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Objective: Gliomas are the most common malignant brain tumors with a poor

prognosis. Despite advances in molecular profiling, no targeted therapies

significantly improve survival. Recently, it has been demonstrated that high

expression of Muscle Excess 3A (MEX3A) correlates with poor overall survival

(OS) in gliomas, generating interest in its potential as a biomarker and therapeutic

target. This study analyzes the correlation between MEX3A expression and

clinical-molecular features, assessing its diagnostic, prognostic, and

therapeutic value in glioblastoma (GB), the most aggressive glioma subtype.

Methods: We performed a retrospective study on a consecutive series of

surgically-treated glioma patients. The values of MEX3A mRNA levels for the

discrete variables examined has been reported by boxplots. Chi-square tests

were carried out to analyze the correlation between MEX3A expression and

patient features. Receiver operating characteristic (ROC) curve, Kaplan-Meier

survival and Cox regression analysis were applied to assess the diagnostic and

independent prognostic values of MEX3A in GB. Finally, the effect of MEX3A

genetic knockdown on human primary GB both in vitro and in vivo orthotopic

xenograft model cell has been evaluated.

Results: Elevated MEX3A expression associates with more severe

clinicopathological and molecular features of glioma patients. MEX3A exhibits

high diagnostic accuracy (AUC > 0.9) and correlates with poor OS (HR=2.068,

p=0.0018) and progression-free survival (PFS) (HR=2.209, p=0.0005) in GB.

Multivariate Cox regression identified MEX3A as an independent prognostic
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factor for OS and PFS. Notably,MEX3A knockdown inhibits tumor growth in vitro

and in vivo.

Conclusions: Our findings highlight MEX3A as a novel diagnostic and prognostic

biomarker and a promising therapeutic target for GB.
KEYWORDS
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Introduction

Cancer remains one of the leading causes of death worldwide,

with an increasing global burden despite significant advances in

diagnosis and therapy (1). Among human malignancies brain

tumors represent a particularly devastating category due to their

complex biology, limited treatment options, and poor prognosis.

Gliomas, especially in their most aggressive form glioblastoma

(GB), continue to be lethal and incurable tumors (2, 3). Gliomas

account for about 30%of all primary central nervous system (CNS)

malignancies and about 80% of all malignant brain tumors, with an

average mortality rate of 4.41 per 100.000 and 17.411 deaths per

year (3–6).

The standard management consists of a multidisciplinary

approach, including surgical tumor mass resection, radiotherapy,

and chemotherapy with Temozolomide (TMZ) (7). Despite these

therapeutic regimens, a high rate of relapse is observed in treated

patients mainly due to the molecular heterogeneity of these tumors,

often coupled with a decline in neurological function and quality of

life (8, 9). New technologies, including next-generation sequencing

and advanced statistical tools (10), allowed to create a new and

more detailed World Health Organization (WHO) classification of

gliomas with different biomarkers for each specific molecular

profiling (11, 12). The major factors routinely assessed for

gliomas studies include mutation in isocitrate dehydrogenase 1

(IDH1), the expression and mutation of the epidermal growth factor

receptor (EGFR), the cell replication index reported as percentage of

K i67 expre s s ion , and the O6-methy l guan ine -DNA-

methyltransferase (MGMT) promoter hypermethylation, the

major predictive factor for treatment response to TMZ in GB

patients (13, 14). The fifth edition of the WHO classification of

tumors of the CNS released in 2021, have led to a more biologically

homogeneous categorization of gliomas into three types:

astrocytoma, (IDH)-mutant (grade 2,3,4); oligodendroglioma,

IDH-mutant and 1p/19q-codeleted (grade 2,3); GB, IDH-wildtype

(grade 4) (4). IDH-wildtype GB accounts for nearly 90% of all grade

IV gliomas, with a median survival of just 15 months and only 5.5%

of patients surviving beyond 5 years post-diagnosis (2–4, 12).

Despite promising preclinical results, no therapies targeting the

biomarkers identified so far significantly increase the survival rate of

GB patients (15, 16). As result, the lack of effective treatments

highlights the pressing need to discover new biomarkers that might
02
be exploited for a more accurate diagnosis and prognosis, as well as

to develop personalized targeted therapies.

Recent studies revealed that the Muscle Excess 3 (MEX3)

protein family is expressed across various cancers (17), playing a

role in regulating numerous oncogenic processes, such as tumor cell

self-renewal (18). First discovered in Caenorhabditis elegans, the

MEX3 proteins are evolutionarily conserved in mice and mammals

and consist of four members (MEX3A, MEX3B, MEX3C, and

MEX3D) (18). In agreement with their domain composition,

MEX3 proteins bind RNAs, modulating their fate, and work as

E3 ubiquitin ligases that affect the stability and the subcellular

localization of their specific protein substrates (18). Among the

MEX3 family members, MEX3A has been found overexpressed in

several human malignancies and recently it has emerged as a

promising biomarker and therapeutic target in a wide range of

cancers (19–25). Although the involvement of MEX3A in glioma

pathogenesis and resistance to treatments has previously been

explored (23, 26, 27), i ts c l inical relevance deserves

further investigations.

Here, we analyze the association of high expression levels of

MEX3A with clinical and molecular aspects of a consecutive series

of surgically treated patients suffering from intracranial gliomas and

we discover the value of MEX3A as a diagnostic and prognostic

independent factor in GB patients. Moreover, we demonstrate that

the inhibition of MEX3A arrests tumor growth in vitro and in vivo.

Our findings highlight MEX3A as a practical tool for predicting the

diagnosis and prognosis of GB patients and unveil its potential as

innovative target for tailored therapeutic options.
Methods

Clinical samples

This retrospective observational study was performed on a

surgical series of glioma patients treated in a single neurosurgical

unit. Consensus about diagnosis, treatment, and related

information was obtained under written informed consent

approved by our Institution’s Principal Institutional Review Board

(IRB: 6961, prot. 0296/2023). This study adheres to PROBE 2023

guidelines for reporting observational studies. All methods were

carried out following relevant guidelines and regulations.
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Data from adult patients who underwent surgery for glioma in

our institution between January 2020 and December 2022 were

analyzed. Patients were enrolled according to the following criteria:

age >18 years; preoperative magnetic resonance imaging (MRI) is

suggestive for glioma; no previous surgery; no previous

radiotherapy; at least 18 months of follow-up; patients that

undergo a standard STUPP protocol (7) starting from the 30th

day after surgery.

Patients were excluded if they had a histologic diagnosis other

than glioma, had not fully performed therapeutic or diagnostic

follow-up, and had radiological material not available on PACS.

All the patients included underwent a preoperative brain MRI

scan included a high field 3 Tesla volumetric study with the

following sequences: T2w, FLAIR, isotropic volumetric T1-

weighted magnetization-prepared rapid acquisition gradient echo

(MP-RAGE) before and after intravenous administration of

paramagnetic contrast agent (28, 29).

All participating patients underwent surgery to completely

diagnose and remove the tumor mass. The procedures were

carried out using an infrared-based Neuronavigator (Brainlab,

Kick® Purely Navigation) in a standard neurosurgical theater,

equipped with a standard operative microscope (Leica, model

OH4). Our institution’s surgical protocol was followed (30),

where the extent of resection (EOR) was deemed complete when

the white matter was free of disease in all aspects of the surgical

cavity. The excision was discontinued by the surgical operator

when, despite direct visualization or navigation remnants,

neuromonitoring or intraoperative neuropsychological testing

indicated a potential for postoperative motor complications.

In the postoperative day, patients underwent a CT-scan to assess

major early complications and a volumetric BrainMRI scan to evaluate

the EOR. For gross total resection (GTR), “tumor progression” was

defined as the initial MRI scan showing the presence of pathologically

enhancing tissue, characterized by an MRI pattern inconsistent with

cerebral radiation injury, which is considered a “pseudo-progression.”

In the case of incomplete resections (<95% volume reduction), a

volumetric increase of the residual disease detected at the first

postoperative MRI scan was considered as disease progression, and

this was used to calculate the PFS. Our institution had a dedicated

neuro-imaging follow-up program that included a standard early

(maximum 24 hours after surgery) postoperative volumetric brain

MRI, a volumetric brainMRI scan repeated at onemonth from surgery

(25–35 days) for the first step follow-up control to provide information

for the radiation treatment planning, and a volumetric brain MRI scan

performed every three months.
Clinical and pathological analysis

For all the included patients we recorded age, gender, IDH

R132H, Ki67, P53 and EGFR expression status. The expression of

IDH1 R132H, P53, EGFR and Ki67 in formalin-fixed paraffin

embedded (FFPE) tumor tissues was analyzed by standard

immunohistochemistry (IHC) technique carried out in the

Department of Neuropathology of our University Hospital (31).
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The following antibody were used: anti-P53 (DO-7, 1:40; Cell

Marque, Hot Springs, AZ, USA), which detect both wild type and

mutant P53 protein (28); anti-IDH1 R132H (DIA-H09, 1:50;

Dianova, Hamburg, Germany); anti-EGFR (clone H11; 1:200;

Dako, Glostrup, Denmark); anti Ki67 (MIB-1, 1:50; Dako,

Glostrup, Denmark) (32). Following counterstaining with

hematoxylin, slides were dehydrated, mounted and observed

under light microscope. At least 200 tumor cells from different

fields (from 5 to 10) were reviewed. Scoring was performed by semi-

quantitative scoring, independent to diagnosis, with not-expressed/

negative (no staining observed), expressed (up to 50% cells are

stained) and highly expressed (>50% of cells stained). %Ki67 was

measured with the “hot spot method” where the field with highest

apparent Ki67 index was selected and up to 500 cells scored (33).

Histological diagnoses were performed according to the

updated version of the 2021 WHO guidelines (4). PFS and OS

was recorded in months; it was measured from date of diagnosis to

date of death or date of last contact if alive. Clinical information was

obtained by the digital database of our Institution, whereas OS data,

were obtained by telephone-interview.
Cell cultures and lentiviral infection

Primary GB-derived neurosphere cultures were obtained after

mechanical dissociation from high-grade gliomas freshly resected

from patients. In brief, the tissue was first washed in HBSS plus

penicillin–streptomycin (1%) to remove excess debris and blood,

and the tumor has been cut and mechanically minced before

digested with deoxyribonuclease. The digested tissue was titrated

and passed through a cell strainer. Finally, cells were pelleted by

centrifugation (300 X g for 10 min) and cultured in Neurobasal

medium supplemented with B27 without vitamin A (2%),

penicillin–streptomycin (1%), L-glutamine (1%), N-Acetyl-L-

Cysteine (60 ng/ml) human EGF (20ng/ml) and human FGF

(20ng/ml).

All the GB cell lines were validated by short tandem repeat

(STR) DNA profiling performed by Eurofins Genomic Europe

(Ebersberg, Germany) in November 2023 and preserved in liquid

nitrogen to preserve authenticity. Mycoplasma contamination in

cell cultures was routinely detected by using PCR detection kit

(Applied Biological Materials, Richmond, BC, Canada).

For MEX3A genetic depletion, lentiviral particles were

generated in HEK293 cells transfected with packaging and

envelope plasmids (pCMV-dR8.74 and VSV-G/pMDG2), pGFP-

pLKO.1 plasmids (shCTR TR30021; shMEX3A TL308061B (#1),

TL308061C (#2), Origene, Rockville, MD, USA). GB tumor

spheroids were dissociated in cell dissociation solution (C5789,

Merck, Darmstadt, Germany) and GB6 cells were infected with

purified lentiviral particles resuspended in complete medium for

72 h.

For animal study, GB6 cells were infected with both lentiviral

particles expressing shCTR or shMEX3A #2 and the luciferase

reporter (pLenti CMV Puro Luc w168-1, Addgene, Watertown,

Massachusetts, USA), generated as described above.
frontiersin.org

https://doi.org/10.3389/fonc.2025.1585592
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Bufalieri et al. 10.3389/fonc.2025.1585592
mRNA expression analysis

Total RNA was isolated from gliomas tissues and peritumoral

brain normal tissues, using TRIzol reagent (Invitrogen/Life

Technologies, Carlsbad, CA, USA), and reverse-transcribed with a

SensiFAST cDNA Synthesis Kit (Bioline Reagents Limited, London,

UK). Quantitative real-time PCR (qRT-PCR) analysis of mRNA

expression for the indicated genes was performed by using the

ViiATM 7 Real-Time PCR System (Life Technologies). A reaction

mixture containing cDNA template, SensiFAST™ Probe Lo-ROX

mix (Bioline Reagents Limited) and Taqman Gene Expression

Assays (Thermo Fisher Scientific Waltham, MA, US) was

amplified using standard qPCR thermal cycler parameters and

mRNA quantification was performed by using SDS version 2.3

software. Each sample was amplified in triplicate, and the average of

the three threshold cycles was used to calculate the number of

transcripts. Data were normalized to the endogenous controls

(GAPDH and HPRT), which yielded similar results. And

expressed as the fold change respect to the control sample value.

To compare the mRNA expression of MEX3A between the

patients samples we considered the value of 2ˆ(-DDCT). For the in

vitro and in vivo experiments in primary gliomas cell lines mRNA

expression of the indicated genes was expressed as the fold change

respect to the control sample value.

The following TaqMan Gene Expression Assays (Thermo

Fisher Scientific) were used: MEX3A, Hs00863536_m1; NANOG,

H s 02387400_g1 ; POU5F1 , H s 04260367_gH ; SOX2 ,

Hs04234036_s1;GAPDH, Hs02786624_g1;HPRT, Hs02800695_m1.
Immunoblot analysis

For immunoblot analysis, cells were lysed in RIPA buffer (50 mM

Tris-HCl pH 7.6, 150 mM NaCl, 0.5% sodium deoxycholate, 5 mM

EDTA, 0.1% SDS, 100 mM NaF, 2 mM NaPPi, and 1% NP-40)

supplemented with protease and phosphatase inhibitors. Lysates were

incubatedon ice and thencentrifugedat13,000×g for30minutes at 4°C.

Following centrifugation, a defined volume of the supernatant was

mixed with sample loading buffer, boiled for 5 minutes, resolved by

SDS-PAGE, and subjected to immunoblot analysis. The mouse

monoclonal anti-b-Actin antibody C4 (sc-47778, 1:2000) was

purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA);

Rabbit polyclonal anti-MEX3A antibody (ab79046, 1:1000) was

purchased from Abcam (Cambridge, UK); rabbit EGF receptor

D381B1 antibody (4267S, 1:1000), mouse OCT4 D705Z antibody

(7543S, 1:1000), rabbit Vimentin R2B antibody (3932S, 1:2000) were

purchased from Cell Signaling (Beverly, MA, USA); rabbit E-Cadherin

antibody (20874-1-AP, 1:3000) was purchased from Proteintech

(Thermo Fisher Scientific, Waltham, MA, USA). HRP-conjugated

secondary antibodies were purchased from Bethyl Laboratories

(Montgomery, TX, USA).
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Immunohistochemistry

Tumor and peritumoral tissues from patients and brain tissues

from the orthotopic GB6 implanted mouse were fixed in formalin

and paraffin-embedded (FFPE) and cut into 5mm sections FFPE

slides were deparaffinized and subjected to heat-induced antigen

retrieval at low or high pH buffer and blocked for 30 min with 5%

PBS/BSA. Then, patient-derived slides were incubated with the

anti-MEX3A (Rabbit anti-MEX3A ab79046, 1:100) antibody,

whereas slides from the orthotopic model were incubated with

antibodies against MEX3A, Ki67 (Rabbit anti-Ki67 SP6, MA5-

14520, 1:100; Thermo Fisher Scientific, Waltham, MA, US) and

SOX2 (Rabbit-anti SOX2 ab97959, 1:100; Abcam, Cambridge, UK).

The day after, the slides were incubated for 20 min

with secondary antibodies coupled with peroxidase (Dako,

Glostrup, Denmark). Bound peroxidase was detected with

diaminobenzidine (DAB) solution and EnVision FLEX Substrate

buffer containing peroxide (Dako, Glostrup, Denmark). After

counterstaining with hematoxylin, sections were dehydrated in a

graded water-ethanol series, mounted and observed under light

microscope. Cell quantification was performed on collected sections

using the imaging software NIS-Elements BR 4.00.05 (Nikon

Instruments Europe B.V., Italy).
Cell proliferation assay

For IncuCyte® experiments, infected GB cells were seeded in

96-well plates (20 x103 cells/well for each cell lines; 12 wells for each

condition) in complete medium and treated with IncuCyte®

NucLight Rapid Red Reagent (#4717, Essen BioScience, 1:1000).

Plates were transferred into the IncuCyte® S3 Live Cell Analysis

Systems and incubated at physiological conditions (37°C, 5% CO2),

over 96 h. Images were collected every 6 h, and proliferation was

evaluated as the ratio number of infected cells on NucLight®

positive cells. The experiments were performed in triplicate, and

data were analyzed by using the IncuCyte® software package (Essen

BioScience, Ann Arbor, MI, USA).
GB-derived neurospheres formation assay

Dissociated primary GB cells for each experimental groups

(shCTR, shMEX3A#1 and shMEX3A#2) were plated in 96-well

plates in decreasing numbers (50, 25, 10, 5 cells; 12 well for each

condition, 12 replicates per cell/density number) in neurospheres

culture media. The plates were incubated in a 37°C, 5% CO2,

humidified incubator. At ten days, any well that contains

neurospheres was scored. Extreme limiting dilution analysis was

conducted using the software available at http://bioinf.wehi.Edu.au/

software/elda/.
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Orthotopic xenograft study

Female NOD/SCID gamma (NSC) mice (6 weeks old) were

used. All described procedures involving experimental animals were

performed in agreement with standard guidelines under a protocol

approved by local ethic authorities (Ministry of Health) and

conducted in accordance with Italian Governing Law (D.lgs

26/2014).

For establishing intracranial GB, 3 x 105 cells from GB6 cell line

transduced with lentiviral particles expressing shMEX3A#2 or

shCTR, and the luciferase reporter, were stereotaxically implanted

into the striatum of the mice device (coordinates: 2 mm anterior, 2

mm lateral, 3 mm depth from the dura).

Tumors were analyzed by luminescence imaging (IVIS Lumina

III, PerkinElmer, USA) each week. Before imaging, mouse

underwent an intraperitoneal injection of D-luciferin (10 ml g−1,
XenoLight RediJect D-Luciferin, PerkinElmer, USA). Mice were

sacrificed upon signs of tumor formation (weight loss, hunching,

rough coat, level of consciousness and activity) and brains were

fixed in 4% formaldehyde paraffin embedded and processed for

histological and IHC analysis. Hematoxylin and eosin (H&E)

staining was performed and reviewed by board-certified

pathologists, who confirmed GB-like histopathological features.
Statistical methods

Statistical analyses were performed with GraphPad Prism software

version 9.5.1 (GraphPad, San Diego, CA, USA). FFPE brain tissues

from the orthotopic GB6 implanted mouse were cut into 5mm sections

for MEX3A, Ki67 and sex determining region Y-box2 (SOX2)

immunohistochemical staining. FFPE slides were deparaffinized and

subjected to heat-induced antigen retrieval at low or high pH buffer and

blocked for 30 min with 5% PBS/BSA. Then, the slides were incubated

overnight at 4°C with monoclonal antibodies against MEX3A Figure

(Rabbit anti-MEX3A ab79046, 1:100; Abcam, Cambridge, UK), Ki67

(Rabbit anti-Ki67 SP6, MA5-14520, 1:100; Thermo Fisher Scientific,

Waltham, MA, US) and SOX2 (Rabbit-anti SOX2 ab97959,:100;

Abcam, Cambridge, UK) (19, 20, 23–25). MEX3A expression in

different groups was compared using two-tailed Student’s t test or

one-way ANOVA. The association between MEX3A expression and

clinicopathological and molecular characteristics of the patients was

assessed by c2 test for assessing the association between two categorical
variables (19, 20, 23–25, 34).

The sensitivity and specificity of MEX3A in IDH-wildtype GB

diagnosis was evaluated using receiver operating characteristic

(ROC) curve. Survival curves of the same patients were carried

out using Kaplan-Meyer method, assessing differences in OS and

PFS between the indicated groups by log-rank test. Univariate and

multivariate survival analysis were performed using the Cox

proportional hazard regression model. Only the features with

prognostic significance in univariate analysis were included in the

subsequent multivariate analysis. We used a significance threshold

of P < 0.05, which is the conventional alpha level in biomedical
Frontiers in Oncology 05
research for determining statistical significance (19, 20, 23–25, 35).

The threshold of statistical significance was considered p < 0.05.
Potential source of bias and study size

A potential source of bias is expected from the exiguity of the

sample, which, nevertheless, in regard to the endpoints selected,

presents an excellent post-hoc statistical estimated power (1- b =

0.9402 for a 0.05 and effect size “f” = 0.34), thus providing

extremely reliable conclusions.
Results

Clinical characteristics of patients

From the initial group of 156 screened patients, 24 were

excluded: 8 because their final diagnosis was not glioma, 6 due to

their inability or refusal to give consent, and 10 because of

insufficient biological samples. After the initial screening, 29 more

patients were excluded from the study: 6 for not following standard

follow-up protocols and 23 due to discrepancies in surgical

documentation. Additionally, 22 patients were lost to follow-up

(Supplementary Figure S1).

The final cohort comprised 81 patients with histologically

diagnosed glioma, 53 males and 28 females. The mean survival

identified was 14.7 months (min 1, max 53), with a mean

progression free survival (PFS) of 6.8 months (min 1, max 32). 12

patients were alive at the last follow-up visit (June 2024) and 9

patients had no presence of disease progression. The most frequent

histologic diagnosis was GB (63 patients, 77.8% of cases), followed

by diffuse astrocytoma (7 patients, 8.6% of cases), anaplastic

astrocytoma and oligodendroglioma (4 patients each, 4.9% of

cases), gliosarcoma (2 patients, 2.5% of cases) and one case of

polymorphous neuroepithelial tumor in the young (PLTNY, 1.2%

of cases). Clinical and molecular data are summarized in

Supplementary Table S1.
The overexpression of MEX3A associates
with clinicopathological and molecular
features of gliomas patients

We investigated the putative association between mRNA

expression levels of MEX3A and several clinicopathological and

molecular characteristics of glioma patients. Grouping MEX3A

expression by different variables, we observed that higher levels of

MEX3A correlate with features of poor prognosis such as older age,

EGFR and Ki67 high expression (Supplementary Figures S2A, F, H,

respectively). Accordingly, MEX3A expression increases with higher

tumor grade (Supplementary Figure S2C) and was significantly

associated with vital status (Supplementary Figure S2D). On the

contrary, lower levels of MEX3A were observed in IDH1 mutated
frontiersin.org
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gliomas (Supplementary Figure S2E). No significant association was

found between MEX3A expression and other clinicopathological

parameters, including patients’ gender and P53 expression

(Supplementary Figures S2B,G, respectively). Finally, we divided all

glioma patients into high and lowMEX3AmRNA expression groups

using the median expression level as a cut-off. Chi-square analysis of

the variables between the two groups confirmed the association of

MEX3A expression with the clinical and molecular characteristics of

the analyzed patients (Table 1).
MEX3A expression has a diagnostic and
prognostic value in GB

We evaluated the diagnostic and prognostic potential of MEX3Ain

IDH-wildtype glioblastoma (hereafter referred to as GB), since this

group represents the most common and malignant variant among

gliomas. First, we confirmed the up-regulation ofMEX3A transcript in

GB patients compared to the peritumoral brain tissues (PTs)

(Figure 1A), and next we evaluated the diagnostic value of MEX3A

expression for these patients. ROC curve was generated to discriminate

MEX3A expression in GB tissues from the PTs. We found that the area

under curve (AUC) for MEX3A was 0.9704 (95% CI: 0.9310-1.010;
Frontiers in Oncology 06
p<0.0001) (Figure 1B), indicating that MEX3A expression has a high

sensitivity and specificity for GB diagnosis.

To assess the prognostic potential of MEX3A for OS and

progression free survival (PFS), GB samples were divided into two

groups based on their median MEX3A mRNA expression levels.

Kaplan Meyer analysis revealed that higher expression of MEX3A

Figurewas significantly related to shorter OS (HR=2.068, p=0.0018)

and PFS (HR=2.209, p=0.0005), suggesting that MEX3A has also a

prognostic value in GB patients (Figures 1C, D). Importantly,

these findings were further validated at protein level by IHC

analysis performed on the available patient-derived GB and

peritumoral tissue samples, confirming the elevated expression of

MEX3A in tumor tissues, and its diagnostic and prognostic potential

in GB (Supplementary Figure S3).
MEX3A is an independent predictor for OS
and PFS for GB patients

To further explore the prognostic value of MEX3A, we assessed its

association with clinical outcomes across multiple subgroups. High

MEX3AmRNA expression was significantly associated with poorer OS

(Figure 2) and PFS (Figure 3) in all examined clinicopathological
TABLE 1 Correlation between MEX3A mRNA expression and clinical and molecular characteristics of glioma patients.

Clinical features Number of patients Statistical parameters

Variable Covariate
Total
(81)

Low MEX3A
expression

(39)

High MEX3A
expression

(42)
c2 p-value

Age
≤ 64 40 25 15

5.440 0.0197
>64 41 15 26

Gender
Male 53 27 26

0.149 0.699
Female 28 13 15

Grade

I-II 7 7 0

7.676 0.0215III 7 4 3

IV 67 28 34

Vital status
Alive 12 9 3

5.505 0.025
Dead 65 26 39

IDH1
(R132H)

Not mutated 69 30 39
8.538 0.0035

Mutated 11 10 1

EGFR

Not expressed 16 11 5

8.421 0.0148Expressed 14 8 6

Highly expressed 27 7 20

P53
Not expressed 39 23 16

2.102 0.147
Expressed 42 18 24

Ki67 (%)
<20% 29 21 8

9.277 0.0023
≥20% 49 18 31
p< 0.05 is marked in bold.
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variables, including age, gender, and the expression levels of EGFR,

P53, and Ki67. Moreover to determine whether MEX3A expression

act as an independent prognostic factor for the OS and PFS for

GB patients, univariate and multivariate COX regression analysis has

been performed. We found that the high expression of MEX3A is

an independent predictor for OS (HR: 3.368; 95% CI 1.680-6.969;

p = 0.0008), as well as for PFS (HR: 2.456; 95% CI 1.340-4.574;

p = 0.004) in our cohort of GB patients (Table 2). These findings

are consistent with the oncogenic role of MEX3A observed in other

tumor types, where MEX3A has been shown to promote cancer

progression by regulating RNA stability, activating signaling

pathways involved in stemness and proliferation, and contributing to

therapy resistance (19–25).
Genetic silencing of MEX3A significantly
impairs primary human GB-derived
neurospheres growth

To further explore the oncogenic role of MEX3A in GB, we

established several primary human GB-derived neurospheres lines

(Supplementary Table S2). Cancer-derived spheroids have the

ability to maintain the heterogeneity of the original tumor

(Supplementary Figure S4), showing self-renewal capacity,
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enhanced tumor-initiating, and tumor-propagating properties,

mirroring the multipotency of glioma stem cells (GSCs) (36, 37).

GB-derived neurospheres from GB samples with different

molecular backgrounds (Supplementary Table S2) were genetically

silenced forMEX3A by infection with lentiviral particles encoding two

different short hairpins RNA or non-targeting shRNA as control

(Figures 4A, E, I). Interestingly, regardless of the molecular

characteristics, the proliferation and clonogenic self-renewal ability of

GB-derived neurospheres was strongly impaired upon MEX3A

knockdown (Figures 4B, F, J, C, G, K, respectively). Moreover,

MEX3A silencing also led to a reduction in the expression of the

invasion marker vimentin, accompanied by an increase in the adhesion

marker E-cadherin (Supplementary Figure S5). Finally, given MEX3A

function as stemness gene (38, 39), we observed a concomitant reduced

expression of the well-known stemness markers OCT4, NANOG, and

SOX2 (Figures 4D, H, L) suggesting a crucial role of MEX3A in

maintaining the stem-like properties of GB cells.
MEX3A knockdown inhibits GB growth in
vivo and prolongs mice survival

Given the potency of MEX3A depletion to suppress GB cell

growth in vitro, we expected that the inhibition of MEX3A might
FIGURE 1

Diagnostic and prognostic value of MEX3A in IDH-wildtype GB (GB). (A) MEX3A mRNA expression in 63 cases of GB compared to 18 peritumoral
tissues (PTs). Mean ± SD; P*** < 0.001. (B) ROC curve for MEX3A mRNA expression in GB and PTs shown in (A) AUC= 0.9704. (C, D) Kaplan-Meyer
curves for OS (C) and PFS (D) between high and low mRNA expression groups of MEX3A.
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affect GB growth also in vivo. To this purpose, GB primary cells,

genetically silenced for MEX3A and overexpressing a luciferase

reporter, were injected into the brain of NOD/SCID gamma (NSG)

mice. Based on in vitro results showing superior efficacy in silencing
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MEX3A and inhibiting GB6 cell growth, the shMEX3A#2 construct

was selected for the in vivo experiment. Animals that received

MEX3A-depleted cells showed a reduced tumor size (Figures 5A, B)

and a longer OS compared to control mice (Figure 5C). Consistent
FIGURE 2

Analysis of OS between high and low mRNA expression groups of MEX3A according to the different clinical variables of IDH-wildtype GB (GB) patients.
Subgroup analysis was performed in young patients (A), old patients (B), females (C), males (D), patients with no EGFR expression (E), patients with
EGFR expression (F), patients with no P53 expression (G), patients with P53 expression (H), patients with low %Ki67 expression (I) and patients with
low %Ki67 expression (J).
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with the in vitro data, the knockdown ofMEX3Awas also associated

to a significantly decreased expression of the proliferation marker

Ki67 and a reduction of the stemness marker SOX2 (Figures 5D–G).

Overall, these findings validate the efficacy of MEX3A inhibition as

a promising strategy for GB treatment together with its diagnostic

and prognostic potential, thereby confirming its translational

significance in clinical settings.
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Discussion

Gliomas encompass a range of malignancies with varying

degrees of aggression and clinical outcomes (2–4). These tumors

are classified based on their histological features and molecular

characteristics that significantly impact their treatment and

prognosis (4, 40). The challenge in managing gliomas lies in their
FIGURE 3

Analysis of PFS between high and low mRNA expression groups of MEX3A according to the different clinical variables of IDH-wildtype GB (GB)
patients. Subgroup analysis was performed in young patients (A), old patients (B), females (C), males (D), patients with no EGFR expression
(E), patients with EGFR expression (F), patients with no P53 expression (G), patients with P53 expression (H), patients with low %Ki67 expression
(I) and patients with low %Ki67 expression (J).
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heterogeneity and the complexity of their biological behavior, which

can lead to variable responses to treatment and difficulties in

predicting patient outcomes (41).

WHO 2021 classification introduced novel molecular markers

with subtype-specific expression patterns in gliomas, facilitating

refined classification (4, 40). However, it is noteworthy that not all

laboratories possess the capability to analyze an extensive array of

specific genetic markers, thereby constraining their prognostic

utility (15, 42). Investigating the molecular mechanisms involved

in gliomas progression and recurrence represents a great

opportunity to identify novel, straightforward, diagnostic and

prognostic markers, and to unveil the intricate facets of gliomas

tumor biology (43, 44).

MEX3A plays a crucial role in self-renewal and differentiation

processes affecting stemness and carcinogenesis (17, 18, 21, 38).

Acting through its RNA-binding and E3 ubiquitin ligase domains,

MEX3A appears to influence several pathways relevant to tumor

progression and therapy resistance. Notably, MEX3A has been

shown to regulate the stability of key transcripts involved in cell

cycle control and apoptosis, such as E2F and G2/M checkpoint

targets (17, 21).

In glioma, MEX3A upregulates CCL2, a chemokine known to

support proliferation, angiogenesis, and immune evasion, leading to

alteration of the tumor microenvironment (TME) and promoting

tumorigenesis (23). Moreover, MEX3A downregulates mRNA

levels of MSH2, a key DNA mismatch repair (MMR) component,

thereby impairing DNA repair fidelity and enhancing resistance to

TMZ in GB patients (27). Indeed, as demonstrated by Gan and

colleagues, MEX3A levels, especially in the context of MGMT

promoter hypermethylation, may serve as a predictive marker for

TMZ response. In this study, they showed that blocking MEX3A

makes GB cells more sensitive to treatment by restoring MMR

function (27).These findings, highlight the need to fully elucidate
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the role of MEX3A in glioma pathogenesis. In this regard, we

discovered MEX3A as a new diagnostic and independent prognostic

biomarker for GB making promising advancement in the field of

glioma research. Indeed, MEX3A may provide several potential

benefits that could enhance diagnostic and prognostic accuracy

compared to currently used biomarkers (45–48). Firstly, MEX3A is

highly expressed across all subtypes of gliomas, providing a reliable

indicator of disease presence and progression. Secondly, MEX3A

offers independent prognostic value associating with both OS and

PFS in GB, providing clinicians with valuable insights into patient

outcomes. Thirdly, our multiparametric analysis confirms that the

prognostic impact of MEX3A is not influenced by commonly

assessed markers such as EGFR, p53, or Ki67, highlighting its

unique and standalone value. Finally, MEX3A is relatively easy to

analyze, making it accessible to a wider range of laboratories and

healthcare facilities. MEX3A analysis could be integrated into

routine diagnostic workflows with minimal additional resources.

Overall, our findings align with the growing body of research

identifying biomarkers with diagnostic and prognostic

significance in gliomas (49–57), further reinforcing the relevance

of MEX3A in this context.

Noteworthy, we found that the genetic depletion of MEX3A

inhibits the growth of primary GB cell both in vitro and vivo. These

findings are consistent with the data reported in our previous study,

in which we described for the first time, the role of MEX3A in GB

growth (26). Interestingly, beyond its role in RNA regulation, our

recent data highlight a previously unrecognized function of MEX3A

as an E3 ubiquitin ligase involved in GB (26). We demonstrated that

MEX3A promotes ubiquitylation and degradation of the retinoic

acid inducible gene I (RIG-I) (26), an important pattern recognition

receptor that acts as an RNA cytoplasmic sensor to activate the

innate immune response and cell death via apoptosis (58–62).

Interestingly, we showed that the genetic depletion of MEX3A
TABLE 2 Univariate and multivariate COX regression analysis for OS and PFS.

Variable Outcome
Univariate analysis Multivariate analysis

P value HR (95% CI) P value HR (95% CI)

MEX3A (High, Low)
OS 0.0020 2.373 (1.378-4.149) 0.0008 3.368 (1.680-6.969)

PFS 0.0011 2.510 (1.447-4.397) 0.0040 2.456 (1.340-4.574)

Age (≤ 65; >65)
OS 0.2567 1.354 (0.7979-2.289)

PFS 0.0007 2.887 (1.579-5.391) 0.0008 3.007 (1.593-5.778)

Sex (F, M)
OS 0.1018 1.636 (0.9237-3.026)

PFS 0.5427 1.198 (0.6801- 2.193)

EGFR expression
(Yes, No)

OS 0.6457 1.175(0.6095- 2.450)

PFS 0.0859 1.673(0.9457- 3.084)

P53 expression
(Yes, No)

OS 0.7818 1.076 (0.6377-1.819)

PFS 0.3662 0.7755 (0.4441-1.347)

%Ki67 (<25%, ≥25%)
OS 0.185 0.6797 (0.3812-1.203)

PFS 0.9241 1.027 (0.5889-1.795)
p< 0.05 is marked in bold.
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leads to an increase in the RIG-I protein level and strongly inhibits

the proliferation of GB cells (26). These evidence suggested the

potential therapeutic implication of MEX3A in GB, either by its

directly targeting or exploiting the functions of RIG-I. Indeed, this

receptor detects viral single or double-strand RNA and once
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activated, triggers signaling pathways converging on the

production of type I interferons, proinflammatory cytokines, and

programmed cell death (59–63). Approaches aimed at activating

RIG-I within cancers are being explored as novel therapeutic

strategies to generate an inflammatory tumor microenvironment
FIGURE 4

Effect of MEX3A genetic depletion on primary GB-derived neurospheres. (A, E, I) Immunoblot analysis of MEX3A in GB2, GB6 and GB12 primary GB-
derived neurospheres (reported in Supplementary Table S2) following infection with lentiviral particles encoding either control shRNA (shCTR) or
MEX3A shRNAs (shMEX3A#1 and shMEX3A#2). (B, F, J) Primary GB cells proliferation was measured as fold change (FC) of infected cells on NucLight
positive cells calculated by fluorescent live cells imaging using IncuCyte Zoom software. (C, G, K) Limiting dilution assay performed in GB-derived
neurospheres genetically depleted for MEX3A. Representative bright field images of GB-derived neurospheres formation capacity was shown. Scale
bar: 100 mm. (D, H, L) qRT-PCR analysis of MEX3A and the indicated stemness genes in GB2, GB6 and GB12 cells after MEX3A genetic depletion.
Data are normalized to endogenous GAPDH and HPRT controls and expressed as the fold change respect to the control sample value. Data
represent the mean of three independent experiments. Mean ± SD. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 calculated by two-sided
Student’s t-test.
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FIGURE 5

MEX3A inhibition impairs GB tumor growth in vivo. GB6 primary cells transduced with lentiviral particles encoding shCTR or shMEX3A and expressing
luciferin were injected into the brain of NSG mice (n=8 for each group). (A) Pseudocolor representation of bioluminescence signal of intracranial
xenografts bearing GB6 primary cells stably expressing shCTR or shMEX3A at the indicated days. Representative hematoxylin and eosin (H&E) staining for
tumor brain section was shown on the right. Scale bar 2mm. (B) Quantitative analysis of luciferase activity in mice forming tumor from MEX3A-depleted
cells or control cells at 15, 30, and 60 days after implantation. Data are shown as individual values plotted. Statistical analysis was performed using
two-way ANOVA. The effect of the sample group was statistically significant, accounting for 7.09% of the total variance (after adjusting for matching;
F (1,10) = 19.74, **P = 0.0012). (C) Survival curve of mice with GB cell-derived orthotopic tumor genetically interfered for MEX3A compared to control
group. (D) MEX3A, Ki67 and SOX2 immunohistochemical staining of tumor samples. Scale bars 2mm and 50 µM. (E-G) Quantification of
immunohistochemical staining shown in (D). Mean ± SD; ***P < 0.001; ****P < 0.0001 calculated by two-sided Student’s t-test.
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and to facilitate cytotoxic T-cell cross-priming and infiltration (63,

64). Recent evidence has shown that the activation of RIG-I

promotes apoptosis in gliomas and increases the production of

IFN-b and CXCL10, thereby inhibiting the tumor growth in both in

vitro and in vivo models (65). Currently, ongoing Phase 1 and 2

clinical trials are investigating the efficacy of RIG-I agonists in

several tumor types, including gliomas, indicating the potential

versatility of these therapeutic agents in inducing cell death and

modulating cytokines (63, 64). In the light of these evidence, new

therapeutic approaches may arise from the targeting of both

MEX3A and RIG-I using inhibitors able to block MEX3A

functions and impair its interaction with RIG-I, as well as by the

direct stimulation of RIG-I itself.

Further studies are needed for the better understanding the role of

MEX3A and RIG-1 circuitry in gliomas pathogenesis, including the

heterogeneity of the stem cells in gliomas (GSCs) (66). GSCs represent

a highly diverse and plastic population of cells that exhibit dynamic

stemness states, regulated by both intrinsic (genetic/epigenetic) and

extrinsic (microenvironmental) factors (66). Multiple GSC

subpopulations have been defined based on markers, such as CD133,

CD44, SOX2; however, no single marker reliably identifies all GSCs,

highlighting the inherent complexity of effectively targeting this cellular

compartment (66, 67). Moreover, GSCs align with specific GB

transcriptional subtypes, such as proneural, mesenchymal, and

classical, each displaying unique molecular signatures, spatial

distributions, and immunological profiles (66–68). Importantly,

GSCs are not static but can interconvert with non-GSCs in response

to environmental pressures, including therapy, contributing to

tumor recurrence and treatment resistance (66–69). This cellular

plasticity is further controlled by epigenetic mechanisms and the

ubiquitin-proteasome system, suggesting that post-transcriptional

modulators like MEX3A may play a pivotal role in this dynamic

regulation. The TME, especially the immune component, also

significantly affects GSCs behavior (68–70). GSCs actively shape the

TME by promoting immunosuppression via the secretion of IL-10,

TGF-b, and recruitment of regulatory T cells, while resisting immune

clearance through upregulation of PD-L1 and modulation of

antigen presentation (68–70). Notably, the interaction of MEX3A

with RIG-I, a key activator of the innate immune response, may

interfere with these processes. Thus, modulating MEX3A levels could

not only impact tumor proliferation but also reshape the immune

landscape of gliomas. Although a more comprehensive phenotypic

characterization of GB-derived neurospheres would enhance the

interpretation of our findings, this study highlights the important

role of MEX3A in the maintaining stemness features of GB cells. In

conclusion, targeting MEX3A, either alone or in combination with

RIG-I activation, represents a compelling therapeutic strategy that

could disrupt GSC-driven resistance, restore anti-tumor immunity,

and ultimately shift the treatment paradigm in GB.
Further studies and limitations

This study has some limitations that should be acknowledged.

First, the retrospective design inherently limits control over
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confounding variables and may introduce selection bias. Second,

being a single-center cohort, the findings might not be fully

generalizable to broader or more diverse patient populations.

Finally, the absence of an independent external validation set

restricts the strength of the conclusions, and future multicenter

prospective studies are necessary to confirm these results. Although

future works are needed for the translation of this multi-targeting

strategy in clinical practice, the present study could represent an

innovative opportunity for the treatment of GB.
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SUPPLEMENTARY FIGURE 1

The flow-chart of selection of the final cohort of patients according to
STROBE criteria.

SUPPLEMENTARY FIGURE 2

MEX3AmRNAexpression according to different clinical andmolecular parameters
in glioma patients (n=81). (A) Age. 64 years is the median age of the patients at

diagnosis. (B) Sex. (C) Grade. (D) Vital Status. (E) IDH1 R132H mutation. (F) EGFR
protein expression. (G) P53 protein expression. (H)%Ki67 protein expression. 20%
is the median value of expression in the cohort of patients. Mean ± SD. *P < 0.05.

SUPPLEMENTARY FIGURE 3

Diagnostic and prognostic value of MEX3A in IDH-wildtype GB. (A) MEX3A
protein expression in 51 cases of GB compared to 14 peritumoral tissues (PTs).

Mean ± SD; *** P < 0.001. (B) ROC curve for MEX3A protein expression in GB

and PTs shown in A. AUC= 0.8291. (C, D) Kaplan-Meyer curves for OS (C) and
PFS (D) between MEX3A high and low protein expression groups.

SUPPLEMENTARY FIGURE 4

Characteristics of primary GB-derived neurospheres. Immuunoblot analysis
of the indicated proteins in peritumoral tissues (PT), tumor tissues (TT) and the

correspondent primary GB-derived neurospheres (PGN). Actin was used as

loading control.

SUPPLEMENTARY FIGURE 5

Effect of MEX3A silencing on invasion and adhesion markers in GB-derived

neurospheres. Representative immunoblot blot analysis of Vimentin and E-
Cadherin in GB2 (A), GB6 (B) and GB12 (C) GB-derived neurospheres following

infection with lentiviral particles encoding either control shRNA (shCTR) or MEX3A

shRNAs (shMEX3A#1 and shMEX3A#2). Actin was used as loading control.
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