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Abstract

Tripartite motif (TRIM) proteins are a highly versatile family of host-cell factors that play an
integral role in the mammalian defense against pathogens. TRIM proteins regulate either
transcription-dependent antiviral responses such as pro-inflammatory cytokine induction, or they
modulate other important cell-intrinsic defense pathways like autophagy. Additionally, TRIM
proteins exert direct antiviral activity whereby they antagonize specific viral components through
diverse mechanisms. Here, we summarize the latest discoveries on the molecular mechanisms of
antiviral TRIM proteins and also discuss current and future trends in this fast-evolving field.
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INTRODUCTION

Tripartite motif (TRIM) and TRIM-like proteins are a highly versatile family of proteins that
are known for their modulation of anti-pathogen defenses [1-3]. They are characterized by a
conserved N-terminal RING-BBox-coiled-coil (RBCC) motif, and additionally harbor one
or more unique C-terminal domains. TRIM-like proteins share the overall domain
organization of TRIM proteins but lack parts of the RBCC core components. The RING
domain confers E3 ligase activity mediating the ubiquitination (both nondegradative and
degradative ubiquitin-linkage types), ISGylation, or SUMQylation of specific substrates.
These posttranslational modifications can lead to the degradation of the target protein via the
lysosomal or proteasomal route, or they influence the functional activity or interactome of
the substrate protein. The RBCC motif also contains one or two zinc-finger BBox domains
with largely unknown functions and a coiled-coil domain which is required for
oligomerization. Most TRIMSs need to at least dimerize to be enzymatically active, and
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higher-order assemblies have also frequently been observed. The C-terminal domain of
TRIM proteins usually confers substrate specificity by facilitating the interaction with
specific protein partners in the cell. For some TRIM proteins, the C-terminal domain
promotes the binding of nucleic acid or has enzymatic activity. Consequently, human TRIMs
are classified according to their C-terminal domain into 11 major groups, comprising a total
of ~80 members (Figure 1) [1,2].

TRIM proteins regulate a variety of cellular processes including transcription, signal
transduction, and cell fate and cycle determination (reviewed in [2,4]). Additionally, studies
from the past 15 years demonstrated that TRIM proteins are important for mammalian host
defenses against viral (and other microbial) pathogens [1,2]. Notably, the gene expression of
a large number of the ~80 human TRIM proteins is induced by interferon (IFN) stimulation
or upon viral infection as part of an antiviral transcriptional program. At least three major
antiviral mechanisms for TRIM proteins have been reported (Figure 2): (1) regulation of
cytokine-based innate immune responses; (11) modulation of autophagy-mediated antiviral
defense mechanisms; and (I11) direct targeting of viral components, which can lead to their
degradation or inhibit their functions in key steps of the viral lifecycle through
nondegradative mechanisms.

TRIM proteins modulate cytokine- or autophagy-mediated antiviral defenses

Over the past decade, TRIM proteins were shown to serve important roles in the regulation
of innate immune processes, in particular antiviral and proinflammatory cytokine responses
[2]. Virus-derived pathogen-associated molecular patterns (PAMPs; predominantly viral
RNA or DNA), or cellular danger signals, trigger signaling by specific innate immune
receptors that ultimately results in the activation of transcription factors that mediate
induction of IFNs (e.g. type-1 and -I11), proinflammatory cytokines, and chemokines.
Released IFN-a/p eventually activates the type-I IFN receptor (IFNAR), thereby promoting
the expression of IFN-stimulated genes (ISGs) that create an antiviral milieu. Conceptually,
TRIMs can positively or negatively regulate the signal transduction pathways that lead to
type-I and/or - 111 IFN expression, or they can modulate gene expression downstream of
IFNAR and other cytokine receptors (e.g. TRIM6, TRIM8 and TRIM28 [1,2]) (Figure 2).
Some TRIM proteins induce classical K48-linked ubiquitination of innate immune proteins,
leading to their proteasomal degradation, which ultimately dampens innate immunity [1,2].
For example, TRIM21 induces the turnover of activated IRF3, while TRIM13 negatively
regulates signaling by the cytoplasmic dsRNA sensor MDA5. TRIM29 was identified to
trigger the degradation of the adaptor protein STING during certain DNA virus infections
[2]. The suppression of innate immune signaling by TRIM proteins prevents excessive or
accidental immune responses, or it may be usurped by viruses to benefit viral replication. On
the other hand, many TRIMs catalyze nondegradative polyubiquitin-linkage types, most
prominently K63-linked polyubiquitin, which can promote the multimerization of specific
innate signaling proteins, or facilitate protein-protein interactions, thereby boosting innate
immune responses. Well-characterized TRIM proteins in cytokine-mediated antiviral
immunity include TRIM25, which activates the viral RNA sensor RIG-1 via K63-linked
polyubiquitin, or TRIM56 that regulates the cGAS-STING axis to mediate immune
responses to immunostimulatory DNA [2,5].
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The functions of TRIM proteins within the complex network of innate immunity have
recently been extensively reviewed elsewhere [1-3]. Therefore, only recent developments in
this field are briefly summarized here. An emerging concept is that several TRIM proteins
have nucleic acid binding activity; these include TRIM25, TRIM28, and TRIM56 [6-8]. In
the case of TRIM25, RNA binding to TRIM25 is critical for its enzymatic activity to
ubiquitinate R1G-I and to mediate antiviral responses [6], and the long noncoding RNA,
Lnczc3h7a, was identified as a physiological RNA ligand for TRIM25 in mouse cells [9].
Furthermore, while most TRIM proteins are widely expressed, several TRIMs were recently
identified to exert distinct functions in specific cells of the immune system. For example,
TRIM7 was reported to promote cytokine responses mediated by Toll-like receptor 4 in
macrophages [10]. TRIM8 was identified to be required for optimal antiviral IFN responses
in plasmacytoid dendritic cells [11]. This indicates that TRIM proteins may have tissue- or
cell type-specific functions. In the past few years, it also has become clear that many TRIM
proteins have more than one antiviral function; for example, several TRIMs that regulate
antiviral host responses (e.g. cytokine induction or autophagy) also directly antagonize viral
pathogens. Moreover, recent studies discovered specific virus-encoded TRIM antagonists
(reviewed in detail in [1,2]), strengthening the notion that TRIM proteins are important
antiviral molecules that the virus needs to neutralize in order to overcome TRIM-mediated
restriction.

Autophagy is an emerging antiviral process that is induced upon infection with certain
viruses (e.g. herpesviruses) and can target viral components for lysosomal degradation
(Figure 2). However, autophagy can also degrade signaling components of the cytokine
response [3], thereby dampening antiviral gene expression. TRIM proteins were recently
identified to regulate virus-triggered autophagy on multiple levels [3]. TRIM5a was
reported to target the capsid protein of human immunodeficiency virus-1 (HIV-1) for
autophagic degradation [12]. TRIM16 was found to promote antiviral autophagy by
facilitating activation of the p62-NRF2 axis [13]. TRIM23 regulates autophagy in response
to multiple viruses including herpes simplex virus type 1 (HSV-1) by activating the TBKI-
p62 signaling axis [14]; in turn, one of the HSV-1-encoded proteins, Usl11, prevents TRIM23
from binding to TBK1 and thereby antagonizes TRIM23-mediated autophagy [15].

TRIM proteins that directly antagonize viral components

Besides modulating cellular signaling cascades of the antiviral innate immune response,
TRIM proteins also directly target viral components (Table 1). Only a few TRIM proteins
are known to restrict viruses from multiple families by a common mechanism. For example,
TRIM21 targets intracellular antibody-opsonized viruses for degradation, seemingly
regardless of viral species [16-18]. TRIM25 acts as a co-factor of zinc-finger antiviral
protein (ZAP) to target CpG-rich sites in the genomes of Sindbis virus (SINV) and HIV-1
[19-21]. On the other hand, viral restriction by many TRIM proteins seems to be virus
species- or family-specific, whereby multiple TRIM proteins contribute to the effective
restriction of a particular virus. Below, we summarize in detail the mechanisms utilized by
TRIM proteins to block the lifecycle of specific viruses or virus families.
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Retroviruses—At least 6 TRIM proteins restrict the replication of retroviruses (Table 1).
TRIM22 prevents the transcription factor Sp1 from binding to the viral promotor long
terminal repeats (LTRs) of HIV-1, thus decreasing viral gene expression and replication [22].
TRIM37 inhibits retroviral DNA synthesis and genomic integration, and is incorporated into
the HIV virion [23]. One of the major anti-retroviral targets of TRIM proteins are the
capsids. The HIV-1 capsid is prematurely uncoated by TRIM11 [24], leading to blockage of
reverse transcription. In addition to targeting the viral capsid upon entry, TRIM11 also
affects the release of HIV-1 particles. TRIM19 targets HIV-1 by inhibiting reverse
transcription in a cell type-dependent manner via the stabilization of Daxx [25]. TRIM33
targets the viral integrase (IN), thereby inhibiting genomic integration of the provirus [26].
The best-studied anti-retroviral TRIM is TRIM5a., which limits retroviral replication by
premature disassembly of the capsid [27] and enhanced recognition by the immune system
[12,28]. The ability of TRIM5a to catalyze K63-linked ubiquitination is required for HIV
inhibition [29]. Interestingly, only old-world monkey-derived, but not human, TRIM5a can
antagonize HIV-1. Human TRIMb5a, however, is still active against other retroviruses like
murine leukemia virus (MLV) [30,31]. TRIM34 was recently identified to restrict HIV-1 and
simian immunodeficiency virus (SIV) in a TRIM5a-dependent manner [32], also by
targeting the capsid.

Hepadnaviruses—Several TRIM proteins were reported to counteract hepatitis B virus
(HBV) transcription from its core promotor: TRIM5a, TRIM6, TRIM14, TRIM25,
TRIM26, TRIM31 and TRIMA41 [33]. Mechanistic analysis of TRIM41 revealed that both
the C-terminal SPRY and the N-terminal RING domains are required for binding and
targeting a 150-nucleotide long motif in the HBV promotor. TRIM21 was reported to target
the DNA polymerase of HBV for degradation via direct ubiquitination [34]. TRIM22
represses the HBV core promoter in a RING-dependent manner [35] while TRIM25, which
is upregulated by type I IFN and interleukin-27, restricts HBV replication presumably by
facilitating innate immune responses [36].

Herpesviruses—TRIM19/PML is well-known for its ability to restrict herpesvirus
infection. It was first identified to tightly control the establishment of latency of HSV-1 and
human cytomegalovirus (hCMV) via epigenetic silencing [37]. In the absence of the viral
TRIM19-antagonist ICPO, HSV-1 DNA is captured and trapped, effectively blocking viral
replication [38]. This study demonstrated that removal of a virus-encoded TRIM antagonist
reveals the potent antiviral activity of a TRIM protein which may otherwise be obscured. In
a second function, TRIM19 reportedly facilitates IFI16-dependent innate immune responses
by presumably acting as a (co)-sensor for HSV-1 dsDNA [38]. The incoming capsid of
varicella zoster virus (VZV) is targeted by TRIM19 [39]. TRIM5a targets the replication
and transcription activator (Rta) protein of Epstein-Barr Virus (EBV) for ubiquitination,
attenuating EBV lytic replication [40]. Phosphorylation of TRIM28 (also known as KAP-1)
induced by chloroquine treatment promotes unintended latency reactivation of multiple
herpesviruses, including EBV and hCMV [41]. Additionally, TRIM28 represses lytic gene
expression during the early stage of infection of Kaposi sarcoma-associated herpesvirus
(KSHV) [42]. TRIMA43 inhibits the lytic replication or reactivation of a broad range of
herpesviruses, including HSV-1, EBV and KSHV, by modulating the nuclear lamina
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architecture via degradation of the centrosomal protein pericentrin. TRIM43 expression is
profoundly induced following herpesviral infection via DUX4, a germline transcription
factor [43] (Table 1).

Negative-strand RNA viruses—RNA synthesis of the prototypic negative-strand RNA
virus vesicular stomatitis virus (VSV) is disturbed by TRIMG69 that sequesters the
polymerase co-factor P [44]. The nucleoprotein of VSV is ubiquitinated by TRIM41 and
targeted for degradation by the proteasome, limiting viral replication [45]. TRIM56
decreases RNA synthesis of both influenza A virus (IAV) and influenza B virus (IBV) [46].
For 1AV, one of the major targets of TRIM proteins seems to be the nucleoprotein NP.
Multiple TRIM proteins, including TRIM14, TRIM41 and TRIM22, mediate the
ubiquitination and subsequent degradation of NP [47-49]. TRIM32 senses the presence of
IAV polymerase basic protein 1 (PB1) and targets it for proteasomal destruction via K48-
linked polyubiquitination [50]. New World arenaviruses, such as Junin virus (JUNV) and
Tacaribe virus (TCRV), are inhibited by TRIM2 at the stage of virus entry, whereby the
activity of TRIM2 to regulate phagocytosis independent of its E3 ligase activity is believed
to play a role [51] (Table 1).

Flaviviruses and other positive-strand RNA viruses—Positive-strand RNA viruses
such as Flaviviridae family members are restricted by multiple TRIM proteins (Table 1).
TRIMS56 blocks the replication of dengue virus (DENV), Zika virus (ZIKV) and Yellow
fever virus (YFV) [52,53], and the RNA-binding activity of TRIM56 was reported to be
required for restriction [52]. The DENV non-structural protein 3 (NS3) is directly targeted
for degradation by TRIM69 [54]. The hepatitis C virus (HCV) NS5A protein is sent for
proteasomal destruction by both TRIM14 [55] and TRIM22 [56] via K48-linked
polyubiquitination. The replication of Japanese encephalitis virus (JEV) is inhibited by
TRIM52, which targets the NS2A protein for ubiquitination and degradation [57]. The
nucleoprotein of porcine reproductive and respiratory syndrome virus (PRRSV) is targeted
by TRIM22, thereby restricting virus replication [58].

CONCLUDING REMARKS

Recent years have identified TRIM proteins as potent antagonists of viral replication that
target viruses either directly, or indirectly by regulating antiviral innate immune responses.
In turn, many TRIM proteins are antagonized by viruses that block their antiviral properties.
However, mechanistic insights into the antiviral function of many TRIM proteins as well as
viral countermeasures remain elusive. Notably, some TRIMs promote virus replication by
ubiquitinating and degrading specific innate immune signaling proteins to dampen cytokine
responses, or by facilitating specific viral replication steps. The TRIM-mediated degradation
of cellular components of the innate immune system can also function to avoid the
overzealous activation or accidental misfiring of the antiviral response.

Recent studies also identified novel functions for some TRIM proteins whose mechanisms
were thought to be well understood, highlighting that TRIMs are versatile multifunctional
proteins. One prominent example is TRIM25, whose role in the activation of the RNA
sensor RIG-1 is well demonstrated [1,2]. More recently, TRIM25 was found to also function
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as a co-factor of the nuclease ZAP which degrades viral RNA [19,20]. Overall, despite
detailed mechanistic research over the past several years, we may not have fully understood
the complete functional repertoire of many TRIM proteins.

All major virus families are restricted by TRIM proteins using a wide variety of
mechanisms. Common strategies of TRIMs that target multiple virus species or families are
just beginning to emerge. It remains to be determined whether TRIM proteins recognize
unique motifs or three-dimensional structural elements in specific viral proteins, such as the
viral nucleoproteins or capsid proteins [12,25,27,48]. Along these lines, several TRIMs
target the same viral component, prompting the question of whether these TRIM proteins act
redundantly, or are required only in specific cell types or at different stages in the viral
lifecycle. Future studies should determine the relevance of antiviral TRIM proteins in
different tissues, organs, and host species. Finally, since the function of a large majority of
TRIMs depends on their enzymatic activities, TRIMs may be potential drug targets for
therapeutic intervention. Future research therefore needs to unravel the detailed mechanisms
of TRIM proteins and explore their therapeutic impact.
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HIGHLIGHTS

. TRIM proteins are E3 ubiquitin ligases that target specific substrates.

. TRIM proteins regulate antiviral cytokine induction or autophagy.
. Several TRIM proteins directly target and antagonize viral components.
. New antiviral mechanisms of TRIM proteins are still emerging.
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Figure 1. TRIM family protein domain structure and groups
TRIM proteins are characterized by a common RBCC motif. The RBCC motif is comprised

of a RING domain conferring E3 ligase activity, one or two BBoxes of mostly unknown
function, and a coiled-coil domain that is important for multimerization. The unique C-
terminal domains of TRIM proteins have diverse functions including protein-protein
interaction, enzymatic activity (e.g. ARF GTPase activity), membrane anchoring, and RNA
binding. According to their C-terminal domains, TRIM proteins are classified into 11 major
groups. Of note, several TRIM proteins (also called ‘TRIM-like proteins’) that lack the
RING or additional domains of the RBCC motif are categorized as ‘unclassified’; these
TRIMs are not illustrated for simplicity.
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Figure 2. Major antiviral functions of TRIM proteins
TRIM proteins employ at least three major antiviral mechanisms: (i) modulation of

autophagy, a cell-intrinsic autodigestive pathway that limits the replication of certain
viruses; (ii) regulation of cytokine induction and cytokine-mediated antiviral innate immune
responses; and (iii) direct targeting of viral components, which triggers their degradation or
inhibits their functions in key steps of the viral lifecycle. Of note, while some TRIM proteins
utilize one of the three antiviral mechanisms, several TRIMs exert immunomodulatory
functions and also directly antagonize viral pathogens. Exemplary TRIM proteins involved
in specific steps of the antiviral response are indicated. RBCC, RING-BBox-coiled-coil

motif.
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TABLE 1.
TRIM proteins directly antagonizing viruses.
Virus family Virus TRIM Molecular mechanism Ref.
Retroviruses HIV-1 TRIM5a | premature uncoating of the capsid [27]
TRIM5a | enhanced recognition by the immune system [12,28]
TRIM11 | premature uncoating of the capsid [24]
TRIM19 | stabilizes Daxx to inhibit reverse transcription [25]
TRIM22 | blocks binding of SP1 to the HIV-1 LTR [22]
TRIM25 | co-factor of ZAP [19-21]
TRIM33 | targets HIV-1 IN for degradation [26]
TRIM37 | inhibits viral DNA synthesis [23]
HIV-1 & SIV TRIM34 | targets the capsid [32]
MLV TRIM5a | premature uncoating of the capsid [30,31]
Hepadnaviruses HBV TRIM5a | inhibits viral transcription [33]
TRIM6 inhibits viral transcription [33]
TRIM14 | inhibits viral transcription [33]
TRIM21 | targets HBV Pol for degradation [34]
TRIM22 | represses the HBV core promoter [35]
TRIM25 | inhibits viral transcription [33]
TRIM25 | restricts replication [36]
TRIM26 | inhibits viral transcription [33]
TRIM31 | inhibits viral transcription [33]
TRIM41 | targets the HBV promoter to inhibit transcription [33]
Herpesviruses HSV-1 TRIM19 | restricts replication [37]
TRIM19 | co-sensor for viral DNA [38]
EBV TRIMb5a | targets EBV Rta for degradation [40]
EBV & hCMV TRIM28 | promotes unintended reactivation [41]
KSHV TRIM28 | represses lytic gene expression [42]
vzv TRIM19 | entraps the forming nucleocapsids [39]
Multiple Herpesviruses | TRIM43 | targets the centrosomal protein pericentrin for [43]
degradation to represses active viral chromatin
states
Negative-strand RNA viruses JUNV & TCRV TRIM2 inhibits virus entry [51]
1AV TRIM14 | targets IAV NP for degradation [49]
TRIM22 | target IAV NP for degradation [48]
TRIM32 | targets AV PB1 for degradation [50]
TRIM41 | targets IAV NP for degradation [47]
1AV & IBV TRIM56 | restricts RNA synthesis [46]
VSV TRIM41 | targets VSV N for degradation [45]
TRIM69 | sequesters VSV P [44]
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Virus family Virus TRIM Molecular mechanism Ref.
Flaviviruses and other positive- HCV TRIM14 | targets HCV NS5A for degradation [55]
strand viruses

TRIM22 | targets HCV NS5A for degradation [56]

JEV TRIM52 | targets JEV NS2A for degradation [57]

ZIKV TRIM56 | restricts replication [52]

DENV TRIM69 | targets DENV NS3 for degradation [54]

DENV & YFV TRIM56 | restricts early stages of replication [53]
SINV TRIM25 | co-factor of ZAP [19-21]

PRRSV TRIM22 | interacts with PRRSV N [58]
Various virus species TRIM21 | Targets antibody-opsonized viruses for degradation [16-18]
TRIM25 | co-factor of antiviral ZAP [19-21]
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