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Abstract
Background
Altered microRNA profiles have been observed not only in tumour tissues but also in biofluids, where they circulate in a stable form thus representing interesting biomarker candidates. This study aimed to identify a microRNA signature as a non-invasive biomarker and to investigate its impact on glioma biology.


Methods
MicroRNAs were selected using a global expression profile in preoperative serum samples from 37 glioma patients. Comparison between serum samples from age and gender-matched controls was performed by using the droplet digital PCR. The ROC curve and Kaplan-Meier survival analyses were used to evaluate the diagnostic/prognostic values. The functional role of the identified signature was assessed by gain/loss of function strategies in glioma cells.

Results
A three-microRNA signature (miR-1-3p/−26a-1-3p/−487b-3p) was differentially expressed in the serum of patients according to the isocitrate dehydrogenase (IDH) genes mutation status and correlated with both patient Overall and Progression Free Survival. The identified signature was also downregulated in the serum of patients compared to controls. Consistent with these results, the signature expression and release in the conditioned medium of glioma cells was lower in IDH-wild type cells compared to the mutated counterpart. Furthermore, in silico analysis of glioma datasets showed a consistent deregulation of the signature according to the IDH mutation status in glioma tumour tissues. Ectopic expression of the signature negatively affects several glioma functions. Notably, it impacts the glioma invasive phenotype by directly targeting the invadopodia-related proteins TKS4, TKS5 and EFHD2.

Conclusions
We identified a three microRNA signature as a promising complementary or even an independent non-invasive diagnostic/prognostic biomarker. The signature displays oncosuppressive functions in glioma cells and impacts on proteins crucial for migration and invasion, providing potential targets for therapeutic intervention.

Supplementary Information
The online version contains supplementary material available at https://​doi.​org/​10.​1186/​s13046-023-02639-8.
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Background
Gliomas, the most common intrinsic tumours of the brain, are deemed surgically challenging due to their anatomic location, diffusion and infiltrative nature, which are detrimental to brain functioning [1]. Gliomas can be classified into several molecular subtypes, many of which have a well-defined profile of driver mutations, such as those in the isocitrate dehydrogenase 1 (IDH1) or 2 (IDH2) genes [2]. This biomarker-driven classification is partly reflected in the 2021 update of the World Health Organization (WHO) classification of brain tumours and is further underlined in the cIMPACT-NOW guidelines [3]. This has resulted in the concept of an integrated histological and molecular diagnosis [4]. Among the key genetic events, the IDH mutations are noteworthy from both a diagnostic and a prognostic point of view [4]. Mutations in IDH genes, observed at high frequencies in diffuse astrocytomas, oligodendrogliomas and secondary glioblastomas, have a specific metabolic profile, a hypermethylated phenotype and a better prognosis [5].

Tissue biopsies are essential for establishing a diagnosis and a molecular profile. However, they are invasive procedures carrying a significant risk and may only capture a static snapshot of the disease that does not reflect the heterogeneous features of the tumour [6]. Conversely, liquid biopsies allow the assessment, with multiple sampling, of a wide landscape of molecular markers that the tumour sheds via body fluids, leading to a dynamic patient management and a personalized medicine approach [6].
MicroRNA (miRNAs), small non-coding RNAs, are important players in glioma biology, by facilitating or hampering tumour development [7]. MiRNA expression profiles are frequently altered not only in tumour tissues but also in biofluids of glioma patients and show great potential as non-invasive biomarkers due to their high stability in body fluids and a range of sensitivity and specificity of ~ 30–99% and ~ 70–100%, respectively [2]. Several studies described deregulated profiles of circulating miRNAs in the serum of glioma patients compared to healthy individuals and a correlation between some circulating-miRNAs and patient outcome has been observed [8, 9]. This suggests a potential diagnostic and prognostic value for circulating miRNAs. This could be particularly valuable in a brain tumour context where other nucleic acids, such as cell-free DNA (cfDNA), show lower or absent levels in patient blood compared to other solid tumours, probably due to a greater difficulty in crossing the blood brain barrier (BBB) compared to miRNAs, which have been shown to pass the barrier as extracellular vesicles load [2, 10, 11]. Yet, only a few studies take the opportunity to integrate the molecular profile of gliomas with circulating miRNA levels, where in many cases circulating miRNAs have been investigated as single biomarkers [2]. However, it is widely recognized that single miRNA profiles are less accurate as cancer biomarkers, mostly due to the multifactorial nature of the tumour and to the large number of targets for a single miRNA [9]. Thus, the evaluation of a multiple miRNA-signature could be a more valuable and reliable approach in identifying molecular markers that could mirror the complexity of the disease and that can play a meaningful role in glioma biology.
In this study, we identified, in accordance with the REporting MARKer (REMARK) guidelines [12], a three serum miRNA signature (miR-1, miR-26a-1 and miR-487b) as a sensitive and specific diagnostic and prognostic biomarker that impacts common targets crucial for glioma growth, survival and invasion. In particular, we have identified as novel direct targets of the miRNA signature, SH3PXD2B, SH3PDX2A and EFHD2 genes, which encode for signalling-mediating proteins involved in cell adhesion and migration by controlling the invadopodium activity [13, 14], that may contribute to the IDH-wild type (IDH-wt) glioma invasiveness and provide potential targets for combined therapeutic interventions.

Methods
Patients and control subjects
From November 2014 to March 2019, a training cohort of 37 serum samples were collected from glioma patients with different IDH mutation status (27 patients with IDH wild-type and 10 patients with IDH mutation) at the Regina Elena National Cancer Institute (IRE). An additional set of 15 serum glioma samples were recruited from July 2020 to November 2021 at the Besta Institute and San Camillo Hospital. Healthy controls were recruited at the IRE from individuals seeking a routine health check-up, having no evidence of disease and with age, gender and ethnicity matched to the patients.
Information on patients and healthy subjects is shown in Table 1.Table 1Biologic and Clinic features of the patients and healthy subjects enrolled in the study


	Characteristics
	Small-RNA Seq cohort
	Cohort for comparison gliomas vs controls

	 	IDH-wt (n = 27)
	IDH-mut (n = 10)
	Gliomas (n = 15)
	Healthy subjects (n = 15)

	Age

	 Median
	59
	47
	50
	51

	 Range
	24–77
	29–77
	23–70
	23–70

	Gender

	 Males
	20
	7
	9
	9

	 Females
	7
	3
	6
	6

	Histology

	 Glioblastoma, IDH-wt
	25
	–
	9
	–

	 Astrocytoma, IDH-mut
	–
	3
	1
	–

	 Oligodendroglioma
	0
	6
	2
	–

	 Glial neoplasia, unspecified
	2
	1
	3
	–

	IDH mutation status

	 wild type
	27
	0
	8
	–

	 IDH1 mutant
	0
	10
	6
	–

	 IDH2 mutant
	0
	0
	1
	–

	1p19q status

	 Non codeleted
	27
	3
	13
	–

	 Co-deleted
	0
	4
	2
	–

	 Unknown
	0
	3
	0
	–

	MGMT promoter status

	 Methylated
	15
	5
	6
	–

	 Unmethylated
	12
	3
	7
	–

	 Unknown
	0
	2
	2
	–





Serum collection and processing
Blood samples of glioma patients were collected before surgery, radiotherapy or chemotherapy in BD Vacutainer serum tubes using a 21-gauge needle. The samples were kept at room temperature (RT) for 30–60 min and then centrifuged at RT for 20 min at 1200 g. The serum transferred into sterile cryovials was aliquoted and stored at − 80 °C until further analysis. RNA isolation, cDNA synthesis, qRT-PCR were performed as described [8].

Droplet-digital PCR (ddPCR)
The cDNA was added to the reaction mix containing 2XddPCR Supermix for Probes (#1863010, Biorad) and TaqMan miRNA PCR primer probe set (Taqman miRNA Assay #4427975, ThermoFisher Scientific). The PCR mixes for each sample were loaded in a disposable DG8 cartridge (#1864008, Biorad) together with droplet generation Oil (#1863005, Biorad) and loaded in the QX200 droplet generator (#1864002, Biorad). Droplets were then transferred into a 96-well plate, the plate was heat-sealed with foil and then placed in a thermal cycler. An endpoint PCR was performed using the following conditions: 95 °C for 10 min, then 40 cycles at 95 °C for 15 sec and 60 °C for 1 min, and a final step at 98 °C for 10 min. After the PCR run, the 96-well plate was placed in the QX200 Droplet Reader (#1864003, Biorad) for detection. The percentage of positive droplets was calculated by the software QuantaSoft (Biorad). MiRNA expression was analysed calculating copies of miRNA/μL.

cDNA library preparation
The small RNA-Seq library was prepared from RNA obtained from serum using the QIAseq miRNA Library Kit (#331502 Qiagen) following the manufacturer’s instructions. The quality of the resulting libraries was controlled with the Bioanalyzer and the High Sensitivity DNA Kit (#5067–4626, Agilent Technologies). The quantification of the libraries was performed with the Qubit fluorimeter and the dsDNA HS Assay Kit (#Q33230, ThermoFisher Scientific) and the pool of libraries by qPCR. The final pool was diluted to 4 nM, denatured and further diluted for sequencing following the manufacturer’s instructions.

Small RNA sequencing analysis
A genome-wide analysis of serum samples was performed by small-RNA Sequencing on a NextSeq500 instrument (Illumina), sequencing in single-end mode 1x75bp and 8 bp for the i7 indices. Sample demultiplexing was conducted with BaseSpace. Primary bioinformatic analysis was performed with GeneGlobe® Data Analysis Center. The reads were processed with QIAseq® miRNA Primary Quantification tool (legacy pipeline). This analysis includes alignment and miRNAs, piRNAs, tRNAs and other RNAs quantifications. The complete description of all the steps can be found at the following link: https://​ngsdataanalysis2​.​qiagen.​com/​handbooks/​HB-2608-001_​SP_​Qseq_​miRNA_​Quantification_​1118_​WW_​20181106_​BA_​12072018.​pdf. UMI counts were normalized by considering a size factor for each sample.
To estimate the size factors, we considered the median of the ratios of observed counts to those of a pseudo-reference sample, whose counts can be obtained by considering the geometric mean of each gene across all samples [15]. Then, to transform the observed counts to a common scale, the observed counts in each sample were divided by the corresponding size factor. To infer differential gene expression a Negative Binomial Model was build. Linkage between the variance and the mean was established by a locally regressed non-parametric smooth function of the mean. The Benjamini-Hochberg (BH) procedure for multiple testing was used to obtain adjusted P-values. Average expression of standardized counts of the gene signature was used to fit a binomial model. Prediction scores from the classifier were then considered to evaluate the true positive rate (sensitivity) and the false positive rate (1-specificity) in a ROC curve. Performance of the curves was assessed by calculating the Area Under Curve (AUC) with 1000 bootstrap replicas for computation of the confidence bounds. Selection of miRNAs was based on different criteria. MiRNAs with AUC from a logistic regression higher than 0.70 in prediction of IDH mutation or miRNAs significantly involved in prognosis were selected for further analyses.

Cell culture and RNA extraction
SW1783, U87MG and T98G were cultured in DMEM medium GlutaMAX™ Supplement (#10566016 Gibco) supplemented with 10% heat-inactivated foetal bovine serum (FBS; #10270106 Gibco), and 1% penicillin–streptomycin (P/S; #15070063 Gibco). BT142 was grown in NeuroCult NS-A proliferation medium (#05751, Stem Cell Technologies) supplemented with 20 ng/mL recombinant human Epidermal Growth Factor (EGF; #AF-100-15 PeproTech), 100 ng/mL recombinant human Platelet-Derived Growth Factor-AA (PDGF-AA; #500-P46 PeproTech), 20 ng/mL recombinant human Fibroblast Growth Factor (FGF; #100-18B PeproTech) and 2 μg/mL Heparan sulfate (#H4777, Sigma). All cell lines were cultured in a humidified atmosphere at 37 °C, 5% CO2. The identity of cell lines was confirmed by short tandem repeat profiling. RNA extraction from cell conditioned medium (extracellular fraction), starting from 400 μL, was performed using the miRNeasy Serum/Plasma Advanced kit (#217204, Qiagen). For culture medium collection, cells were seeded and after 24 h the medium was replaced with Serum-Free Medium (SFM). Culture medium was centrifuged at 2000 g for 10 min, filtered using 0.22 μm polyether-sulfonate low-protein binding filters and aliquoted. Total RNA was isolated from cells (intracellular fraction) by TRIsure reagent (#BIO-38033 Bioline, Meridian Bioscience) and quantified by NanoDrop ND-1000 spectrophotometer (ThermoFisher Scientific).

Functional assays
Cell viability was evaluated with Cyto3DTM Live-Dead Assay Kit (#BM01, TheWell Bioscience) following manufacturer's instructions. Several images were taken by using Bio-Rad ZOE fluorescent cell image under a phase-contrast microscope (Biorad).
Proliferation was assessed using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltrazolium bromide (MTT) assay (#M2003, Sigma). Briefly, MTT solution was added to transfected cells. After 3 h (37 °C) isopropanol solution was added. The absorbance was measured at 570 nm (microplate reader; Thermo Lab systems Multiskan EX).
For cell cycle analysis, cells were permeabilized in a solution of 0.1% Triton X-100, 0.1% sodium citrate, and stained with 50 μg/mL propidium iodide. DNA content was determined by flow cytometry using Cytoflex LX flow cytometer (Beckmann Coulter Life Sciences).
Apoptosis was evaluated by Annexin V staining (Apoptosis Detection Kit FITC; Invitrogen).
For cell migration, cells (3 × 104) were seeded on 8.0 μm pore sized membranes (#662638; Greiner Bio-one) and allowed to migrate for 48 h. Serum-free medium was added to the lower chamber. For 2D invasion, cells (5 × 104) were seeded on 8.0 μm pore sized membranes (#662638; Greiner) coated with Cultrex Reduced Growth Factor Basement Membrane Matrix (#3433–005-01, R&D Systems) and left to invade for 72 h. Serum-free medium was added to the lower chamber. For both migration and invasion assays, cells on the upper part of the membrane were scraped using a cotton swab, and the migrated cells were stained using Three-Step Stain Set (#3413653, ThermoScientific).
For 3D invasion assay, cell spheroids were generated by plating 100 cells for 48 h in 3D Culture Qualified 96 Well Plate (#3500–096-K, Greiner). Then, spheroids were embedded into Cultrex Reduced Growth Factor Basement Membrane Matrix (#3433–005-01, R&D Systems) according to the manufacturer’s instructions. After 1 h at 37 °C, serum-free media was added to spheroids and then allowed to invade for 72 h. Transmigrated and spheroids cells were photographed by using Bio-Rad ZOE fluorescent cell imager (Biorad).
Invadopodia activity was evaluated by gelatin degradation assay as described previously [16], using QCM Gelatin Invadopodia Assay (Green) (#ECM670, Millipore). Experiments were done in triplicates by imaging > 10 fields of view and > 5 cells in each sample. Scale bar = 10 μm.

Cell lines transfection
For transient miRNAs overexpression, cell lines were transfected with miR-1-3p, miR-26a-1-3p, miR-487b-3p mimics (Dharmacon) or negative control mimic (MirVana miRNA Negative control #1, Invitrogen) using the Lipofectamine RNAiMAX (#13778075, Invitrogen) according to manufacturer’s instructions. For transfections with the combined miRNA-mimics (miR-1-3p, miR-26a-1-3p, miR-487b-3p), a final concentration of 0.5 nM was used for each one, reaching a total 1.5 nM concentration of the three-miRNA mimic combination. Conversely, to assess the functional effects of the single miRNAs, 0.5 nM of the miRNA-mimic of interest was used together with 1 nM of negative control in order to reach the same total oligonucleotide concentration.
For transient gene expression, glioma cells were transfected with SH3PXD2A, SH3PXD2B or EFHD2 expression vectors (pRP-EGFP/Puro-CAG > FLAG-hSH3PXD2A, −hSH3PXD2B and -hEFHD2; VectorBuilder) by Lipofectamine 3000 reagent (#L3000001, Invitrogen), according to manufacturer’s instructions. After 24 h cells were transfected with miRNA mimics as above described and plated for migration and invasion assays.
For Luc assay, the target sites for miR-1-3p, miR-26a-1-3p or miR-487b-3p in human SH3PXD2B 3’UTR (NM_001017995.3), SH3PXD2A (NM_001394015.1) and EFHD2 (NM_024329.6), and their mutants were cloned into pGL3 Control vector (#E1741, Promega) or into psiCHECK2 vector (#C8021, Promega) downstream of the luciferase gene. Human HEK-293 T (RRID: CVCL_4U22) cells were transiently co-transfected by Lipofectamine 2000 (#11668019, Invitrogen), with 800 ng of firefly luciferase reporter plasmid containing wild-type or mutant 3’UTRs of SH3PXD2B, SH3PXD2A or EFHD2 and of either the miRNA mimics hsa-miR-1, hsa-miR-26a-1 and hsa-miR-487b (20 pmol, Dharmacon) or control (Ctrl)-mimics RNA oligonucleotides (20 pmol, ThermoScientificBio). 48 h post-transfection cells were lysed and luciferase activity quantified using the Dual Luciferase Reporter kit (#E1910, Promega), according to the manufacturer’s instructions.

Western blot
Extracts from transfected cells were subjected to immunoblot analysis as described [17]. Proteins of interest were detected using: anti-PARP (#9542 Cell Signaling), anti-TKS4 (#A303-436A, Bethyl Laboratories), anti-TKS5 (#09–268 Merck Millipore), anti EFHD2 (#PA5–61846 Invitrogen) and anti-PCNA (#SCFL261, Santa Cruz) antibodies. Anti-Beta-Actin (#3700, Cell Signaling) was used as housekeeping protein to normalize.

Reverse transcription and quantitative real-time-PCR (qRT-PCR)
Analysis of mature miRNAs was performed using TaqMan® MicroRNA Reverse Transcription Kit followed by qRT–PCR according to manufacturer’s instructions (#4366597 Applied Biosystems) on an ABI 7900 Real Time PCR System and SDS 2.2.2 software. Samples were normalized to RNU44 small RNA.
RNA quantification of SH3PXD2B, SH3PXD2A and EFHD2 was performed using SYBR Green-based qRT-PCR as described [18] using specific primers, available upon request. GAPDH gene expression was used as endogenous control.

Bioinformatic and statistical analysis
Standardized TCGA and CGGA data were obtained from the Broad Institute TCGA Genome Data Analysis Center (2016, https://​doi.​org/​10.​7908/​C11G0KM9) and The Chinese Glioma Genome Atlas database (http://​www.​cgga.​org.​cn/​), respectively. Differential expression of miRNAs between subgroups of samples were evaluated by the two-sided Wilcoxon rank sum test. Survival analyses were performed by using the Kaplan-Meier method. Differences between curves were assessed by the log-rank test. Patients with high and low signal intensity for a specific miRNA signature were defined by considering positive and negative z-score values of the mean intensity values of the miRNAs. A Cox proportional hazard regression model was fitted to include clinical variables. Target prediction of selected miRNAs and gene set enrichment analysis were defined by using the last version of miRWalk web tool (http://​mirwalk.​umm.​uni-heidelberg.​de/​). All the analyses were conducted with MATLAB R2020b. The significance of intergroup differences was estimated with the Student’s t-test, or Mann-Whitney-U Test as appropriate. All results are shown as the mean ± standard deviation of the mean (SD) of 3 independent experiments. Statistical significance was considered to be p ≤ 0.05.


Results
Global serum miRNA profiling in glioma patients with different IDH mutation status
To assess whether circulating miRNAs can mirror the mutation status of IDH genes, the serum-miRNome of glioma patients was analysed by small RNA-Sequencing in preoperative serum samples of a cohort of 37 glioma patients with different IDH mutation status (n = 27 IDH-wild type and n = 10 IDH-mutant), matched by gender and age (Table 1; Fig. 1a). Ten serum miRNAs (miR-1-3p, miR-26a-1-3p, miR-127-3p, miR-130b-5p, miR-485-3p, miR-487b-3p, miR-493-5p, miR-542-3p, miR-589-5p and miR-4778-5p) were then selected based on the Area Under Curve (AUC) from a logistic regression higher than 0.70 in prediction of IDH mutation, and their prognostic value (logrank test < 0.05). These selection criteria resulted in 8 miRNAs down-regulated (≥1.3 folds; Fig. 1b left panel) and 2 miRNAs up-regulated (≥1.4 folds; Fig. 1b right panel) in IDH-wild type (IDH-wt) compared to IDH-mutant (IDH-mut) samples. Kaplan-Meier curves and log-rank test showed that the expression of these miRNAs significantly correlated with the Progression Free Survival (PFS), taking into account both the miRNAs down-regulated in IDH-wt (hazard ratio: 0.24, 95% CI: 0.12–0.47 Fig. 1b left panel) and those up-regulated (hazard ratio: 2.1, 95% CI: 1.16–3.83; Fig. 1b right panel), as expected considering their correlation with the IDH mutation status.[image: ]
Fig. 1Genome-wide analysis and selection of a circulating miRNA-signature deregulated in glioma patients based on IDH-mutation. a Schematic representation of the experimental workflow for the global miRNA profiling by small RNA-seq; b) Box-plots and Kaplan-Meier curves based on the indicated miRNA expression levels in serum samples of glioma patients. In the box-plots serum miRNA levels in IDH-wild type (wt) vs. IDH-mutant (mut) patients are reported as Log2, boxes define the 25th and 75th percentiles, the horizontal line in the boxes indicates the median, and bars define the minimum and maximum values. The Kaplan-Meier plots indicate the relation between the miRNAs downregulated (left panel) or upregulated (right panel) in IDH-wt vs. IDH-mut patients and the PFS. Patients with high and low signal intensity for a specific miRNA signature were defined by considering positive and negative z-score values of the mean intensity values of the miRNAs. c Fold change expression (FC) and area under the ROC curve (AUC) of the indicated miRNAs and ROC curve plotted for diagnostic potential and discriminatory accuracy of serum miR-1/−26a-1/−487b combination. d Kaplan-Meier survival plots for PFS and OS based on miR-1/−26a-1/−487b expression levels. e Scatter plots of the expression levels of the indicated miRNAs, analysed by digital PCR, in serum samples of glioma patients vs. healthy controls (HC). f Box-plots of the indicated miRNA expression levels in IDH-wt vs. IDH-mut tumour tissue samples from a LGG dataset of the TCGA (left and middle panels) and from a GBM dataset of the CGGA (right panel); values are reported as Log2. Boxes define the 25th and 75th percentiles. The horizontal line in the boxes indicates the median and the edges of the box are the 25th and 75th percentiles * = p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001


To evaluate the diagnostic potential and discriminatory accuracy of the selected serum-miRNAs in glioma patients, ROC curves were established. Our analysis revealed that the expression levels of each single miRNA of the signature, were robust in discriminating patients with IDH-wt versus IDH-mut, with an AUC value ranging from 0.75 to 0.87 (Fig. S1). Next, different combinations of the selected miRNAs were considered to evaluate whether they could provide an improvement of the diagnostic accuracy. As shown in Fig. 1c, the combination of miR-1-3p, miR-26a-1-3p and miR-487b-3p, each one upregulated in IDH-mut subjects, led to a substantial improvement of the diagnostic performance (AUC 0.90; 95% CI = 0.7381–0.9689), compared to each single miRNA of the signature. Moreover, this restricted three serum miRNA signature is significantly correlated with both Overall Survival (OS) and PFS of glioma patients (Fig. 1d). To further confirm the diagnostic potential of the identified signature, we evaluated its expression in serum samples of 15 glioma patients (8 IDH-wt, 7 IDH-mut) and 15 age and gender-matched healthy subjects (Table 1).
As shown in Fig. 1e, all signature members are significantly downregulated in the serum of glioma patients compared to controls, thus supporting their diagnostic value.
To support the data obtained in patient serum, we have analyzed the expression of miR-1-3p, miR-26a-1-3p and miR-487b-3p in glioma tissues datasets. Since in The Cancer Genome Atlas (TCGA) database miRNA data were only available for low grade gliomas (LGG; 448 LGG that include 413 IDH-wt patients and 35 IDH-mut), we examined also the Chinese Glioma Genome Atlas (CGGA) where miRNA data from 86 high grade glioblastoma (GBM) patients are reported (73 IDH-wt patients and 13 IDH-mut). In the TCGA dataset, we found that in LGG the regulation of miR-1-3p and miR-26a-1-3p, but not miR-487b-3p, were consistent with our data in serum, being those miRNAs down-regulated in IDH-wt patients compared to IDH mutant subjects. Instead, the analysis of the CGGA dataset showed that in GBM, the miR-487b was significantly upregulated in IDH-mut patients compared to IDH-wt, in line with the results of our patient cohort (Fig. 1f).
To evaluate whether glioma cell lines with different IDH mutation statuses may recapitulate the results obtained in glioma patients, the expression levels of miR-1/miR-26a-1/miR-487b were assessed in the cell fraction and in the paired extracellular conditioned medium of SW1783 (astrocytoma III, IDH-wt) and BT142 (oligoastrocytoma III, the only IDH-mut glioma cell line commercially available in the ATCC collection [19]) glioma cell lines. We chose these cell lines because, although they have different IDH mutation statuses, both of them derived from grade III gliomas. As shown in Fig. S2, the baseline expression level of two out of three miRNAs of the signature (miR-26a-1-3p and miR-487b-3p) is downregulated in the IDH-wt compared to the IDH-mut cells (intracellular fraction), while all the miRNAs of the signature are released at lower levels in the conditioned medium (extracellular fraction) of the IDH-wt glioma cell line compared to the IDH-mut cells. Interestingly, we also found that the value of extracellular to intracellular expression ratio for two out of three miRNAs (miR-1-3p and miR-26a-1-3p) is significantly higher in IDH-mut BT142 cells (Fig. S2). These data suggest that IDH-mut cells have a higher rate of these miRNA release in the medium of IDH-mut tumours compared to the IDH-wt counterpart, as observed in glioma patient serum.

Impact of a three-miRNA signature (miR-1, miR-26a-1 and miR-487b) on glioma biology
To investigate the role of the miRNA signature in gliomas, we assessed the consequences of its overexpression in glioma IDH-wt cells. As shown in Fig. 2, the individual overexpression of the three miRNAs negatively affects cell viability (Fig. 2a) and proliferation (Fig. 2b) mainly in the grade III IDH-wt SW1783 cells, while in the higher grade U87MG, the effect is more pronounced when the entire signature is overexpressed in combination. Indeed, in both the cell lines the combined overexpression of the three-miRNAs led to a stronger inhibition of both proliferation and viability (Fig. 2a, b). To further support these data, we evaluated the expression levels of the Proliferating Cell Nuclear Antigen (PCNA) as a proliferation marker [20]. The results show that the PCNA expression is significantly inhibited upon the overexpression of the signature members both in SW1783 and in U87MG cell lines (Fig. S3). The DNA content analysis revealed that in low-grade SW1783 glioma cells but not in high-grade glioma cells (U87MG), miR-1 overexpression causes a decrement of G2 phase and an increase of sub-G1/G0 pick. These data suggest that miR-1 could cause a block of the cell cycle progression to G2 and a concomitant increase of apoptosis (Fig. S4) whereas the other miRNAs of the signature do not show significant changes in the cell cycle distribution probably due to their milder effect on proliferation (Fig. 2b).[image: ]
Fig. 2Biological effects of miR-1-3p/−26a-1-3p/−487b-3p ectopic expression in IDH-wt glioma cells. Analysis of a) Cell viability by Cyto3D™Live-Dead assays and b) cell proliferation in SW1783 and U87MG cell lines after 48, 72, 96 and 120 hours of transfection with individually or combined indicated miRNA-mimics. Cell viability values are expressed as fold change of death cells respect to control and proliferation as optical density at 750 nm wavelength, proportional to the quantity of metabolically active cells. c) Western blots of a representative experiment of total and cleaved-PARP in the indicate glioma cells after 72 h of miR-1, miR-26a-1 and miR-487b ectopic expression. Actin was used as loading control within the same sample and expressed as fold changes compared to control. Densitometric analysis by imageJ software for SW1783 glioma cells is shown. Analysis of 2D d) migration and e) invasion, by Transwell systems, of high-grade glioma cells 72 h after single or combined transfection with the indicated miRNAs. f) 3D-invasion assay with spheroids of glioma high-grade cells transfected with miRNA-mimic combination or negative control (Ctrl). The quantification of sprouts length 24 h after spheroid formation is reported. All the values are reported as mean of at least three experiments. Error bars indicate the standard deviation. * = p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001


Next, we evaluated the effect on apoptosis analysing the cleavage of PARP protein. We found that levels of cleaved-PARP are increased mainly by miR-1 overexpression and to a lesser extent by miR-487b (5.3-fold and 1.5-fold increase, respectively; Fig. 2c). Of note, we observed these pro-apoptotic effects only in grade III astrocytoma IDH-wt SW1783 cell line, while no effects are observed in grade IV U87MG cells. This was further confirmed in T98G cells, another GBM cell line, suggesting differences in the molecular mechanisms controlling apoptosis depending on the cell context and tumour grade (Fig. 2c). In support of these data, as shown in the Fig. S5, an increase of Annexin V positive cells is only observed in SW1783 after miR-1 overexpression. Finally, experiments aimed at assessing miRNAs impact on glioma migration and invasion were performed on high-grade U87MG and T98G cells, since the lower grade SW1783 cell line had a low basal invasion capability (data not shown). Results show that the individual overexpression of all signature members, as well as their combination, led to a significant suppression of both migration (Fig. 2d) and invasion (Fig. 2e, f).

Identification and validation of the miRNA-signature targets
To gain more information on the functional role of miR-1, miR-26a-1 and miR-487b, we performed an in silico analysis of its putative target genes using the miRWalk3.0 database. Since the most marked functional effect observed upon miRNA signature ectopic expression in glioma cells was the inhibition of migration and invasion, from the resulting target genes, we selected those which are reported to be involved in cell motility, migration and invasion. In particular, we focused our attention on SH3PXD2B, SH3PXD2A and EFHD2 as putative targets of miR-1, miR-26a-1 and miR-487b, respectively. SH3PXD2A and B encode for the Tyrosine Kinase Substrate with five (TKS5) and with four (TKS4) SH3 Domains, respectively. TKS5 and TKS4 are scaffold proteins that belong to the same superfamily and are involved in the regulation of cell adhesion and migration [13, 21, 22]. EFHD2 is a Ca2+ binding adapter protein that regulates the actin bundling and is involved in cell migration, too [14, 23–25]. SH3PXD2B-mRNA and EFHD2-mRNA 3’UTR regions contain one putative binding site for the related targeting miR-1 and miR-487b, respectively, while the SH3PXD2A-mRNA 3’UTR contains 2 putative miR-26a-1-3p target sites (3870 and 5500; Fig. 3a). To assess whether the selected genes are direct target of the miRNA signature, a human 3’UTR fragment with or without their target seed sequences (Fig. 3b) was cloned downstream of the firefly luciferase reporter gene and co-transfected with the related miRNA mimics in 293 T recipient cells. The relative luciferase activity of the reporter with wild-type 3’UTR was decreased by 35% for miR-1 (SH3PXD2B 3’UTR), 15 and 20% for miR-26a-1, considering the two putative binding sites (SH3PXD2A 3’UTR), and 38% for miR-487b (EFHD2 3’UTR). As expected, there was no decrease in luciferase activity of all the mutant reporters suggesting that the selected target genes are novel and direct targets of the miRNA signature. To further confirm these results, we evaluated the expression levels of SH3PXD2B, SH3PXD2A and EFHD2 mRNAs and encoded proteins in IDH-wt glioma cells (U87MG and T98G) overexpressing miR-1, miR-26a-1 and miR-487b, respectively. As shown in Fig. 3c, the protein levels of the selected targets are decreased upon miRNAs overexpression in both cell lines. In agreement with these data, we found a decrease of the respective mRNAs levels, except for the expression of SH3PXD2A mRNA that decreased after miR-26a-1 mimic transfection in T98G but not in U87MG cells. However, since the SH3PXD2A encoded protein (TKS5) decreases after miR-26a-1 overexpression in both the cell lines, we hypothesize that in T98G cells miR-26a-1 impairs TKS5 expression influencing both mRNA stability and translation while impacting only on mRNA translation in U87MG. Altogether, these findings strongly suggest that the signature could influence migration and invasion through the combined modulation of TKS4/5 and EFHD2 scaffold proteins.[image: ]
Fig. 3Identification and validation of SH3PXD2B, SH3PXD2A and EFHD2 as miR-1-3p, miR-26a-1-3p and miR-487b-3p direct targets. a Schematic representation of putative binding sites for miR-1, miR-26a-1 and miR-487b in the 3’UTR of the SH3PXD2B, SH3PXD2A and EFHD2 genes, respectively; b) Firefly luciferase activity in recipient cells after transient co-transfection with Renilla luciferase reporter plasmid containing the wild-type (wt) or the indicated mutant (mut) sequences of miR-1-3p, miR-26a-1-3p and miR-487b-3p target sites, and the relative miRNA-mimic or ctrl-mimic. Results are expressed as fold activation relative to the basal activity of pGL3 empty control (ctrl); c)
SH3PXD2B-, SH3PXD2A- and EFHD2-mRNA and related protein expression levels in the indicated IDH-wt glioma cells after the indicate miRNAs overexpression. All the values are reported as mean of at least three experiments. Error bars indicate the standard deviation. * = p ≤ 0.05, ** = p ≤ 0.01


The involvement of the identified target genes in mediating the signature functional impact on cell migration and invasion, was also evaluated by rescue experiments. As shown in Fig. 4, co-transfection of U87MG glioma cells with the signature targets and the related targeting miRNA mimics significantly counteract the decrease of cell migration (Fig. 4a) and invasion (Fig. 4b) observed upon miRNAs ectopic expression. The same results were also obtained in the T98G cell line (data not shown).[image: ]
Fig. 4
SH3PXD2B, SH3PXD2A and EFHD2 target genes mediate the signature functional impact on cell migration and invasion a) Migration and b) Invasion, by Transwell systems, of high-grade glioma cells 72 h after transfection with the indicated miRNAs and genes. All the values are reported as mean of at least three experiments. Error bars indicate the standard deviation. * = p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001



Impact of the miRNA-signature on invadopodia formation
TKS4 and 5 are large SRC Homology 3 (SH3) domain containing proteins that act as docking sites for several signalling molecules regulating podosomes and invadopodia formation and activity [13, 26]. Also EFHD2 is described to be involved in cell motility and its ectopic expression promotes the formation of membrane structures such as lamellipodia and invadopodia [14, 25]. Thus, we investigated whether inhibition of the expression of these protein by the miRNA signature could have an effect on the formation of these protruding membrane structures. To this end, we analysed changes in the invadopodia activity in U87MG and T98G cells before and after the combined overexpression of the signature. Of note, our data show a complete inhibition of invadopodia in miRNA-overexpressing cells (Fig. 5), thus suggesting that the identified miRNA-signature impairs cell invasion by a suppression of invadopodia activity.[image: ]
Fig. 5Inhibition of invadopodia activity by miR-1-3p, miR-26a-1-3p and miR-487b-3p signature. Immunofluorescence analysis of U87MG and T98G cells, transfected with the three-miRNA signature or negative control, plated onto gelatin matrix (green) and cultured for 72 h. Representative images show F-actin structures (red), and nuclei (blue, DAPI). Co-localization of areas of degraded gelatin (black) and F-actin structures is shown in merged images (pink dots indicated by arrows) and reported as zoomed pictures. Experiments were done in triplicates by imaging > 10 fields of view and > 5 cells in each sample. Scale bar = 10 μm Histograms indicate the means±SD of normalized degradation area percentage of cells. * = p ≤ 0.05, *** = p ≤ 0.001




Discussion
The identification of non-invasive markers represents an important goal in improving the management of brain tumour patients [6]. Thus, the search for blood circulating biomarkers has become a field of study drawing the interest of the scientific community [2]. Among the circulating molecules, miRNAs are the most investigated biomarkers mainly due to their frequent alteration in cancer and their high-stability in biofluids [2, 27–29]. Despite the large number of miRNAs examined as single biomarkers in gliomas [29], only a few comprehensive analyses of the entire circulating-miRNA repertoire in glioma patients have been performed [30, 31].
In this study, using an unbiased high-throughput next-generation sequencing and an integrative bioinformatics pipeline, we have identified 10 -serum miRNAs able to stratify glioma patients on the basis of the mutation status of IDH genes with high specificity and sensitivity. Many of the identified miRNAs play a role in glioma biology suggesting their importance as putative biomarkers for this pathology [30, 32–34]. Among the identified miRNAs, we focused our attention on the combination of miR-1-3p/miR-26a-1-3p/miR-487b-3p since it led to an improvement in the diagnostic performance, compared to each single miRNA, thus supporting the value of a combined approach for the application of circulating miRNAs as diagnostic biomarkers. Moreover, we have also demonstrated that the selected miRNAs act as tumour suppressors in IDH-wt gliomas by exerting adverse effects on cell viability and proliferation in vitro. Of note, the combined modulation of all signature members led to a more prominent impact on glioma biological functions, especially in high-grade GBM cells, suggesting the value of the identified signature in toto as a putative therapeutic target as well as supporting the rationale and feasibility of combinatorial miRNA strategies for anticancer therapies [9]. Previous studies demonstrated the involvement of miR-1-3p in brain tumour biology. In particular, it has been described as a tumour suppressor in many types of cancer, including gliomas, as it inhibits the epithelial to mesenchymal transition by directly targeting fibronectin [35–38]. On the other hand, only little information is available on the possible role of miR-26a-1-3p and miR-487b-3p in the pathogenesis of these tumours [39–42].
Here we show, as the most relevant biologic effect, that all the signature members significantly inhibit the migration and invasion in GBM cells. In this regard, we have identified and validated SH3PXD2B, SH3PXD2A and EFHD2 as direct targets of miR-1-3p, miR-26a-1-3p, and miR-487b-3p, respectively. The first two genes encode for TKS4 and TKS5 adaptor proteins, respectively, that belong to the p47phox superfamily and play a role as orchestrators of key signalling events regulating the assembly and activity of membrane-located structures known as invadopodia [13]. These are dynamic actin-dependent protrusions produced by many types of cancer cells by which they can adhere to and subsequently degrade extracellular matrix via the action of various transmembrane and secreted proteases [13, 26, 43]. TKS4 and TKS5 have been observed to play a role in the development and progression of several cancers [21, 44, 45]. In glioma tissues both TKS4 and 5 are described as overexpressed compared to normal brain [46] and TKS5 expression has also been associated with poor glioma patient survival [47].
EFHD2 gene, target of miR-487b, is a Ca2+ binding protein that shows a predominant level of expression in the central nervous system [48], its deregulation is linked to the development of neurodegenerative diseases and synaptic disorders [48, 49]. In cancer EFHD2 has been associated with tumour invasion thus showing a potential interest as therapeutic target [14, 23–25] but the molecular mechanisms at the basis of these observations are less known than those related to TKS4 and TKS5. Indeed, both these scaffold proteins are involved in EGF signalling by regulating the actin cytoskeleton via EGFR and Src activity [13, 50]. EGFR/Src signalling is often aberrantly upregulated in glioma, promoting cell proliferation and migration where it is associated with tumour progression and neoangiogenesis [51]. For these reasons, many clinical trials are focused on the use of Src inhibitors for glioma treatment [52]. Lastly, it has been demonstrated that TKS4 and 5 may have a partially overlapping function in invadopodia regulation [53] thus their simultaneous inhibition induced by the identified miRNA-signature could counteract possible rescue mechanisms put in place by tumour cells and synergistically strengthen the inhibition of glioma invasive phenotype elicited by the signature.
EFHD2 also controls the actin cytoskeleton dynamics and regulate actin bundling in different tissues across several species [23, 24]. EFHD2 modulating activity on cell invasion has been described in some tumours such as melanoma, where it mediates the formation of motile protrusions in association with actin and the Rho family of GTPase [54], while the role of EFHD2 in brain tumours is less known. In this paper, for the first time, at least to our knowledge, we demonstrate that an impaired regulation of EFHD2 by miRNAs can sustain cell migration and invasion in a glioma context.
Altogether, our data suggest that SH3PXD2A/B and EFHD2 may be of interest as putative therapeutic targets in potentially ‘druggable’ signalling pathways.

Conclusions
This study highlights the potential for circulating miRNAs to be used for glioma subtyping and grading on the basis of clinically relevant molecular markers (IDH). The information obtained from miRNA profiling could complement that derived from tumour biopsy evaluations and facilitate treatment decision making and addressing patients to clinical trials with targeted therapies [55, 56]. In addition, the involvement of the identified miRNAs in several biological functions of glioma and their impact on common targets crucial for glioma migration and invasion suggest their value as putative therapeutic targets with potential implications for the development of miRNA-based complementary therapies.

Acknowledgments
We thank Marco Varmi for his technical support and The Biobank IRCCS-Regina Elena National Cancer Institute (BBIRE) for samples providing. We also acknowledge Alessandra Boe (Istituto Superiore di Sanità, Rome, Italy) for technical assistance for FACS analysis.

Authors’ contributions
ABDM and AS performed the majority of experiments and bioinformatics analyses, respectively; ET, VL, VC, LR, FG, MDG, AP, EF, GV collaborated on the experiments; MC, CG, SR, ANS, EC, BP, GS, CM and VV provided the patient samples and management of patient’s samples data base; SC contributed to bioinformatics and statistical analyses. GR and MGR planned the research and wrote the manuscript. The author(s) read and approved the final manuscript.

Funding
This study was supported by EU Horizon 2020 Marie Skłodowska-Curie Actions-ITN-ETN AiPBAND-Project (grant No.764281 to MGR); Associazione Mia Neri Foundation supported by “Cassa Sovvenzioni e Risparmio Dipendenti Banca d’Italia” to MGR; Associazione Italiana Ricerca sul Cancro (AIRC, grant No. AIRC21372 to LR); Italian Ministry of Health “Starting Grant Bando Finalizzata 2021” (grant No. SG-2021-12372157 to ABDM).

Availability of data and materials
The data underlying all findings of this study are publicly available at https://​gbox.​garr.​it.

Declarations
Ethics approval and consent to participate
The study was approved by the Institutional Ethics Committee of IRE as well as satellite centres (protocol N.1337/20). All patients and healthy subjects signed an informed consent form before inclusion and were treated according to the ethical and legal standards adopted by the Declaration of Helsinki.

Consent for publication
The authors declare that they agree to submit the article for publication.

Competing interests
The authors disclose no financial and personal relationships with other people or organizations that could inappropriately influence the article content.


References
	1.
McFaline-Figueroa JR, Lee EQ. Brain tumors. Am J Med. 2018;131(8):874–82.PubMed

	2.
Díaz Méndez AB, Tremante E, Regazzo G, Brandner S, Rizzo MG. Time to focus on circulating nucleic acids for diagnosis and monitoring of gliomas: a systematic review of their role as biomarkers. Neuropathol Appl Neurobiol. 2021;47(4):471–87.PubMed

	3.
Louis DN, Wesseling P, Aldape K, Brat DJ, Capper D, Cree IA, et al. cIMPACT-NOW update 6: new entity and diagnostic principle recommendations of the cIMPACT-Utrecht meeting on future CNS tumor classification and grading. Brain Pathol. 2020;30(4):844–56.PubMedPubMedCentral

	4.
Louis DN, Perry A, Wesseling P, Brat DJ, Cree IA, Figarella-Branger D, et al. The 2021 WHO classification of tumors of the central nervous system: a summary. Neuro-Oncology. 2021;23(8):1231–51.PubMedPubMedCentral

	5.
Han S, Liu Y, Cai SJ, Qian M, Ding J, Larion M, et al. IDH mutation in glioma: molecular mechanisms and potential therapeutic targets. Br J Cancer. 2020;122(11):1580–9.PubMedPubMedCentral

	6.
Gatto L, Franceschi E, Di Nunno V, Tosoni A, Lodi R, Brandes AA. Liquid biopsy in glioblastoma management: from current research to future perspectives. Oncologist. 2021;26(10):865–78.PubMedPubMedCentral

	7.
Shahzad U, Krumholtz S, Rutka JT, Das S. Noncoding RNAs in glioblastoma: emerging biological concepts and potential therapeutic implications. Cancers (Basel). 2021;13(7).

	8.
Regazzo G, Terrenato I, Spagnuolo M, Carosi M, Cognetti G, Cicchillitti L, et al. A restricted signature of serum miRNAs distinguishes glioblastoma from lower grade gliomas. J Exp Clin Cancer Res. 2016;35(1):124.PubMedPubMedCentral

	9.
Bhaskaran V, Nowicki MO, Idriss M, Jimenez MA, Lugli G, Hayes JL, et al. The functional synergism of microRNA clustering provides therapeutically relevant epigenetic interference in glioblastoma. Nat Commun. 2019;10(1):442.PubMedPubMedCentral

	10.
McEwen AE, Leary SES, Lockwood CM. Beyond the blood: CSF-derived cfDNA for diagnosis and characterization of CNS tumors. Front Cell Dev Biol. 2020;8:45.PubMedPubMedCentral

	11.
Wu X, Wang X, Wang J, Hao Y, Liu F, Yang L, et al. The roles of exosomes as future therapeutic agents and diagnostic tools for glioma. Front Oncol. 2021;11:733529.PubMedPubMedCentral

	12.
McShane LM, Altman DG, Sauerbrei W, Taube SE, Gion M, Clark GM. REporting recommendations for tumour MARKer prognostic studies (REMARK). Br J Cancer. 2005;93(4):387–91.PubMedPubMedCentral

	13.
Kudlik G, Takács T, Radnai L, Kurilla A, Szeder B, Koprivanacz K, et al. Advances in understanding TKS4 and TKS5: molecular scaffolds regulating cellular processes from Podosome and Invadopodium formation to differentiation and tissue homeostasis. Int J Mol Sci. 2020;21(21).

	14.
Fan CC, Cheng WC, Huang YC, Sher YP, Liou NJ, Chien YC, et al. EFHD2 promotes epithelial-to-mesenchymal transition and correlates with postsurgical recurrence of stage I lung adenocarcinoma. Sci Rep. 2017;7(1):14617.PubMedPubMedCentral

	15.
Anders S, Huber W. Differential expression analysis for sequence count data. Genome Biol. 2010;11(10):R106.PubMedPubMedCentral

	16.
Chellini L, Caprara V, Spadaro F, Sestito R, Bagnato A, Rosanò L. Regulation of extracellular matrix degradation and metastatic spread by IQGAP1 through endothelin-1 receptor signalling in ovarian cancer. Matrix Biol. 2019;81:17–33.PubMed

	17.
Spagnuolo M, Regazzo G, De Dominici M, Sacconi A, Pelosi A, Korita E, et al. Transcriptional activation of the miR-17-92 cluster is involved in the growth-promoting effects of MYB in human Ph-positive leukemia cells. Haematologica. 2019;104(1):82–92.PubMedPubMedCentral

	18.
Pelosi A, Careccia S, Lulli V, Romania P, Marziali G, Testa U, et al. miRNA let-7c promotes granulocytic differentiation in acute myeloid leukemia. Oncogene. 2013;32(31):3648–54.PubMed

	19.
Luchman HA, Stechishin OD, Dang NH, Blough MD, Chesnelong C, Kelly JJ, et al. An in vivo patient-derived model of endogenous IDH1-mutant glioma. Neuro-Oncology. 2012;14(2):184–91.PubMed

	20.
Chen X, Jiang J, Shen N, Zhao L, Zhang J, Qin Y, et al. Stretched-exponential model diffusion-weighted imaging as a potential imaging marker in preoperative grading and assessment of proliferative activity of gliomas. Am J Transl Res. 2018;10(8):2659–68.PubMedPubMedCentral

	21.
Kui X, Wang Y, Zhang C, Li H, Li Q, Ke Y, et al. Prognostic value of SH3PXD2B (Tks4) in human hepatocellular carcinoma: a combined multi-omics and experimental study. BMC Med Genet. 2021;14(1):115.

	22.
Courtneidge SA. Cell migration and invasion in human disease: the Tks adaptor proteins. Biochem Soc Trans. 2012;40(1):129–32.PubMedPubMedCentral

	23.
Lehne F, Pokrant T, Parbin S, Salinas G, Großhans J, Rust K, et al. Calcium bursts allow rapid reorganization of EFhD2/Swip-1 cross-linked actin networks in epithelial wound closure. Nat Commun. 2022;13(1):2492.PubMedPubMedCentral

	24.
Park KR, Kwon MS, An JY, Lee JG, Youn HS, Lee Y, et al. Structural implications of Ca2+−dependent actin-bundling function of human EFhd2/Swiprosin-1. Sci Rep. 2016;6:39095.PubMedPubMedCentral

	25.
Thylur RP, Gowda R, Mishra S, Jun CD. Swiprosin-1: its expression and diverse biological functions. J Cell Biochem. 2018;119(1):150–6.PubMed

	26.
Paterson EK, Courtneidge SA. Invadosomes are coming: new insights into function and disease relevance. FEBS J. 2018;285(1):8–27.PubMed

	27.
Lawrie CH. MicroRNAs in hematological malignancies. Blood Rev. 2013;27(3):143–54.PubMed

	28.
Mitchell PS, Parkin RK, Kroh EM, Fritz BR, Wyman SK, Pogosova-Agadjanyan EL, et al. Circulating microRNAs as stable blood-based markers for cancer detection. Proc Natl Acad Sci U S A. 2008;105(30):10513–8.PubMedPubMedCentral

	29.
Valihrach L, Androvic P, Kubista M. Circulating miRNA analysis for cancer diagnostics and therapy. Mol Asp Med. 2020;72:100825.

	30.
Ebrahimkhani S, Vafaee F, Hallal S, Wei H, Lee MYT, Young PE, et al. Deep sequencing of circulating exosomal microRNA allows non-invasive glioblastoma diagnosis. NPJ Precis Oncol. 2018;2:28.PubMedPubMedCentral

	31.
Zhi F, Shao N, Wang R, Deng D, Xue L, Wang Q, et al. Identification of 9 serum microRNAs as potential noninvasive biomarkers of human astrocytoma. Neuro-Oncology. 2015;17(3):383–91.PubMed

	32.
Gu JJ, Fan KC, Zhang JH, Chen HJ, Wang SS. Suppression of microRNA-130b inhibits glioma cell proliferation and invasion, and induces apoptosis by PTEN/AKT signaling. Int J Mol Med. 2018;41(1):284–92.PubMed

	33.
Zhang Y, Sui R, Chen Y, Liang H, Shi J, Piao H. Downregulation of miR-485-3p promotes glioblastoma cell proliferation and migration via targeting RNF135. Exp Ther Med. 2019;18(1):475–82.PubMedPubMedCentral

	34.
Khalil S, Fabbri E, Santangelo A, Bezzerri V, Cantù C, Di Gennaro G, et al. miRNA array screening reveals cooperative MGMT-regulation between miR-181d-5p and miR-409-3p in glioblastoma. Oncotarget. 2016;7(19):28195–206.PubMedPubMedCentral

	35.
Bronisz A, Wang Y, Nowicki MO, Peruzzi P, Ansari K, Ogawa D, et al. Extracellular vesicles modulate the glioblastoma microenvironment via a tumor suppression signaling network directed by miR-1. Cancer Res. 2014;74(3):738–50.PubMed

	36.
Yang CH, Wang Y, Sims M, Cai C, Pfeffer LM. MicroRNA-1 suppresses glioblastoma in preclinical models by targeting fibronectin. Cancer Lett. 2019;465:59–67.PubMed

	37.
Wang X, Huang X, Yang Z, Gallego-Perez D, Ma J, Zhao X, et al. Targeted delivery of tumor suppressor microRNA-1 by transferrin-conjugated lipopolyplex nanoparticles to patient-derived glioblastoma stem cells. Curr Pharm Biotechnol. 2014;15(9):839–46.PubMed

	38.
Li Z, Liu H, Zhong Q, Wu J, Tang Z. LncRNA UCA1 is necessary for TGF-β-induced epithelial-mesenchymal transition and stemness via acting as a ceRNA for slug in glioma cells. FEBS Open Bio. 2018;8(11):1855–65.PubMedPubMedCentral

	39.
Ge X, Pan MH, Wang L, Li W, Jiang C, He J, et al. Hypoxia-mediated mitochondria apoptosis inhibition induces temozolomide treatment resistance through miR-26a/bad/Bax axis. Cell Death Dis. 2018;9(11):1128.PubMedPubMedCentral

	40.
Benetatos L, Hatzimichael E, Londin E, Vartholomatos G, Loher P, Rigoutsos I, et al. The microRNAs within the DLK1-DIO3 genomic region: involvement in disease pathogenesis. Cell Mol Life Sci. 2013;70(5):795–814.PubMed

	41.
Huang Y, Qi L, Kogiso M, Du Y, Braun FK, Zhang H, et al. Spatial dissection of invasive front from tumor mass enables discovery of novel microRNA drivers of glioblastoma invasion. Adv Sci (Weinh). 2021;8(23):e2101923.PubMed

	42.
Ames HM, Yuan M, Vizcaíno MA, Yu W, Rodriguez FJ. MicroRNA profiling of low-grade glial and glioneuronal tumors shows an independent role for cluster 14q32.31 member miR-487b. Mod Pathol. 2017;30(2):204–16.PubMed

	43.
Masi I, Caprara V, Bagnato A, Rosanò L. Tumor cellular and microenvironmental cues controlling Invadopodia formation. Front Cell Dev Biol. 2020;8:584181.PubMedPubMedCentral

	44.
Mitre GP, Balbinot KM, Ribeiro ALR, da Silva Kataoka MS, de Melo Alves Júnior S, de Jesus Viana Pinheiro J. Key proteins of invadopodia are overexpressed in oral squamous cell carcinoma suggesting an important role of MT1-MMP in the tumoral progression. Diagn Pathol. 2021;16(1):33.PubMedPubMedCentral

	45.
Iizuka S, Abdullah C, Buschman MD, Diaz B, Courtneidge SA. The role of Tks adaptor proteins in invadopodia formation, growth and metastasis of melanoma. Oncotarget. 2016;7(48):78473–86.PubMedPubMedCentral

	46.
Mao L, Whitehead CA, Paradiso L, Kaye AH, Morokoff AP, Luwor RB, et al. Enhancement of invadopodia activity in glioma cells by sublethal doses of irradiation and temozolomide. J Neurosurg. 2018;129(3):598–610.PubMed

	47.
Stylli SS, I ST, Kaye AH, Lock P. Prognostic significance of Tks5 expression in gliomas. J Clin Neurosci. 2012;19(3):436–42.PubMed

	48.
Soliman AS, Umstead A, Grabinski T, Kanaan NM, Lee A, Ryan J, et al. EFhd2 brain interactome reveals its association with different cellular and molecular processes. J Neurochem. 2021;159(6):992–1007.PubMedPubMedCentral

	49.
Mielenz D, Gunn-Moore F. Physiological and pathophysiological functions of Swiprosin-1/EFhd2 in the nervous system. Biochem J. 2016;473(16):2429–37.PubMed

	50.
Dülk M, Szeder B, Glatz G, Merő BL, Koprivanacz K, Kudlik G, et al. EGF regulates the interaction of Tks4 with Src through its SH2 and SH3 domains. Biochemistry. 2018;57(28):4186–96.PubMed

	51.
Roos A, Dhruv HD, Peng S, Inge LJ, Tuncali S, Pineda M, et al. EGFRvIII-Stat5 signaling enhances glioblastoma cell migration and survival. Mol Cancer Res. 2018;16(7):1185–95.PubMedPubMedCentral

	52.
Cirotti C, Contadini C, Barilà D. SRC kinase in glioblastoma news from an old acquaintance. Cancers (Basel). 2020;12(6).

	53.
Buschman MD, Bromann PA, Cejudo-Martin P, Wen F, Pass I, Courtneidge SA. The novel adaptor protein Tks4 (SH3PXD2B) is required for functional podosome formation. Mol Biol Cell. 2009;20(5):1302–11.PubMedPubMedCentral

	54.
Huh YH, Oh S, Yeo YR, Chae IH, Kim SH, Lee JS, et al. Swiprosin-1 stimulates cancer invasion and metastasis by increasing the rho family of GTPase signaling. Oncotarget. 2015;6(15):13060–71.PubMedPubMedCentral

	55.
Persico P, Lorenzi E, Losurdo A, Dipasquale A, Di Muzio A, Navarria P, et al. Precision oncology in lower-grade gliomas: promises and pitfalls of therapeutic strategies targeting IDH-mutations. Cancers (Basel). 2022;14(5).

	56.
Yang K, Wu Z, Zhang H, Zhang N, Wu W, Wang Z, et al. Glioma targeted therapy: insight into future of molecular approaches. Mol Cancer. 2022;21(1):39.PubMedPubMedCentral



Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


OEBPS/images/13046_2023_2639_Fig2_HTML.png
SW1783

[
2 ® 2
8 38 8 8

Relative cell viability (%)
0
S

48h 72h 96h 120h
@== Ctrl  ge=miR-1 miR-26a-1¢==miR-487b g== signature

USTMG

-
2 2 ® 2
s 8 8 8

Relative cell viability (%)
»
8

0
48h 72h 96h 120h
USTMG TISG
72h 72h

TomlPARP|‘___—| — — — —

Aot N e v | |-—--|

& & & &&e & §> & )@
&8 &4

200 1

Q
3

100 -

Cell Migration
(N° of cells)
1
|

T98G
B miR: 2601 5
=
HEs . 5
Su¥. 2
e USTMG
Cirl miR-1 ‘miR-26a-1 miR-487b 8§z
B ’ - o gg 400
=} 2
£ £
8 =2 200
= 8= * . B .
= 0
S o o L
& & 5“@0;8)% ) s
200 °
-
; 8T 15
g g8 -
3 Zg 100 - .
e gz % S
0
D o oS O
& & »@&&,@ _@»@9
f Oh 24h & °
s 500000
- =
E EE 400000
o8
2= 300000
E)
-E' £ 200000
é £ 100000
3 < 0






OEBPS/navigation.xhtml

    
      Contents


      
        		A diagnostic circulating miRNA signature as orchestrator of cell invasion via TKS4/TKS5/EFHD2 modulation in human gliomas


      


    
    
      Landmarks


      
        		Body Matter


      


    
  

OEBPS/css/envelope.png





OEBPS/images/13046_2023_2639_Fig3_HTML.png
EFHD2 3°UTR

SH3PXD2B 3UTR SH3PXD24 3UTR
s ’ s 9 9 "
5, 42174204 7779 3 5% 3850-3870 ss00.5520 11309 3 5 15681574 1618
P —————, > SRS ATACIAGUIOUUOC|{AGOS | SIS AKGAGAUGCCACUGOAHIGAA 3 e 5 o
niRA3p 3 UAUGUAUGAAGAAAUGUAAGGU 5* miR-260-13p: 3 GCACGUUCAUUGGUUCUUAUCC 5 miR-26e-1-3p: 3" GCACGUUCAUUGGUUCUUAUCC ' miR487b-3p: 3 UUCACCUACUGGGACAUGCUAA 5°
b __________ SH3PXD2A 3’UTR-hsa-miR-26a-1-3p _ _____ ____] EFHD? 3'UTR-hsa-miR-487b-3p _
- -
3870 A
I ! N wt _.. . ;- \ ! wt I— i — '
I I ! 1568
i i D sl n assw0 R P Atses F—— g
I I ! 1
H 12 I ! 12 I ! 12 H
f s LoBm g - W 1 E [
| § pos * ' ! £ pos D miR-26a-1 ! g o8 . o !
1 %Eo,s ! , £3o0s H 12 Zos T |
1§ 5oa H st ! 1% %0 :
13 02 ! | E o2 H 13 02 |
i ° ) - ’ o !
. wt A217-4224 e _____M™ ___Aso3s70 Wb ASS00-5520 e ML W A1568-1574_ e
SH3PXD2B SH3PXD2A EFHD2
miR-1 expression m—?ﬂ;}f&m miR-26a-1 expression %ﬁm miR-487b expression Mx&m
- iR-48
2 50 2 g 10 £ 200 % o
% s M %" 1 g P E" kH . 21 o
. E * £ g1 : * E *
< 30,5 * ] k| < c
g 0 = % ) = E 0 =
Ctrl USTMG T98G é 0 Ctrl USTMG T98G g() Ctrl USTMG T98G ﬁ()
Ctrl USTMG T98G Ctrl USTMG T98G Ctrl USTMG T98G
Protein expression Protein expression Protein e;pressinn
USTMG TI8G , USTMG 198G USTMG TI98G , USTMG | T98G U8TMG
* * = * g . 1
E g *
Zos Zos %u 5” : 05 Z0s
So! )
-Actin
HMEEI@W\%W\ pacn [ ][ =] (L D 1] ] “EEEO £,
% 2 = g g
miR1 -+ - i & | |urzesa -+ - . & &iﬁ"\' (S &t@,\ miR487b - o %@ & %@






OEBPS/images/13046_2023_2639_Fig4_HTML.png
g g

Cell migration
o

(N° of cells)
g

H

Ctrl miR-26a-1 TKS5 + Ctrl

Cell migration
(N° of cells)
g g

EFHD2 +

Ctrl miR-487b

miR-487b EFHD2 + Ctrl

8w
8 g
8 8

3
8

Cell migration

(N° of cells)

o

Ctrl miR-1 TKS4+ TKS4+
Ctrl  miR-1

T3

Ctrl miR- TKS5+ TKS5+
26a-1 Ctrl miR-26a-1

Fres

Ctrl miR- EFHD2 EFHD2
487b +Ctrl +miR-487b

USTMG

Invasion

Invasion

Ctrl

miR-1

miR-26a-1

miR-487b

TKS4 + Ctrl

EFHD2 + Ctrl

TKS4 + miR-1
" g S

TKS5+
miR-26a-1

EFHD2 +
miR-487b

Cell invasion
(N° of cells)

Cell invasion

Cell invasion

(N° of cells)

2
8

3

8
g

(N° of cells)
H

g8 & 8

-

°

o

=

Ctrl miR-1 TKS4+ TKS4+
Ctrl  miR-1

*x

Ctl  miR- TKS5+ TKS5+
26a-1 Ctrl miR-26a-1

xx

Ctrl miR- EFHD2 EFHD2
487b +Ctrl +miR-487b





OEBPS/css/sidebar.gif





OEBPS/images/13046_2023_2639_Fig1_HTML.png
1] IDH-wt vs IDH-mut
Down-regulated miRNAs Up-regulated miRNAs

("~ sample )( Primary ) Secondary ) _ hsamiRe1-3p, p=0.03 hsa-miR-26a-1-3p, p=0.03 hsa-miR-542-3p, p=0.2 hsa-miR-4778-5p, p=0.1
processing || data analysis || data analysis o T | 4 - T 36 T g 4 1
‘g 7 He T =R ER
small RNA-seq || miRNAs selection P < } ; %3 R T % o
oo criteria: miR487b-3p) IDH-wt IDH-mut TDiwt IDHmmt & IDHwt DH.mat & IDH-wt IDH-mut
ent . : | miR-485-3p miR-127- miR-
=37 aj Progrostic value hsa- mﬂi 127 3p,7p#).0l)9 bssomiR mb.sg. P02 o — low (N-18) 12 ST,
. ﬂ ‘mutation JmiR-589-5p 7 |:| 6 fs) 1 — high (N=16) 1 — high (N=21)
Tumina s 6 5 =
NextSeqs50 ImiR-493-5p s B 7 = 08 ¥ comored 08 * comord
* miR-13p 4 IDH-wt IDH-mut 3 IDH.wt TDH-mut Eo_s £os
2-miR-485-3p, p=0.01 hsa-miR-487b-3p, p=0.04
. mIRNAs are |miR-127-3p| 2 — el s b ¥ e 04 04
Base calling independent T T E| 6 - 5
from: . s g 5 4 B T 02 02
¥ ImiR-263-1-3p s G H N p=0.0001 : =005
ThAge |miR-130b-5p| 4 DHwt DEmt & [DH-wt [DH-mut 0 1020 3040 50 60 0 10 20 3040 50 60
« Methylation iR sp| | HmIR49330,p=0.02 ha-miR-589-3p, p-0.19 Months
* Relapses 6 i & 5| é =] Number of patients at risk Number of patients at risk
Alignment * Treatment miR-542-3p ! - 4T [Months [ 0 [10[20]30 4050 60|/  [Months[ o [10]20[30 4050 60]
J\_ J\ ) o . 3. migh [16]11]6|43[3[ 1| [ mgn [21]6[21]0[0]0]
IDH-wt IDH-mut mH-wt DH-mut | Low [18[4 0o ololo]| [Low [13[9o a3 [3[3]1]
Cc d — low (N=19)
miR-1-3p / miR-26a-1-3p / miR487b-3 T, hih (N-15)
) p p p 1 +  censored
AUC=090 |
FC AUC
16 087
19 082 02 [ER=0.27[0.13-0.56], P=0.0003
miR487b-3p | 16 075 o
Sensitivity=0.90 0 10 20 30 40 50 60 0 10 20 30 40 50 60
Specificity=0.98 Months Months
Number of patients at risk Number of patients at risk
o . Months | 0 102030405060 Months | 0 [ 102030 40[50] 60
0 02 04 06 08 1 1509 6lal3l3l1 th; 15/10/6[5[5[4]2
e 1- Specificity Low (1916 0]0lo0lo]0 Low (191820000
miR-1 miR-26a-1 miR-487b
8 1 10
° /g S
2" () @ - 8
2 2
3 . ) g o6 s g 6 @ .
B 2 * %
S | @ S 04 Sas @ @
2 *kk 02 I s @ )
0 ‘- 0 0 ‘ ‘
HC Gliomas HC Gliomas HC Gliomas
=15 =15 =15 =15 n=15 =15
f miR-1, p=0.00028 miR-26a-1, p=0.0075 miR-487b, p=0.02
T 16 T B :
75 H : 135 + -
15 ; i 13
.5 7 i : g H ! .E - E| E
% 2 4+ : 2
Ses H gn Q g =
& i gu ] . gn
@6 012 + - % ES
E )
3 = & H S .

o
ot -
©
©

IDH-wt IDH-mut IDH-wt IDH-mut IDH-wt IDH-mut
n=413 n=35 n=413 n=35 =73 n=13





OEBPS/images/13046_2023_2639_Fig5_HTML.png
US'MG

*
e
q;e’
T98G

skekk
e
&
o
S
USTMG

TISG

dInjeusis AIN)euUsIS





