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ARTICLE INFO ABSTRACT

Keywords: Gliomas, the most prevalent malignant primary brain tumors in adults, represent a heterogeneous group of
TRIM proteins neoplasms characterized by poor prognosis and limited therapeutic options, particularly in high-grade cases.
th’m?_ X Understanding the molecular mechanisms underlying glioma pathogenesis is crucial for developing novel and
g:tl}?s;:;l:;:n effective treatment strategies. In recent years, increasing attention has been directed toward the tripartite motif
(TRIM) family of proteins, a class of E3 ubiquitin ligases, due to their significant roles in glioma development and
progression. This review comprehensively explores the diverse functions of TRIM proteins in gliomas, including
their expression patterns, prognostic significance, and mechanisms of action that are both ubiquitination-
dependent and -independent. By synthesizing current knowledge, we aim to elucidate the role of TRIM pro-
teins in glioma pathogenesis and identify potential therapeutic targets within this protein family.
Introduction therapeutic strategies to improve patient outcomes. Emerging evidence

The tripartite motif (TRIM) proteins are a group of subordinate
members of the RING-type E3 ubiquitin ligases. In humans, more than
70 TRIM proteins have been identified, most of which are characterized
by a unique structure consisting of one RING-finger domain, one or two
B boxes domains, and an associated coiled-coil region [1] (Fig. 1).
Recent studies have demonstrated that many TRIM proteins play pivotal
roles in multiple physiological and pathophysiological processes,
including viral infections, carcinogenesis, inflammatory and neuropsy-
chiatric disorders [2-6].

Gliomas, the most prevalent malignant primary brain tumors in
adults, are classified into grades 1-4 according to the world Health
Organization (WHO) criteria [7]. The overall 5-year survival rate for
patients with gliomas is approximately 35 %, whereas for glioblastoma
(WHO Grade 4), the five-year survival rate is only about 5 % [8-10].
Despite continuous advancements in the treatment of glioblastoma in
recent years, including traditional methods such as surgical interven-
tion, radiation therapy, and chemotherapy, as well as newly proposed
treatments like immunotherapy and electric field therapy, the survival
rates for patients with glioblastoma have not seen significant improve-
ment [11-13]. This underscores the critical need for a deeper under-
standing of glioma pathogenesis and the development of novel
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has implicated TRIM proteins in multiple aspects of glioma pathobi-
ology, including tumorigenesis, invasiveness, proliferation, stemness
maintenance, therapy resistance, and tumor recurrence [14-18].
Moreover, targeting TRIM proteins has garnered considerable attention
as a therapeutic strategy, with some pre-clinical experiments showing
promising results [19-21]. This review provides a comprehensive
analysis of the multifaceted roles of TRIM proteins in glioma, encom-
passing both their ubiquitin ligase functions and non-ubiquitination
activities. Furthermore, we discuss recent developments and future
prospects in targeting TRIM proteins as an innovative therapeutic
approach for glioma treatment.

A survey of the structural and functional features of TRIM
proteins

Structure and function of the N-terminal region

The nomenclature of the tripartite motif (TRIM) protein family stems
from the presence of a RING domain, one or two B-box domains and a
coiled-coil region situated at the N-terminus. The TRIM proteins are
commonly classified as E3 ubiquitin ligases due to the presence of their
RING domain. In detail, the RING finger domain typically consists of
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10-20 amino acid residues located in the N-terminal region, organized
by an arrangement of cysteine and histidine [21,22]. Specifically, the
N-terminal region contains a pair of cysteine residues, while the C-ter-
minal region contains a pair of histidine residues, which combine to
form a cavity that can bind two zinc atoms [21,23]. This binding event is
crucial for mediating ubiquitination reactions of either the protein itself
or various substrates. Consequently, the RING finger domain has
become a hallmark of many E3 ubiquitin ligases. However, TRIM pro-
teins belonging to the UC subfamily lack a RING domain, which implies
the absence of E3 ubiquitin ligase activity [21,24].

The B-box domains, which are categorized into two types (B-box1
and B-box2) based on the presence of one or two distinct zinc-binding
motifs, can either enhance the catalytic activity of the RING domain
or facilitate substrate ubiquitination independently [25]. In detail, the
B-box1 and B-box2 domains exhibit limited sequence similarity, with
the exception of conserved cysteine and histidine residues, which are
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present in eight and seven residues, respectively, across most B-box1 and
B-box2 domains [25]. Moreover, the B-box1l domain, spanning from
Valll7 to Prol64, is composed of a three-turn alpha-helix, two short
beta-strands, and three beta-turns [25,26]. This domain is known to
bind two zinc atoms, with one being coordinated by cysteine residues
119, 122, 142, and 145, while the other is coordinated by cysteine 134,
137, and histidine 150 and 159. On the other hand, the B-box2 domain
consists of a short alpha-helix and a structured loop that contains two
short anti-parallel beta-strands [25,26]. Despite the lack of primary
sequence similarity with the B-box1 and RING structures, the B-box2
domain adopts a tertiary structure similar to them. In addition, the
B-box2 domain coordinates two zinc atoms in a ’cross-brace’ pattern,
with one being coordinated by Cys175, His178, Cys195, and Cys198 and
the other being coordinated by Cys187, Asp190, His204, and His2072°.

The coiled-coil domain, which is highly conserved across all TRIM
proteins and frequently positioned downstream of the B-Box2 domain,
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Fig. 1. Schematic representation of TRIM protein domain structures.
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acts as a conserved structural scaffold that facilitates the formation of
anti-parallel homodimers or heterodimers [27,28]. Previous research
has identified a pattern of conserved hydrophobic amino acids, with
leucine being the most frequently represented residue, within a
contiguous helical structure of approximately 110 amino acids in the
coiled-coil region of most TRIM proteins, indicating the conservation of
the unique arrangement of heptad and hendecad repeats throughout the
entire TRIM protein family [28].

Structure and function of the C-terminal region

While the N-terminal domains exhibit similarity across subtypes, the
C-terminal domains of TRIM proteins differ among subfamilies, leading
to classification into C-I to C-XI subtypes based on their unique C-ter-
minal domains [29,30]. The C-terminal domains of TRIM proteins
comprise various distinct domains, such as the Fibronectin type-III
domain (FN3), COS domain, B30.2/SPRY domain (SPRY), PRY
domain, acid-rich region (ACID), filamin-type I domain (FIL), NHL
domain, PHD domain, Meprin and TRAF-homology domain (MATH),
transmembrane region (TM), ADP-ribosylation factor family domain
(ARF), and bromodomain (BRD) [27]. In detail, the PHD domain and the
adjacent bromodomain contribute to DNA-binding properties and confer
transcriptional regulation [31]. The COS domain is essential for micro-
tubule binding, while the ARF domain regulates intracellular trafficking
through GTP hydrolysis activity [29,31]. Prior studies have identified
the prevalence of the fibronectin type III motif among cell surface pro-
teins, suggesting its potential role in mediating molecular recognition
processes [31]. The filamin-type I domain, characterized by its
immunoglobulin-like structure, binds to several scaffolding, signaling,
and transmembrane proteins, thus playing essential roles in regulating
various cellular processes, including cell morphology, adhesion,
migration, differentiation, and mechanosensing [32]. The PRY-SPRY
domain has been identified as a critical component of innate immune
responses and the recognition of certain proteins, while also playing a
crucial role in subcellular localization of specific TRIM proteins [33].
For example, the interaction between the C-terminal SPRY domain of
TRIM25 and the N-terminal CARDs of RIG-I facilitates the transfer of Lys
63-linked ubiquitin moiety to the N-terminal CARDs of RIG-I, leading to
a significant enhancement in the downstream signaling activity of RIG-I
[34]. Lastly, the Meprin and TRAF-homology domain, functioning to
facilitate receptor binding and oligomerization, is capable of partici-
pating in various modular arrangements as an independent folding unit,
determined by multimerization domains that are linked to it [31,35].

Expression pattern and prognostic value of TRIM proteins in
glioma

Modulation of TRIM proteins in glioma

The expression of TRIM proteins in glioma is often altered through
various mechanisms, including genetic alterations, DNA methylation
and abnormal transcriptional activities at the gene level, regulation by
non-coding RNAs such as mi-RNA, circRNAs, and IncRNA at the mRNA
level, and post-translational modifications like ubiquitylation at the
protein level.

Firstly, to investigate the genetic alterations of TRIM proteins in
glioma, we utilized Cbioportal to analyze the occurrence of such alter-
ations in the TCGA-LGG (Lower-grade glioma/514 patients) and TCGA-
GBM (Glioblastoma/390 patients) cohorts, respectively [36,37]. The
results show that the incidence of genetic modifications in patients
diagnosed with LGG or GBM exhibits a similar pattern, with TRIM genes
being altered in approximately 33 % of LGG patients (168 events among
514 patients) and 32 % of GBM patients (126 events among 390 pa-
tients). Among the TRIM genes examined, namely TRIM3(4 %), TRIM5
(4 %), TRIM6(4 %), TRIM21(4 %), TRIM22(4 %), TRIM28(4 %),
TRIM34(4 %), TRIM68(4 %), TRIML1(4 %), and TRIML2(4 %), the

Translational Oncology 58 (2025) 102419

mutation rates were relatively higher in LGG patients (Figure S1), while
in GBM patients, relatively higher mutation rates were observed in
TRIM76(2.8 %), TRIM50(2.6 %), and TRIML1(2.6 %) (Figure S2).
Notably, TRIM3 gene is located within the chromosomal locus 11p15.5,
and approximately 20 % of human glioblastoma samples demonstrate
loss of heterozygosity in this region [38,39]. Despite the presence of an
intact 11p15.5 locus in many GBM samples, analysis has revealed a
lower than anticipated expression of TRIM3, indicating the potential
involvement of other mechanisms in the regulation of TRIM3 expression
[40]. Given that the 11p15 region is also prone to frequent dysregulated
DNA methylation and loss of imprinting [41], it is possible that DNA
methylation may play a role in the low expression of TRIM3. Interest-
ingly, The TRIMS gene is located on chromosome 10q24.3, which also is
a region that exhibits frequent deletion or loss of heterozygosity in GBM
[42]. Despite its frequent hemizygous deletion in GBM, TRIM8 dem-
onstrates similar expression levels in GBM samples as in normal brain
tissue [43]. A plausible mechanism for this phenomenon is the activa-
tion of STAT3, which upregulates TRIM8 and thus enables the normal-
ization of TRIMS8 expression in the context of hemizygous gene deletion
[43]. In addition, certain transcription factors linked to the aberrantly
activated signaling pathways in glioma have the potential to regulate the
expression of TRIM proteins. For instance, TRIM19 (PML) transcription
is suppressed by transcription factor SOX2 in GBM cells [44]. Addi-
tionally, in EGFR/EGFRvVIII-driven gliomas, the activation of STAT3 by
EGFR/EGFRVIII enhances the transcription of TRIM24'%. TRIM59 tran-
scription is activated by EGFR/EGFRVIII through transcription factor
SOX9 in GBM cells [45]. Similarly, our previous work has demonstrated
that the transcription factor SP1 can directly bind to the —91 to —82
region of the TRIM56 promoter, resulting in the activation of TRIM56
transcription [46].

Secondly, microRNA (miRNA) has the ability to modulate the
expression of TRIM proteins through various mechanisms, including
inhibition of mRNA translation and induction of mRNA decay. For
instance, the expression of TRIMS is regulated by miR-17 through direct
binding to the 3-untranslated region (3-UTR) of TRIM8 [47]. The
miR-491 functions as a tumor suppressor by binding to the 3-UTR of
TRIM28 and subsequently downregulating TRIM28 protein levels [48].
Similarly, miR-101-3p [49] and miR-623 [50] directly inhibits TRIM44
translation by binding to its 3-UTR. In addition, both circular RNAs and
long non-coding RNAs (IncRNAs) have the ability to function as miRNA
sponges, leading to the inhibition of miRNA activity. For example, cir-
cular RNA Circ_0000741 functions as a competitive endogenous RNA by
sequestering miR-379-5p, thereby relieving its inhibitory effect on
TRIM14 expression [51]. Circ_0005198 acts as a sponge for miR-198,
which binds to the 3'UTR of TRIM14, thus elevating TRIM14 expres-
sion [52]. In addition, TRIM14 was reported to be directly regulated by
miR-6893-3p, whereas the IncRNA CHASERR can act as a sponge for
miR-6893-3p thus indirectly affecting TRIM14°, Interestingly, TRIM24
has been reported as a downstream target of both miR-137 [54] and
miR-138-2-3p [55], with IncRNA NCK1-AS1 upregulating TRIM24
expression by repressing miR-137 and miR-138-2-3p. TRIM44 is a
target of miR-194-5p, and circ_ 0030018 upregulates TRIM44 by
sequestering miR-194-5p [56]. Similarly, LINC01857 functions as a
putative competing endogenous RNA that sequesters miR-1281, thereby
reducing its expression levels and ultimately upregulating TRIM65
expression [57].

Thirdly, expression of TRIM proteins can be altered directly at pro-
tein level in gliomas. For example, MAPKK®6 exerts a stabilizing effect on
TRIMO protein through the promotion of phosphorylation at Ser76,/80
residues via the p38 pathway, thereby impeding degradation via the
ubiquitin-proteasome pathway [58]. In addition, USP11 can stabilize
and upregulate TRIM19 level by serving as a deubiquitinating enzyme
for TRIM19 [59]. The SP140 inhibitor GSK761 was reported to inhibit
the mRNA and protein level of TRIM22 [60]. LncRNA PVT1 increases
the protein level of TRIM24 by deubiquitinating TRIM24 through
COPS5 and interacting directly with TRIM24 [61]. The abnormal
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upregulation of MAGED4B has been shown to promote glioma pro-
gression by enhancing the ubiquitination and subsequent degradation of
TRIM27 [62].

Overall, in the context of glioma, multiple lines of evidence indicate
that the expression levels of TRIM3 [63], TRIM8 [47], TRIMOs [58],
TRIM17 [64], TRIM33 [65], TRIM45 [66], and TRIM48 [67] are
down-regulated in comparison to normal brain tissue, while
up-regulation is observed for TRIM6 [68-70], TRIM7 [71], TRIM11
[72], TRIM14 [53,73], TRIM19 [74], TRIM21 [75], TRIM22 [76],
TRIM24 [77], TRIM25 [78,79], TRIM27 [80], TRIM28 [81], TRIM31
[82,83], TRIM37 [84,85], TRIM44 [86], TRIM47 [87,88], TRIM56 [89],
TRIM65 [57], TRIM66 [90], and TRIM67 [91]. Notably, the expression
of TRIMS in glioma remains controversial, as two separate studies have
reported conflicting findings. Specifically, one study found that TRIM8
expression in glioblastoma is similar to that in normal brain tissue, while
the other study reported a decrease in TRIM8 expression in high-grade
glioma [43,47].
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Prognostic significance of TRIM proteins in glioma

The search for biomarkers has been a hot issue in tumor research
[92-94]. To assess the prognostic significance of TRIM proteins in gli-
omas, we conducted a univariate Cox analysis within the TCGA-LGG,
TCGA-GBM, and Pan-glioma cohorts. Our analysis revealed that
numerous TRIM proteins demonstrated significant prognostic value in
the LGG cohort (Figure S3). However, in the GBM cohort, only TRIM4,
TRIM13, and TRIMS56 exhibited significant prognostic associations
(Figure S4). Notably, TRIM13 and TRIM56 showed consistent prog-
nostic significance across all three cohorts examined (Figure S5). The
limited prognostic impact of individual TRIM proteins in GBM may be
attributed to the highly aggressive nature of this malignancy and the
generally poor prognosis associated with it. In such an aggressive disease
context, alterations in the expression of individual TRIM proteins may
have less pronounced effects on patient outcomes. Additionally, prog-
nostic signatures developed in several studies by combining TRIM genes
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Fig. 2. TRIM proteins mediate ubiquitination of downstream molecules via K48- or K63-linked chains.
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with other molecular markers have demonstrated strong predictive
power [64,95-98].

An overview of various roles of TRIM proteins in glioma
TRIM proteins act as E3 ubiquitin ligases in glioma

Most TRIM proteins function as E3 ubiquitin ligases due to the RING-
finger structural domain. Ubiquitination is a post-translational modifi-
cation that involves the attachment of ubiquitin molecules to target
proteins. This process is classified into seven main types based on the
specific lysine residues involved: K6, K11, K27, K29, K33, K48, and K63
[99,100]. Among these, K48- and K63- linked ubiquitination are two of
the most studied types. K48-linked ubiquitination is typically associated
with the proteasomal degradation of target proteins, while K63-linked
ubiquitination is extensively involved in other cellular functions such
as signal transduction and DNA damage response [99-101]. In glioma,
many TRIM proteins have been reported to mediate K48 or K63 ubiq-
uitination of substrate proteins, subsequently influencing tumor bio-
logical behavior (Fig. 2).

TRIM proteins: molecular maestros orchestrating ubiquitin-mediated protein
degradation

TRIM6 inhibits FOXO3A protein levels by promoting FOXO3A
ubiquitination and subsequent degradation, promoting glioma cell
proliferation, invasion, and migration [68]. TRIM7 facilitates
K48-linked ubiquitination and subsequent degradation of NCOA4,
resulting in decreased NCOA4-mediated ferritinophagy and ferroptosis
in glioblastoma cells [71]. TRIMS facilitates the ubiquitination of PIAS3,
resulting in its subsequent degradation by the ubiquitin-proteasome
system [43]. This process activates STAT3 signaling, thereby preser-
ving the stemness and self-renewal properties of glioblastoma stem-like
cells (GSCs) [43]. However, an additional study has reported that TRIM8
functions as a tumor suppressor in glioblastoma by impeding the pro-
liferation of glioblastoma cells [47]. TRIM21 has been reported to pro-
mote the ubiquitination and degradation of several proteins, including
CREB [102], IFI16 [103], HuR [103], CD47 [104], TIF1y [105], MLPH
[106], PFKP [107], and Cx43 [108]. These processes are modulated by
various factors: CUEDC2 enhances CREB ubiquitination [102]; ARPC1B
inhibits the ubiquitination of IFI16 and HuR [103]; CD47 Y288 phos-
phorylation impedes CD47 ubiquitination [104]; O-GlcNAcylation hin-
ders MLPH ubiquitination [106]; and S386 phosphorylation of PFKP
restricts its ubiquitination [107]. The dysregulation of these ubiquiti-
nation processes results in either reduced degradation of oncogenic
proteins or enhanced degradation of tumor suppressors, ultimately
contributing to the malignant phenotype of glioma. TRIM22 promotes
K48-linked ubiquitination and protein degradation of IkBa [76] and
Raf-1 [109], leading to activation of NF-kB and MAPK signaling path-
ways and tumor progression. TRIM25 plays a crucial role in mediating
the ubiquitination and subsequent degradation of proteins such as
ITPKB [110], CIC [111], CHKa« [112], and Keapl [113]. Similarly, this
process is influenced by various factors: TRIM25 S100 phosphorylation
inhibits the ubiquitination of ITPKB [110], ATXN1L blocks the ubiq-
uitination of CIC [111], and ENO1 impedes the ubiquitination of CHKa
[112]. These disruptions in the ubiquitination process contribute to
tumor progression and resistance to treatment. TRIM27 directly binds to
LKB1 and promotes K-48 ubiquitination and degradation of LKB1, which
enhances glycolysis and promotes malignant progression of GBM cells
by regulating the LKB1/AMPK/mTOR pathway [80]. TRIM33 acts as a
tumor suppressor by promoting ubiquitination and degradation of
B-catenin [65]. TRIM47 promotes ubiquitination and degradation of
FOXO1, leading to glioma progression [88]. TRIM59 promotes the
ubiquitination and degradation of the tumor suppressor histone variant
macroH2A1, thereby enhancing the activation of the STAT3 signaling
pathway and driving tumorigenesis [114].

Translational Oncology 58 (2025) 102419

TRIM proteins: versatile regulators driving ubiquitination beyond protein
degradation

TRIMO9s promotes K63-linked ubiquitination at the Lys82 site of
MKK6 while inhibiting K48-linked ubiquitination at the same lysine
residue [58]. This dual regulation prevents MKK6 protein degradation
and thereby enhances p38 signaling. TRIM21 facilitates the transport of
p-catenin from the cytoplasm to the nucleus by mediating its K63
ubiquitination [105]. TRIM22 enhances K63-linked ubiquitination of
RIG-I while attenuating K48-linked ubiquitination, thereby activating
the RIG-I/NF-kB/CCARI1 signaling axis and promoting glioma prolifer-
ation [115]. TRIM25 maintains K63-linked ubiquitination of NONO and
ensures the normal splicing function of NONO, which further leads to
activation of the PRMT1/c-MYC pathway and progression of GBM [78].
TRIM26 directly interacts with GPX4 through its RING domain, cata-
lyzing the ubiquitination of GPX4 at K107 and K117 sites, promoting the
switch from K48 to K63 ubiquitination, thereby enhancing the stability
of the GPX4 protein and inhibiting ferroptosis [116]. Similarly, TRIM45
interacts with and stabilizes p53 by attaching K63-linked polyubiquitin
chains to the C-terminal six lysine residues of the protein, which hinders
the availability of these lysine residues for K48-linked poly-
ubiquitination, a process that typically results in the degradation of p53
[66]. Our previous research has demonstrated that TRIM56 interacts
with IQGAP1 to enhance K63-linked ubiquitination while inhibiting
K48-linked ubiquitination at Lys-1230, ultimately activating CDC42 and
promoting glioma cell migration and invasion [46].

TRIM proteins as transcriptional regulators

In addition to their ubiquitination-related functions, TRIM proteins
have been implicated in transcriptional regulation in glioma, including
roles in histone modification, acting as transcription factors, and
modulating mRNA stability (Fig. 3). Previous study reported that TRIM3
exerts a suppressive effect on c-Myc transcriptional activity, resulting in
the downregulation of c-Myc levels, and consequently, playing a tumor-
suppressive role in glioma [63]. TRIM19 promotes SOX9 transcription
and establishes a SOX9-STAT3-TRIM19 regulatory loop that is essential
for maintaining glioma stem cell stemness [117]. Additionally, another
study reported that TRIM19 modulates the level and distribution of
H3K27me3 in GBM cells, which subsequently alters the gene expression
network, exacerbating the malignant phenotype of GBM [118]. TRIM22
may function as a transcription factor for CCAR1, upregulating its
expression and thereby promoting glioma progression [115]. TRIM24
functions as a transcription factor by binding to the promoter regions of
SOX2 [119] and PIK3CA [77], thereby promoting their transcription and
ultimately contributing to malignant progression and treatment resis-
tance in GBM. Additionally, TRIM24 binds to H3K23ac and acts as a
transcriptional co-activator, recruiting STAT3 and enhancing its chro-
matin binding, thereby reinforcing oncogenic signaling from
EGFR-STATS3 [14]. Another study found that TRIM24 elevates H3K27ac
level, which enhances ATF3 transcription, leading to epigenomic and
transcription factor network remodeling and driving Ep-GBM-like
transformation [120]. Moreover, TRIM24 acts as a transcriptional acti-
vator to upregulate PIK3CA expression, leading to activation of
PI3K/AKT signaling [121]. TRIM28 has been demonstrated to decrease
the stability of E-cadherin mRNA, thereby repressing its expression [81].

TRIM proteins directly interact with targets

In addition to their role as E3 ubiquitin ligases, TRIM proteins can
directly interact with substrate proteins and modulate their functions
through alternative mechanisms (Fig. 4). For example, the tumor sup-
pressor TRIM3 is capable of directly binding to p21, thereby inhibiting
its ability to promote the accumulation of cyclin D1-cdk4 and resulting
in a reduction of glioma cell proliferation [40]. Another study reported
that TRIM3 can bind to the importin nuclear transport complex,
sequestering it in the cytoplasm and consequently inhibiting the nuclear
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Fig. 3. TRIM proteins regulate the transcription of downstream target genes.

translocation of NICD, thereby suppressing the activation of NOTCH1
signaling [122]. TRIM14 directly interacts with Dvl2 through its
PRY/SPRY domain, enhancing DvI2 stability [73]. This interaction
strengthens the Wnt/p-catenin signaling pathway and promotes the
expression of MGMT, ultimately contributing to treatment resistance in
glioma [73]. TRIM19, also known as PML, serves as a primary substrate
for SUMO1 SUMOylation in glioma stem cells (GSCs) [123]. SUMO1
SUMOylation of TRIM19 increases its affinity for c-Myc, leading to
augmented stability of c-Myc and an overall enhancement of the
tumorigenic potential of GSCs [123]. In addition, the TRIM26 protein,
through its C-terminal PRYSPRY domain, exhibits the capability to
enhance the stability of SOX2 protein, independent of the RING domain
which usually mediate ubiquitination function in TRIM proteins [16].
This stabilization is achieved by the direct inhibition of the interaction
between SOX2 and WWP2, which is recognized as a genuine E3 ligase
for SOX2 in glioblastoma stem cells [16]. TRIM37 directly interacts with
EZH2 in glioma stem cells, which in turn leads to PTCH1 inhibition and
enhanced glioma stem cell stemness [124]. TRIM56 enhances the sta-
bility of cIAP1 [15] and FOXM1 [125] by directly inhibiting their
ubiquitination-mediated degradation, thereby promoting the malignant
behavior of glioma cells. TRIM59 inhibits p-STAT3 dephosphorylation
by disrupting the STAT3-TC45 complex, thereby enhancing the STAT3
signaling pathway [45]. These mechanisms suggest that, beyond their
ubiquitination-related functions, TRIM proteins can directly interact
with key oncogenic or oncostatic proteins, thereby broadly regulating
glioma cell function.

Impact of TRIM proteins on glioma phenotypes through unspecified
mechanisms

In the preceding sections, we investigated the roles of TRIM proteins
in gliomas, focusing on specific molecular mechanisms, including
ubiquitination-related functions and non-ubiquitination-regulated ac-
tivities. Although a definitive mechanism through which TRIM proteins
exert their functions has not been identified, numerous studies have
confirmed their influence on the malignant phenotype of gliomas, which
we summarize in this section. In summary, TRIM6 [70], TRIM14 [52,
126], TRIM28 [81,127,128], TRIM31 [82,83,129], TRIM37 [84,85],
TRIM44 [86], TRIM47 [87,130], TRIM52 [131], TRIM65 [57], TRIM66
[90], and TRIM67 [91] have been reported to promote malignant be-
haviors in glioma cells, including proliferation, migration, invasion,

angiogenesis, and treatment resistance. In contrast, TRIM3 [63] and
TRIM48 [67] have been identified as tumor suppressors, playing
inhibitory roles in the malignant behavior of glioma cells. Interestingly,
previous studies have reported that TRIM19 overexpression inhibits
GBM cell proliferation while preserving their invasive capacity [132].
Specifically, TRIM3 regulates the Musashi-Numb-Notch signaling axis
and inhibits stemness of glioma stem cells by restoring asymmetric cell
division [63]. The existing literature on TRIM19 is contradictory. Some
studies suggest that TRIM19 functions as a tumor suppressor in glioma
by inhibiting the malignant phenotype of tumor cells [44,59,133],
whereas others report that elevated TRIM19 levels contribute to drug
resistance and sustain the tumorigenic potential of glioma stem cells
[74,134]. Additionally, it has been reported that TRIM31 promotes
proliferation and invasion of glioma cells by activating the NF-«kB
pathway [83]. TRIM33 and TRIM47 have been reported to play crucial
roles in the regulation of the Wnt/p-catenin signaling pathway [87,135].
TRIM31, TRIM37, and TRIM44 were reported to promote the PI3K/Akt
signaling pathway in glioma [82,85,86,129]. TRIM56 was reported to
mediate M2 polarization of macrophages in the glioma microenviron-
ment [89]. TRIM67 was reported to affect the expression and distribu-
tion of cytoskeletal proteins, and regulate the Rho
GTPase/ROCK-mediated signaling pathway which in turn induced cell
rounding and the appearance of a bubble morphology [91].

Targeting TRIM proteins in glioma: current progress and future
perspectives

As previously noted, TRIM proteins exert significant influence on
glioma through diverse mechanisms, including oncogenic and tumor-
suppressive effects (Table S1). Therefore, targeting specific TRIM pro-
teins could potentially represent a novel therapeutic approach for gli-
oma patients, with considerable implications for the treatment of this
malignant disease. Here, we present the latest advancements in the
development of targeting TRIM proteins in glioma.

Currently, the majority of experiments aimed at targeting TRIM
proteins in glioma are performed at the cellular level. For example,
regulating the MKK6/p38 signaling pathway, T9sP, a novel antitumor
peptide derived from TRIMOs, inhibits glioma cell proliferation and
migration while promoting apoptosis [136]. Through the activation of
the p38/MAPK pathway, Piperlongumine (PL) is capable of markedly
reducing TRIM14 expression, which effectively inhibits glioma cell
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Fig. 4. TRIM proteins directly interact with and modulate target molecules.

invasion, colony generation, and sphere formation [126]. Furthermore,
it enhances the cytotoxic effects of temozolomide [126]. The inhibitory
effects of the compound arsenic trioxide (As203) on TRIM19 expression
led to a significant reduction in tumor growth in orthotopic xenografts
derived from glioblastoma stem cells [134]. Intriguingly, H3.3 point
mutations in pediatric gliomas have been shown to disrupt the formation
of promyelocytic leukemia (TRIM19) nuclear bodies, a phenomenon
analogous to that observed in leukemias driven by PML mutations
[137]. This disruption potentially sensitizes these glioma cells to ther-
apeutic agents targeting PML bodies. Two novel selective TRIM24 an-
tagonists, namely dTRIM24 and IACS-9571, can inhibit proliferation
and invasion of several patient-derived GBM stem cells partially through
suppressing the TRIM24-SOX2 axis [19]. An anti-TRIM28 selective
nanobody, namely NB237, can significantly inhibit invasiveness of gli-
oma cells both in vitro and in vivo [138]. A novel glucose transporter 1
(GLUT1)-targeting curcumin derivative, designated DMC-GF, has been
demonstrated to induce TRIM33-mediated ubiquitination and subse-
quent degradation of the mitochondrial citrate carrier SLC25A1, thereby
inhibiting the proliferation and self-renewal capacity of glioma stem
cells [139]. Although these therapies directly targeting TRIM proteins
have shown promising results in tumor cells, their role within the
complex tumor microenvironment still requires further investigation.

Although substantial evidence suggests that targeting TRIM proteins
could be an effective glioma treatment, no clinical trials have yet been
reported in this area. Several challenges hinder the clinical translation of
TRIM proteins, including their functional diversity. TRIM proteins play
multiple roles in tumor progression, often exhibiting both tumor-
promoting and tumor-suppressing functions, as seen with TRIM8 in
gliomas [18]. Another challenge is the incomplete characterization of
TRIM protein conformations and the potential off-target effects that may
arise in therapeutic applications [140]. Additionally, the presence of
complex compensatory mechanisms in glioma cells further complicates
treatment strategies. For instance, ubiquitination-mediated degradation
of specific TRIM proteins may be counteracted by other E3 ubiquitin
ligases, reducing therapeutic efficacy. Finally, the intricate tumor
microenvironment presents another hurdle. Modulating TRIM proteins
may not only impact tumor cells but also influence immune and stromal
cells, necessitating a deeper understanding of their broader effects
within the glioma microenvironment [1141-143]. Despite these chal-
lenges, emerging preclinical data have identified several promising
targets within TRIM proteins. Notably, TRIM25 has been associated with
temozolomide resistance in glioma; its inhibition could potentially
restore chemosensitivity in GBM. In parallel, TRIM3, which is frequently
deleted in GBM, functions as a tumor suppressor, suggesting that
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therapeutic strategies aimed at restoring its expression—or mimicking
its function—could provide possible clinical benefit. These findings
underscore the potential of TRIM25 and TRIM3 as priority candidates
for future drug development and clinical investigation in glioma.

Conclusion

The dysregulation of multiple critical signaling pathways plays a
pivotal role in glioma pathogenesis [144-147]. TRIM proteins are
frequently involved as mediators in these pathways, exerting their ef-
fects through several mechanisms: facilitating ubiquitination that leads
to the degradation or functional modulation of target proteins, regu-
lating the transcription of target molecules, and directly interacting with
target proteins. These actions collectively contribute to the regulation of
glioma cell malignancy. Consequently, targeting TRIM proteins to
restore normal signaling pathways represents a promising therapeutic
strategy for glioma.

Ethics approval and consent to participate

Not applicable.
Consent for publication

Not applicable.
Funding

Not applicable.
CRediT authorship contribution statement

Wenjie Wu: Writing - review & editing, Writing — original draft,
Project administration, Data curation, Conceptualization. Youxi Xie:
Writing — original draft, Visualization, Project administration, Data
curation. Cheng Jiang: Writing — review & editing, Writing — original

draft, Supervision. Xiaobing Jiang: Writing — review & editing, Writing
— original draft, Supervision, Conceptualization.

Declaration of competing interest
The authors declare that they have no known competing financial

interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

Not applicable.

Data availability
Not applicable.
Supplementary materials

Supplementary material associated with this article can be found, in
the online version, at doi:10.1016/j.tranon.2025.102419.

References

[1] S. Hatakeyama, TRIM Family proteins: roles in autophagy, immunity, and
carcinogenesis, Trends. Biochem. Sci. 42 (2017) 297-311, https://doi.org/
10.1016/j.tibs.2017.01.002.

[2] C. Cai, Y.D. Tang, J. Zhai, C. Zheng, The RING finger protein family in health and
disease, Signal. Transduct. Target. Ther. 7 (2022) 300, https://doi.org/10.1038/
$41392-022-01152-2.

[3]

[4]

[5]

[6]

[71

[8]
[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]
[31]

[32]

Translational Oncology 58 (2025) 102419

S. Hatakeyama, TRIM proteins and cancer, Nat. Rev. Cancer 11 (2011) 792-804,
https://doi.org/10.1038/nrc3139.

G. Zhao, et al., The translational values of TRIM family in pan-cancers: from
functions and mechanisms to clinics, Pharmacol. Ther. 227 (2021) 107881,
https://doi.org/10.1016/j.pharmthera.2021.107881.

R. Khan, A. Khan, A. Ali, M. Idrees, The interplay between viruses and TRIM
family proteins, Rev. Med. Virol. 29 (2019) e2028, https://doi.org/10.1002/
rmv.2028.

M. van Gent, K.M.J. Sparrer, M.U. Gack, TRIM proteins and their roles in antiviral
host defenses, Annu Rev. Virol. 5 (2018) 385-405, https://doi.org/10.1146/
annurev-virology-092917-043323.

C. Horbinski, T. Berger, R.J. Packer, P.Y. Wen, Clinical implications of the 2021
edition of the WHO classification of central nervous system tumours, Nat. Rev.
Neurol. 18 (2022) 515-529, https://doi.org/10.1038/541582-022-00679-w.
B.M. Alexander, T.F. Cloughesy, Adult glioblastoma, J. Clin. Oncol. 35 (2017)
2402-2409, https://doi.org/10.1200/JC0.2017.73.0119.

S. Lapointe, A. Perry, N.A. Butowski, Primary brain tumours in adults, Lancet 392
(2018) 432-446, https://doi.org/10.1016/50140-6736(18)30990-5.

L.R. Schaff, I.K. Mellinghoff, Glioblastoma and other primary brain malignancies
in adults: a review, JAMa 329 (2023) 574-587, https://doi.org/10.1001/
jama.2023.0023.

S. Xu, L. Tang, X. Li, F. Fan, Z. Liu, Immunotherapy for glioma: current
management and future application, Cancer Lett. 476 (2020) 1-12, https://doi.
org/10.1016/j.canlet.2020.02.002.

R. Ma, M.J.B. Taphoorn, P. Plaha, Advances in the management of glioblastoma,
J. Neurol. Neurosurg. Psychiatr. 92 (2021) 1103-1111, https://doi.org/10.1136/
jnnp-2020-325334.

J.G. Nicholson, H.A. Fine, Diffuse glioma heterogeneity and its therapeutic
implications, Cancer Discov. 11 (2021) 575-590, https://doi.org/10.1158/2159-
8290.Cd-20-1474.

D. Lv, et al., TRIM24 is an oncogenic transcriptional co-activator of STAT3 in
glioblastoma, Nat. Commun. 8 (2017) 1454, https://doi.org/10.1038/541467-
017-01731-w.

X. Yang, et al., TRIM56 promotes malignant progression of glioblastoma by
stabilizing cIAP1 protein, J. Exp. Clin. Cancer Res. 41 (2022) 336, https://doi.
org/10.1186/513046-022-02534-8.

T. Mahlokozera, et al., Competitive binding of E3 ligases TRIM26 and WWP2
controls SOX2 in glioblastoma, Nat. Commun. 12 (2021) 6321, https://doi.org/
10.1038/541467-021-26653-6.

A.L Giannopoulou, C. Xanthopoulos, C. Piperi, E. Kostareli, Emerging roles of
TRIM Family proteins in Gliomas pathogenesis, Cancers 14 (2022), https://doi.
org/10.3390/cancers14184536.

H. Hosseinalizadeh, et al., TRIM8: a double-edged sword in glioblastoma with the
power to heal or hurt, Cell Mol. Biol. Lett. 28 (6) (2023), https://doi.org/
10.1186/511658-023-00418-z.

M. Han, Y. Sun, Pharmacological targeting of Tripartite Motif containing 24 for
the treatment of glioblastoma, J. Transl. Med. 19 (2021) 505, https://doi.org/
10.1186/512967-021-03158-w.

X. Li, et al., Therapeutic, diagnostic and prognostic values of TRIM proteins in
prostate cancer, Pharmacol. Rep. 75 (2023) 1445-1453, https://doi.org/
10.1007/543440-023-00534-9.

Y. Zhang, W. Zhang, L. Zheng, Q. Guo, The roles and targeting options of TRIM
family proteins in tumor, Front. Pharmacol. 13 (2022) 999380, https://doi.org/
10.3389/fphar.2022.999380.

P.S. Freemont, The RING finger. A novel protein sequence motif related to the
zinc finger, Ann. N. Y. Acad. Sci. 684 (1993) 174-192, https://doi.org/10.1111/
j.1749-6632.1993.tb32280.x.

C.A. Joazeiro, A.M. Weissman, RING finger proteins: mediators of ubiquitin ligase
activity, Cell 102 (2000) 549-552, https://doi.org/10.1016/50092-8674(00)
00077-5.

W. Zhan, S. Zhang, TRIM proteins in lung cancer: mechanisms, biomarkers and
therapeutic targets, Life Sci. 268 (2021) 118985, https://doi.org/10.1016/j.
1fs.2020.118985.

M.A. Massiah, B.N. Simmons, K.M. Short, T.C. Cox, Solution structure of the
RBCC/TRIM B-box1 domain of human MID1: b-box with a RING, J. Mol. Biol. 358
(2006) 532-545, https://doi.org/10.1016/j.jmb.2006.02.009.

M.A. Massiah, et al., Solution structure of the MID1 B-box2 CHC(D/C)C(2)H(2)
zinc-binding domain: insights into an evolutionarily conserved RING fold, J. Mol.
Biol. 369 (2007) 1-10, https://doi.org/10.1016/j.jmb.2007.03.017.

K. Lu, et al., TRIM proteins in hepatocellular carcinoma, J. Biomed. Sci. 29 (2022)
69, https://doi.org/10.1186/512929-022-00854-7.

J.G. Sanchez, et al., The tripartite motif coiled-coil is an elongated antiparallel
hairpin dimer, Proc. Natl. Acad. Sci. U.S.A. 111 (2014) 2494-2499, https://doi.
org/10.1073/pnas.1318962111.

K.M. Short, T.C. Cox, Subclassification of the RBCC/TRIM superfamily reveals a
novel motif necessary for microtubule binding, J. Biol. Chem. 281 (2006)
8970-8980, https://doi.org/10.1074/jbc.M512755200.

Ozato, K., Shin Dm Fau - Chang, T.-H., Chang Th Fau - Morse, H.C., 3rd & Morse,
H.C., 3rd. TRIM family proteins and their emerging roles in innate immunity.
A.-1. Giannopoulou, C. Xanthopoulos, C. Piperi, E. Kostareli, Emerging roles of
TRIM Family proteins in Gliomas pathogenesis, Cancers 14 (2022).

D.V. Iwamoto, et al., Structural basis of the filamin A actin-binding domain
interaction with F-actin, Nat. Struct. Mol. Biol. 25 (2018) 918-927, https://doi.
org/10.1038/541594-018-0128-3.


https://doi.org/10.1016/j.tranon.2025.102419
https://doi.org/10.1016/j.tibs.2017.01.002
https://doi.org/10.1016/j.tibs.2017.01.002
https://doi.org/10.1038/s41392-022-01152-2
https://doi.org/10.1038/s41392-022-01152-2
https://doi.org/10.1038/nrc3139
https://doi.org/10.1016/j.pharmthera.2021.107881
https://doi.org/10.1002/rmv.2028
https://doi.org/10.1002/rmv.2028
https://doi.org/10.1146/annurev-virology-092917-043323
https://doi.org/10.1146/annurev-virology-092917-043323
https://doi.org/10.1038/s41582-022-00679-w
https://doi.org/10.1200/JCO.2017.73.0119
https://doi.org/10.1016/S0140-6736(18)30990-5
https://doi.org/10.1001/jama.2023.0023
https://doi.org/10.1001/jama.2023.0023
https://doi.org/10.1016/j.canlet.2020.02.002
https://doi.org/10.1016/j.canlet.2020.02.002
https://doi.org/10.1136/jnnp-2020-325334
https://doi.org/10.1136/jnnp-2020-325334
https://doi.org/10.1158/2159-8290.Cd-20-1474
https://doi.org/10.1158/2159-8290.Cd-20-1474
https://doi.org/10.1038/s41467-017-01731-w
https://doi.org/10.1038/s41467-017-01731-w
https://doi.org/10.1186/s13046-022-02534-8
https://doi.org/10.1186/s13046-022-02534-8
https://doi.org/10.1038/s41467-021-26653-6
https://doi.org/10.1038/s41467-021-26653-6
https://doi.org/10.3390/cancers14184536
https://doi.org/10.3390/cancers14184536
https://doi.org/10.1186/s11658-023-00418-z
https://doi.org/10.1186/s11658-023-00418-z
https://doi.org/10.1186/s12967-021-03158-w
https://doi.org/10.1186/s12967-021-03158-w
https://doi.org/10.1007/s43440-023-00534-9
https://doi.org/10.1007/s43440-023-00534-9
https://doi.org/10.3389/fphar.2022.999380
https://doi.org/10.3389/fphar.2022.999380
https://doi.org/10.1111/j.1749-6632.1993.tb32280.x
https://doi.org/10.1111/j.1749-6632.1993.tb32280.x
https://doi.org/10.1016/s0092-8674(00)00077-5
https://doi.org/10.1016/s0092-8674(00)00077-5
https://doi.org/10.1016/j.lfs.2020.118985
https://doi.org/10.1016/j.lfs.2020.118985
https://doi.org/10.1016/j.jmb.2006.02.009
https://doi.org/10.1016/j.jmb.2007.03.017
https://doi.org/10.1186/s12929-022-00854-7
https://doi.org/10.1073/pnas.1318962111
https://doi.org/10.1073/pnas.1318962111
https://doi.org/10.1074/jbc.M512755200
http://refhub.elsevier.com/S1936-5233(25)00150-0/sbref0031
http://refhub.elsevier.com/S1936-5233(25)00150-0/sbref0031
https://doi.org/10.1038/s41594-018-0128-3
https://doi.org/10.1038/s41594-018-0128-3

W. Wu et al.

[33]

[34]

[35]

[36]

[37]

[38]
[39]
[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

L.C. James, A.H. Keeble, Z. Khan, D.A. Rhodes, J. Trowsdale, Structural basis for
PRYSPRY-mediated tripartite motif (TRIM) protein function, Proc. Natl. Acad.
Sci. U.S.A. 104 (2007) 6200-6205, https://doi.org/10.1073/pnas.0609174104.
M.U. Gack, et al., TRIM25 RING-finger E3 ubiquitin ligase is essential for RIG-I-
mediated antiviral activity, Nature 446 (2007) 916-920, https://doi.org/
10.1038/nature05732.

M. Sunnerhagen, S. Pursglove, M. Fladvad, The new MATH: homology suggests
shared binding surfaces in meprin tetramers and TRAF trimers, FEBS Lett. 530
(2002) 1-3, https://doi.org/10.1016/s0014-5793(02)03330-6.

E. Cerami, et al., The cBio cancer genomics portal: an open platform for exploring
multidimensional cancer genomics data, Cancer Discov. 2 (2012) 401-404,
https://doi.org/10.1158/2159-8290.CD-12-0095.

J. Gao, et al., Integrative analysis of complex cancer genomics and clinical
profiles using the cBioPortal, Sci. Signal. 6 (2013) pl1, https://doi.org/10.1126/
scisignal.2004088.

J.L. Boulay, et al., Loss of heterozygosity of TRIM3 in malignant gliomas, BMC
Cancer 9 (2009) 71, https://doi.org/10.1186/1471-2407-9-71.

Y. Sonoda, et al., Loss of heterozygosity at 11p15 in malignant glioma, Cancer
Res. 55 (1995) 2166-2168.

Y. Liu, et al., TRIM3, a tumor suppressor linked to regulation of p21(Wafl/Cip1.),
Oncogene 33 (2014) 308-315, https://doi.org/10.1038/0nc.2012.596.

Y. Satoh, et al., Genetic and epigenetic alterations on the short arm of
chromosome 11 are involved in a majority of sporadic Wilms’ tumours, Br. J.
Cancer 95 (2006) 541-547, https://doi.org/10.1038/s].bjc.6603302.

S.R. Vincent, D.A. Kwasnicka, P. Fretier, A novel RING finger-B box-coiled-coil
protein, GERP, Biochem. Biophys. Res. Commun. 279 (2000) 482-486, https://
doi.org/10.1006/bbrc.2000.3984.

C. Zhang, et al., TRIMS regulates stemness in glioblastoma through PIAS3-STAT3,
Mol. Oncol. 11 (2017) 280-294, https://doi.org/10.1002/1878-0261.12034.

L. Wen, et al., SOX2 downregulation of PML increases HCMV gene expression and
growth of glioma cells, PLoS Pathog. 19 (2023) 1011316, https://doi.org/
10.1371/journal.ppat.1011316.

Y. Sang, et al., TRIM59 Promotes gliomagenesis by inhibiting TC45
dephosphorylation of STAT3, Cancer Res. 78 (2018) 1792-1804, https://doi.org/
10.1158/0008-5472.Can-17-2774.

Q. Zhang, et al., TRIM56 acts through the IQGAP1-CDC42 signaling axis to
promote glioma cell migration and invasion, Cell Death. Dis. 14 (2023) 178,
https://doi.org/10.1038/541419-023-05702-6.

L. Micale, et al., TRIM8 downregulation in glioma affects cell proliferation and it
is associated with patients survival, BMC Cancer 15 (2015) 470, https://doi.org/
10.1186/512885-015-1449-9.

Z. Qi, et al., miR-491 regulates glioma cells proliferation by targeting TRIM28 in
vitro, BMC Neurol. 16 (2016) 248, https://doi.org/10.1186/512883-016-0769-y.
L. Li, M.Y. Shao, S.C. Zou, Z.F. Xiao, Z.C. Chen, MiR-101-3p inhibits EMT to
attenuate proliferation and metastasis in glioblastoma by targeting TRIM44,

J. Neurooncol. 141 (2019) 19-30, https://doi.org/10.1007/s11060-018-2973-7.
D. Cui, K. Wang, Y. Liu, J. Gao, J. Cui, MicroRNA-623 inhibits epithelial-
mesenchymal transition to attenuate glioma proliferation by targeting TRIM44,
Onco Targets. Ther. 13 (2020) 9291-9303, https://doi.org/10.2147 /ott.
S$250497.

L. Meng, et al., Circular RNA circ_0000741/miR-379-5p/TRIM14 signaling axis
promotes HDAC inhibitor (SAHA) tolerance in glioblastoma, Metab. Brain Dis.
(2023), https://doi.org/10.1007/s11011-023-01184-9.

Y. Deng, H. Zhu, L. Xiao, C. Liu, X. Meng, Circ_0005198 enhances temozolomide
resistance of glioma cells through miR-198/TRIM14 axis, Aging 13 (2020)
2198-2211, https://doi.org/10.18632/aging.202234.

X. Wu, et al., m(6)A-mediated upregulation of IncRNA CHASERR promotes the
progression of glioma by modulating the miR-6893-3p/TRIM14 axis, Mol.
Neurobiol. 61 (2024) 5418-5440, https://doi.org/10.1007/s12035-023-03911-
w.

M. Chen, et al., NCK1-AS1 Increases drug resistance of glioma cells to
temozolomide by modulating miR-137/TRIM24, Cancer BiOther Radiopharm. 35
(2020) 101-108, https://doi.org/10.1089/cbr.2019.3054.

L. Huang, et al., Long non-coding RNA NCK1-AS1 promotes the tumorigenesis of
glioma through sponging microRNA-138-2-3p and activating the TRIM24/wnt/
B-catenin axis, J. Exp. Clin. Cancer Res. 39 (2020) 63, https://doi.org/10.1186/
513046-020-01567-1.

Y. Shao, et al., circ_ 0030018 promotes glioma proliferation and metastasis,
Transl. Neurosci. 12 (2021) 260-272, https://doi.org/10.1515/tnsci-2020-0175.
G. Hu, N. Liu, H. Wang, Y. Wang, Z. Guo, LncRNA LINC01857 promotes growth,
migration, and invasion of glioma by modulating miR-1281/TRIM65 axis, J. Cell
Physiol. 234 (2019) 22009-22016, https://doi.org/10.1002/jcp.28763.

K. Liu, et al., Mutual stabilization between TRIM9 short isoform and MKK6
potentiates p38 signaling to synergistically suppress glioblastoma progression,
Cell Rep. 23 (2018) 838-851, https://doi.org/10.1016/j.celrep.2018.03.096.
H.C. Wu, et al., USP11 regulates PML stability to control Notch-induced
malignancy in brain tumours, Nat. Commun. 5 (2014) 3214, https://doi.org/
10.1038/ncomms4214.

X. Li, et al., SP140 inhibitor suppressing TRIM22 expression regulates glioma
progress through PI3K/AKT signaling pathway, Brain Behav. 14 (2024) e3465,
https://doi.org/10.1002/brb3.3465.

T. Lv, et al., LncRNA PVT1 promotes tumorigenesis of glioblastoma by recruiting
COPS5 to deubiquitinate and stabilize TRIM24, Mol. Ther. Nucleic. Acids. 27
(2022) 109-121, https://doi.org/10.1016/j.omtn.2021.11.012.

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

Translational Oncology 58 (2025) 102419

C. Liu, et al., MAGED4B Promotes glioma progression via inactivation of the TNF-
a-induced apoptotic pathway by down-regulating TRIM27 expression, Neurosci.
Bull. 39 (2023) 273-291, https://doi.org/10.1007/512264-022-00926-6.

G. Chen, et al., Human Brat ortholog TRIM3 is a tumor suppressor that regulates
asymmetric cell division in glioblastoma, Cancer Res. 74 (2014) 4536-4548,
https://doi.org/10.1158/0008-5472.Can-13-3703.

S. Xiao, J. Yu, X. Yuan, Q. Chen, Identification of a tripartite motif family gene
signature for predicting the prognosis of patients with glioma, Am. J. Transl. Res.
14 (2022) 1535-1550.

J. Xue, et al., Tumour suppressor TRIM33 targets nuclear f-catenin degradation,
Nat. Commun. 6 (2015) 6156, https://doi.org/10.1038/ncomms7156.

J. Zhang, et al., TRIM45 functions as a tumor suppressor in the brain via its E3
ligase activity by stabilizing p53 through K63-linked ubiquitination, Cell Death.
Dis. 8 (2017) e2831, https://doi.org/10.1038/cddis.2017.149.

L.P. Xue, et al., Overexpression of tripartite motif-containing 48 (TRIM48)
inhibits growth of Human glioblastoma cells by suppressing extracellular signal
regulated kinase 1/2 (ERK1/2) pathway, Med. Sci. Monit. 25 (2019) 8422-8429,
https://doi.org/10.12659/msm.916024.

J. Guo, et al., TRIM6 promotes glioma malignant progression by enhancing
FOXO3A ubiquitination and degradation, Transl. Oncol. 46 (2024) 101999,
https://doi.org/10.1016/j.tranon.2024.101999.

J. Guo, et al., TRIM6: an upregulated biomarker with prognostic significance and
immune correlations in gliomas, Biomolecules 13 (2023), https://doi.org/
10.3390/biom13091298.

X. Liu, et al., TRIM6 silencing for inhibiting growth and angiogenesis of gliomas
by regulating VEGFA, J. Chem. Neuroanat. 132 (2023) 102291, https://doi.org/
10.1016/j.jchemneu.2023.102291.

K. Li, et al., TRIM7 modulates NCOA4-mediated ferritinophagy and ferroptosis in
glioblastoma cells, Redox. Biol. 56 (2022) 102451, https://doi.org/10.1016/j.
redox.2022.102451.

K. Di, M.E. Linskey, D.A. Bota, TRIM11 is overexpressed in high-grade gliomas
and promotes proliferation, invasion, migration and glial tumor growth,
Oncogene 32 (2013) 5038-5047, https://doi.org/10.1038/0nc.2012.531.

Z. Tan, et al., TRIM14 promotes chemoresistance in gliomas by activating wnt/
p-catenin signaling via stabilizing DvI2, Oncogene 37 (2018) 5403-5415, https://
doi.org/10.1038/541388-018-0344-7.

A. Iwanami, et al., PML mediates glioblastoma resistance to mammalian target of
rapamycin (mTOR)-targeted therapies, Proc. Natl. Acad. Sci. U.S.A. 110 (2013)
4339-4344, https://doi.org/10.1073/pnas.1217602110.

Z. Zhao, et al., TRIM21 overexpression promotes tumor progression by regulating
cell proliferation, cell migration and cell senescence in human glioma, Am. J.
Cancer Res. 10 (2020) 114-130.

J. Ji, et al., TRIM22 activates NF-kb signaling in glioblastoma by accelerating the
degradation of ikba, Cell Death. Differ. 28 (2021) 367-381, https://doi.org/
10.1038/541418-020-00606-w.

L.H. Zhang, et al., TRIM24 promotes glioma progression and enhances
chemoresistance through activation of the PI3K/Akt signaling pathway,
Oncogene 34 (2015) 600-610, https://doi.org/10.1038/0nc.2013.593.

Y. Chen, et al., TRIM25 promotes glioblastoma cell growth and invasion via
regulation of the PRMT1/c-MYC pathway by targeting the splicing factor NONO,
J. Exp. Clin. Cancer Res. 43 (2024) 39, https://doi.org/10.1186/513046-024-
02964-6.

M.X. Ge, Y.K. Shi, D. Liu, Tripartite motif-containing 25 facilitates
immunosuppression and inhibits apoptosis of glioma via activating NF-kb, Exp.
Biol. Med. 247 (2022) 1529-1541, https://doi.org/10.1177/
15353702221099460.

J. Xiao, et al., TRIM27 promotes the Warburg effect and glioblastoma progression
via inhibiting the LKB1/AMPK/mTOR axis, Am. J. Cancer Res. 14 (2024)
3468-3482, https://doi.org/10.62347 /tkfv8564.

C. Su, H. Li, W. Gao, TRIM28 is overexpressed in glioma and associated with
tumor progression, Onco Targets. Ther. 11 (2018) 6447-6458, https://doi.org/
10.2147/0tt.S168630.

G. Shi, et al., TRIM31 promotes proliferation, invasion and migration of glioma
cells through Akt signaling pathway, Neoplasma 66 (2019) 727-735, https://doi.
org/10.4149/neo_2019_190106N21.

L. Zhou, et al., TRIM31 promotes glioma proliferation and invasion through
activating NF-kb pathway, Onco Targets. Ther. 12 (2019) 2289-2297, https://
doi.org/10.2147/0tt.S183625.

C. Chang, S. Zhu, Z. Xu, Y. Liu, Tripartite motif-containing protein 37 is
overexpressed in human glioma and its downregulation inhibits human glioma
cell growth in vitro, Int. J. Clin. Exp. Pathol. 11 (2018) 502-511.

S.L. Tang, Y.L. Gao, H. Wen-Zhong, Knockdown of TRIM37 suppresses the
proliferation, migration and invasion of glioma cells through the inactivation of
PI3K/Akt signaling pathway, Biomed. PharmacOther 99 (2018) 59-64, https://
doi.org/10.1016/j.biopha.2018.01.054.

X. Zhou, et al., TRIM44 is indispensable for glioma cell proliferation and cell cycle
progression through AKT/p21/p27 signaling pathway, J. Neurooncol. 145 (2019)
211-222, https://doi.org/10.1007/s11060-019-03301-0.

L. Chen, M. Li, Q. Li, M. Xu, W. Zhong, Knockdown of TRIM47 inhibits glioma cell
proliferation, migration and invasion through the inactivation of wnt/p-catenin
pathway, Mol. Cell Probes. 53 (2020) 101623, https://doi.org/10.1016/j.
mcp.2020.101623.

H. Wei, C. Ding, H. Zhuang, W. Hu, TRIM47 Promotes the development of glioma
by ubiquitination and degradation of FOXO1, Onco Targets. Ther. 13 (2020)
13401-13411, https://doi.org/10.2147 /0tt.S264459.


https://doi.org/10.1073/pnas.0609174104
https://doi.org/10.1038/nature05732
https://doi.org/10.1038/nature05732
https://doi.org/10.1016/s0014-5793(02)03330-6
https://doi.org/10.1158/2159-8290.CD-12-0095
https://doi.org/10.1126/scisignal.2004088
https://doi.org/10.1126/scisignal.2004088
https://doi.org/10.1186/1471-2407-9-71
http://refhub.elsevier.com/S1936-5233(25)00150-0/sbref0039
http://refhub.elsevier.com/S1936-5233(25)00150-0/sbref0039
https://doi.org/10.1038/onc.2012.596
https://doi.org/10.1038/sj.bjc.6603302
https://doi.org/10.1006/bbrc.2000.3984
https://doi.org/10.1006/bbrc.2000.3984
https://doi.org/10.1002/1878-0261.12034
https://doi.org/10.1371/journal.ppat.1011316
https://doi.org/10.1371/journal.ppat.1011316
https://doi.org/10.1158/0008-5472.Can-17-2774
https://doi.org/10.1158/0008-5472.Can-17-2774
https://doi.org/10.1038/s41419-023-05702-6
https://doi.org/10.1186/s12885-015-1449-9
https://doi.org/10.1186/s12885-015-1449-9
https://doi.org/10.1186/s12883-016-0769-y
https://doi.org/10.1007/s11060-018-2973-7
https://doi.org/10.2147/ott.S250497
https://doi.org/10.2147/ott.S250497
https://doi.org/10.1007/s11011-023-01184-9
https://doi.org/10.18632/aging.202234
https://doi.org/10.1007/s12035-023-03911-w
https://doi.org/10.1007/s12035-023-03911-w
https://doi.org/10.1089/cbr.2019.3054
https://doi.org/10.1186/s13046-020-01567-1
https://doi.org/10.1186/s13046-020-01567-1
https://doi.org/10.1515/tnsci-2020-0175
https://doi.org/10.1002/jcp.28763
https://doi.org/10.1016/j.celrep.2018.03.096
https://doi.org/10.1038/ncomms4214
https://doi.org/10.1038/ncomms4214
https://doi.org/10.1002/brb3.3465
https://doi.org/10.1016/j.omtn.2021.11.012
https://doi.org/10.1007/s12264-022-00926-6
https://doi.org/10.1158/0008-5472.Can-13-3703
http://refhub.elsevier.com/S1936-5233(25)00150-0/sbref0064
http://refhub.elsevier.com/S1936-5233(25)00150-0/sbref0064
http://refhub.elsevier.com/S1936-5233(25)00150-0/sbref0064
https://doi.org/10.1038/ncomms7156
https://doi.org/10.1038/cddis.2017.149
https://doi.org/10.12659/msm.916024
https://doi.org/10.1016/j.tranon.2024.101999
https://doi.org/10.3390/biom13091298
https://doi.org/10.3390/biom13091298
https://doi.org/10.1016/j.jchemneu.2023.102291
https://doi.org/10.1016/j.jchemneu.2023.102291
https://doi.org/10.1016/j.redox.2022.102451
https://doi.org/10.1016/j.redox.2022.102451
https://doi.org/10.1038/onc.2012.531
https://doi.org/10.1038/s41388-018-0344-7
https://doi.org/10.1038/s41388-018-0344-7
https://doi.org/10.1073/pnas.1217602110
http://refhub.elsevier.com/S1936-5233(25)00150-0/sbref0075
http://refhub.elsevier.com/S1936-5233(25)00150-0/sbref0075
http://refhub.elsevier.com/S1936-5233(25)00150-0/sbref0075
https://doi.org/10.1038/s41418-020-00606-w
https://doi.org/10.1038/s41418-020-00606-w
https://doi.org/10.1038/onc.2013.593
https://doi.org/10.1186/s13046-024-02964-6
https://doi.org/10.1186/s13046-024-02964-6
https://doi.org/10.1177/15353702221099460
https://doi.org/10.1177/15353702221099460
https://doi.org/10.62347/tkfv8564
https://doi.org/10.2147/ott.S168630
https://doi.org/10.2147/ott.S168630
https://doi.org/10.4149/neo_2019_190106N21
https://doi.org/10.4149/neo_2019_190106N21
https://doi.org/10.2147/ott.S183625
https://doi.org/10.2147/ott.S183625
http://refhub.elsevier.com/S1936-5233(25)00150-0/sbref0084
http://refhub.elsevier.com/S1936-5233(25)00150-0/sbref0084
http://refhub.elsevier.com/S1936-5233(25)00150-0/sbref0084
https://doi.org/10.1016/j.biopha.2018.01.054
https://doi.org/10.1016/j.biopha.2018.01.054
https://doi.org/10.1007/s11060-019-03301-0
https://doi.org/10.1016/j.mcp.2020.101623
https://doi.org/10.1016/j.mcp.2020.101623
https://doi.org/10.2147/ott.S264459

W. Wu et al.

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

B. Wang, et al., TRIMS56: a promising prognostic immune biomarker for glioma
revealed by pan-cancer and single-cell analysis, Front. Immunol. 15 (2024)
1327898, https://doi.org/10.3389/fimmu.2024.1327898.

Y. Song, et al., TRIM66 Overexpression promotes glioma progression and
regulates glucose uptake through cMyc/GLUT3 signaling, Cancer Manage Res. 13
(2021) 5187-5201, https://doi.org/10.2147/cmar.S293728.

E. Demirdizen, et al., TRIM67 drives tumorigenesis in oligodendrogliomas
through Rho GTPase-dependent membrane blebbing, Neuro Oncol. 25 (2023)
1031-1043, https://doi.org/10.1093/neuonc/noac233.

L. Wu, X. Qu, Cancer biomarker detection: recent achievements and challenges,
Chem. Soc. Rev. 44 (2015) 2963-2997, https://doi.org/10.1039/c4cs00370e.
T.A. Chan, et al., Development of tumor mutation burden as an immunotherapy
biomarker: utility for the oncology clinic, Ann. Oncol. 30 (2019) 44-56, https://
doi.org/10.1093/annonc/mdy495.

W. Hou, C. Yi, H. Zhu, Predictive biomarkers of colon cancer immunotherapy:
present and future, Front. Immunol. 13 (2022) 1032314, https://doi.org/
10.3389/fimmu.2022.1032314.

Y. Li, et al., Bioinformatic profiling of prognosis-related genes in malignant
glioma microenvironment, Med. Sci. Monit. 26 (2020) €924054, https://doi.org/
10.12659/msm.924054.

H. Liang, C. Huang, Identification of tumor microenvironment-related genes in
lower-grade gliomas by mining TCGA database, Transl. Cancer Res. 9 (2020)
4583-4595, https://doi.org/10.21037 /tcr-20-1079.

J. Lu, et al., Comprehensive analysis of the prognostic and immunological
signature of eight Tripartitemotif (TRIM) family molecules in human gliomas,
Aging 15 (2023) 5798-5825, https://doi.org/10.18632/aging.204841.

Y. Guo, Y. Li, J. Li, W. Tao, W. Dong, DNA methylation-driven genes for
developing survival nomogram for low-grade glioma, Front. Oncol. 11 (2021)
629521, https://doi.org/10.3389/fonc.2021.629521.

K.N. Swatek, D. Komander, Ubiquitin modifications, Cell Res. 26 (2016) 399-422,
https://doi.org/10.1038/cr.2016.39.

F. Liu, et al., Ubiquitination and deubiquitination in cancer: from mechanisms to
novel therapeutic approaches, Mol. Cancer 23 (2024) 148, https://doi.org/
10.1186/512943-024-02046-3.

S.Y. Koo, et al., Ubiquitination links DNA damage and repair signaling to cancer
metabolism, Int. J. Mol. Sci. 24 (2023), https://doi.org/10.3390/ijms24098441.
X.F. Liu, et al., Down-regulated CUEDC2 increases GDNF expression by stabilizing
CREB through reducing its ubiquitination in glioma, Neurochem. Res. 45 (2020)
2915-2925, https://doi.org/10.1007/511064-020-03140-w.

Z. Gao, et al., ARPC1B promotes mesenchymal phenotype maintenance and
radiotherapy resistance by blocking TRIM21-mediated degradation of IFI16 and
HuR in glioma stem cells, J. Exp. Clin. Cancer Res. 41 (2022) 323, https://doi.
org/10.1186/513046-022-02526-8.

L. Du, et al., EGFR-induced and c-Src-mediated CD47 phosphorylation inhibits
TRIM21-dependent polyubiquitylation and degradation of CD47 to promote
tumor immune evasion, Adv. Sci. 10 (2023) €2206380, https://doi.org/10.1002/
advs.202206380.

Y. Li, et al., E3 ubiquitin ligase TRIM21 targets TIF1y to regulate p-catenin
signaling in glioblastoma, Theranostics 13 (2023) 4919-4935, https://doi.org/
10.7150/thno.85662.

L. Xu, et al., O-GlcNAcylation of melanophilin enhances radiation resistance in
glioblastoma via suppressing TRIM21 mediated ubiquitination, Oncogene 43
(2024) 61-75, https://doi.org/10.1038/s41388-023-02881-6.

J.H. Lee, et al., Stabilization of phosphofructokinase 1 platelet isoform by AKT
promotes tumorigenesis, Nat. Commun. 8 (2017) 949, https://doi.org/10.1038/
541467-017-00906-9.

V.C. Chen, A.R. Kristensen, L.J. Foster, C.C. Naus, Association of connexin43 with
E3 ubiquitin ligase TRIM21 reveals a mechanism for gap junction phosphodegron
control, J. Proteome Res. 11 (2012) 6134-6146, https://doi.org/10.1021/
pr300790h.

X. Fei, et al., TRIM22 promotes the proliferation of glioblastoma cells by
activating MAPK signaling and accelerating the degradation of Raf-1, Exp. Mol.
Med. 55 (2023) 1203-1217, https://doi.org/10.1038/512276-023-01007-y.

Y. Yan, et al., Suppression of ITPKB degradation by Trim25 confers TMZ
resistance in glioblastoma through ROS homeostasis, Signal. Transduct. Target.
Ther. 9 (2024) 58, https://doi.org/10.1038/541392-024-01763-x.

D. Wong, et al., TRIM25 promotes capicua degradation independently of ERK in
the absence of ATXN1L, BMC Biol. 18 (2020) 154, https://doi.org/10.1186/
512915-020-00895-0.

Q. Ma, et al., The moonlighting function of glycolytic enzyme enolase-1 promotes
choline phospholipid metabolism and tumor cell proliferation, Proc. Natl. Acad.
Sci. U.S.A. 120 (2023) 2209435120, https://doi.org/10.1073/
pnas.2209435120.

J. Wei, et al., TRIM25 promotes temozolomide resistance in glioma by regulating
oxidative stress and ferroptotic cell death via the ubiquitination of keap1,
Oncogene 42 (2023) 2103-2112, https://doi.org/10.1038/541388-023-02717-3.
Y. Sang, et al., CDK5-dependent phosphorylation and nuclear translocation of
TRIM59 promotes macroH2A1 ubiquitination and tumorigenicity, Nat. Commun.
10 (2019) 4013, https://doi.org/10.1038/s41467-019-12001-2.

X. Fei, et al., TRIM22 orchestrates the proliferation of GBMs and the benefits of
TMZ by coordinating the modification and degradation of RIG-I, Mol. Ther.
Oncolytics. 26 (2022) 413-428, https://doi.org/10.1016/j.0mt0.2022.08.007.
Z. Wang, et al., The E3 ligase TRIM26 suppresses ferroptosis through catalyzing
K63-linked ubiquitination of GPX4 in glioma, Cell Death. Dis. 14 (2023) 695,
https://doi.org/10.1038/5s41419-023-06222-7.

10

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

Translational Oncology 58 (2025) 102419

P. Aldaz, et al., High SOX9 maintains glioma stem cell activity through a
regulatory loop involving STAT3 and PML, Int. J. Mol. Sci. 23 (2022), https://doi.
org/10.3390/ijms23094511.

V. Amodeo, et al., A PML/slit axis controls physiological cell migration and cancer
invasion in the CNS, Cell Rep. 20 (2017) 411-426, https://doi.org/10.1016/j.
celrep.2017.06.047.

L.H. Zhang, et al., TRIM24 promotes stemness and invasiveness of glioblastoma
cells via activating Sox2 expression, Neuro Oncol. 22 (2020) 1797-1808, https://
doi.org/10.1093/neuonc/noaal 38.

C. Xu, et al., TRIM24 Cooperates with Ras mutation to drive glioma progression
through snoRNA recruitment of PHAX and DNA-PKcs, Adv. Sci. 11 (2024)
2400023, https://doi.org/10.1002/advs.202400023.

D. Lv, et al., Histone acetyltransferase KAT6A upregulates PI3K/AKT signaling
through TRIM24 binding, Cancer Res. 77 (2017) 6190-6201, https://doi.org/
10.1158/0008-5472.Can-17-1388.

S. Mukherjee, et al., Drosophila brat and Human Ortholog TRIM3 maintain stem
cell equilibrium and suppress brain tumorigenesis by attenuating notch nuclear
transport, Cancer Res. 76 (2016) 2443-2452, https://doi.org/10.1158/0008-
5472.Can-15-2299.

A. Zhang, et al., Protein sumoylation with SUMO1 promoted by Pin1 in glioma
stem cells augments glioblastoma malignancy, Neuro Oncol. 22 (2020)
1809-1821, https://doi.org/10.1093/neuonc/noaal50.

L. Cai, et al., TRIM37 interacts with EZH2 to epigenetically suppress PTCH1 and
regulate stemness in glioma stem cells through sonic hedgehog pathway,

J. Neurooncol. (2024), https://doi.org/10.1007/s11060-024-04726-y.

Y. Dong, et al., TRIM56 Reduces radiosensitization of Human glioblastoma by
regulating FOXM1-mediated DNA repair, Mol. Neurobiol. 59 (2022) 5312-5325,
https://doi.org/10.1007/512035-022-02898-0.

Y.Y. Kuo, et al., Piperlongumine-inhibited TRIM14 signaling sensitizes
glioblastoma cells to temozolomide treatment, Life Sci. 309 (2022) 121023,
https://doi.org/10.1016/j.1fs.2022.121023.

Z.X. Qi, et al., TRIM28 as an independent prognostic marker plays critical roles in
glioma progression, J. Neurooncol. 126 (2016) 19-26, https://doi.org/10.1007/
s11060-015-1897-8.

Y. Peng, M. Zhang, Z. Jiang, Y. Jiang, TRIM28 activates autophagy and promotes
cell proliferation in glioblastoma, Onco Targets. Ther. 12 (2019) 397-404,
https://doi.org/10.2147/0tt.S188101.

M.D. Fan, et al., TRIM31 enhances chemoresistance in glioblastoma through
activation of the PI3K/Akt signaling pathway, Exp. Ther. Med. 20 (2020)
802-809, https://doi.org/10.3892/etm.2020.8782.

Z. Wang, Z. Li, C. Han, Y. Cheng, K. Wang, TRIM47 promotes glioma angiogenesis
by suppressing Smad4, In Vitro Cell Dev. Biol. Anim. 58 (2022) 771-779, https://
doi.org/10.1007/5s11626-022-00722-6.

S. Benke, et al., Human tripartite motif protein 52 is required for cell context-
dependent proliferation, Oncotarget 9 (2018) 13565-13581, https://doi.org/
10.18632/0oncotarget.24422.

M. Tampakaki, et al., PML differentially regulates growth and invasion in brain
cancer, Int. J. Mol. Sci. 22 (2021), https://doi.org/10.3390/ijms22126289.

T. Okazaki, et al., Up-regulation of endogenous PML induced by a combination of
interferon-beta and temozolomide enhances p73/YAP-mediated apoptosis in
glioblastoma, Cancer Lett. 323 (2012) 199-207, https://doi.org/10.1016/j.
canlet.2012.04.013.

W. Zhou, et al., Arsenic trioxide disrupts glioma stem cells via promoting PML
degradation to inhibit tumor growth, Oncotarget 6 (2015) 37300-37315, https://
doi.org/10.18632/oncotarget.5836.

B.K. Verma, P. Kondaiah, Regulation of p-catenin by IGFBP2 and its cytoplasmic
actions in glioma, J. Neurooncol. 149 (2020) 209-217, https://doi.org/10.1007/
s11060-020-03596-4.

R. Wang, B.W. Li, N.Y. Shao, D.N. Deng, F. Zhi, A novel antitumor peptide inhibits
proliferation and migration and promotes apoptosis in glioma cells by regulating
the MKK6/p38 signaling pathway, Neoplasma 68 (2021) 732-741, https://doi.
org/10.4149/neo_2021_201109N1196.

H.P.J. Voon, et al., Pediatric glioma histone H3.3 K27M/G34R mutations drive
abnormalities in PML nuclear bodies, Genome Biol. 24 (2023) 284, https://doi.
org/10.1186/513059-023-03122-5.

A. Por¢nik, et al., TRIM28 Selective nanobody reduces glioblastoma stem cell
invasion, Molecules 26 (2021), https://doi.org/10.3390/molecules26175141.

L. Shi, et al., DMC-BH derivative DMC-GF inhibits the growth of glioma stem cells
by targeting the TRIM33/SLC25A1/mitochondrial oxidative phosphorylation
pathway, J. Transl. Med. 23 (2025) 363, https://doi.org/10.1186/512967-025-
06355-z.

F. D’Amico, R. Mukhopadhyay, H. Ovaa, M.P.C. Mulder, Targeting TRIM
proteins: a quest towards drugging an emerging protein class, Chembiochem 22
(2021) 2011-2031, https://doi.org/10.1002/cbic.202000787.

A. Bikfalvi, et al., Challenges in glioblastoma research: focus on the tumor
microenvironment, Trends. Cancer 9 (2023) 9-27, https://doi.org/10.1016/j.
trecan.2022.09.005.

D.F. Quail, J.A. Joyce, The microenvironmental landscape of brain tumors,
Cancer Cell 31 (2017) 326-341, https://doi.org/10.1016/j.ccell.2017.02.009.

L. Yang, H. Xia, TRIM proteins in inflammation: from expression to emerging
regulatory mechanisms, Inflammation 44 (2021) 811-820, https://doi.org/
10.1007/510753-020-01394-8.

Z. An, O. Aksoy, T. Zheng, Q.W. Fan, W.A. Weiss, Epidermal growth factor
receptor and EGFRVIII in glioblastoma: signaling pathways and targeted
therapies, Oncogene 37 (2018) 1561-1575, https://doi.org/10.1038/541388-
017-0045-7.


https://doi.org/10.3389/fimmu.2024.1327898
https://doi.org/10.2147/cmar.S293728
https://doi.org/10.1093/neuonc/noac233
https://doi.org/10.1039/c4cs00370e
https://doi.org/10.1093/annonc/mdy495
https://doi.org/10.1093/annonc/mdy495
https://doi.org/10.3389/fimmu.2022.1032314
https://doi.org/10.3389/fimmu.2022.1032314
https://doi.org/10.12659/msm.924054
https://doi.org/10.12659/msm.924054
https://doi.org/10.21037/tcr-20-1079
https://doi.org/10.18632/aging.204841
https://doi.org/10.3389/fonc.2021.629521
https://doi.org/10.1038/cr.2016.39
https://doi.org/10.1186/s12943-024-02046-3
https://doi.org/10.1186/s12943-024-02046-3
https://doi.org/10.3390/ijms24098441
https://doi.org/10.1007/s11064-020-03140-w
https://doi.org/10.1186/s13046-022-02526-8
https://doi.org/10.1186/s13046-022-02526-8
https://doi.org/10.1002/advs.202206380
https://doi.org/10.1002/advs.202206380
https://doi.org/10.7150/thno.85662
https://doi.org/10.7150/thno.85662
https://doi.org/10.1038/s41388-023-02881-6
https://doi.org/10.1038/s41467-017-00906-9
https://doi.org/10.1038/s41467-017-00906-9
https://doi.org/10.1021/pr300790h
https://doi.org/10.1021/pr300790h
https://doi.org/10.1038/s12276-023-01007-y
https://doi.org/10.1038/s41392-024-01763-x
https://doi.org/10.1186/s12915-020-00895-0
https://doi.org/10.1186/s12915-020-00895-0
https://doi.org/10.1073/pnas.2209435120
https://doi.org/10.1073/pnas.2209435120
https://doi.org/10.1038/s41388-023-02717-3
https://doi.org/10.1038/s41467-019-12001-2
https://doi.org/10.1016/j.omto.2022.08.007
https://doi.org/10.1038/s41419-023-06222-z
https://doi.org/10.3390/ijms23094511
https://doi.org/10.3390/ijms23094511
https://doi.org/10.1016/j.celrep.2017.06.047
https://doi.org/10.1016/j.celrep.2017.06.047
https://doi.org/10.1093/neuonc/noaa138
https://doi.org/10.1093/neuonc/noaa138
https://doi.org/10.1002/advs.202400023
https://doi.org/10.1158/0008-5472.Can-17-1388
https://doi.org/10.1158/0008-5472.Can-17-1388
https://doi.org/10.1158/0008-5472.Can-15-2299
https://doi.org/10.1158/0008-5472.Can-15-2299
https://doi.org/10.1093/neuonc/noaa150
https://doi.org/10.1007/s11060-024-04726-y
https://doi.org/10.1007/s12035-022-02898-0
https://doi.org/10.1016/j.lfs.2022.121023
https://doi.org/10.1007/s11060-015-1897-8
https://doi.org/10.1007/s11060-015-1897-8
https://doi.org/10.2147/ott.S188101
https://doi.org/10.3892/etm.2020.8782
https://doi.org/10.1007/s11626-022-00722-6
https://doi.org/10.1007/s11626-022-00722-6
https://doi.org/10.18632/oncotarget.24422
https://doi.org/10.18632/oncotarget.24422
https://doi.org/10.3390/ijms22126289
https://doi.org/10.1016/j.canlet.2012.04.013
https://doi.org/10.1016/j.canlet.2012.04.013
https://doi.org/10.18632/oncotarget.5836
https://doi.org/10.18632/oncotarget.5836
https://doi.org/10.1007/s11060-020-03596-4
https://doi.org/10.1007/s11060-020-03596-4
https://doi.org/10.4149/neo_2021_201109N1196
https://doi.org/10.4149/neo_2021_201109N1196
https://doi.org/10.1186/s13059-023-03122-5
https://doi.org/10.1186/s13059-023-03122-5
https://doi.org/10.3390/molecules26175141
https://doi.org/10.1186/s12967-025-06355-z
https://doi.org/10.1186/s12967-025-06355-z
https://doi.org/10.1002/cbic.202000787
https://doi.org/10.1016/j.trecan.2022.09.005
https://doi.org/10.1016/j.trecan.2022.09.005
https://doi.org/10.1016/j.ccell.2017.02.009
https://doi.org/10.1007/s10753-020-01394-8
https://doi.org/10.1007/s10753-020-01394-8
https://doi.org/10.1038/s41388-017-0045-7
https://doi.org/10.1038/s41388-017-0045-7

W. Wu et al. Translational Oncology 58 (2025) 102419

[145] K. Masliantsev, L. Karayan-Tapon, P.O. Guichet, Hippo signaling pathway in
Gliomas, Cells 10 (2021), https://doi.org/10.3390/cells10010184.

[146] E. Verdugo, I. Puerto, M. Medina, An update on the molecular biology of
glioblastoma, with clinical implications and progress in its treatment, Cancer
Commun. 42 (2022) 1083-1111, https://doi.org/10.1002/cac2.12361.

[147] B. Dewdney, et al., From signalling pathways to targeted therapies: unravelling
glioblastoma’s secrets and harnessing two decades of progress, Signal. Transduct.
Target. Ther. 8 (2023) 400, https://doi.org/10.1038/541392-023-01637-8.

11


https://doi.org/10.3390/cells10010184
https://doi.org/10.1002/cac2.12361
https://doi.org/10.1038/s41392-023-01637-8

	Unveiling the multifaceted functions of TRIM proteins in glioma pathogenesis
	Introduction
	A survey of the structural and functional features of TRIM proteins
	Structure and function of the N-terminal region
	Structure and function of the C-terminal region

	Expression pattern and prognostic value of TRIM proteins in glioma
	Modulation of TRIM proteins in glioma
	Prognostic significance of TRIM proteins in glioma

	An overview of various roles of TRIM proteins in glioma
	TRIM proteins act as E3 ubiquitin ligases in glioma
	TRIM proteins: molecular maestros orchestrating ubiquitin-mediated protein degradation
	TRIM proteins: versatile regulators driving ubiquitination beyond protein degradation

	TRIM proteins as transcriptional regulators
	TRIM proteins directly interact with targets
	Impact of TRIM proteins on glioma phenotypes through unspecified mechanisms

	Targeting TRIM proteins in glioma: current progress and future perspectives
	Conclusion
	Ethics approval and consent to participate
	Consent for publication
	Funding
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Data availability
	Supplementary materials
	References


