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Abstract: The superfamily of TRIM (TRIpartite Motif-containing) proteins is one of the largest groups
of E3 ubiquitin ligases. Among them, interest in TRIMS has greatly increased in recent years. In
this review, we analyze the regulation of TRIMS8 gene expression and how it is involved in many
cell reactions in response to different stimuli such as genotoxic stress and attacks by viruses or
bacteria, playing a central role in the immune response and orchestrating various fundamental
biological processes such as cell survival, carcinogenesis, autophagy, apoptosis, differentiation and
inflammation. Moreover, we show how TRIMS functions are not limited to ubiquitination, and
contrasting data highlight its role either as an oncogene or as a tumor suppressor gene, acting as a
“double-edged weapon”. This is linked to its involvement in the selective regulation of three pivotal
cellular signaling pathways: the p53 tumor suppressor, NF-«B and JAK-STAT pathways. Lastly, we
describe how TRIMS dysfunctions are linked to inflammatory processes, autoimmune disorders, rare
developmental and cardiovascular diseases, ischemia, intellectual disability and cancer.
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1. Introduction

A delicate balance between protein synthesis and degradation is essential to maintain
cell homeostasis. Deregulation of protein homeostasis in favor of either protein synthesis
or protein degradation is detrimental, although in different ways. The role of the Ubiquitin—
Proteasome System (UPS) is central in maintaining protein homeostasis, and alteration of
the UPS has been linked to several pathological conditions.

Ubiquitination is one of the most prevalent post-translational protein modifications.
It plays a key role in several cellular processes and physiological responses in inflam-
matory disorders, neurodegeneration, cancer, autoimmunity, infection and other human
diseases. Ubiquitination can target proteins for degradation via the proteasome or selective
autophagy, alter subcellular localization, affect activity and regulate interactions with other
proteins.

The E3 Ub ligases function in association with an E1 ubiquitin-activating enzyme
and an E2 ubiquitin-conjugating enzyme. There are only two human genes coding for E1
enzymes, 30-50 genes for E2 and over 600 E3 ligase genes, which constitute about 3% of
human protein coding genes. These types of E3 ligases differ from each other depending
on the type of catalytic domains: Really Interesting New Gene (RING), Homologous to
E6-AP Carboxyl Terminus (HECT) or Ring-Between-Ring (RBR). The high number of E3
ligases is associated to their specificity in selectively targeting protein substrates [1,2].

Each ubiquitin molecule contains seven lysine residues: Lys6, Lys11, Lys27, Lys29,
Lys33, Lys48 and Lys63; additional ubiquitins can be attached to each of these lysines to
form chains of various lengths with different functions. Proteasome-dependent degradation

Cells 2021, 10, 561. https:/ /doi.org/10.3390/ cells10030561

https://www.mdpi.com/journal/cells


https://www.mdpi.com/journal/cells
https://www.mdpi.com
https://orcid.org/0000-0003-3663-0859
https://doi.org/10.3390/cells10030561
https://doi.org/10.3390/cells10030561
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/cells10030561
https://www.mdpi.com/journal/cells
https://www.mdpi.com/article/10.3390/cells10030561?type=check_update&version=2

Cells 2021, 10, 561

20f 15

is related to Lys48-linked chains while nonproteolytic roles of ubiquitin Lys63-linked
chains function as signaling scaffolds for Nuclear Factor-«xB (NF-kB) activity, DNA repair
and intracellular trafficking [3-5]. Moreover, Lys63 polyubiquitin chains are involved in
autophagy, recruiting several ubiquitin-binding proteins such as p62, Neighbor of BRCA1
gene 1 (NBR1) or Histone DeACetylase 6 (HDACS), triggering the formation of inclusion
bodies within the autophagic pathway. On the other hand, Lys6-linked ubiquitin chains
function within a nondegradative route and have been linked to physiological roles in DNA
damage repair. Proteasome signaling has been linked to Lys11, Lys27, Lys29 and Lys33
ubiquitin chains. Lys11 polyubiquitination increases at the end of mitosis, connecting
polyubiquitination to cell cycle regulation. Lys27 ubiquitination has been observed in
conjunction with mitochondrial damage.

In addition to the aforementioned seven internal lysine residues, N-terminal methion-
ine ubiquitination has been identified by Iwai and colleagues as the action site for a novel
RING E3 ligase complex capable of connecting ubiquitin molecules in a head-to-tail fash-
ion [6,7]. Metl-linked linear chains are formed by the Linear Ubiquitin Assembly Complex
(LUBAC): a 600-xD E3 ligase complex composed of two RBR ligases, the Heme-Oxidized
Iron-responsive element-binding protein 2 ubiquitin Ligase-1L (HOIL-1L) and the HOIL-
1L-interacting Protein (HOIP), in addition to SHank-Associated Rh domain-interacting
ProteIN (SHARPIN). Linear ubiquitination is a new atypical nondegradative ubiquitin
modification [1,2]. It has been shown that the RBR ligase domain of HOIL-1L is able to add
Lys48 polyubiquitin chains to target proteins regardless of LUBAC.

The importance of the ubiquitin signaling system is highlighted by the fact that
misregulation of ubiquitin signaling or functional impairment of the proteasome has been
associated with several pathological conditions.

It is interesting to note that autosomal defects in LUBAC are associated with atypical
autoinflammation and immunodeficiency.

Significant progress has been recently made regarding the discovery of different roles
of polyubiquitination chains in different signaling pathways and how dysfunctions in these
processes are involved in cancer, inflammatory disorders, autoimmunity, neurodegenera-
tion, infection and other diseases.

Most tumors are prone to develop upon alterations in ubiquitination-mediated events.
Furthermore, the analysis of the transcriptional profile of patients affected by lung adeno-
carcinoma and glioblastoma showed differential expression of HOIL-1L with higher levels
being associated with decreased survival [1,2].

2. TRIM Family Proteins

The TRIM (TRIpartite Motif-containing)/RBCC family belongs to the RING family
of ubiquitin E3 ligases, containing an N terminal RING domain, one or two B-Box motifs
and the Coiled-Coil (CC) domain (RBCC) followed by a highly variable carboxyl-terminal
domain, which allows the classification of TRIM proteins into 11 subgroups (Figure 1).
In humans, TRIM proteins total more than 70 members, representing one of the largest
groups of the E3 ligase RING family [8]. TRIM proteins are conserved throughout the
metazoan kingdom. Their primary sequences show a relatively low similarity, barring a few
members [9]. Only the cysteine and histidine that characterize the RING and B-box domains
and the hydrophobic residues of the Coiled-Coil region are highly conserved because they
are necessary to sustain the scaffold structure of the proteins. The intervening sequences
between the domains of the TRIM proteins evolved rapidly to gain new physiological
functions and specificity. The different domains of TRIM proteins are necessary to control
the formation of higher order structures and cellular localization. Indeed, TRIM proteins
are capable of associating in high molecular weight complexes through the interaction of
Coiled-Coil domains. These complexes localize in specific cellular sub-compartments, such
as cytoplasmic bodies or ribbon-like structures, which can be placed around the nucleus
(TRIM13) or in the nucleus where they form “nuclear bodies” (TRIMS, 19, 30 and 32) or
“nuclear sticks” (TRIM6). Some members such as TRIM24, 28 and 33 contain the bromo
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domain, which in the nucleus interacts with the acetylated lysines of histones [10]. Only
few family members do not have a RING domain but are still considered TRIM/RBCC
proteins since they retain all the other domains (B-boxes and Coiled-Coil) in the same order
as the other members (Figure 1).
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Figure 1. Classification of the human TRIpartite Motif-containing (TRIM) protein family, composed of 11 sub-families, from
C-Ito C-XI. The UC (UnClassified) subfamily indicates TRIM proteins unclassified for the absence of the Really Interesting
New Gene (RING) finger domain. Additional domains are NHL: NHL repeats; COS: COS box motif; FN3: fibronectin type
III motif; PHD: plant homeodomain; BROMO: bromodomain; MATH: meprin and TNF-receptor associated factor TRAF
homology domain; TM: transmembrane domain; AR: acid-rich region; RFP-like domain. The domains in brackets indicate

that they can be absent.

The proteins that belong to this family have the peculiarity of exerting a great variety of
roles and different functions because of their ubiquitination or ubiquitin-like activity that, as
reported above, not only tags the target proteins to be degraded at the proteasome level, but
can stabilize or re-localize them in different cellular compartments by such modifications.

TRIM proteins are involved in the regulation of cellular homeostasis, cell cycle, senes-
cence, apoptosis, differentiation, specific metabolic pathways, meiosis and protein qual-
ity control.

3. TRIMS, a Double-Edged Weapon

In recent years, there has been growing interest in TRIMS8 protein research. The TRIMS8
gene is located on the 10q24.3 chromosome and transcribes an mRNA of about 3.0 kb that
is translated into a protein of 551 a.a. with a molecular weight of 61.5 kDa.

The protein structure consists of a RING finger domain at the N-terminal, two B-box
domains, a Coiled-Coil domain and an RFL-like domain at the C-terminal (Figure 1) [8].
Moreover, TRIMS8 protein contains a Nuclear Localization Signal (NLS), which allows
translocation and functioning in the nucleus. The Coiled-Coil domain of TRIMS8 permits
the formation of Nuclear Bodies (NBs) similar to TRIM19/PML, regulating the activity
of important cellular proteins through protein—protein interactions [10]. Recently, an
important role in the mitotic spindle machinery has been described for TRIMS8. From the
analysis of the TRIMS interactome in primary mouse embryonic neural stem cells, it was
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found that TRIMS interacts with KIFC1 and KIF11/Eg5 kinesins, two master regulators of
mitotic spindle assembly and cytoskeleton reorganization. In particular, during mitosis
TRIMS localizes at the mitotic spindle playing a role in centrosome separation. TRIM8
knock-down slows centrosome separation at the prometaphase resulting in chromosome
instability as aneuploidic cells and micronuclei formation [11].

TRIMS is involved in many cell reactions in response to different stimuli such as
genotoxic stress and attacks by viruses or bacteria, playing a central role in the immune
response and orchestrating various fundamental biological processes such as cell survival,
innate immune response, carcinogenesis, autophagy, apoptosis, differentiation and in-
flammation. Its dysfunction is linked to cancer, inflammatory processes and autoimmune
disorders. The involvement of TRIMS in such a plethora of cellular functions is fundamen-
tally linked to its involvement in the regulation of three pivotal cellular signaling pathways:
the p53 tumor suppressor signaling pathway, the NF-«B pathway (Nuclear Factor kappa-
light-chain-enhancer of activated B cells) and STAT3 (Signal Transducer and Activator of
Transcription 3) of the JAK-STAT pathway. The TRIMS liaison with these three pathways
determines its dual role in cancer as oncogene or tumor suppressor functions [12].

4. Regulation of TRIMS Gene Expression

TRIMS is ubiquitously expressed in murine and human tissues with highest expression
in the central nervous tissue, kidney and lens, and with lower expression in the gut as
reported by in situ hybridization studies in mouse embryos [10]. Moreover, it is also
expressed in undifferentiated embryonic stem cells, suggesting that TRIM8 could play an
important role in maintaining pluripotency [13]. It seems that TRIMS8 turnover is high and
is stabilized following genotoxic stress [14]. In particular, under stress conditions, such as
UV, p53 promoted the transcription of TRIMS8 by binding to the p53 responsive element
present in the first intron. TRIMS in turn, interacting with p53, induced its stabilization
and cell growth arrest [15].

In many cases the expression of TRIMS is regulated at the post-transcriptional level
by microRNA (miRNA). In clear cell Renal Cell Carcinoma (ccRCC), the miR-17-5p and
miR-106b-5p targeted TRIM8 mRNA promoting its degradation [16].

Additionally, miR-182 targeted TRIMS for degradation, and its upregulation resulted
in positive or negative outcomes depending on the circumstances. In Anaplastic Thyroid
Cancer (ATC), miR-182 upregulation induced TRIM8 downregulation contributing to
chemoresistance, while in Airway Smooth Muscle (ASM) cells stimulated with TNFe,
miR-182 upregulation attenuated the NF-«B activity and therefore the cell proliferation
and migration [17,18].

Other miRNAs that targeted TRIMS for degradation are miR-665-3p, which attenuated
Oxygen-Glucose Deprivation (OGD)-induced apoptosis and inflammation in microglial
cells [19] and miR-373-3p, which reduced sepsis-induced by acute hepatic injury (AHI) [20].

5. TRIMS8 and p53 Pathway: Not Dying, but Stopping

It has been shown that TRIMS8 acts as a suppressor gene in most tumors. For the
first time, the link between TRIMS8 and cancer was observed in glioblastoma, where it
was observed that the TRIMS8 genomic locus was subject to frequent deletion or loss of
heterozygosity. In fact, TRIM8 was initially designated as a Glioblastoma-Expressed RING
finger Protein (GERP) [21].

TRIMS8 downregulation was associated with metastatic progression in Larynx Squa-
mous Cell Carcinoma (LSCC), the most frequent neoplasm of the head and neck [22].
Moreover, TRIM8 downregulation was also found in other tumors such as osteosarcoma
cell lines, ColoRectal Cancer (CRC) and Chronic Lymphocytic Leukemia (CLL) [23,24].

Later, a functional link between TRIMS and p53 in cancer was demonstrated. Indeed,
it was reported that TRIMS is a direct p53 target gene and, in response to genotoxic stress,
induces p53 stabilization and activation, leading to cell cycle arrest and reduction in cell
proliferation by a positive feedback loop (Figure 2) [15]. Functionally, TRIM8 was found to
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Cell
proliferation

physically interact with p53, preventing its interaction and degradation by Murine Double
Minute 2 (MDM2), the principal negative regulator of p53. Moreover, TRIM8 was found
downregulated in patients affected by chemoresistant clear cell Renal Cell Carcinoma
(ccRCC). TRIM8 downregulation is due to the upregulation of miR-17-5p and miR-106b-3p,
whose expression is promoted by N-MYC. Silencing of these two miRNAs restores TRIM8
expression levels, which in turn leads to p53 stabilization with the activation of cell cycle
arrest and transcription of miR-34a that targets N-MYC for degradation. The final effect is
the restoration of cells’ chemosensitivity to chemotherapeutic treatments [16,25,26].

TRIMS&-p53 tumor suppressor pathway

)

TRIM8-p53
Positive outcome

Cell cycle arrest

DNA repair

autophagy

TRIMS-p53 Chemo-sensitivity
Negative outcome

Ischemia

Figure 2. The TRIM8-p53 pathway. Following genotoxic stress, p53 promotes TRIMS transcription and, through a positive

feedback mechanism, TRIMS stabilizes and activates p53, inducing the expression of genes involved in cell cycle arrest and
DNA repair. Furthermore, p53 promotes the transcription of miR-34a, which in turn inhibits the activity of MYCN and the
expression of miR-17-3p and miR-106b-3p. Therefore, TRIMS is no longer silenced by these miRNAs. The final effect is the
p53-mediated cell cycle arrest and the restoration of cells” chemosensitivity to therapeutic treatments. However, in certain

circumstances, the combined activation of TRIM8 and p53 can result in negative outcomes as in response to hypoxic stress

due to ischemia following stroke or myocardial infarction.

Moreover, the unfavorable clinical outcome of patients affected by glioma has been
correlated with TRIM8 downregulation, and restoration of TRIMS8 expression reduced the
clonogenic potential of the US7MG glioma cell line [27].

TRIMS was found downregulated also in ATC tissues and cell lines due to miR-182
upregulation, which target TRIMS8 contributing to chemoresistance of ATC cells [17].

Recently, TRIM8 was found downregulated in Breast Cancer (BC) and this is asso-
ciated with poor prognosis. Indeed, TRIM8 knockdown significantly enhances BC cell
proliferation and migration. Functionally, in the cytoplasm, TRIMS interacts through its
RING domain with AF1 domain (Activation Function 1) of Estrogen Receptor « (ER«),
increasing poly-ubiquitination and inhibition of ER« [28].

TRIMS was found differentially expressed in melanoma together with other TRIMs
(TRIM2, TRIM?7, TRIM18, TRIM19, TRIM27 and TRIM29), playing an important role in the
development of this cancer [29].
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Another important component of TRIMS8's capacity in counteracting the proliferation
of cancer cells is highlighted by its effects on the stability and activity of the oncogenic tran-
scription factor ANp63«, belonging to p53 gene family. ANp63« is upregulated in different
tumors and its expression levels are correlated with a poor prognosis of patients [30-32].
It has been demonstrated that TRIM8 promotes ANp63x degradation in both proteaso-
mal and caspase-1 dependent ways. It is important to point out that ANp63« is able to
downregulate TRIMS transcription expression levels, thus preventing p53 stabilization [33].

We believe that the recent discovery demonstrating a role for TRIMS in the regu-
lation of autophagy may be closely linked to the role of TRIMS8 as a tumor suppressor,
the drawback being that it also allows the survival of cancer cells due to the fact that
TRIMS has the features of a double-edged sword gene, having both oncogenic and tumor
suppressor functions.

Autophagy sustains cellular fitness by eliminating dysfunctional proteins, aggregates
and defective organelles, and recently it has also been demonstrated to be essential in re-
moval of damaged DNA [34]. Following a genotoxic stress, damaged DNA is exported out
of the nucleus and degraded by the lysosomes. The failure of this process leads to the activa-
tion of inflammatory pathways by intracellular DNA sensors such as cGAS/STING [35]. In
this context, following genotoxic stress, TRIM8 empowers autophagy regulating lysosomal
biogenesis and autophagy flux in a p53-independent manner [14]. Interestingly, TRIM8
controls the expression of p62, which has multiple functions during autophagy such as
being a cargo selector, inflammation and senescence induced by DNA damage and restric-
tion of inflammation by promoting mitophagy [14,36,37]. Functionally, during genotoxic
stress, TRIMS stabilizes XIAP (X-linked Inhibitor of Apoptosis Protein), a major regulator
of cell death and autophagy, forming a trimeric complex with Caspase-3, inhibiting XIAP
activation in the presence of etoposide. Interestingly, XIAP strongly activates NF-«kB, which
induces the expression of Beclin-1 involved in autophagy [14,38].

6. TRIMS, NF-«B and JAK-STAT Pathways: A Dangerous Ménage-a-Trois in Cancer

NF-«kB represents a family of inducible transcription factors which regulate the expres-
sion of numerous genes involved mainly in immune and inflammatory responses. This
family is composed of five structurally correlated members: NF-«B1 (alias p50), NF-xB2
(alias p52), RelA (alias p65), RelB and c-Rel, which in the form of hetero- or homodimers
activate the transcription of target genes that contain the kB binding site in their regulatory
regions. The NF-«B proteins are kept inhibited in the cytoplasm by a family of proteins char-
acterized by the presence of ankyrin repeats, including the IkB family members (Figure 3).
The classical activation of NF-«B is triggered by the proinflammatory cytokines Tumor
Necrosis Factor o (TNF«) and InterLeukin-13 (IL-13) and requires the phosphorylation
of the NF-kB inhibitor IkBx by the activated IkB kinase complex (IKK). Phosphorylated
IkBe is subject to subsequent ubiquitin proteasomal degradation. The IKK complex is
composed of a regulatory subunit IKKy/NEMO (NF-«kB Essential MOdulator) and two
catalytic subunits, IKKo and IKKf. In this cascade mechanism, the role of TAK1 (TGF-3
Activated Kinase 1), a serine/threonine kinase, is crucial as it phosphorylates and activates
IKK, contributing to transfering the signal from the receptor to the downstream signaling
molecules [39].
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Figure 3. The TRIMS, NF-«B and JAK-STAT pathways. Pro-inflammatory cytokines (TNFo e IL-1$3) promote NF-«B
activation through TRIMS. In the nucleus, TRIM8 promotes the translocation of PIAS3 in the cytoplasm where it is then
degraded. PIAS3 in the nucleus interacts with RelA (alias p65) preventing NF-«kB activation. Moreover, TRIM8 promotes
TAK1 Lys63- linked polyubiquitination leading to IKK kinase activation. IkBx phosphorylation mediated by IKK leads to
its degradation and NF-«B translocation in the nucleus. TAK1 also induces the activating phosphorylation of downstream
MAPK/p38 and JNK signaling pathways. Long non-coding RNA Nespas directly interacts with TAK1 and inhibits TRIMS-
induced Lys63- linked polyubiquitination. Furthermore, TRIMS induces the activation of the JAK-STAT pathway promoted
by IFN-y through the degradation of two STAT protein inhibitors, PIAS3 and SOCS-1.

The proteasomal degradation of phosphorylated IkBx leads to the release of the NF-«kB
dimers with consequent nuclear entry (Figure 3). Once inside the nucleus, NF-«B dimers
regulate genes involved in cell death inhibition and cell proliferation stimulation, thus
promoting migratory and invasive phenotypes connected with tumor progression as well
as Epithelial-Mesenchymal Transition (EMT).

At least two ways have been described where TRIMS activates the NF-«B signaling
pathway: one acting in the cytoplasm and the other acting in the nucleus. In the nucleus,
TRIMS promotes the translocation of PIAS3 (Protein Inhibitor of Activated STAT3) from the
nucleus to the cytosol and induces its degradation. In this way, PIAS3 can no longer bind the
RelA (p65) subunit of NF-«B, which is free to dimerize and activate the NF-«kB responsive
genes [40]. In the cytoplasm, TRIM8 empowers the activation of NF-«B triggered by TNFx
and IL-13. TNF« is the major activator of carcinogenesis and inflammatory diseases.
Specifically, TRIMS8 mediates the Lys63-linked polyubiquitination of TAK1 at Lys158 [41].
In turn, TAK1 activates the kinase IKK, which promotes IkBox phosphorylation and NF-kB
activation [42].

TRIMB8's second partner in crime in its oncogenic role is STAT3, which belongs to the
STAT family of transduction signal responsive transcription factors, which, like NF-«B, are
retained in an inactive form in the cytoplasm of non-stimulated cells (Figure 3). STAT3
activation does not require the degradation of an inhibitor, as is the case for NF-«B, but
is instead mediated by the phosphorylation of Tyr 705 that induces STAT3 dimerization.
In this form, STAT3 enters the nucleus and promotes the transcription of different target
genes. Members of the JAK family of tyrosine kinase receptors commonly mediate STAT
activation, and in the case of STAT3 the major activator is JAK1. Moreover, STAT3 activity
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can be optimized through a reversible acetylation mechanism, which also influences the
activity of NF-«kB family members [43].

Both NF-«kB and STAT3 are activated in response to overlapping stimuli, such as
stresses and cytokines, although they are regulated by entirely different signaling mecha-
nisms. Once activated, both NF-«B and STAT3 control the expression of pro-proliferative,
immune response and anti-apoptotic genes. Some of these target genes overlap, and their
transcription requires binding of both transcription factors [44]. The interaction or an-
tagonism between NF-«kB and STAT3 also occurs at the level of other signal transduction
mediators, such as SOCS (Suppressor Of Cytokine Signaling) proteins, whose expression is
controlled by both NF-«B and STAT3 (Figure 3). STAT3 can extend the retention of NF-kB
in the nucleus, therefore SOCS-mediated STAT3 inactivation may also be responsible for
NF-«B inactivation [45]. Under physiological conditions, the activation of STAT proteins is
rapid and transient because they are negatively regulated by proteins such as SOCS and
PIAS [46-48]. In turn, SOCS proteins also become unstable and seem to be rapidly de-
graded by proteasomal pathways. TRIMS interacts with SOCS-1 through the SH2 domain
and mediates its degradation, allowing the activation of JAK-STAT induced by IFNy [49].

Another way in which TRIMS activates the JAK-STAT pathway is by interacting with
PIAS3 and promoting its ubiquitin proteasome degradation or exclusion from the nucleus
(Figure 3) [49]. It is noteworthy that PIAS3 regulates NF-«kB, as mentioned before [50], and
Estrogen Receptor o (ERox) [51].

TRIMS controls the JAK-STAT pathway also in stemness by interacting with Hsp90f3,
which binds STAT3 and inhibits the transcription of Homeobox protein Nanog, a tran-
scription regulator of proliferation and self-renewal in Embryonic Stem (ES) cells. TRIMS8
silencing enhances the phosphorylation of STAT3 in the nucleus leading to increased Nanog
transcription [13].

The TRIMS8-STAT3 pathway also regulates stemness in GSC (Glioblastoma Stem-like
Cells), promoting the ubiquitination of PIAS3. It is well documented in GMB that STAT3 is
a key factor that sustains the stem cell phenotype, in part through regulation of SOX2, Olig2
and Nanog, and fosters tumor cell proliferation, invasion and angiogenesis [52-55]. A
TRIMS8-driven transcriptomic profile in mouse neural stem cells identified TRIM8-enriched
pathways which are correlated to important functions of the Central Nervous System (CNS)
including the GABA receptor, axonal guidance, glutamate receptor signaling, synaptic
long-term potentiation/depression and the regulatory network involving the JAK-STAT
pathway [56].

7. The Dark Side of TRIMS

Recent studies show that TRIMS is involved in several disorders, including Ischemia/
Reperfusion (I/R) injury and cardiovascular diseases. During the reperfusion stage of
ischemic tissue, the abundance of oxygen supply causes an explosion of reactive oxygen
species, which induces oxidative stress as well as the formation of inflammatory mediators
leading to post I/R inflammatory injury and cell death. In many cases, following this
stress, the levels of TRIMS as well as p53 increase. The activation of TRIMS is most likely
a consequence of p53 activation since we have demonstrated that TRIMS is a p53 direct
target gene [15]. However, in certain circumstances, the combined activation of TRIM8 and
P53 can result in negative outcomes (Figure 2). For example, the induction of cell death
following hypoxic stress caused by the absence of oxygen in a rapidly growing tumor mass
is certainly a positive effect, but it is not anymore so in response to hypoxic stress due to
ischemia following stroke or myocardial infarction [57]. In these cases, downregulation of
both p53 and TRIMS appears to be extremely beneficial during the early stages of ischemia
or during sub-sequent reperfusion injury.

Accordingly, TRIM8 was reported to play a crucial role in regulating Oxygen-Glucose
Deprivation/Re-oxygenation (OGD/R) that happens during a neuronal injury induced by
insufficient cerebral blood flow. This causes irreversible brain damage that is further exacer-
bated by blood reperfusion (cerebral ischemia/reperfusion injury). TRIMS8 expression was
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upregulated in neurons exposed to OGD/R, and its downregulation has a protective effect
by supporting the activation of Nrf2 (Nuclear factor (erythroid-derived 2)-like 2)/ ARE
(Antioxidant Response Element) pathway via AMPK [58]. As further confirmation, it has
been reported that p53 is activated and promotes apoptosis in OGD/R-induced injury
in vitro and in cerebral ischemia/reperfusion-induced injury in vivo [58-60].

Moreover, it was found that TRIMS8 expression increases also in microglial cells follow-
ing OGD, which happens during an ischemic stroke, and in this condition the microglial
cells produce pro-inflammatory cytokines causing a considerable neuroinflammatory re-
sponse, leading to neuronal injury and brain damage [61]. As in other cases, the expression
of TRIMS is turned off by the action of a miRNA, which in this case is miR-665-3p. The
increased expression of TRIMS is inversely related to the expression of miR-665-3p, which
attenuated OGD-induced apoptosis and inflammation in microglial cells. The downregula-
tion of TRIMS protected microglial cells from OGD-induced cytotoxicity and inflammation,
turning off the activation of the NF-«B pathway [19].

TRIMS expression was found greatly increased in the peri-infarct area of mice with
cerebral ischemia/reperfusion injury. The suppression of TRIMS8 expression, as well as
of the NF-«B pathway, significantly reduces inflammation induced by ischemia, cerebral
cognitive disability, apoptosis in the peri-hematoma cortex and the hippocampus. [61].

Recently, it was reported that long non-coding RNA(IncRNA) Nespas directly interacts
with TAK1 to inhibit TRIMS8 induced Lys63-linked polyubiquitination of TAK1 and NF-
kB activation. It was observed that IncRNA Nespas significantly suppressed microglial
cell death after ischemic stroke; importantly, Nespas overexpression also stopped the
expression of proinflammatory cytokines that play protective roles in ischemic stroke
through alleviating cell apoptosis and neuroinflammation [62].

It has also been found that TRIMS expression in the heart was greatly upregulated in
cardiomyoblast H9¢2 cells after stimulation with Hypoxia/Reoxygenation (H/R), over-
stating cardiac hypertrophy. In H9¢2 cells, TRIM8 downregulation stops the production of
ROS and promotes the expression of superoxide dismutase, and glutathione peroxidase
suppressed Caspase-3 activity and the expression of the pro-apoptotic Bax gene. At the
same time, in H/R-stimulated H9c2 cells TRIMS silencing causes a marked increase in
Bcl-2 expression and the activation of the PI3K/Akt signaling pathway, which is well
documented in being associated with a decrease in myocardial ischemic injury. PI3K/Akt
activation inhibits cardiomyocyte apoptosis induced by hypoxia, and it protects against
I/R injury [63].

In response to pressure overload (hypertrophic stimuli), TRIMS translocates from the
nucleus to the cytoplasm, promoting TAK1 ubiquitination and phosphorylation of IKK with
subsequent cardiac hypertrophy triggered by aortic banding. The exaggerated hypertrophic
response in TRIM8-transgenic hearts was accompanied by enhanced activation of p38
and JNK1/2 kinases. TRIMS8 could weakly interact with TAK1 without stresses, but the
interaction was significantly enhanced by Angiotensin II administration. Interestingly,
in both Angiotensin II-treated cardiomyocytes and hypertrophic mouse hearts there is
an increase in Interferon-y and p53 protein levels that might be responsible for increased
TRIMS expression in hypertrophic stimulation [64].

Additionally, in mice subjected to hepatic Ischemia/Reperfusion (I/R) injury, TRIMS8
expression levels increased and, conversely, TRIMS silencing reduced hepatic inflammation
and inhibited apoptosis. Functionally, TRIMS8 deficiency may cause hepatic protective
effects by inhibiting the activation of TAK1-p38/JNK signaling pathway [65].

In non-alcoholic steatohepatitis, TRIMS8 ubiquitinates TAK1 inducing the phospho-
rylation and the activation of downstream c-Jun N-terminal kinase/p38/NF-kB path-
ways and promoting insulin resistance, hepatic steatosis and fibrosis in mouse livers [66].
Consistently, TRIM8 knockdown attenuates liver steatosis by reducing the secretion of
pro-inflammatory modulators, such as IL-6, IL-13, TNF-a and CXCL-2 with consequent
inactivation of the NF-«kB pathway [66,67].
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Recently, it has been demonstrated that TNIP3 (TNFAIP3 Interacting Protein 3) is a
new inhibitor of Non-Alcoholic-Steato-Hepatitis (NASH); TNIP3, in response to metabolic
hepatic stresses, binds to TAK1 and inhibits its ubiquitination and activation mediated by
TRIMS (Figure 3) [68].

8. TRIMS as Inflammation Inducer

A critical role for TRIMS in inflammatory processes has been highlighted by proof that
TRIMS has pro-inflammatory effect in keratitis induced by Pseudomonas aeruginosa, a major
cause of ocular morbidity that often leads to inflammatory epithelial edema with corneal
ulceration and vision loss. Indeed, TRIMS8 promotes Lys63-linked polyubiquitination of
TAK1, leading to activation of TAK1 and of the downstream NF-kB pathway, enhancing
the inflammatory responses [69].

It was found that during Acute Lung Injury induced by LipoPolySaccharide (LPS),
TRIMS expression increases in a time-dependent manner, enhancing inflammation and
oxidative stress via the inactivation of p-AMPKa, while TRIM8 knockdown relieved
inflammation by regulating Nrf2 signaling and Heme Oxygenase-1 (HO-1) expressions [67].
In addition, TRIMS suppression induces down regulation of IL-1, IL-6 and TNF-« through
the inactivation of NF-«kB, markedly reducing LPS-induced inflammatory response [67].

Sepsis is a systemic inflammatory response induced by severe infection that leads to a
high mortality rate and a role for TRIMS in sepsis has been reported. Long non-coding RNA
LINC00472 and TRIMS8 were found significantly upregulated in liver tissues and human
liver THLE-3 cells in LPS sepsis-induced Acute Hepatic njury (AHI) in vitro, while miR-
373-3p was downregulated. miR-373-3p targets TRIMS for degradation, while LINC00472
acts as a sponge for miR-373-3p negatively regulating its expression levels. Downregulation
of LINC00472, by modulating the miR-373-3p/TRIMS, reduced sepsis-induced AHI axis
and inhibited the expression levels of main pro-inflammatory cytokines as IL-6, IL-10 and
TNF-« [20].

Additionally, in OsteoArthritis (OA) chondrocytes stimulated with Interleukin 13
(IL- 1B) to induce inflammation, the expression of TRIM8 was found to be significantly
increased. OA is a joint disease connected with articular cartilage degradation, subchondral
bone sclerosis and osteophyte formation. Coherently, in chondrocytes stimulated with IL-
1P, the knockdown of TRIMS attenuated the production of the proinflammatory cytokines
including TNF-o and IL-6 and also of the inflammatory mediators, including nitric oxide
and prostaglandin E2, which are crucial inflammatory mediators and regulators of cartilage
matrix synthesis and degeneration. On the other hand, the positive effects of TRIMS8
silencing on IL-1p-induced chondrocytes were attributed to the inhibition of the NF-«B
pathway [70].

In Airway Smooth Muscle (ASM) cells stimulated with TNF«, a model that in vitro
mimics asthma, it has been shown that miR-182-5p which targets TRIMS8 was markedly
downregulated. By increasing miR-182-5p and accordingly decreasing TRIMS, the NF-«xB
activity induced by TNF-o was turned off and the proliferation and migration of ASM cells
evoked by TNF-a were blocked [18].

9. TRIMS Involvement in Innate Immunity

Another significant function in which TRIMS is involved is the regulation of in-
nate immunity.

The role of TRIM8 was investigated in commercially important farmed fish species
in China and Southeast Asian countries during viral infection. The authors reported that
TRIMS overexpression inhibited fish iridovirus and nodavirus replication and was able
to regulate the expression of pro-inflammatory cytokines and interferon-related signaling
molecules [71].

Although a large proportion of TRIM genes were reported to be induced by Interferons
(IFNs) in immune cells, few of them are activated in response to RNA virus infection in
primary plasmacytoid Dendritic Cells (pDCs) playing a crucial role in the antiviral innate
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immune response by producing a large amount of type I interferon [72]. It has been reported
that TRIMS together with TRIM25 effectively intervene in the innate antiviral response
by regulating IRF7 (IFN Regulatory Factor 7). Mechanistically, TRIM8 competes with
PIN1 (Peptidyl-prolyl Isomerase 1) in binding to phosphorylated IRF7 (pIRF?), preventing
its proteasomal degradation. PIN1 specifically recognizes phosphorylated Ser/Thr-Pro
motifs and catalyzes the isomerization of the protein bond, influencing its function and/or
the stability.

Recently, it has been reported that TRIMS is a negative regulator of innate immune
and inflammatory responses mediated by Toll-Like Receptors 3 and 4 (TLR3 and TLR4).
Functionally, the authors reported that TRIMS interacts with TRIF (Toll/IL-1 Receptor
domain-containing adaptor-inducing IFN-f) mediating its Lys6- and Lys33-linked polyu-
biquitination, which leads to the disruption of the TRIF-TANK binding kinase-1 associa-
tion [73].

10. TRIMS8 Mutation and Diseases

Mutations in the TRIM8 gene have been associated with several rare disorders in-
cluding developmental delay and intellectual disability with different degrees of severity
(absent or minimal speech, delayed walking or non-ambulant and intractable epilep-
tic seizures).

In early infantile epileptic encephalopathy, characterized by the onset of intractable
epilepsy and unfavorable developmental outcomes, TRIMS8 truncated variants have been
identified. Some patients were reported to also have concomitant nephrotic syndrome;
both these clinical manifestations are compatible with the brain and kidney expression of
TRIMS [74,75].

More recently, TRIMS8 point mutations have been associated with FSGS (Focal Segmen-
tal GlomeruloSclerosis) syndrome, displaying milder neurodevelopmental problems (mild
speech delay, borderline motor milestones, mild intellectual disability, small number of
seizures) and more severe and progressive renal phenotype in FSGS children [76]. A single
novel de novo heterozygous frameshift mutation (Tyr400Arg) [76] and another heterozy-
gous de novo pathogenic nonsense mutation closest to the C-terminal end (C1380T>A,
p-Tyr460%) [77] in the TRIMS8 gene have been identified. In both cases, no significant changes
in the expression of the TRIMS8 protein have been observed.

These findings provide proof that truncating mutations of TRIMS are associated with
a syndrome with both neurological and renal features suggesting that patients affected by
proteinuria could be therefore screened for possible TRIM8 mutations.

All reported cases of TRIM8 mutations were found to be de novo and heterozygous
and were clustered in TRIMS sixth exon, corresponding to the C-terminus of the protein.
The mechanism behind the dominant feature of these mutations could be the formations
of TRIMS dimers constituted by one mutated and one wild-type monomer, in which the
mutated monomer acts as dominant-negative toward the wild-type allele.

Different heterozygous putative loss of function variants in the TRIMS8 gene have been
listed in the Genome Aggregation Database.
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Abbreviations

Ubiquitin-Proteasome System (UPS); Really Interesting New Gene (RING); Homologous to E6-AP
Carboxyl Terminus (HECT); Ring-Between-Ring (RBR); Nuclear Factor-«B (NF-«B); Neighbor of
BRCAL1 gene 1 (NBR1); Histone DeACetylase 6 (HDACS6); Linear Ubiquitin Assembly Complex
(LUBAC); Heme-Oxidized Iron-responsive element-binding protein 2 ubiquitin Ligase-1L (HOIL-1L);
HOIL-1L-interacting protein (HOIP); SHank-Associated RH domain-interacting protein (SHARPIN);
RING domain, B-Box motifs and Coiled- Coil (CC) domain (RBCC); Nuclear Localization Signal
(NLS); Nuclear Bodies (NBs); NF-kB pathway (Nuclear Factor kappa-light-chain-enhancer of acti-
vated B cells); STAT3 (Signal Transducer and Activator of Transcription 3); Glioblastoma Expressed
RING finger Protein (GERP); Larynx Squamous Cell Carcinoma (LSCC); ColoRectal Cancer (CRC);
Chronic Lymphocytic Leukemia (CLL); Murine Double Minute 2 (MDM?2); Clear cell Renal Cell
Carcinoma (ccRCC); Anaplastic Thyroid Cancer (ATC); Breast Cancer (BC); Activation Function 1
domain (AF1 domain); Estrogen Receptor o (ER«x); X-linked Inhibitor of Apoptosis Protein (XIAP);
Tumor Necrosis Factor o (TNF«); InterLeukin-1$ (IL-1f3); IkB kinase complex (IKK); TGF-f3 Acti-
vated Kinase 1 (TAK1); Epithelial-Mesenchymal Transition (EMT); Protein Inhibitor of Activated
STAT3 (PIAS3); Suppressor Of Cytokine Signaling (SOCS); Protein Inhibitor of Activated STAT
(PIAS); Embryonic Stem (ES); Glioblastoma Stem-like Cells (GSC); Central Nervous System (CNS); Is-
chemia/Reperfusion (I/R); Oxygen-Glucose Deprivation/Re-oxygenation (OGD/R); Nuclear Factor
(erythroid-derived 2)-like 2 (N1f2) / Antioxidant Response Element (ARE); Oxygen-Glucose Depriva-
tion (OGD); Hypoxia/Reoxygenation (H/R); TNFAIP3 Interacting Protein 3 (TNIP3); Non-Alcoholic-
Steato-Hepatitis (NASH); LipoPolySaccharide (LPS); Heme Oxygenase-1 (HO-1); Acute Hepatic
Injury (AHI); OsteoArthritis (OA) chondrocytes; InterLeukin 1 3 (IL- 1 §); Airway Smooth Muscle
(ASM); Interferons (IFNs); Dendritic Cells (pDCs); IFN Regulatory Factor 7 (IRF7); peptidyl-Prolyl iso-
merase 1 (PIN1); Toll-Like Receptors 3 and 4 (TLR3 and TLR4); Toll/IL-1 Receptor domain-containing
adaptor-Inducing IFN (TRIF); Focal Segmental GlomeruloSclerosis (FSGS).

References

1.  Brazee, P; Dada, L.A.; Sznajder, ].I. Role of Linear Ubiquitination in Health and Disease. Am. . Respir. Cell Mol. Biol. 2016, 54,
761-768. [CrossRef]

2. Lynn, E.; Carpentier, I.; Verhelst, K.; Staal, J.; Beyaert, R. The multifaceted role of the E3 ubiquitin ligase HOIL-1: Beyond linear
ubiquitination. Immunol. Rev. 2015, 266, 208-221.

3. Chau, V,; Tobias, ].W.; Bachmair, A.; Marriott, D.; Ecker, D.]J.; Gonda, D.K.; Varshavsky, A. A multiubiquitin chain is confined to
specific lysine in a targeted short-lived protein. Science 1989, 243, 1576-1583. [CrossRef]

4. Spence,].; Sadis, S.; Haas, A.L.; Finley, D. A ubiquitin mutant with specific defects in DNA repair and multiubiquitination. Mol.
Cell Biol. 1995, 15, 1265-1273. [CrossRef]

5. Haglund, K,; Dikic, I. Ubiquitylation and cell signaling. EMBO J. 2005, 24, 3353-3359. [CrossRef] [PubMed]

6.  Iwai, K. Linear polyubiquitin chains: A new modifier involved in NFkB activation and chronic inflammation, including dermatitis.
Cell Cycle 2011, 10, 3095-3104. [CrossRef]

7. Iwai, K. Discovery of linear ubiquitination, a crucial regulator for immune signaling and cell death. FEBS ]. 2020.
[CrossRef] [PubMed]

8. 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]

9. Meroni, G. Genomics and evolution of the TRIM gene family. Adv. Exp. Med. Biol. 2012, 770, 1-9. [PubMed]

10. 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 . 2001, 20, 2140-2151. [CrossRef] [PubMed]

11.  Venuto, S.; Monteonofrio, L.; Cozzolino, F.; Monti, M.; Appolloni, I.; Mazza, T.; Canetti, D.; Giambra, V.; Panelli, P.; Fusco, C.; et al.
TRIMS interacts with KIF11 and KIFC1 and controls bipolar spindle formation and chromosomal stability. Cancer Lett. 2020, 473,
98-106. [CrossRef]

12. Caratozzolo, M.E; Marzano, F.; Mastropasqua, F,; Sbisa, E.; Tullo, A. TRIMS8: Making the Right Decision between the Oncogene
and Tumour Suppressor Role. Genes 2017, 8, 354. [CrossRef]

13. Okumura, A.].; Matsumoto, M.; Nakayama, K.I.; Hatakeyama, S. TRIMS8 regulates Nanog via Hsp90p-mediated nuclear
translocation of STAT3 in embryonic stem cells. Biochim. Biophys. Acta 2011, 1813, 1784-1792. [CrossRef]

14. Milton, R.; Dhanendra, T.; Kritarth, S.; Sripada, L.; Paresh, P.; Khyati, B.; Dhruv, G.; Rajesh, S. TRIMS regulated autophagy
modulates the level of cleaved Caspase-3 subunit to inhibit genotoxic stress induced cell death. Cell. Signal. 2018, 48, 1-12.

15. Caratozzolo, M.E; Micale, L.; Turturo, M.G.; Cornacchia, S.; Fusco, C.; Marzano, F; Augello, B.; D’Erchia, A.M.; Guerrini, L.;

Pesole, G.; et al. TRIM8 modulates p53 activity to dictate cell cycle arrest. Cell Cycle 2012, 11, 511-523. [CrossRef] [PubMed]


http://doi.org/10.1165/rcmb.2016-0014TR
http://doi.org/10.1126/science.2538923
http://doi.org/10.1128/MCB.15.3.1265
http://doi.org/10.1038/sj.emboj.7600808
http://www.ncbi.nlm.nih.gov/pubmed/16148945
http://doi.org/10.4161/cc.10.18.17437
http://doi.org/10.1111/febs.15471
http://www.ncbi.nlm.nih.gov/pubmed/32627388
http://doi.org/10.1002/bies.20304
http://www.ncbi.nlm.nih.gov/pubmed/16237670
http://www.ncbi.nlm.nih.gov/pubmed/23630996
http://doi.org/10.1093/emboj/20.9.2140
http://www.ncbi.nlm.nih.gov/pubmed/11331580
http://doi.org/10.1016/j.canlet.2019.12.042
http://doi.org/10.3390/genes8120354
http://doi.org/10.1016/j.bbamcr.2011.05.013
http://doi.org/10.4161/cc.11.3.19008
http://www.ncbi.nlm.nih.gov/pubmed/22262183

Cells 2021, 10, 561 13 of 15

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.

41.

Mastropasqua, F; Marzano, F.; Valletti, A.; Aiello, I; Di Tullio, G.; Morgano, A.; Liuni, S.; Ranieri, E.; Guerrini, L.;
Gasparre, G.; et al. TRIMS restores p53 tumour suppressor function by blunting N-MYC activity in chemo-resistant tumours. Mol
Cancer 2017, 16, 67. [CrossRef] [PubMed]

Liu, Y,; Zhang, B.; Shi, T.; Qin, H. mir-182 promotes tumor growth and increases chemoresistance of human anaplastic thyroid
cancer by targeting tripartite motif 8. OncoTargets Ther. 2017, 10, 1115-1122. [CrossRef]

Dang, X.; He, B.; Ning, Q.; Liu, Y,; Chang, Y.; Chen, M. Suppression of TRIM8 by microRNA-182-5p restricts tumor necrosis
factor-a-induced proliferation and migration of airway smooth muscle cells through inactivation of NF-Kb. Int. Immunopharmacol.
2020, 83, 106475. [CrossRef]

Zhang, X.; Feng, Y,; Li, ].; Zheng, L.; Shao, Y.; Zhu, F,; Sun, X. MicroRNA-665-3p attenuates oxygen-glucose deprivation-evoked
microglial cell apoptosis and inflammatory response by inhibiting NF-«B signaling via targeting TRIMS. Int Immunopharmacol.
2020, 85, 106650. [CrossRef]

Li, L.; He, Y;; He, XJ.; Bi, M.R; Qi, YH.; Zhu, W.W. Down-regulation of long noncoding RNA LINC00472 alleviates sepsis-induced
acute hepatic injury by regulating miR-373- 3p/TRIMS axis. Exp. Mol. Pathol. 2020, 117, 104562. [CrossRef]

Vincent, S.R.; Kwasnicka, D.A ; Fretier, P. A novel RING finger-B box-coiled-coil protein, GERP. Biochem. Biophys. Res. Commun.
2000, 279, 482-486. [CrossRef]

Carinci, F; Arcelli, D.; Lo Muzio, L.; Francioso, F; Valentini, D.; Evangelisti, R.; Volinia, S.; D’Angelo, A.; Meroni, G;
Zollo, M; et al. Molecular classification of nodal metastasis in primary larynx squamous cell carcinoma. Transl. Res. 2007,
150, 233-245. [CrossRef] [PubMed]

Bomben, R.; Gobessi, S.; Dal Bo, M.; Volinia, S.; Marconi, D.; Tissino, E.; Benedetti, D.; Zucchetto, A.; Rossi, D.; Gaidano, G.; et al.
The miR-17-92 family regulates the response to Toll-like receptor 9 triggering of CLL cells with unmutated IGHV genes. Leukemia
2012, 26, 1584-1593. [CrossRef] [PubMed]

Ni, M.; Wang, Y.; Xie, L. TRIMS regulates the chemoresistance of colorectal cancer in a p53-dependent manner. Oncol. Lett. 2016,
12, 4807-4812. [CrossRef]

Caratozzolo, M.E,; Valletti, A.; Gigante, M.; Aiello, I.; Mastropasqua, F.; Marzano, F.; Ditonno, P.; Carrieri, G.; Simon-
net, H.; D’Erchia, A.M.; et al. TRIMS anti-proliferative action against chemo-resistant renal cell carcinoma. Oncotarget 2014, 5,
7446-7457. [CrossRef]

Valletti, A.; Marzano, F,; Pesole, G.; Sbisa, E.; Tullo, A. Targeting Chemoresistant Tumors: Could TRIM Proteins-p53 Axis Be a
Possible Answer? |. Mol. Sci. 2019, 20, 1776. [CrossRef] [PubMed]

Micale, L.; Fusco, C.; Fontana, A.; Barbano, R.; Augello, B.; De Nittis, P.; Copetti, M.; Pellico, M.T.; Mandriani, B;
Cocciadiferro, D.; et al. TRIM8 downregulation in glioma affects cell proliferation and it is associated with patients survival.
BMC Cancer 2015, 15, 470. [CrossRef]

Tian, Z.; Tang, J.; Liao, X.; Gong, Y.; Yang, Q.; Wu, Y.; Wu, G. TRIMS inhibits breast cancer proliferation by regulating estrogen
signaling. Am. J. Cancer Res. 2020, 10, 3440-3457.

Xia, Y.;; Zhao, J.; Yang, C. Identification of key genes and pathways for melanoma in the TRIM family. Cancer Med. 2020, 9,
8989-9005. [CrossRef]

Moergel, M.; Abt, E.; Stockinger, M.; Kunkel, M. Overexpression of p63 is associated with radiation resistance and prognosis in
oral squamous cell carcinoma. Oral Oncol. 2010, 46, 667—671. [CrossRef] [PubMed]

Matin, R.N.; Chikh, A.; Chong, S.L.; Mesher, D.; Graf, M.; Sanza’, P.; Senatore, V.; Scatolini, M.; Moretti, F.; Leigh, LM.; et al. p63 is
an alternative p53 repressor in melanoma that confers chemoresistance and a poor prognosis. J. Exp. Med. 2013, 210, 581-603.
[CrossRef] [PubMed]

Loljung, L.; Coates, PJ.; Nekulova, M.; Laurell, G.; Wahlgren, M.; Wilms, T.; Widlof, M.; Hansel, A.; Nylander, K. High expression
of p63 is correlated to poor prognosis in squamous cell carcinoma of the tongue. J. Oral Pathol. Med. 2014, 43, 14-19. [CrossRef]
Caratozzolo, M.E,; Marzano, F.; Abbrescia, D.I.; Mastropasqua, F.; Petruzzella, V.; Calabro, V.; Pesole, G.; Sbisa, E.; Guerrini, L.;
Tullo, A. TRIMS8 Blunts the Pro-proliferative Action of ANp63«x in a p53 Wild-Type Background. Front. Oncol. 2019, 9, 1154.
[CrossRef] [PubMed]

Kundu, M.; Thompson, C.B. Autophagy: Basic principles and relevance to disease. Annu. Rev. Pathol. 2008, 3, 427-455. [CrossRef]
Lan, Y.Y.; Londono, D.; Bouley, R.; Rooney, M.S.; Hacohen, N. Dnase2a deficiency uncovers lysosomal clearance of damaged
nuclear DNA via autophagy. Cell Rep. 2014, 9, 180-192. [CrossRef]

Kang, C.; Xu, Q.; Martin, T.D.; Li, M.Z.; Demaria, M.; Aron, L.; Lu, T,; Yankner, B.A.; Campisi, J.; Elledge, S.J. The DNA damage
response induces inflammation and senescence by inhibiting autophagy of GATA4. Science 2015, 349. [CrossRef]

Zhong, Z.; Umemura, A.; Sanchez-Lopez, E.; Liang, S.; Shalapour, S.; Wong, J.; He, F,; Boassa, D.; Perkins, G.; Ali, S.R.; et al.
NF-kappaB restricts inflammasome activation via elimination of damaged mitochondria. Cell 2016, 164, 896-910. [CrossRef]
Lin, E; Ghislat, G.; Luo, S.; Renna, M.; Siddiqji, F.; Rubinsztein, D.C. XIAP and cIAP1 amplifications induce Beclin 1-dependent
autophagy through NFkappaB activation. Hum. Mol. Genet. 2015, 24, 2899-2913. [CrossRef]

Liu, T.; Zhang, L.; Joo, D.; Sun, S.C. NF-«B signaling in inflammation. Signal Transduct. Target. Ther. 2017, 2, 17023. [CrossRef]
Tomar, D.; Sripada, L.; Prajapati, P; Singh, R.; Singh, A.K,; Singh, R. Nucleo-Cytoplasmic Trafficking of TRIMS, a Novel Oncogene,
Is Involved in Positive Regulation of TNF Induced NF-kB Pathway. PLoS ONE 2012, 7, e48662. [CrossRef]

Li, Q.; Yan, J.; Mao, A.P; Li, C.; Ran, Y,; Shu, H.B.; Wang, Y.Y. Tripartite motif 8 (TRIM8) modulates TNFa- and IL-13-triggered NF-
kB activation by targeting TAK1 for K63-linked polyubiquitination. Proc. Natl. Acad. Sci. USA 2011, 108, 19341-19346. [CrossRef]


http://doi.org/10.1186/s12943-017-0634-7
http://www.ncbi.nlm.nih.gov/pubmed/28327152
http://doi.org/10.2147/OTT.S110468
http://doi.org/10.1016/j.intimp.2020.106475
http://doi.org/10.1016/j.intimp.2020.106650
http://doi.org/10.1016/j.yexmp.2020.104562
http://doi.org/10.1006/bbrc.2000.3984
http://doi.org/10.1016/j.trsl.2007.03.011
http://www.ncbi.nlm.nih.gov/pubmed/17900511
http://doi.org/10.1038/leu.2012.44
http://www.ncbi.nlm.nih.gov/pubmed/22343732
http://doi.org/10.3892/ol.2016.5256
http://doi.org/10.18632/oncotarget.2081
http://doi.org/10.3390/ijms20071776
http://www.ncbi.nlm.nih.gov/pubmed/30974870
http://doi.org/10.1186/s12885-015-1449-9
http://doi.org/10.1002/cam4.3545
http://doi.org/10.1016/j.oraloncology.2010.06.012
http://www.ncbi.nlm.nih.gov/pubmed/20656547
http://doi.org/10.1084/jem.20121439
http://www.ncbi.nlm.nih.gov/pubmed/23420876
http://doi.org/10.1111/jop.12074
http://doi.org/10.3389/fonc.2019.01154
http://www.ncbi.nlm.nih.gov/pubmed/31781486
http://doi.org/10.1146/annurev.pathmechdis.2.010506.091842
http://doi.org/10.1016/j.celrep.2014.08.074
http://doi.org/10.1126/science.aaa5612
http://doi.org/10.1016/j.cell.2015.12.057
http://doi.org/10.1093/hmg/ddv052
http://doi.org/10.1038/sigtrans.2017.23
http://doi.org/10.1371/journal.pone.0048662
http://doi.org/10.1073/pnas.1110946108

Cells 2021, 10, 561 14 of 15

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.
54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Sato, S.; Sanjo, H.; Takeda, K.; Ninomiya-Tsuji, ].; Yamamoto, M.; Kawai, T.; Matsumoto, K.; Takeuchi, O.; Akira, S. Essential
function for the kinase TAK1 in innate and adaptive immune responses. Nat. Immunol. 2005, 6, 1087-1095. [CrossRef]

Lee, H.; Herrmann, A.; Deng, ] H.; Kujawski, M.; Niu, G.; Li, Z.; Forman, S.; Jove, R.; Pardoll, D.M.; Yu, H. Persistently activated
Stat3 maintains constitutive NF-kappaB activity in tumors. Cancer Cell 2009, 15, 283-293. [CrossRef] [PubMed]

Grivennikov, S.; Karin, M. Dangerous liaisons: STAT3 and NF-«kB collaboration and crosstalk in cancer. Cytokine Growth Factor
Rev. 2010, 21, 11-19. [CrossRef] [PubMed]

Alexander, W.S. Suppressors of cytokine signalling (SOCS) in the immune system. Nat. Rev. Immunol. 2002, 2, 410-416.
[CrossRef] [PubMed]

Kubo, M.; Hanada, T.; Yoshimura, A. Suppressors of cytokine signaling and immunity. Nat. Immunol. 2003, 4,
1169-1176. [CrossRef]

Shuai, K.; Liu, B. Regulation of gene-activation pathways by PIAS proteins in the immune system. Nat. Rev. Immunol. 2005, 5,
593-605. [CrossRef] [PubMed]

Toniato, E.; Chen, X.P; Losman, J.; Flati, V.; Donahue, L.; Rothman, P. TRIM8/GERP RING finger protein interacts with SOCS-1. J.
Biol. Chem. 2002, 277, 37315-37322. [CrossRef] [PubMed]

Okumura, F; Matsunaga, Y.; Katayama, Y.; Nakayama, K.; Hatakeyama, S. TRIM8 modulates STAT3 activity through negative
regulation of PIAS3. |. Cell Sci. 2010, 123, 2238. [CrossRef] [PubMed]

Jang, H.D.; Yoon, K,; Shin, ].Y.; Kim, J.; Lee, S.Y. PIAS3 suppresses NF-kappaB-mediated transcription by interacting with the
p65/RelA subunit. J. Biol. Chem. 2004, 279, 24873-24880. [CrossRef] [PubMed]

Sentis, S.; Le Romancer, M.; Bianchin, C.; Rostan, M.C.; Corbo, L. Sumoylation of the estrogen receptor alpha hinge region
regulates its transcriptional activity. Mol. Endocrinol. 2005, 19, 2671-2684. [CrossRef]

Chan, K.S; Sano, S.; Kiguchi, K.; Anders, J.; Komazawa, N.; Takeda, J.; DiGiovanni, J. Disruption of Stat3 reveals a critical role in
both the initiation and the promotion stages of epithelial carcinogenesis. J. Clin. Investig. 2004, 114, 720-728. [CrossRef] [PubMed]
Darnell, J.E., Jr. Transcription factors as targets for cancer therapy. Nat. Rev. Cancer 2002, 2, 740-749. [CrossRef] [PubMed]
Wang, K.; Chen, Y.; Chang, E.A.; Knott, ].G.; Cibelli, ].B. Dynamic epigenetic regulation of the Oct4 and Nanog regulatory regions
during neural differentiation in rhesus nuclear transfer embryonic stem cells. Cloning Stem Cells 2009, 11, 483-496. [CrossRef]
Guryanova, O.A.; Wu, Q.; Cheng, L.; Lathia, J.D.; Huang, Z.; Yang, J.; MacSwords, J.; Eyler, C.E.; McLendon, RE;
Heddleston, ].M.; et al. Nonreceptor tyrosine kinase BMX maintains self-renewal and tumorigenic potential of glioblastoma stem
cells by activating STAT3. Cancer Cell 2011, 19, 498-511. [CrossRef]

Venuto, S.; Castellana, M.; Monti, I.; Appolloni, C.; Fusilli, C.; Fusco, C.; Pucci, P.; Malatesta, P.; Mazza, T.; Merla, G.; et al.
TRIMS-driven transcriptomic profile of neural stem cells identified glioma-related nodal genes and pathways. Biochim. Biophys.
Acta Gen. Subj. 2019, 1863, 491-501. [CrossRef] [PubMed]

Vousden, K.H.; Prives, C. Blinded by the Light: The Growing Complexity of p53. Cell 2009, 137, 413-431. [CrossRef] [PubMed]
Zhao, W.; Zhang, X.; Chen, Y.; Shao, Y.; Feng, Y. Downregulation of TRIMS8 protects Neurons from oxygen-glucose deprivation/re-
oxygenation-induced injury through reinforcement of the AMPK/Nrf2/ARE antioxidant signaling pathway. Brain Res. 2020,
1728, 146590. [CrossRef]

Hong, L.Z.; Zhao, X.Y.; Zhang, H.L. p53-mediated neuronal cell death in ischemic brain injury. Neurosci. Bull. 2010, 26,
232-240. [CrossRef]

Li, X.;; Zhao, Y.; Xia, Q.; Zheng, L.; Liu, L.; Zhao, B.; Shi, J. Nuclear translocation of annexin 1 following oxygen-glucose
deprivation-reperfusion induces apoptosis by regulating Bid expression via p53 binding. Cell Death Dis. 2016, 7, €2356. [CrossRef]
Bai, X.; Zhang, Y.L.; Liu, L.N. Inhibition of TRIMS restrains ischaemia-reperfusion-mediated cerebral T injury by regulation of
NF-«B activation associated inflammation and apoptosis. Exp. Cell Res. 2020, 388, 111818. [CrossRef] [PubMed]

Deng, Y.; Chen, D.; Wang, L.; Gao, F; Jin, B.; Lv, H.; Zhang, G.; Sun, X.; Liu, L.; Mo, D.; et al. Silencing of Long Noncod-
ing RNA Nespas Aggravates Microglial Cell Death and Neuroinflammation in Ischemic Stroke. Stroke 2019, 50, 1850-1858.
[CrossRef] [PubMed]

Dang, X.; Qin, Y,; Gu, C; Sun, ]J.; Zhang, R.; Peng, Z. Knockdown of Tripartite Motif 8 Protects HIC2 Cells Against
Hypoxia/Reoxygenation-Induced Injury Through the Activation of PI3K/Akt Signaling Pathway. Cell Transplant. 2020, 29,
963689720949247. [CrossRef] [PubMed]

Chen, L.; Huang, J.; Ji, Y.X.; Mei, E; Wang, P.X.; Deng, K.Q.; Jiang, X.; Ma, G.; Li, H. Tripartite Motif 8 Contributes to Pathological
Cardiac Hypertrophy Through Enhancing Transforming Growth Factor 3-Activated Kinase 1-Dependent Signaling Pathways.
Hypertension 2017, 69, 249-258. [CrossRef] [PubMed]

Tao, Q.; Tianyu, W,; Jianggiao, Z.; Zhongbao, C.; Xiaoxiong, M.; Long, Z.; Jilin, Z. Tripartite Motif 8 Deficiency Relieves Hepatic
Ischaemia/reperfusion Injury via TAK1-dependent Signalling Pathways. Int. J. Biol. Sci. 2019, 15, 1618-1629. [CrossRef]

Yan, FJ.; Zhang, X.].; Wang, WX,; Ji, Y.X.; Wang, PX,; Yang, Y.; Gong, J.; Shen, L.].; Zhu, X.Y.; Huang, Z.; et al. The E3 ligase tripartite
motif 8 targets TAK1 to promote insulin resistance and steatohepatitis. Hepatology 2017, 65, 1492-1511. [CrossRef] [PubMed]
Xiaoli, L.; Wujun, Z.; Jing, L. Blocking of tripartite motif 8 protects against lipopolysaccharide (LPS)-induced acute lung injury by
regulating AMPKa activity. Biochem. Biophys. Res. Commun. 2019, 508, 701-708. [CrossRef]

Liu, D.; Zhang, P.; Zhou, J.; Liao, R.; Che, Y.; Gao, M,; Sun, ].; Cai, ].; Cheng, X.; Huang, Y.; et al. TNFAIP3 Interacting Protein 3
Overexpression Suppresses Nonalcoholic Steatohepatitis by Blocking TAK1 Activation. Cell Metab. 2020, 31, 726-740. [CrossRef]


http://doi.org/10.1038/ni1255
http://doi.org/10.1016/j.ccr.2009.02.015
http://www.ncbi.nlm.nih.gov/pubmed/19345327
http://doi.org/10.1016/j.cytogfr.2009.11.005
http://www.ncbi.nlm.nih.gov/pubmed/20018552
http://doi.org/10.1038/nri818
http://www.ncbi.nlm.nih.gov/pubmed/12093007
http://doi.org/10.1038/ni1012
http://doi.org/10.1038/nri1667
http://www.ncbi.nlm.nih.gov/pubmed/16056253
http://doi.org/10.1074/jbc.M205900200
http://www.ncbi.nlm.nih.gov/pubmed/12163497
http://doi.org/10.1242/jcs.068981
http://www.ncbi.nlm.nih.gov/pubmed/20516148
http://doi.org/10.1074/jbc.M313018200
http://www.ncbi.nlm.nih.gov/pubmed/15140884
http://doi.org/10.1210/me.2005-0042
http://doi.org/10.1172/JCI200421032
http://www.ncbi.nlm.nih.gov/pubmed/15343391
http://doi.org/10.1038/nrc906
http://www.ncbi.nlm.nih.gov/pubmed/12360277
http://doi.org/10.1089/clo.2009.0019
http://doi.org/10.1016/j.ccr.2011.03.004
http://doi.org/10.1016/j.bbagen.2018.12.001
http://www.ncbi.nlm.nih.gov/pubmed/30528352
http://doi.org/10.1016/j.cell.2009.04.037
http://www.ncbi.nlm.nih.gov/pubmed/19410540
http://doi.org/10.1016/j.brainres.2019.146590
http://doi.org/10.1007/s12264-010-1111-0
http://doi.org/10.1038/cddis.2016.259
http://doi.org/10.1016/j.yexcr.2020.111818
http://www.ncbi.nlm.nih.gov/pubmed/31917201
http://doi.org/10.1161/STROKEAHA.118.023376
http://www.ncbi.nlm.nih.gov/pubmed/31167620
http://doi.org/10.1177/0963689720949247
http://www.ncbi.nlm.nih.gov/pubmed/32841049
http://doi.org/10.1161/HYPERTENSIONAHA.116.07741
http://www.ncbi.nlm.nih.gov/pubmed/27956576
http://doi.org/10.7150/ijbs.33323
http://doi.org/10.1002/hep.28971
http://www.ncbi.nlm.nih.gov/pubmed/27981609
http://doi.org/10.1016/j.bbrc.2018.11.072
http://doi.org/10.1016/j.cmet.2020.03.007

Cells 2021, 10, 561 15 of 15

69.

70.

71.

72.

73.

74.

75.

76.

77.

Guo, L.; Dong, W.; Fu, X,; Lin, J.; Dong, Z.; Tan, X.; Zhang, T. Tripartite Motif 8 (TRIMS) Positively Regulates Pro-inflammatory
Responses in Pseudomonas aeruginosa-Induced Keratitis Through Promoting K63-Linked Polyubiquitination of TAK1 Protein.
Inflammation 2017, 40, 454-463. [CrossRef]

Liu, R.; Wu, H.; Song, H. Knockdown of TRIMS8 Attenuates IL-1p-induced Inflammatory Response in Osteoarthritis Chondrocytes
Through the Inactivation of NF-«B Pathway. Cell Transplant 2020, 29, 963689720943604. [CrossRef]

Huang, Y,; Yu, Y;; Yang, Y,; Yang, M.; Zhou, L.; Huang, X.; Qin, Q. Fish TRIMS8 exerts antiviral roles through regulation of the
proinflammatory factors and interferon signaling. Fish Shellfish Immunol. 2016, 54, 435-444. [CrossRef]

Maarifi, G.; Smith, N.; Maillet, S.; Moncorgé, O.; Chamontin, C.; Edouard, J.; Sohm, F; Blanchet, EP.; Herbeuval, ].P;
Lutfalla, G.; et al. TRIMS is required for virus-induced IFN response in human plasmacytoid dendritic cells. Sci. Adv. 2019, 5,
3511. [CrossRef] [PubMed]

Ye, W.; Hu, M.M.; Lei, C.Q.; Zhou, Q.; Lin, H.; Sun, M.S.; Shu, H.B. TRIMS8 Negatively Regulates TLR3/4-Mediated Innate
Immune Response by Blocking TRIF-TBK1 Interaction. J. Immunol. 2017, 199, 1856-1864. [CrossRef] [PubMed]

Sakai, Y.; Fukai, R.; Matsushita, Y.; Miyake, N.; Saitsu, H.; Akamine, S.; Torio, M.; Sasazuki, M.; Ishizaki, Y.; Sanefuji, M.; et al.
De Novo Truncating Mutation of TRIM8 Causes Early-Onset Epileptic Encephalopathy. Ann. Hum. Genet. 2016, 80,
235-240. [CrossRef]

Assoum, M.; Lines, M.A; Elpeleg, O.; Darmency, V.; Whiting, S.; Edvardson, S.; Devinsky, O.; Heinzen, E.; Hernan, R.R;;
Antignac, C.; et al. Further delineation of the clinical spectrum of de novo TRIMS truncating mutations. Am. |. Med. Genet A 2018,
176, 2470-2478. [CrossRef] [PubMed]

McClatchey, M.A.; du Toit, Z.D.; Vaughan, R.; Whatley, S.D.; Martins, S.; Hegde, S.; Te Water Naude, J.; Thomas, D.H.;
Griffiths, D.F.; Genomics England Research Consortium; et al. Focal segmental glomerulosclerosis and mild intellectual disability
in a patient with a novel de novo truncating TRIM8 mutation. Eur. ]. Med. Genet. 2020, 63, 103972. [CrossRef] [PubMed]
Warren, M.; Takeda, M.; Partikian, A.; Opas, L.; Fine, R.; Yano, S. Association of a de novo nonsense mutation of the TRIMS8 gene
with childhood-onset focal segmental glomerulosclerosis. Pediatr. Nephrol. 2020, 35, 1129-1132. [CrossRef] [PubMed]


http://doi.org/10.1007/s10753-016-0491-3
http://doi.org/10.1177/0963689720943604
http://doi.org/10.1016/j.fsi.2016.04.138
http://doi.org/10.1126/sciadv.aax3511
http://www.ncbi.nlm.nih.gov/pubmed/31799391
http://doi.org/10.4049/jimmunol.1601647
http://www.ncbi.nlm.nih.gov/pubmed/28747347
http://doi.org/10.1111/ahg.12157
http://doi.org/10.1002/ajmg.a.40357
http://www.ncbi.nlm.nih.gov/pubmed/30244534
http://doi.org/10.1016/j.ejmg.2020.103972
http://www.ncbi.nlm.nih.gov/pubmed/32531461
http://doi.org/10.1007/s00467-020-04525-3
http://www.ncbi.nlm.nih.gov/pubmed/32193649

	Introduction 
	TRIM Family Proteins 
	TRIM8, a Double-Edged Weapon 
	Regulation of TRIM8 Gene Expression 
	TRIM8 and p53 Pathway: Not Dying, but Stopping 
	TRIM8, NF-B and JAK-STAT Pathways: A Dangerous Ménage-à-Trois in Cancer 
	The Dark Side of TRIM8 
	TRIM8 as Inflammation Inducer 
	TRIM8 Involvement in Innate Immunity 
	TRIM8 Mutation and Diseases 
	References

