lazzari, E.; Wynne, C.; Gabhann, J.N.; Espinosa, A.; Wahren-Herlenius, M.; Jefferies, C.A. Self Protection from
Anti-Viral Responses—Ro052 Promotes Degradation of the Transcription Factor IRF7 Downstream of the Viral Toll-Like Receptors.
PLoS ONE 2010, 5, €11776. [CrossRef] [PubMed]

Higgs, R.; Gabhann, ].N.; Larbi, N.B.; Breen, E.P; Fitzgerald, K.A.; Jefferies, C.A. The E3 Ubiquitin Ligase Ro52 Negatively
Regulates IFN-3 Production Post-Pathogen Recognition by Polyubiquitin-Mediated Degradation of IRF31. J. Immunol. 2008, 181,
1780-1786. [CrossRef] [PubMed]

Yang, K.; Shi, H.-X.; Liu, X.-Y.; Shan, Y.-E; Wei, B.; Chen, S.; Wang, C. TRIM21 Is Essential to Sustain IFN Regulatory Factor 3
Activation during Antiviral Responsel. J. Immunol. 2009, 182, 3782-3792. [CrossRef]


https://doi.org/10.1016/j.chom.2017.10.003
https://doi.org/10.1371/journal.ppat.1006145
https://www.ncbi.nlm.nih.gov/pubmed/28060952
https://doi.org/10.1371/journal.ppat.1010530
https://www.ncbi.nlm.nih.gov/pubmed/35533151
https://doi.org/10.3389/fcimb.2022.886929
https://doi.org/10.1038/nature09907
https://www.ncbi.nlm.nih.gov/pubmed/21478870
https://doi.org/10.1128/mBio.00385-13
https://www.ncbi.nlm.nih.gov/pubmed/23781071
https://doi.org/10.1128/JVI.00211-19
https://doi.org/10.1016/j.chom.2011.08.004
https://www.ncbi.nlm.nih.gov/pubmed/21925107
https://doi.org/10.1016/j.coi.2010.10.021
https://www.ncbi.nlm.nih.gov/pubmed/21131187
https://doi.org/10.1128/JVI.00833-17
https://doi.org/10.1371/journal.ppat.1010532
https://doi.org/10.1371/journal.ppat.1005880
https://doi.org/10.1016/j.celrep.2022.110434
https://doi.org/10.1128/JVI.01454-19
https://doi.org/10.1016/j.vetmic.2019.05.003
https://doi.org/10.1074/jbc.RA120.013973
https://www.ncbi.nlm.nih.gov/pubmed/32471869
https://doi.org/10.1126/science.aab3369
https://www.ncbi.nlm.nih.gov/pubmed/26138103
https://doi.org/10.3390/v12030346
https://www.ncbi.nlm.nih.gov/pubmed/32245233
https://doi.org/10.1016/j.antiviral.2021.105107
https://www.ncbi.nlm.nih.gov/pubmed/34097931
https://doi.org/10.1371/journal.ppat.1011472
https://www.ncbi.nlm.nih.gov/pubmed/37343022
https://doi.org/10.1371/journal.pone.0011776
https://www.ncbi.nlm.nih.gov/pubmed/20668674
https://doi.org/10.4049/jimmunol.181.3.1780
https://www.ncbi.nlm.nih.gov/pubmed/18641315
https://doi.org/10.4049/jimmunol.0803126

Viruses 2024, 16, 1262 16 of 16

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Manocha, G.D.; Mishra, R.; Sharma, N.; Kumawat, K.L.; Basu, A.; Singh, S.K. Regulatory Role of TRIM21 in the Type-I Interferon
Pathway in Japanese Encephalitis Virus-Infected Human Microglial Cells. J. Neuroinflamm. 2014, 11, 24. [CrossRef]

Vitale, N.; Moss, ].; Vaughan, M. ARD1, a 64-kDa Bifunctional Protein Containing an 18-kDa GTP-Binding ADP-Ribosylation
Factor Domain and a 46-kDa GTPase-Activating Domain. Proc. Natl. Acad. Sci. USA 1996, 93, 1941-1944. [CrossRef]
Laurent-Rolle, M.; Morrison, J.; Rajsbaum, R.; Macleod, ].M.L.; Pisanelli, G.; Pham, A.; Ayllon, J.; 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
Interferon. Cell Host Microbe 2014, 16, 314-327. [CrossRef]

Poole, E.; Groves, I.; Macdonald, A.; Pang, Y.; Alcami, A.; Sinclair, J. Identification of TRIM23 as a Cofactor Involved in the
Regulation of NF-kB by Human Cytomegalovirus. J. Virol. 2009, 83, 3581-3590. [CrossRef] [PubMed]

Sparrer, KM.].; Gableske, S.; Zurenski, M.A.; Parker, Z.M.; Full, F.; Baumgart, G.J.; Kato, J.; Pacheco-Rodriguez, G.; Liang, C.;
Pornillos, O.; et al. TRIM23 Mediates Virus-Induced Autophagy via Activation of TBK1. Nat. Microbiol. 2017, 2, 1543-1557.
[CrossRef] [PubMed]

Arimoto, K; Funami, K ; Saeki, Y.; Tanaka, K.; Okawa, K.; Takeuchi, O.; Akira, S.; Murakami, Y.; Shimotohno, K. Polyubiquitin
Conjugation to NEMO by Triparite Motif Protein 23 (TRIM23) Is Critical in Antiviral Defense. Proc. Natl. Acad. Sci. USA 2010,
107, 15856-15861. [CrossRef] [PubMed]

Conde, ].N.; Schutt, W.R.; Mladinich, M.; Sohn, S.-Y.; Hearing, P.; Mackow, E.R. NS5 Sumoylation Directs Nuclear Responses That
Permit Zika Virus To Persistently Infect Human Brain Microvascular Endothelial Cells. . Virol. 2020, 94, e01086-20. [CrossRef]
Pryor, M.]J.; Rawlinson, S.M.; Butcher, R.E.; Barton, C.L.; Waterhouse, T.A.; Vasudevan, 5.G.; Bardin, P.G.; Wright, PJ.; Jans, D.A;
Davidson, A.D. Nuclear Localization of Dengue Virus Nonstructural Protein 5 Through Its Importin «/-Recognized Nuclear
Localization Sequences Is Integral to Viral Infection. Traffic 2007, 8, 795-807. [CrossRef]

Fernandes, A.P; OhAinle, M.; Esteves, PJ. Patterns of Evolution of TRIM Genes Highlight the Evolutionary Plasticity of Antiviral
Effectors in Mammals. Genome Biol. Evol. 2023, 15, evad209. [CrossRef]

Gracias, S.; Chazal, M.; Decombe, A.; Unterfinger, Y.; Sogues, A.; Pruvost, L.; Robert, V.; Lacour, S.A.; Lemasson, M.; Sourisseau,
M.; et al. Tick-borne Flavivirus NS5 Antagonizes Interferon Signaling by Inhibiting the Catalytic Activity of TYK2. EMBO Rep.
2023, 24, e57424. [CrossRef]

Carbaugh, D.L.; Lazear, H.M. Flavivirus Envelope Protein Glycosylation: Impacts on Viral Infection and Pathogenesis. J. Virol.
2020, 94, e00104-20. [CrossRef]

Chen, Z,; Liu, H.; Zhu, J.; Duan, X.; Wang, H.; Li, X.; Zhou, X.; Zhao, A.; Yang, S. Porcine Promyelocytic Leukemia Protein
Isoforms Suppress Japanese Encephalitis Virus Replication in PK15 Cells. Virol. J. 2023, 20, 280. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1186/1742-2094-11-24
https://doi.org/10.1073/pnas.93.5.1941
https://doi.org/10.1016/j.chom.2014.07.015
https://doi.org/10.1128/JVI.02072-08
https://www.ncbi.nlm.nih.gov/pubmed/19176615
https://doi.org/10.1038/s41564-017-0017-2
https://www.ncbi.nlm.nih.gov/pubmed/28871090
https://doi.org/10.1073/pnas.1004621107
https://www.ncbi.nlm.nih.gov/pubmed/20724660
https://doi.org/10.1128/JVI.01086-20
https://doi.org/10.1111/j.1600-0854.2007.00579.x
https://doi.org/10.1093/gbe/evad209
https://doi.org/10.15252/embr.202357424
https://doi.org/10.1128/JVI.00104-20
https://doi.org/10.1186/s12985-023-02212-x
https://www.ncbi.nlm.nih.gov/pubmed/38031162

	Introduction 
	TRIM Proteins Directly Inhibit Flaviviruses via Their Ubiquitin-Ligase Activity 
	TRIM69 
	TRIM22 
	TRIM5 
	TRIM52 
	TRIM7 

	TRIM Proteins Directly Inhibit Flavivirus Replication via a Ubiquitin-Independent Mechanism 
	PML (TRIM19) 
	TRIM56 
	TRIM25 
	TRIM79 

	TRIM Proteins Restrict Flaviviruses Replication via IFN Response Modulation 
	TRIM6 
	TRIM25 
	TRIM21 
	TRIM23 
	PML (TRIM19) 

	Conclusions and Perspectives 
	References

