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Abstract

Tripartite motif (TRIM) proteins have been implicated in multiple cellular functions, including
antiviral activity. Research efforts so far indicate that the antiviral activity of TRIMs relies, for the
most part, on their function as E3-ubiquitin ligases. A substantial number of the TRIM-family
members have been demonstrated to mediate innate immune cell signal transduction and
subsequent cytokine induction. In addition, a subset of TRIMs has been shown to restrict viral
replication by directly targeting viral proteins. Although the body of work on the cellular roles of
TRIM E3 ubiquitin ligases has rapidly grown over the last years, many aspects of their molecular
workings and multi-functionality remain unclear. The antiviral function of many TRIMs seems to
be conferred by specific isoforms, sub-cellular localization, and in cell-type specific contexts.
Here we review recent findings on TRIM antiviral functions, current limitations and an outlook for
future research.
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Introduction

In mammals the immune response is comprised of both innate and adaptive mechanisms.
The innate response is the first line of defense against incoming pathogens and is crucial for
controlling infection in the time it takes to mount an effective adaptive response 1. Critical
innate immune responses against viruses include constitutively expressed proteins with
intrinsic anti-microbial properties as well as the inducible type I interferon (IFN-I)
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system [2]. [81. and [4] The inducible antiviral response is initiated when pathogen associated
molecular patterns (PAMPS) are recognized by pattern recognition receptors (PRRs),
including Toll-like receptors (TLRs), retinoic acid-inducible gene I (RIG-I)-like receptors
(RLRs) NOD-like receptors (NLRs) and C-type lectin receptors (CLRs) 5. Engagement of
PRRs triggers downstream signaling pathways through different adaptor proteins that

transmit downstream signals converging at the level of the 1xB (IKK) and IKK-related
kinases [61and [7],

The classical IKKs (IKKa/p) are responsible for the activation of nuclear factor kappa B
(NF-xB) and subsequent pro-inflammatory cytokine synthesis [812nd [9] whereas the IKK-
related kinases (TBK1/IKKe) phosphorylate the transcription factors IFN-regulatory factor
(IRF) 3 and IRF7 required for IFN-I production [101and [11] "Upon binding of IFN-I to its
receptor, activation of JAK1 and TYK2 kinases results in phosphorylation of the
transcription factors STAT1 and STAT2 to form a complex with IRF-9 known as IFN-
stimulated gene factor 3 (ISGF3) [41and [12] Thjs complex translocates to the nucleus and
binds IFN-stimulated response elements (ISREs), ultimately resulting in the expression of a

large set of IFN inducible genes (ISGs) which can directly interfere with the viral replication
cycle [13] and [14]

TRIM proteins as immune regulators

The tripartite motif (TRIM) proteins constitute a family in humans of over 70 distinct
protein members. They derive their name from the fact that they share three conserved N-
terminal domains: a Really Interesting New Gene (RING) domain, one or two B-Boxes (B1/
B2) and a coiled-coil (CC) domain (Figure 1) [15]. [16]. [17], and [18] Thjs tripartite motif is
often referred to as the RBBC. Members of the TRIM family have been long predicted to be
part of innate immune pathways. One of the main underlying notions for this prediction is
the fact that the number of TRIMs has rapidly expanded very recently in

evolution [19]. [20]. [21]. [22], [23], and [24] The large number of TRIM genes in higher
eukaryotes and the sequence homology shared by its members suggests a rapid evolution of
this family by gene duplications [19]. [21], and [25]

The evolutionary time frame of this expansion coincided with the emergence of traits
specific for the adaptive immune system, suggesting that TRIM proteins may have evolved
as an integral part of the machinery to regulate the increasingly complex immune system
and fine tune cross-talk between innate and adaptive immune branches. For comparison,
while humans have 73 TRIM genes, fruit flies have only seven 19, Interestingly, jawed fish
who have very well-developed innate immune systems, also have many TRIM genes (in
most species >100-120 genes) [22]. [23]and [24] | contrast to higher mammalian species, fish
are free-living organisms from early embryonic stages and for that reason very heavily rely
on their robust innate immune system for survival 26, In line with the notion that TRIM
proteins may be important components of the immune system, recent studies have shown
that an increasing number of TRIMs can mediate antiviral activity. TRIM proteins with
these demonstrated immune functions did exert their function either by directly interfering

with key steps in viral life cycles or indirectly as regulators of antiviral cell
signaling [19]. [25], [27], [28] and [29]

However, TRIM proteins do not merely have immune-related functions. In fact, many TRIM
proteins were shown to be involved in a wide range of molecular functions, ranging from
transcriptional regulation to post-translational modification in the context of various cellular
processes such as apoptosis, cell differentiation, development, oncogenesis, etc. 30,
Interestingly, several TRIM proteins have already been implicated in more than one cellular
process, indicating that like other proteins, some of them may be multi-functional and/or
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fulfilling cell-type specific functions. In line with this notion, the majority of TRIMs seem to
be non-ubiquitously expressed in different cell types at the mRNA level [31]and [32],
Moreover, for most TRIMs multiple alternatively spliced mMRNAs have been reported 29,
suggesting that different protein isoforms may add to additional diversity in regulation, cell
specificity and protein function.

What unites all TRIMs is the fact that their domain organization and structural homology are
predicted to confer ligating activity for ubiquitin and ubiquitin-like post-translational
modifiers. Most of the reported cellular functions of TRIM proteins suggest that the ability
to catalyze ubiquitin is an important functional requirement, including for immune
regulation.

TRIM proteins as E3-ubiquitin ligases

The conserved RBBC domains in TRIM proteins suggest that this minimal structure was
selectively maintained to carry out a function as ligating enzymes of the post-translational
modifier ubiquitin. Ubiquitin (Ub) is a conserved 76 amino acid protein important in a wide
variety of cellular functions. The free C-terminal glycine residue of ubiquitin can be
conjugated to lysine residues of specific substrate proteins 33. In turn, Ub itself contains
seven lysines (K6, K11, K27, K29, K33, K48, K63) on which poly-ubiquitin chains can be
formed when the C-terminal glycine residue of one ubiquitin molecule is conjugated to a
lysine residue of another ubiquitin molecule.

Ubiquitin chains linked through different lysines have specific cellular functions 34, Proteins
covalently modified with lysine 48 (K48)-linked poly-ubiquitin are usually targeted for
degradation by the proteasome. In contrast, protein modification with K63-linked poly-
ubiquitin is involved in activation of antiviral signaling pathways 34. In addition, unanchored
K63-linked poly-ubiquitin chains have also been proposed to activate kinases involved in
signaling pathways in a proteasomal degradation-independent manner [351and [36] | jke all
post-translational modifications, the process of ubiquitin-conjugation can be reversed.
Mono-ubiquitin and poly-ubiquitin chains can then be removed from the target protein by
deubiquitinases (DUBs) which are critical for the dynamic regulation of the protein
ubiquitination process (Figure 1).

Ubiquitin conjugation requires an E1 activating enzyme and ATP as the energy source, an
E2-conjugating enzyme and an E3-ligase, which confers specificity by transferring ubiquitin
to the target protein (Figure 1). It is believed that the RING domain of TRIM proteins
confers E3 ligase activity by facilitating interaction with E2 enzymes, while determining
target specificity through their unique C-terminal domains (Figure 1). A recent screen of
interactions between 26 E2-conjugases and 42 TRIM proteins by a yeast two hybrid

system 37 suggested that TRIMs have a preference for the UBE2D and UBEZ2E classes of E2
conjugases. However, this study did not identify the E2 enzymes UBC13/UEV1A and
UBCS5C previously reported to play critical roles in immune signaling by TRIM5 and
TRIM25, respectively [3¢]and [38] ¢ js well known that E2/E3 interactions are often transient
and notoriously challenging to detect. Hence, although the UBE2D/E enzymes may be often
used by various TRIM proteins, other relevant combinations exist and may require special
techniques to identify.

So far, the majority of TRIMs that have been characterized in detail have been found to
promote either K48- or K63-linked covalent poly-ubiquitination of proteins. This could be in
part due to the current lack of reagents available to identify other types of poly-ubiquitin
linkages. Recent work has also shown that TRIMs can catalyze the synthesis of unanchored
(non-covalently-bound) K63-linked poly-ubiquitin chains (TRIM5 38, TRIM25 36). Since
the type of poly-ubiquitin linkage maybe defined by the E2 conjugase 33, it will be
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interesting to see if future studies will identify TRIMs involved in the synthesis of other
types of poly-ubiquitin linkages and therefore involved in yet unidentified functions.

In addition to a role as ubiquitin E3 ligases, several TRIM proteins have been reported to
also function as E3 ligases for other ubiquitin-like molecules such as SUMO and the IFN-
inducible protein 1ISG15 (e.g. TRIM28 and TRIM25 [391and [401y | jttle is known about how
conjugation of different ubiquitin-like molecules by the same TRIM proteins is regulated
and what functional implications this has for protein regulation. The interesting possibility
exists that ubiquitin and other ubiquitin-like modifiers compete for conjugation on the same
target proteins, which would allow for an additional layer to manipulate the magnitude and
direction of e.g. cell signaling. The existence and relevance of this possibility remains
however to be determined.

Structure of TRIM proteins

The RING domain, which is composed of 40-60 amino acids, is a cysteine-histidine-rich
domain that binds two zinc atoms in a unique cross-braced metal ligation

scheme [171and [41] 1t js generally accepted that the RING domain confers E3-ubiquitin
ligase activity by specifically interacting with and promoting E2-dependent ubiquitin
conjugation [301and [42] However, some studies have also shown that this domain is
involved in additional protein-protein interactions [42]and [43] A Jarge number of TRIMs
with antiviral functions require the RING domain for their antiviral activity, either for direct

ubiquitination of viral products or for innate immune
signaling [28]. [29], [38], [44], [45], [46] and [47],

The B-Box domain is also a cysteine-histidine zinc-binding motif and are found exclusively
in TRIM proteins [30] and [48] The molecular structures of the B1 and B2 domains of
TRIM18/MID1 were recently solved and showed striking conserved structural features with
the RING domain [49] and [50] " AJthough much remains unknown about B-Box function and
structure in other TRIM proteins, this may suggest that the B-Box could also confer E3
ubiquitin ligase activity 20. In support of this hypothesis, TRIM16 (also called or estrogen-
responsive B box protein; EBBP), which does not contain a RING domain, was found to
have auto-ubiquitination activity °1.

The coiled-coil (CC) domain, a hyper-helical region predicted by bioinformatics, has been
shown to be necessary and sufficient for homo-dimerization/oligomerization in a large
number of TRIM proteins [52] [531and [54] 1 addition, the formation of heterodimers may
add diversification to their biological functions 2. Mutation and deletion experiments have
revealed that the CC domain may also be important for the formation of sub-cellular
structures including cytoplasmic or nuclear bodies >*.

The N-terminal RBCC feature is followed by one or more specific C-terminal domains
which cluster the TRIMs in eleven sub-groups and can determine function by recruiting
unique functional partners (Figure 2) 2°. The most common C-terminal TRIM domain
consists of so-called PRY-SPRY motifs and is often referred to as the B30.2 domain. This
domain ggs been proposed to be involved in protein-protein interactions and/or RNA
binding =>.

Interestingly, the B30.2 domain containing TRIMs expanded most dramatically in recent
evolution, suggesting that this domain has conferred a strong selective advantage 20. In this
context, the B30.2 domain has been implicated in the ability of TRIMs to restrict the
replication of certain viruses [2°1and [56] Experimental evidence is consistent with a broad
role for the B30.2 domain in innate immune recognition of retroviruses. In particularly
TRIM5a has been implicated to be an important species-specific restriction factor for
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retroviruses 3. Both B30.2 mutagenesis studies, as well as sequence analysis of TRIM5a
from related primates suggest that the differences in antiviral activities are defined by
patches in the B30.2 domain 7.

Direct antiviral function of TRIM proteins

TRIM5a as aretroviral restriction factor

The short arm of human chromosome 11 contains a genetic hot-spot on which the following
TRIM genes are localized: TRIM3/5/6/21/22/34/66/68 (Figure 3). The genes at this
chromosomal position have been under heavy positive selective pressure and several have
been identified as critical viral restriction factors, the best studied of which is TRIM5a in
the context of retroviral infection. Over the years, the TRIM family members have been
increasingly recognized as potential viral restriction factors. This was initiated by the
discovery that African green monkeys and macaques specifically restrict HIV-1 infection
through their TRIM5a protein 8. Since then other members of the TRIM family have also
been found to have some antiviral function. This has led to the suggestion that the entire
family of TRIMs may be a component of an innate or intrinsic immune response to

viruses [31. [23]. [59], [60] and [61] \ost of the viruses that have been studied and found to be
affected by TRIM proteins are retroviruses. It remains however unclear whether this is
because these viruses have provided a constant and strong evolutionary pressure or whether
these viruses are simply the most widely studied in this context [25] [62] and [63]

The restriction activity of TRIM proteins can take place at different stages of viral
replication including viral entry, transcription of viral genes or viral release from the cells
(Figure 4) [251and [63] The direct antiviral role requires a direct interaction between the
TRIM protein and a target viral protein resulting in interference of viral function. As a
result, viral restriction factors show evidence of evolutionary positive selection at the
binding sites 64,

One of the best characterized TRIMs with direct antiviral activity is TRIM5a, which is the
largest isoform encoded by the TRIM5 gene and the only one containing the B30.2 domain
required for its anti-HIV-1 function [561and [65] The human TRIMS gene was first shown to
encode a restriction activity to the N-tropic form of Murine leukemia virus (N-MLV) and
was initially named Fv1-like as a result of its similarity to the restriction activity previously
described for the murine Friend-virus-susceptibility factor 1 (Fv1) %6. Later studies showed
that TRIMb5a restriction is species-specific since African green monkey TRIM5a could
restrict HIV-1, HIV-2, EIAV (equine infectious anemia virus), N-MLV and SIVy,c While
TRIM5a from macaques was only able to restrict HIV/-1 [25]. [58]. [67], [68], [69], [70] and [71]

The detailed molecular mechanism of TRIM5a viral restriction is still not well understood.
Nevertheless, it is clear that the inhibition occurs at early stages, immediately after entry in
the cells and before reverse transcription [5812nd [72]_Electron microscope imaging studies
suggested that TRIM5a binds to the HIV-1 capsid in a hexagonal lattice and mimics the
surface of the viral capsid [73]. [74]and [75],

TRIM5a has E3 ubiquitin ligase activity and can be auto-ubiquitinated [761and [77] |eading to
a rapid proteasome-dependent degradation 8. Therefore, TRIM5a turnover by the
proteasome may target virions for degradation since TRIM5a complexed with HIV-1
virions has been found associated with proteasomal subunits ’°. However, other studies
reported that proteasome inhibitors did not rescue HIV-1 infectivity and TRIM5-mediated
ubiquitination of HIV-1 capsid has not been detected 7°. Alternatively, TRIM5a may
promote rapid uncoating of incoming HIV-capsids 52, since expression of restrictive
TRIM5aq correlates with a decrease in the amount of particulate capsid in the cytosol 89,
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This rapid uncoating of the viral capsid results in inhibition of viral reverse transcription 81,
Others have proposed that TRIM5a-mediated restriction depends on events that occur
before capsid disassembly. Their data indicated that different retroviral core components
could be either disassembled or degraded by the proteasome, and this could be blocked by
proteasome inhibition without rescuing infectivity 82,

Although the precise mechanism of TRIM5a-mediated restriction may still not be fully
understood, it is now clear that TRIM5a plays multiple roles in direct inhibition of viral
replication. Interestingly, an additional role of TRIM5a as pattern-recognition receptor for
the HIV-1 capsid lattice with the associated ability to trigger NF-xB signaling was recently
proposed 38, Evidence of TRIM5-mediated restriction also comes from genetic studies
showing constant genetic changes and evolutionary positive selective pressure.

In this regard, the TRIM5 gene and its closely related homologue TRIM22 are not found in
rodents, and reciprocally its phylogenetically related homologues Trim12 and Trim30 are
only found in mice but not in humans 83. Although TRIMS does not exist in rodents, a
cluster of closely related genes which includes Trim6/12/30/34, has evolved under positive
selection in both primates and rodents suggesting important antiviral roles of the TRIMs in
this cluster in both primates and rodents 8. In line with this hypothesis, these highly
homologous TRIMs (Trim6/21/30/34) were found to be highly up-regulated upon virus
infection in an IFN-I-dependent manner in murine macrophages and dendritic cells 85,
suggesting that they play a role in pathogen restriction. Although these murine TRIMs did
not show antiviral activity against a panel of retroviruses which included HIV-1, SIVy4c, N-
MLV, B-MLV, FIV, EIAV, MPMV 84 it remains to be seen if endogenous retroviruses or
other species-restricted viruses maybe targeted by these murine TRIMs.

Additional genetic analysis shows that the primate TRIM5/6/22/34 cluster might have
evolved by tandem gene duplications. TRIM5 and TRIM22 have been under strong positive
selection in primates and gone through more dynamic genetic variations including complete
loss in other species, whereas TRIM6 and TRIM34 have remain more static during
evolution [571and [86] The positive selection on TRIMS is more evident in the B30.2 domain
since a single amino acid change in the human TRIMb5a, confers ability to restrict HIV-1,
indicating that small changes during evolution have had a great impact on cross-species
infection 6.

Therefore, the ability of TRIM5a to target the capsids of specific retroviruses is dependent
on sequences in the TRIM5a B30.2 domain [56]and [65] This B30.2 domain is present in
almost all primates and has been under high positive selective pressure to restrict
retroviruses in a species-specific manner. Interestingly, owl monkeys and certain macaque
species have gained retrotranspositional insertions of a cyclophilin A (CypA) pseudogene in
their TRIM5 gene 87. Since cellular CypA interacts with the retroviral capsid, the TRIM-
CypA protein interacts efficiently with incoming retroviral capsids, resulting in potent viral
restriction. Interestingly, an ancient common ancestor simian primate TRIMCyp gene
(named TRIMCypA3), which was probably active against retroviruses, lost its antiviral
activity via eight amino acid changes over the course of evolution due to lack of selective
pressure 163, These evolutionary variations in how TRIMS5 proteins from different species
recognize and bind incoming viral capsids underpins the importance of this process for viral
restriction.

TRIM21 facilitates cytoplasmic detection of antibody-opsonized, non-enveloped viruses

TRIM21 has been implicated in immune regulation for many years. The first indication for
an immune-related function came from the observation that autoantibodies against TRIM21
(also called Ro52) were found in patients with auto-immune diseases including Sjogren’s
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syndrome and Systemic lupus erythematosus (SLE) 8. Follow-up studies, identified that
TRIM21 contains 1gG Fc-binding capabilities in its B30.2 domain, and that thereby TRIM21
can act as an Fc antibody receptor in the cytoplasm of cells [891. [90] and [91]

Accumulating evidence suggests that TRIM21 indeed plays a relevant role in the detection
and response to antibody-opsonized viruses. Enveloped viruses leave any bound antibodies
outside the cell upon fusion with the host membrane. Since TRIM21 is located in the
cytoplasm, these are not the anticipated virus types to bring antibodies into the cytoplasm for
recognition. In line with this, TRIM21 was found to mediate an intracellular antiviral
immune response to antibody-opsonized adenovirus, which is a non-enveloped virus and
thus carries any opsonizing antibodies into the cytoplasm 92. The authors demonstrated that
TRIM21 targeted the virus for ubiquitin-dependent proteasomal degradation before
translation of viral genes. These data suggest that humoral immunity can provide protection
through an intracellular TRIM21-mediated mechanism that targets viruses for

degradation 92,

In a follow-up study by the same group, it was found that in addition to the direct inhibition
of viral replication by TRIM21-antibody recognition, TRIM21 recognition of intracellular
antibodies bound to non-enveloped viruses and bacteria also promoted innate immune
signaling leading to the production of antiviral cytokines 4. Mechanistically, antibody
sensing by TRIM21 stimulated the synthesis of K63-linked poly-ubiquitin chains that
activate TAK1-mediated NF-xB signaling #4. In line with this model, in vivo studies have
shown that Trim21~/~ mice are more susceptible to mouse adenovirus-1 infection as
compared to WT mice. Moreover, antisera obtained from adenovirus infected mice protected
WT mice in passive transfer experiments whereas they did not protect Trim21~/~ mice %,

Although these studies propose an interesting and novel model of viral inhibition by
TRIM21, the connection in vivo between intracellular inhibition of viral replication by
proteasomal degradation on the one hand and innate immune signaling on the other, is still
unclear. This is exemplified by the fact that no differences were found in cytokine
production between WT and Trim21~/~ virus-infected mice in the study by Vaysburd et al.,
despite the fact that several other tissue culture based studies have indicated a role for
TRIM21 in immune cell signaling 93. In this context it should be noted that studies on
TRIM21 have been controversial since TRIM21 knockout mice generated by two different
groups demonstrated strikingly different effects of TRIM21 removal on cytokine
expression [94]and [95],

One study found no difference in survival or levels of cytokines upon LPS treatment,
although Trim21~/~ murine embryonic fibroblasts produced higher levels of NF-«B-
dependent cytokines 94. In contrast, a different study with an independently generated
Trim21™"~ mouse strain found that their Trim21~~ mice developed systemic auto-immunity
associated with increased levels of cytokines involved in the development of Th17 cells:
IL-6, IL-12/1L-23p40, and IL-17 9. Although the reasons for these discrepancies are still
unclear, it could be due to different strategies used to generate these knockout mice as
previously proposed [961and [97] However, it is also plausible that the differences are due to
TRIM21 isoforms that are targeted in these different knockout mice and the role that they
might play in specific cell types, conditions, and/or stimuli. This current state of events
exemplifies the challenging aspects of studying TRIM proteins in vitro and in vivo.

Direct antiviral activity of TRIM22

TRIM22 (also called STAF50) is phylogenetically related to TRIMS5 and has been reported
to exert antiviral activity against RNA viruses, such as hepatitis B virus (HBV),
encephalomyocarditis virus (ECMV), and HIV-1 98, TRIM22 has been suggested to control
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levels of HIV-1 virus by down-regulating the HIVV-1 Long Terminal Repeat (LTR)-directed
transcription [991and [100] | addition, TRIM22 interacts with the HIV-1 Gag protein and
interferes with its trafficking to the plasma membrane 191, TRIM22 inhibits EMCV by
interacting with the EMCV 3C protease -which is important for processing the viral poly-
protein and inhibition of host defense- and potentiating its ubiquitination 192, TRIM22 also
interacts with the nucleoprotein (NP) protein of influenza virus and promotes its ubiquitin-
proteasome dependent degradation, resulting in inhibition of viral replication 103,

The role of TRIM19 in nuclear body formation and antiviral activity

TRIM19 (also called PML; promyelocytic leukemia protein) is an essential component of
the nuclear bodies (NB). NBs are highly organized nuclear structures composed of many
proteins and have been shown to be sites of transcriptional regulation [104]. [105] and [106]

Moreover, several viral components have been found to localize to these NBs (Figure
5) [107] and [108]

The study of TRIM19 is complicated by the fact that some antiviral molecules also associate
with the NBs (e.g. Mx1, SP100). Nevertheless, there is ample evidence that human TRIM19
itself can inhibit a large number of viruses including herpes simplex virus-1 (HSV-1), Ebola
virus, lymphocytic chorio-meningitis virus (LCMV), Lassa virus, influenza virus, vesicular
stomatitis virus (VSV), rabies virus, HIV-1, and human foamy virus (HFV) (Figure 5) 109,
For example, LCMV, EMCV and rabies have been reported to replicate to higher levels in
cells lacking TRIM19, and the antiviral effect of IFN against HSV-1 and HFV is reduced in
TRIM197/~ cells 199, In addition, TRIM19 expression is known to be induced by type-I
IFNs which also leads to an increase in size and numbers of NBs [110]. [111] and [112]
Moreover, TRIM19 is highly up-regulated in macrophages and DCs during viral infections
in an IFN-I dependent manner 8, supporting its role in anti-microbial defense.

The physiological role of TRIM19 during viral infections in vivo is still poorly defined.
However, one study has shown that TRIM19 knockout mice are more susceptible to lethal
immunopathology by LCMV and exhibit higher levels of VSV replication 113, although the
mechanism of inhibition has not been addressed. Data from a different study indicated that
TRIM19 regulates y-herpesvirus latency in vivo. Lytic viral reactivation was reported to be
higher in peritoneal cells from TRIM19 knockout mice as compared to WT counterparts,
whereas no difference was observed during acute infection 114,

The fact that some viruses have developed strategies to disrupt the integrity of the PML-NBs
supports a role of TRIM19 and NBs in anti-viral function. For example, LCMV encodes an
11 kDa RING finger protein called Z protein which associates with PML-NBs and induces
relocation of TRIM19 to the cytoplasm, where this complex bind to elF4E to inhibit
translation [2°] and [108] Degpite strong evidence supporting the role of TRIM19 as an
antiviral effector, there is no compelling evidence that TRIM19 has been under positive
selection or evolutionary pressure 11, This suggests that TRIM19 antiviral functions may be
through indirect mechanisms, which may include the action of other antiviral proteins
localized in the NBs, or by TRIM19-mediated regulation of antiviral cytokines. Therefore,
more studies are needed to clarify the potential physiological role of TRIM19 as an antiviral
effector, specially using relevant physiological contexts such as primary cells and in vivo
systems. One of the complicating factors in directly addressing the role of TRIM19 is that
seven different isoforms are expressed and may direct different cellular processes.

Additional TRIM proteins with direct antiviral activity

A recent study identified TRIM56 as a potential restriction factor for pestiviral infection.
TRIMS56 was found associated with the N-terminal protease (Npro) of bovine viral diarrhea
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virus (BVDV), a pestiviral interferon antagonist which targets IRF-3 for proteasome-
dependent degradation. Inhibition of BVDV replication required the TRIM56 RING domain
and its E3-ubiquitin ligase activity, but did not inhibit the replication of VSV or hepatitis C

virus 16, In addition, TRIM56 has also been shown to play a role in innate immune
signaling [4] and [117],

TRIM79q, a rodent specific IFN-inducible gene, was recently shown to inhibit tick-borne
encephalitis virus (TBEV), a flavivirus that causes encephalitis in humans 118, TRIM79q
targets the RNA-dependent RNA polymerase NS5 for lysosomal degradation. The authors
proposed that TRIM79a acts alone to establish an efficient IFN-mediated antiviral response
as TRIM79a knockdown resulted in reduced antiviral effects of IFNB. However, the role of
TRIM79a in the IFN signaling pathway remained unaddressed 118,

In addition to these TRIMs, some studies have been performed to screen larger numbers of
TRIMs for antiviral activity against different viruses in vitro (Summarized in Figure 4). One
study used overexpressed TRIMs in transduction assays for viral restriction activity against
a selected group of GFP-expressing retroviruses including HIV-1, HIV2, SIV s, EIAV
(equine infectious anemia virus), MLV and prototypic foamy virus (PFV). TRIM1, TRIM5
and TRIM34 showed weak but specific inhibition of HIV-2/SIV 5, and TRIM34 also
inhibited EIAV 63, In contrast, human TRIM1 restricted MLV but not HIV-1 79,

A different study using a larger panel of TRIMs could discriminate between viral restriction
at the early stage (before viral gene transcription) or late stage of viral replication 119, In this
study, mouse TRIM8/10/11/56 and human TRIM11/26/31 inhibited HIV entry, whereas
human TRIM25/26/62 and mouse TRIM8/25/31/56 affected N-MLV entry. In terms of the
inhibitory effect of viral release, this analysis identified the human TRIM proteins 15/26/32
and the mouse TRIM proteins 11/25/27/56 as factors specifically affecting HIV release from
cells, but not viral gene expression 119,

In another recent study, 38 human TRIMs were tested for antiviral effects on Hepatitis B
virus (HBV) replication in human hepatoma cells (HepG2) by overexpression 120, RT-PCR
showed that overexpression of TRIM5/6/11/14/25/26/31/41 reduced the amount of HBV
mMRNA in HepG2 cells. These TRIMs inhibited the transcriptional activity of the HBV
promoter enhancer. Further experiments focused on TRIM41 and mutations in its RING
domain suggested that the antiviral effect relied on its E3 ubiquitin ligase activity. Deletion
of the C-terminal SPRY domain also abrogated its antiviral function 120, Although these
studies are interesting, they must be carefully interpreted, since they are prone to
overexpression artifacts and their physiological relevance is still unaddressed. Nevertheless,
these studies provide a framework for future work on TRIM-mediated antiviral function. In
addition, these reports underscore the importance of studying other viruses in addition to
retroviruses, as it is clear that TRIMs may have broader antiviral functions.

The role of bromo-domain containing TRIMs in transcriptional regulation and viral

restriction

TRIM24, 28 and 33 belong to a subfamily of TRIM proteins that contain a bromo-domain
(BRD) and a plant homeodomain (PHD) in the C-terminal region of the protein. The BRD
can recognize acetyllysines on histones and can serve as a mechanism for regulating
chromatin remodeling and transcriptional activation [121]and [122]

Accordingly, these TRIMs associate with chromatin regions in the nucleus 4, and have been
shown to play positive and negative roles in transcriptional processes. TRIM24 (also called
TIF-1a) forms complexes with TRIM28 (also called KAP1 or transcriptional intermediary
factor; TIF-1p) and certain Kruppel-associated box (KRAB) motif-containing zinc finger
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repressors to inhibit transcription by a mechanism involving histone deacetylation and
chromatin remodeling 123. TRIM33 is involved in erythroid differentiation, but has also
been shown to have some silencing activity of gene promoters. The mechanism of TRIM33-
mediated promoter repression seems to be independent of KRAB-motif containing
repressors or the chromatin remodeling protein HP1 124, TRIMG66 (also called TIF18) is a
TRIM-like protein with a C-terminal BRD. Although it lacks a RING domain, it has also
been shown to have a deacetylase-dependent transcriptional repression activity 125, This
TRIM can form homodimers and can bind the HP1 indicating that it may function in a
similar way to TRIM24 and TRIM28.

In addition to the repressive mechanism described above, TRIM28 can also inhibit
transcription by binding histone methyltransferases 126, This negative role of TRIM28 on
gene transcription has important implications in silencing of retroviral transcription. For
example, replication of murine leukaemia virus (MLV) is restricted in embryonic carcinoma
and embryonic stem cells in which TRIM28 is highly expressed. During MLV infection, the
proviral DNA is integrated in the host genome but is subsequently silenced by formation of
a complex with histone methyltransferases, histone deacetylase and HP1 family members.
This facilitates methylation of histone H1, promotes chromatin condensation; especially the
primer binding site (PBS) of MLV is a major target of this repression [127] and [128].
Similarly, TRIM28 together with the H3K9 methyltransferase ESET (also called SETDB1
or KMT1E) and HP1, mediates silencing of endogenous retroviruses in embryonic stem
cells, highlighting the importance of TRIM28-mediated proviral silencing [129] and [130]
Finally, TRIM28 has also been reported to restrict HIV-1 replication by binding the
acetylated HIV-1 integrase, which is required for viral cDNA integration into the host
genome 131,

TRIM24 and TRIM33, which can form large multi-protein complexes with TRIM28, have
also been reported to inhibit endogenous retroviruses 132, In TRIM24 knockout hepatocytes
there was an accumulation of virus-like 30S cDNA elements in the cytoplasm which
activated IFN responses similar to the ones observed upon exogenous viral infection 132, In
addition to these direct antiviral roles, TRIM28 has been shown to negatively regulate IFN-I
production by promoting IRF7 sumoylation 0. Moreover, both TRIM24 and TRIM28 were
found to inhibit STAT1 signaling [133]and [134] syggesting that these TRIMs may also play a
regulatory role during viral infection by inhibiting type-1 IFN responses. In contrast,
TRIM66 overexpression was demonstrated to promote RIG-1-dependent IFN induction 2°.
Together, these findings indicate that although many of the BRD-containing TRIMSs inhibit
viral replication by controlling transcriptional events, they may also mediate other processes.

Relevance of TRIM transcript variants and isoforms

So far the study of TRIM antiviral function has been complicated by the fact that many of
the family members produce alternatively spliced transcripts that express different isoforms.
The isoforms of a single TRIM protein may share the same RBCC motif but differ in their C
terminus, potentially allowing them to recruit different sets of proteins. Alternatively, TRIM
isoforms may also lack any of the domains in the RBCC which would potentially lack E3
ligase activity or oligomerization capabilities and may thus function as negative regulators
during the immune response.

Bioinformatics analysis suggests that almost all TRIMs (90%) have more than one splice
variant and about half of TRIM splice forms lack important domains 2. A good example is
the human TRIM19 protein which has numerous transcript variants leading to seven
different isoforms detected in cells (Figure 6)196. The function of TRIM19 and its isoforms
has been extensively studied and reviewed in detail elsewhere [109] and [135] QOne of the
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important points to be made is that indeed specific TRIM19 isoforms have been shown to
have different functions upon viral infection. For example only PML IV, which lacks a
region is the C-terminus encoded by exon 7b, inhibits varicella-zoster virus (VZV), EMCV
and rabies virus, whereas none of the other isoforms do [136]. [137] and [138] | contrast, a
cytoplasmic isoform of TRIM19 has also been reported to be expressed and to have a
function in TGFB cytokine signaling 139, as well as to play an important role in the antiviral
response against herpes simplex virus-1 (HSV-1) 140,

Another example of the functional difference of TRIM isoforms is the case of the antiviral
activity of TRIM5a. This protein is the product of the TRIM5 gene which has a total of 5
isoforms. TRIMb5a is the only isoform that contains the C-terminal B30.2 domain required
for viral restriction [561and [65] Notably, TRIMSy, TRIM58, TRIM5« and TRIMSI (TRIMS-
iota) isoforms, which lack the B30.2 domain, can act as dominant negative forms to
TRIM5q by formation of non-functional dimers in overexpression assays [58]: [141] and [164]
It appears that endogenous levels of TRIMSI are sufficient to exert a dominant negative
effect since specific knockdown of TRIMSI in human cell lines increases TRIM5a antiviral
activity 164, Interestingly, although the TRIMS5S isoform does not restrict viral replication, it
retains its capacity to activate IFN and NF-xB signaling to similar levels as

TRIM5cq, [291and [38] sggesting that the mechanism of TRIMS5 immune activation differs to
its direct viral restriction activity.

Although the precise mechanism by which TRIM53$ activates immune signaling is unknown,
it is most probably independent of virus the ability to act as a virus sensor since this isoform
lacks the B30.2 domain required for binding to the viral capsid. This is consistent with the
fact that TRIM5a can enhance innate immune signaling upon LPS stimulation downstream
of TLR4 38 indicating that in some conditions the signaling function of TRIMS5 isoforms is
independent of virus sensing. TRIM5S retains the RING domain shown to confer E3-
ubiquitin ligase activity, hence making it conceivable that it activates immune signaling
through a ubiquitin-dependent mechanism as has been shown for TRIM5q, 38,

To understand the potential role of the TRIM proteins and address some of the discrepancies
found between observations from different experimental settings, it will be necessary to
identify the TRIM isoforms present in cells and how their expression and function is
regulated during the stimuli being studied. Similarly, the effects on different isoforms during
knock-out and knock-down studies should be carefully addressed the pinpoint residual
effects of non-targeted isoforms.

Cellular localization and compartmentalization

Some TRIMs have been previously characterized with respect to their sub-cellular
localization and their capacity to form or associate with specific compartments, such as
nuclear bodies or microtubules. In addition, many TRIMs have been shown to localize in
cytoplasmic bodies which do not co-localize with any commonly used cellular markers for
sub-cellular compartments 4. Interestingly, several TRIMs relocalized from their
cytoplasmic body localization upon virus infection 2%, In many cases these cytoplasmic
structures have not been well characterized and it may be that the formation of these dots
solely dependents on the capacity of these TRIMSs to oligomerize [54]1and [55],

In an extensive study of TRIM cellular localization, Reymond et al. investigated the sub-
cellular localization of a large number of TRIMs >4, The TRIMs found in the cytoplasm
were either associated with filaments or concentrated in the form of cytoplasmic bodies,
occasionally located around the nucleus. Nuclear TRIM proteins (TRIM8/19/30/32)
localized mostly to NBs of which TRIM19 is the main component. The members of the
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bromodomain-containing subfamily (TRIM24/28/33) were found associated with specific
chromatin regions 54, consistent with the proposed role of this domain in transcriptional
regulation 142, Although this study provided an excellent insight in possible localization
patterns of TRIMSs, there is always concern that the formation of these cellular structures are
the result of over-expression artifacts or protein aggregates. Unfortunately studies of the
endogenous TRIM proteins have been complicated by the lack of specific antibodies.

A different study identified a sub-group of TRIMs which shares an identical domain
arrangement (RBCC-COS-FN3-B30.2 domains; TRIM1/9/18/36/42/46/67) and co-localize
to microtubules. Binding to the microtubules is mediated by the COS domain, suggesting
functional similarities between the members of this subgroup 143, Interestingly, with
exception of TRIM46, all COS domain containing TRIMs (which also include
TRIM54/55/63 but do not contain the SPRY domain) enhanced RIG-1 mediated signaling
pathways 22, In addition, a few of these TRIMs were found up-regulated in differentiated
CD4+ T cells 85, Therefore it is tempting to speculate that localization of COS-containing
TRIMs to the microtubules, might be important for innate immune signaling, particularly in
CD4+ T cells.

TRIMs in antiviral innate immune signaling

Increasing evidence indicates that TRIMs can act as antiviral factors indirectly by
stimulating cytokine signaling pathways culminating in the induction of many antiviral ISGs
(Figure 7) [191. [27], [28], [29], [96] and [144] ‘N\jany TRIMs have been found to play negative
regulatory roles in immune signaling. In most cases this is consistent with mechanisms
involving ubiquitin-dependent degradation of targeted proteins, although not all of them act
by proteasome-dependent mechanisms (TRIM11/21/27/30/38/59; Summarized in Figure 7)
[40], [145], [146], [147], [148], [149], [150], [151], [152], [153], [154], [155] and [156].

However, an increasing number of TRIMs has been found to promote synthesis of K63-
linked poly-ubiquitin chains that have activating functions. One of the best characterized
TRIMs involved in promoting immune signaling is TRIM25 (also called EFP). During viral
replication, viral RNA bearing 5'-triphosphates is recognized by the RNA sensor RIG-1. The
N-terminal caspase recruitment domains (CARDs) of RIG-1 undergo K63-linked
ubiquitination induced by TRIM25, which allows RIG-1 binding to MAVS (also called
IPS-1, Cardif, or VISA) and downstream signaling to produce IFN-146. In addition, TRIM25
also catalyzes the synthesis of unanchored K63-ubiquitin chains, which are not covalently
attached to any protein, and can bind and activate RIG-1 36, The importance of TRIM25 in
antiviral signaling is supported by the fact that the NS1 protein of influenza A viruses
directly antagonizes TRIM25 activity 157, This antagonism is species-specific, since NS1
protein encoded by H5N1 avian virus preferentially targeted the chicken TRIM25
orthologue for inhibition of IFN production in chicken cells 158, further highlighting the
potential for viral adaptation by targeting TRIMs.

Other TRIMs that positively regulate innate signaling pathways include TRIM5a, which
catalyzes the synthesis of unanchored K63-linked ubiquitin chains that activate the TAK1
kinase complex for downstream AP-1 and NF-kB signaling 38. Within the same pathway
TRIMS has been reported to mediate K63-linked poly-ubiquitination of TAK1 for
downstream NF-xB activation 159, Moreover, it has been reported that TRIM23
ubiquitinates the ubiquitin-binding protein NEMO for IRF3 and NF-kB activation 47.
Furthermore, TRIM32 and TRIM56 have been implicated in signaling down-stream of
cytoplasmic dsDNA detection in the ubiquitination of STING thereby mediating its
downstream IFN induction [451and [160] TRIM44 interacts with MAVS and was proposed to
stabilize MAVS by preventing its ubiquitination and subsequent degradation 16, and
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TRIM56 also promotes TLR3 dependent signaling by interacting with TRIF [45] and [117]
(Figure 7).

Interestingly, several TRIMs have been reported to fulfill both positive and negative
regulatory functions in the same cell signaling pathways. As indicated above (Figure 6)
different isoforms of the same protein may have different functions. However, isoforms may
not account for all seemingly contradicting roles some TRIMs may have. It has been known
for some time that many TRIMSs are expressed in a cell-type specific manner [31]. [32] and [85]
which could be one of the factors influencing functions of individual proteins. Moreover,
various TRIMs are regulated at the transcriptional, stability and localization level during e.g.
virus infection 29, suggesting that the exact cellular context in which the relevance of
individual TRIMs are addressed may be crucial.

As the levels of certain TRIMSs change in response to cytokines, their signaling may also
change. This would be particularly relevant for proteins with opposing roles in related
pathways, to skew the pathways in one direction while inhibiting the other. One of the
TRIM proteins for which this may be relevant is e.g. TRIM38, which was recently reported
to play an inhibitory role in the TLR3/4 pathway [153]. [154] and [155] '\yhile enhancing RIG-I-
mediated signaling 2°.

It will be interesting to see if the role of these TRIMSs in immune signaling is connected to
direct antiviral roles or direct interaction with viruses. The increasing number of TRIMs
shown to be involved in innate immune signaling as well as direct antiviral function further
strengthens the hypothesis that TRIMs evolved as a component of the immune response.

Concluding remarks and future perspectives

It has become clear that TRIM proteins play important roles in immune regulation and
microbial restriction. However, the specific molecular mechanisms of action are just starting
to emerge. Probably one of the most complex and challenging aspects to study TRIM
function has been to elucidate how TRIMs are activated upon virus infection and how their
expression and localization is regulated in different cell types. Most of the studies on TRIMs
have been performed in cell lines and by overexpression/knockdown experiments. There is
still a lack of understanding of the dominant roles of TRIMs in vivo and their physiological
relevance.

Although studies in vivo may also be challenging as exemplified by the controversial role of
TRIM21 using knockout mice, other in vivo strategies may prove useful to demonstrate
antiviral physiological roles of TRIMs in animals. For example, the rhesus macaque TRIM5
gene has multiple alleles that encode for polymorphisms in the B30.2 domain with either
permissive or restrictive antiviral phenotypes 165, By using different TRIMS5 genotypes in a
model of cross-species transmission it was shown that TRIM5a restrictive alleles were able
to attenuate transmission of sooty mangabey SIV in rhesus macaques and exerted selective
pressure resulting in viral capsid adaptive mutants 166, This model of cross-species
transmission using different TRIMS5 genotypes has also proved useful to study evolution of
SIV invivo 167, Therefore, it will be important to identify polymorphisms in other TRIM
members that may facilitate studies on viral restriction in vivo.

As it is becoming clear that shorter forms of TRIMs lacking the important RING domain
may act as dominant negative forms, it will be essential to generate technologies to knockout
specific transcript variants in vivo. Another important aspect of TRIM study is the type of
ubiquitin chains that TRIMs synthesize. An increasing number of TRIMs has been
discovered to catalyze the synthesis of unanchored poly-ubiquitin chains with functions in
antiviral immunity. It remains to be seen if TRIMs may comprise a family of E3 ligases that
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ecializes in these types of ubiquitin chains, in which lysine-branched topologies these

poly-ubiquitin chains exist, and ultimately what their physiological roles are.
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Figure 1. Model of TRIM E3-ubiquitin ligase function

Ubiquitin conjugation requires an E1 activating enzyme in the presence of ATP and mono-
ubiquitin. The E2-conjugating enzyme then forms an intermediate thioester with ubiquitin.
TRIMs act as E3-ligases and confer specificity to the reaction. TRIMSs recognizing the E2
through the RING domain and interact with the substrate, in general, through the C-terminal
region. Deubiquitinases (DUB) hydrolyze poly-ubiquitin chains which are then recycled.
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TRIM members are classified based on their C-terminal domain composition as defined by

Ozato et al 1°. Adapted from Versteeg et al. 2°
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Figure 3. TRIMslocated on human chromosome 11
Schematic representation of a cluster of TRIMs closely related to TRIM5 that map to human
chromosome 11. The TRIMs with known antiviral activity are indicated.
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Figure 4. Direct antiviral activity of TRIMs

Stages of retroviral replication cycle targeted by different TRIMs. TRIM5a blocks HIV-1
replication by targeting the capsid and preventing uncoating of the virus. At the same time,
TRIM5a has been proposed to stimulate innate immune signaling upon capsid recognition.
By catalyzing the synthesis of unanchored K63-linked poly-ubiquitin chains that bind and
activate TAK1-dependent NF-xB. TRIM1/8/11/31 inhibit entry, between uncoating and
viral gene integration. TRIM24/28/33 inhibit endogenous retrovirus (ERV) gene
transcription. TRIM11/22/28/32 have been reported to inhibit retrovirus gene transcription.
TRIM11/14//19/21/26/32 inhibit release and TRIM15/22 inhibit assembly. TRIM21
recognizes and targets antibody-opsonized viruses for proteasomal degradation.
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Figure5. Theroleof TRIM19/PML in antiviral defense, signal transduction and induction by
IFNs

Mechanisms of TRIM19 up-regulation upon viral infection via IFN production. TRIM19 is
an important effector of the IFN-mediated antiviral response. TRIM19 exerts its functions
by interacting with other proteins including SP100 and DAXX to form nuclear bodies (NB).
These protein complexes in NB are important in regulation of transcription, storage of
proteins, sumoylation and antiviral functions. TRIM19 can regulate chromatin remodeling
of the MHC-1 locus, and inhibit replication of viruses like influenza virus, Thogoto virus,
herpes simplex virus-1 (HSV-1), Ebola virus, lymphocytic choriomeningitis virus (LCMV),
Lassa virus, vesicular stomatitis virus (VSV), rabies virus, HIV-1, human foamy virus
(HFV). TRIM19 also negatively regulates IFNy signaling by inhibiting STAT1
transcriptional activity. The cytoplasmic isoform of TRIM19 (cPML) binds to the TGFj
receptor and serves as an adaptor molecule to recruit SARA and SMAD2/3 for TGFf
signaling.
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TRIM19 isoforms, depicted here as PML | — PML VII are shown according to the
nomenclature described by Jensen et al 162, All TRIM19/PML isoforms retain the first 3
exons which encode for the RBCC motif: RING (R), B-box (B1 and B2), and the coiled-coil
domain (CC). The isoforms | to VII PMLI to PMLVII differ by alternative splicing of exons
710 9. The cytoplasmic form of TRIM19 (cPML) is the result of alternative splicing of

exons 4-6. Adapted from Nisole et al. 135,
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Figure7. TRIMsin innateimmune signaling
Upon microbial infection, pattern recognition receptors (TLRs and RLRS) recognize
pathogen products to trigger downstream signaling pathways to induce IFN-1 and pro-
inflammatory cytokines. TLR3 recognizes double stranded RNA (dsRNA), TLR4
recognizes bacterial lipopolysaccharide (LPS), RIG-I recognizes single stranded RNA
(ssRNA), MDAGS recognizes dsSRNA and DDX41 recognizes double stranded DNA
(dsDNA). In the RIG-I/MDAG5 pathway, TRIM25 ubiquitinates RIGI for binding to MAVS.
TRIMA44 stabilizes MAVS. TRIM21 can act as both a positive and negative regulator of
IFNB. TRIM27 inhibits NF-xB and IFN activation mediated by IKKa/p/e. TRIM30
degrades TAB2-TABS3 to inhibit production of IL-6 and TNFa. TRIM23 enhances NEMO
function by promoting K63-linked ubiquitination. TRIM21 is involved in the inhibition of
IKKP and IRF7 and positive or negative regulation of IRF3 and IRF8. TRIM32 and
TRIM56 ubiquitinate STING to promote dsDNA signaling. TRIM56 also positively
regulates TRIF-mediated signaling whereas TRIM38 inhibits it. TRIM21 negatively
regulates IFN production upon dsDNA signaling by ubiquitinating and targeting DDX41 for
degradation. TRIM21 and TRIM28 inhibit IRF7 activation. TRIMb5a catalyzes the synthesis
of unanchored K63-linked poly-ubiquitin chains that bind and activate TAK1 kinase.
TRIM21 acts as an antibody receptor bound to viruses to activate TAK1. TRIMs in green
and red represent positive and negative regulatory functions, respectively.
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