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Human tissue engineering allows the identification of active miRNA regulators of glioblastoma aggressiveness
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Glioblastoma multiforme (GBM) is among the most aggressive cancers associated with massive infiltration of peritumoral parenchyma by migrating tumor cells. The infiltrative nature of GBM cells, the intratumoral heterogeneity concomitant with redundant signaling pathways likely underlie the inability of conventional and targeted therapies to achieve long-term remissions. In this respect, microRNAs (miRNAs), which are endogenous small non-coding RNAs that play a role in cancer aggressiveness, emerge as possible relevant prognostic biomarkers or therapeutic targets for treatment of malignant gliomas. We previously described a tissue model of GBM developing into a stem cell-derived human Engineered Neural Tissue (ENT) that allows the study of tumor/host tissue interaction.

Combined with high throughput sequencing analysis, we took advantage of this human and integrated tissue model to understand miRNAs regulation. Three miRNAs (miR-340, -494 and -1293) active on cell proliferation, adhesion to extracellular matrix and tumor cell invasion were identified in GBM cells developing within ENT, and also confirmed in GBM biopsies. The components of miRNAs regulatory network at the transcriptional and the protein level have been also revealed by whole transcriptome analysis and Tandem Mass Tag in transfected GBM cells. Notably, miR-340 has a clinical relevance and modulates the expression of miR-494 and -1293, emphasizing its biological significance.

Altogether, these findings demonstrate that human tissue engineering modeling GBM development in neural host tissue is a suitable tool to identify active miRNAs. Collectively, our study identified miR-340 as a strong modulator of GBM aggressiveness which may constitute a therapeutic target for treatment of malignant gliomas.

INTRODUCTION

Glioblastoma multiforme (GBM) is the most common primary brain tumor in adults and represents one of the most aggressive human cancers associated with high mortality [START_REF] Louis | The 2007 WHO classification of tumours of the central nervous system[END_REF].

Despite advances in the standard care (chemotherapy, radiotherapy and/or surgery), prognosis of patients with GBM remains extremely poor, with a median survival between 12 and 15 months [START_REF] Stupp | Radiotherapy plus concomitant and adjuvant temozolomide for glioblastoma[END_REF]. This is due, at least in part, to tumor heterogeneity and its ability to highly infiltrate and disseminate into healthy brain parenchyma [START_REF] Sottoriva | Intratumor heterogeneity in human glioblastoma reflects cancer evolutionary dynamics[END_REF]. Because of the severity of the disease, the need for identifying new and more effective targets is obvious and critical.

While the molecular mechanisms underlying GBM development and aggressiveness have become increasingly clear in recent years, much remains to be learned. This is particularly true regarding the role of microRNAs (miRNAs), as the significance of aberrant miRNA expression in human cancer has emerged in recent years [START_REF] Lu | MicroRNA expression profiles classify human cancers[END_REF]. It is now evident that miRNAs are strong regulators of a wide variety of tumorigenic processes including cellular proliferation, differentiation, angiogenesis, invasion, and apoptosis [START_REF] Novakova | MicroRNA involvement in glioblastoma pathogenesis[END_REF].

As a consequence, such miRNAs have recently attracted attention as potential therapeutic targets. These small non-coding, single-stranded RNAs of ~22 nucleotides modulate the expression of multiple target genes at the posttranscriptional level by binding with target mRNA sequences in the 3'untranslated region (UTR) [START_REF] Bartel | MicroRNAs: genomics, biogenesis, mechanism, and function[END_REF]. MiRNAs repress multiple downstream genes by weakly binding to complementary sequences in the 3'-UTRs of target mRNAs or through miRNA-directed mRNA cleavage. They interact with numerous mRNA transcripts and act as either activators or suppressors; a promiscuity that implies individual miRNAs can serve as ''master regulators''. Supporting this view, previous studies highlight that expression-based clustering using miRNAs yields more accurate histological and prognostic sample classification than clustering based on mRNA expression [START_REF] Lewis | Conserved seed pairing, often flanked by adenosines, indicates that thousands of human genes are microRNA targets[END_REF][START_REF] Lewis | Prediction of mammalian microRNA targets[END_REF]. Clinically and genetically distinct GBM subclasses demonstrate intriguing links to different lineages within the central nervous system [START_REF] Kim | A developmental taxonomy of glioblastoma defined and maintained by MicroRNAs[END_REF].

Moreover, profiling studies have shown that miRNAs are differentially expressed in brain tumors compared to normal tissues and such deregulated miRNA subsets could have diagnostic implications [START_REF] Calin | MicroRNA signatures in human cancers[END_REF]. The expression of some miRNAs is associated with clinical Manuscript Click here to download Manuscript: manuscript.pdf Click here to view linked References outcomes for certain GBM patients [START_REF] Niyazi | MiRNA expression patterns predict survival in glioblastoma[END_REF][START_REF] Srinivasan | A ten-microRNA expression signature predicts survival in glioblastoma[END_REF] and numerous deregulated miRNAs have been characterized individually with regard to their function and targets in GBM: Among these, miR-21, miR-222/221 and miR-181 are the most frequently described as up-or down-regulated miRNAs [START_REF] Zhang | The role of microRNAs in glioma initiation and progression[END_REF].

Given that one miRNA can interact with numerous mRNA transcripts, therapies targeting miRNA could be more efficient than strategies targeting specific proteins [START_REF] Lewis | Prediction of mammalian microRNA targets[END_REF][START_REF] Krek | Combinatorial microRNA target predictions[END_REF]. For example, viral delivery of let-7 family miRNAs suppresses tumor growth in a mouse model of lung adenocarcinoma [START_REF] Esquela-Kerscher | The let-7 microRNA reduces tumor growth in mouse models of lung cancer[END_REF][START_REF] Kumar | Suppression of non-small cell lung tumor development by the let-7 microRNA family[END_REF]. Moreover, a recent study showed how the inhibition of miR-138 leads to the inhibition of glioma stem cell (GSC) tumor-sphere formation in vitro and impedes metastasis in vivo [START_REF] Chan | Targeting glioma stem cells by functional inhibition of a prosurvival oncomiR-138 in malignant gliomas[END_REF]. These findings provide proof-of-concept for in vivo delivery of tumor-suppressing miRNAs as a powerful and highly specific anti-cancer therapeutic modality.

In order to identify and characterize biologically active miRNAs, several experimental models have been exploited including culture of GBM cell lines or mouse models. Even though such models represent significant progress, most models do not provide comprehensive insight into miRNA-induced regulation in a human and integrated tissue systems. It is expected that the biological effects of miRNAs will be highly influenced by the GBM environment and thus strongly differ between a single GBM cell growing in a two-dimensional culture and a compact tumor tissue developing within its host tissue.

Indeed, cell-to-cell interactions and regulations provided by the host tissue certainly interfere with miRNA-induced regulation. While in vivo analyses in mouse brain provide such a relevant environment, the regulation of miRNA in tissue and tumor/host tissue interaction conditions has not yet been addressed in a fully human system. Regarding the discrepancy between mouse and human cell regulation, it is expected that a tissue engineering approach, exclusively with human cells, will provide a great opportunity to discover new targets relevant for human therapy. To achieve this goal, a tissue engineering approach recently developed by our team [START_REF] Nayernia | The relationship between brain tumor cell invasion of engineered neural tissues and in vivo features of glioblastoma[END_REF][START_REF] Cosset | Comprehensive metagenomic analysis of glioblastoma reveals absence of known virus despite antiviral-like type I interferon gene response[END_REF] was used to study miRNA regulation in GBM. Here, human GBM tumors grow in vitro within a three-dimensional human nervous tissue named ENT (engineered nervous tissue), providing a compact and integrated tissue that replicates key features of the in vivo situation [START_REF] Nayernia | The relationship between brain tumor cell invasion of engineered neural tissues and in vivo features of glioblastoma[END_REF][START_REF] Cosset | Comprehensive metagenomic analysis of glioblastoma reveals absence of known virus despite antiviral-like type I interferon gene response[END_REF].

In this study, we harnessed this ENT system to investigate the entire miRNome of the integrated GBM/nervous tissue as well as human GBM biopsies used as specimens for confirmation. We identified miR-340, -494 and -1293 as biologically active miRNAs in GBM cells and demonstrated their effects on GBM cell proliferation, survival and invasion.

MATERIALS AND METHODS

Culture of undifferentiated human embryonic stem cells (hESC) and GBM cell lines: The Isolation and cultivation of gliomaspheres and GBM cells: Isolation of gliomaspheres named GBM269 was performed as described [START_REF] Singh | Identification of a cancer stem cell in human brain tumors[END_REF]. Briefly, viable fragments of high-grade human GBM were transferred to a beaker containing 0.25% trypsin in 0.1 mM EDTA (4:1)

and slowly stirred at 37°C for 30-60 minutes. Dissociated cells were split and some of them were plated in 75-cm2 tissue culture flasks plated at 2,500-5,000 cells per cm 2 ) in DMEM/F-12 medium (1:1) containing N2 and B27 supplements (all from Invitrogen, Carlsbad, CA, http://www.invitrogen.com) supplemented with bFGF and EGF both at 10 ng/ml (Invitrogen). We also generated an adherent cell lines Ge269 from GBM biopsies and this cell lines was maintained in Dulbecco's modified Eagle's medium (DMEM)-high glucose, 10% Fetal Bovine Serum, 1% penicillin/streptomycin (GBM medium).

Human tissue samples: This study was conducted on five GBM biopsies collected from the Geneva University Hospitals as well as control tissues obtained from three epileptic surgery. The study was conducted in accordance with the declaration of Helsinski and each patient was entered after consent.

Cell transfection: miRNAs were transfected using RNAiMAX (Invitrogen), a final concentration of 100nM miRNA was used. Mimics of miR-340, -494 and -1293 were used as well as miR-1 (used as a positive control) and a non-targeting scramble control all from life technologies. The transfection efficiency was monitored by qRT-PCR (Suppl Fig 2).

All transfections were performed according to the manufacturer's protocols. The primers and probes of the miR-494-3p, -1293, -340-5p, U6, RNU44, RNU47, RNU24 endogenous control for Exiqon and TaqMan miRNA assay were purchased from Exiqon and life technologies respectively. Primers are listed in Suppl Table 1.

Viability assay: 24 hours after miRNAs transfection, cells (500 / well) were plated on plastic in 96-well plates in GBM medium. Cell viability was determined by Alamar Blue dye (Life Technologies) according to manufacturer's instructions. As a negative control, we used a non-targeting scramble control as well as miR-1 used as a positive control (according to life technologies).

Clonogenic assay: 24 hours after miRNAs transfection, cells (250 / well, 6-well plate) were plated on plastic for 72 h in 2%-FBS containing GBM medium. Medium was refreshed and cells were allowed to regrowth in fresh 10%-FBS containing medium for 1 week.

Clonogenicity was assessed by manually counting clones staining with 0,1% crystal violet. Results were expressed as the percentage of clones versus negative control.

Transmigration assay: Transwell polycarbonate inserts (24 wells, 8µm pores, Corning)

were coated for 2 h at 37°C with poly-L-ornithine (50µg/ml, Sigma), Matrigel (1/10, BD Biosciences), Vitronectin (5µg/ml, Stemcell). 24 hours after miRNAs transfection, the lower compartments were filled with GBM medium and 2x10 5 cells were seeded onto the filters in 2%-FBS GBM medium for 24 h. Cells that had transmigrated and adherent to the lower surface were fixed in 4% paraformaldehyde (PFA) for 5 minutes and stained with 0,1% crystal violet and counted. No cells were showed in the lower chamber.

Adhesion assay: 1x10 4 cells/well, 96-well plate were plated on poly-L-ornithine (50µg/ml, Sigma), Matrigel (1/10, BD Biosciences), Vitronectin (5µg/ml, Stem cell)-coated 96-well plates for 1h. Adhesion was measured both after incubation with Alamar blue and after coloration with 0,1% crystal violet by fluorescence and absorbance reading at 595nm respectively. Results were expressed as a percentage of adhesion versus control.

Immunohistochemistry (IHC): Samples (ENT plus U251 and ENT plus Ge269) were fixed in 4% PFA for 1h at room temperature, dehydrated and embedded in paraffin. The sections (10 µm) were then deparaffined, rehydrated, and heated in citrate buffer (0.01 M; pH 6.0) in a 620-W microwave oven for 5 minutes 3 times. The sections were then incubated overnight at 4°C with appropriate dilutions of primary antibodies in PBS containing 0.3% Triton X-100. Next day, after several washes in PBS, the sections were incubated with the secondary antibody for 1 h, and then washed again in PBS. For IF, the sections were incubated with 300 nM 4,6-diamidino-2-phenylindole for 10 minutes washed in PBS and rinsed with water before being mounted in FluorSave medium (Calbiochem, San Diego, http://www.emdbiosciences.com). For IHC, color was developed with 3,3'-diaminobenzidine (DAB, Sigma-Aldrich) incubation for 2-10 min.

RNA and miRNAs isolation: Isolation of total RNA and miRNAs were performed by using RNeasy kit or miRNeasy kit respectively both from Qiagen according to the manufacturer's instructions. RNA concentration was determined by spectrometer and RNA quality was verified by 2100 bioanalyzer (Agilent).

smallRNAs sequencing: Total RNA was extracted from three epileptic surgery, five GBM biopsies, ENT (n=3), ENT plus GBM (n=3), GBM (n=3) and smallRNA libraries were produced from each sample. RNA fractions ranging from 15 to 30 nucleotides were isolated and purified from 15% polyacrylamide gels and modified by sequential ligation of Inserts mapping to several positions on the reference with the same mapping quality were attributed at random to one of them with a "0" mapping quality. SEQMONK has been used to estimate the expression level of annotated features (i.e.miRNAs) by counting the number of inserts that are mapped to these features. A total of 1'756 miRNAs were quantified in terms of mapped inserts. The counts generated by SEQMONK were normalized as "read per million" (RPM) by dividing each count with the total number of inserts of size 18 to 26 in the library and multiplying the result by 1 million according to the following formula: RPM(counts) = countsNb/insertsNb*1'000'000. RPM were also computed according to the formula: RPM (counts) = (countsNb+1)/insertsNb*1'000'000.

MiRNAs were considered to be "induced" when absent in the respective controls but present in GBM biopsies or ENT plus GBM cells. MiRNAs were considered to be "upregulated" when their expression level was increased in GBM biopsies and in GBM plus ENT compared with the respective controls. On the contrary, miRNAs were considered to be "down-regulated" when their expression level was decreased in GBM biopsies and in GBM plus ENT compared with the respective controls. Fold change larger than 2 between compared conditions were considered significantly differentially expressed.

Real-time quantitative PCR: Following RNA isolation and quantification, 300ng of total RNA was used to synthesize cDNA by using TAKARA kit according to manufacturer's protocol. Primer sequences were designed using Invitrogen primer design and primer3 tools and are summarized in Sup Table Tandem Mass Tag (TMT): 24h after transfection, 1*10 6 of U251 GBM cells were used and subjected to the protein identification and quantitation using the TMT isobaric tagging technology. 1D-gel was used to control samples quality and quantity. First, TMT 0 isobaric tags were used to evaluate samples compatibility and proteins content after the tagging procedure. Once checked for quality control, samples have been analyzed and quantified by mass spectrometry using an LTQ Orbitrap VelosPro. This analysis included samples preparation, digestion, tagging with TMT6 kit (Thermo), clean-up, LC-MS/MS analysis and data treatment. Data analysis was generated using the isobar R package version 1.9.5 [built using R2.10.1; 2015-03-24 10:16:25 UTC; unix].

TCGA analysis: miRNA expression data and the corresponding clinical data for glioblastoma samples were downloaded (http://cancergenome.nih.gov/) from The Cancer Genome Atlas (TCGA) data portal. The raw data was quantile-normalized and log2 transformed, and the probe-centric signals were converted using R software. The Kaplan-Meier (KM) analyses were performed as follows: For each miRNA, overall expression level statistics were computed using all individuals (mean expression, median, standard deviation (SD)). Then, for each miRNA, two KM curves were created: one curve for patients whose expression was more than 1 SD above the mean value, and one curve for those whose expression was more than 1 SD below the mean value. The two curves (green for expression > 1 SD below the mean, blue dotted line for > 1 SD above the mean) indicate correlations between miRNA expression levels and survival. We used Chi2 values to determine if the KM curves were significantly different and to rank miRNAs by those having the largest impact on survival (Table 1). Subsequent analysis involved first dividing patients into two groups: 1) those that were treated (chemotherapy and/or radiotherapy) and 2) those without any treatment. KM curves for each miRNA were then created according to the same methodology. The number of samples used to generate each curve (n) is indicated in red under the plot titles. 

Results

Next-generation sequencing combined with human cancer genome atlas analysis identifies critical miRNA in GBM

We recently developed an in vitro model of human GBM development within a human engineered nervous tissue (ENT). This system is based on a combination of GBM cells from patient biopsies growing on human ENT differentiated from human embryonic stem cells (hESC). This combined tissue contains a GBM cell mass invading the neighboring human nervous tissue and recapitulating the main histological features of the disease in vivo including cell death areas and secondary tumor foci [START_REF] Nayernia | The relationship between brain tumor cell invasion of engineered neural tissues and in vivo features of glioblastoma[END_REF][START_REF] Cosset | Comprehensive metagenomic analysis of glioblastoma reveals absence of known virus despite antiviral-like type I interferon gene response[END_REF][START_REF] Preynat-Seauve | Development of human nervous tissue upon differentiation of embryonic stem cells in three-dimensional culture[END_REF]. As miRNAs are regulators of cancer, this system provided a unique opportunity to study miRNA regulation in a fully human and integrated tissue. MiRNA expression profiles from nervous host tissues with or without a developing GBM were compared. We then sought to identify miRNA solely induced by the host/tumor interaction and determined the biological relevance of the selected candidates by analyzing the miRNome in five GBM biopsies. In this setting, ENT alone (without GBM cells) and GBM alone (without ENT) were used as control for ENT plus GBM; biopsies from surgical pieces of epileptic patients were used as controls for GBM biopsies. MiRNAs absent in ENT alone, absent in GBM alone, but present in ENT plus tumor tissues were considered to be "induced". MiRNAs with higher/lower expression in ENT plus tumor tissues compared to ENT alone and GBM alone were considered to be "upregulated" and "downregulated", respectively. MiRNAs absent in control biopsies but present in tumor biopsies were considered to be "induced".

MiRNAs with higher and lower expression in tumor biopsies compared to control biopsies were considered to be "upregulated" and "downregulated", respectively.

A short list of the most differentially expressed miRNAs is shown (table 1). Among them, some miRNAs were found in both biopsies and GBM growing in engineered tissues and showed a similar regulation between control and tumor conditions: MiR-340, -659, -LET7D, -LET7B, -1293, -494, -665, -616 (in red in table 1). Only miR-1285-1 showed a discordant regulation: it was induced in tumor biopsies but down-regulated in ENT + tumor (in blue, table 1). To select miRNAs for further investigation, we next determined whether they are relevant to the overall survival of GBM patients. For that purpose, we harnessed the wealth of public data stored in The Cancer Genome Atlas (TCGA) database. Of the GBM-related data sets contained in this database, there are 502 miRNAs for which corresponding clinical data were available. MiRNA expression was analyzed without any segregation according to any specific criteria (e.g. age, sex, therapy, Karnosky index).

Among all miRNAs correlated with an effect on patient survival (suppl Table 2), miR-340 is the fourth most important (p=0.00129, Chi2=10.4). The corresponding Kaplan-Meier survival curve is shown in Figure 1, indicating that patients who over-express miR-340 had a greater overall survival than the others. MiR-340 showed a similar down-regulation in both biopsies and tissue conditions. MiR-494 and miR-1293 were also considered.

Indeed, miR-1293 was induced in both GBM biopsies and engineered tissues and its expression increases only when the tumor interacts with the host tissue (no expression in tumor or host tissue alone). Unfortunately, no data are available in TCGA for miR-1293.

On the other hand, miR-494 is over-expressed in GBM biopsies and also induced in GBM plus ENT. Moreover, miR-494 represents the seventieth most important miRNA (p=0.0254, Chi2=5) (data not shown) when patients are segregated according to the therapy criteria (therapy vs no therapy).

Selected miRNAs modulate GBM cell proliferation and clonogenicity in vitro

Given that GBM patients with miR-340 over-expression have a greater overall survival than the others, and that miR-494 and -1293 are respectively over-expressed and induced miRNAs in GBM biopsies, corresponding miRNA mimics were designed and over-expressed experimentally in GBM cell lines by transient transfection. The influence of mimics on GBM cells was first analyzed in vitro to understand their biological effects in standard cell culture conditions without any tissular organization, and without the presence of a host tissue. MiRNA over-expression was confirmed 24 hours posttransfection by quantitative stem-loop realtime RT-PCR (suppl Figure 1). Cell proliferation was then analyzed 24, 48, 72 and 168 hours post-transfection. Furthermore, clonogenicity was measured 10 days post-transfection. The over-expression of all miRNAs significantly decreased the proliferation of all tested GBM cell lines (Ge269, U251, LN215) compared to the scramble control (Figure 2A). For all GBM cell lines, miR-1293 expression induces the greater diminution of their proliferation. In contrast, miR-340 leads to a weaker inhibition of proliferation. The same results were observed for GBM cell clonogenicity (Figure 2B). Over-expression of miR-1293 induced the strongest decrease of GBM cell clonogenicity while it was less affected by miR-340 over-expression. Collectively, these results showed that all selected miRNAs decrease GBM cell proliferation as well as their capacity to generate a colony of daughter cells.

Selected miRNAs regulate the transcriptome of GBM cells

To clarify miRNA influence at the level of gene regulation, whole transcriptome analysis was performed in U251 cell lines transfected with mimics. Whole RNA was extracted 24 hours after cell transfection and the entire transcriptome was analyzed in four biological replicates. Among screened genes, several were significantly modulated by miRNA overexpression: 22% for miR-1293, 17% for miR-340 and 10,6% for miR-494, confirming their strong regulatory effect on gene expression. For miR-340, we found three major classes of genes affected: the first one includes genes involved in the regulation of cell metabolism (NQO1, DEGS1, SUMO2, ATP1B1, Figure 3A). The second set of genes includes ITGAV, ROCK1, ELMO1, LIMS1 that are notably involved in cell adhesion, invasion and metastasis. The last set includes genes involved in cell cycle and proliferation (PDCD6, CDK6, MAPK6). For miR-494, genes involved in cell metabolism, signaling and apoptosis were also modulated (Figure 3B). Of note, PKD1 and MET expression are up-regulated while pro-apoptotic caspases (CASP2, CASP1) expressions were down-regulated. For miR-1293, genes involved in cell cycle, proliferation and signaling (YOD1, DUSP6, CCND1) represents the main family of genes modulated (Figure 3C). To confirm these observations, a set of representative genes from these functional families were selected and tested by quantitative RT-PCR. Up-or downregulation of ELMO1 and ROCK1 for miR-340, MET, PDK1 and PLAUR for miR-494 and DUSP6, ADAM19 for miR-1293 was confirmed in GBM transfected cells (suppl Figure 2).

Together, these results provide evidence that miR-340, -494 and -1293 achieve a regulation in gene expression which is compatible with the observed inhibition of cell proliferation and clonogenicity in vitro.

As genes involved in cell adhesion/migration processes were also regulated, we hypothesized that the selected miRNAs could also regulate the invasion capacity of GBM.

To delineate the underlying mechanisms, we sought to characterize cell adhesion and transmigration. A decrease of cell transmigration in vitro on Matrigel was observed only with miR-340 transfected cells (30 ±5 % vs negative control) (Figure 4A-B). A greater effect of miR-340 was observed with vitronectin (substrate of both αvβ3 and αvβ5 integrin) (70 ±5 % vs negative control) (Figure 4A-B). Adhesion assays in vitro were also performed. Over-expression of miRNAs decreased the attachment of Ge269 cells to vitronectin and Matrigel only for miR-340 (20% of decrease in miR-340 vs miR control) (Figure 4C). Nevertheless, this double-impact of miR-340 on cell adhesion to vitronectin and Matrigel was not observed for the U251 cell line (where a significant difference was found for vitronectin but not for Matrigel) (Figure 4C). No alteration of the adhesiveness to Matrigel or vitronectin was observed for miR-494 and miR-1293 (Figure 4C). Together, these results suggest that miR-340 could modulate the expression of some integrins that promote GBM cell adhesion and motility. Although an observed inhibition of PLAUR, ELMOD1, ITFG3 and ADAM19 gene expression by miR-494 and miR-1293 was previously observed, these two miRNAs were not associated with modifications of GBM adhesion and transmigration in vitro.

MiRNAs regulate gene expression at the protein level

The expression of key proteins in GBM transfected cells was then assessed by a proteomic approach. To accomplish this, U251 GBM cells transfected with miR-340 compared to the negative control were used with Tandem Mass Tag (TMT), a powerful and accurate tool for quantitative proteomic studies [START_REF] Ong | Mass spectrometry-based proteomics turns quantitative[END_REF]. TMT belongs to a family of reagents referred to as isobaric mass tags that are designed to enable identification and quantification of proteins in different samples using tandem mass spectrometry. Expression of 55 proteins was significantly modified by miR-340 (ranked with p values and listed in table 2). Interestingly, these results show the down-regulation of LIMS1. This protein, already identified by microarray analysis (Figure 3), is likely involved in integrin signaling through its LIM domain-mediated interaction with integrin-linked kinase [START_REF] Ito | The roles of two distinct regions of PINCH-1 in the regulation of cell attachment and spreading[END_REF]. The down-regulation of LIMS1 may explain how miR-340 inhibits GBM cell adhesion and promote cell migration. Other proteins already identified at the transcriptional level were modulated: MET, Aldo-keto reductase family AKR1B10 and AKR1C2, Ras-related protein Rab. It confirms miRNA regulation at the protein level.

MiRNAs modulate GBM tumor development in a host nervous tissue environment

To get a more relevant view of the development and invasive potential of GBM cell transfected with miR-340, -494 and -1293, we used the tissue engineering approach combining a human GBM tumor with its host human nervous tissue. First, miRNA expression in transfected GBM developing within ENT was confirmed after one week (suppl Figure 3). The capacity of GBM cells to infiltrate the host nervous tissue (ENT) was analyzed by immunohistochemical analysis. In the co-culture ENT plus U251 GBM cells, the host nervous tissue was detected through a high expression of the neuroepithelial marker nestin and GBM was localized through low expression of nestin [START_REF] Preynat-Seauve | Development of human nervous tissue upon differentiation of embryonic stem cells in three-dimensional culture[END_REF]. In the coculture ENT plus Ge269 GBM cells, vimentin has been used to localize GBM cells [START_REF] Preynat-Seauve | Development of human nervous tissue upon differentiation of embryonic stem cells in three-dimensional culture[END_REF].

In accordance with our previous observations [START_REF] Nayernia | The relationship between brain tumor cell invasion of engineered neural tissues and in vivo features of glioblastoma[END_REF][START_REF] Cosset | Comprehensive metagenomic analysis of glioblastoma reveals absence of known virus despite antiviral-like type I interferon gene response[END_REF], GBM cells transfected with control miRNA massively infiltrate the host ENT and generate a large tumor cell mass negative for nestin (Figure 5D), that have crossed the ENT to be localized at the opposite side of the initial deposition site of GBM cells (Figure 5D). All miRNAs tested reduce this invasion process of host tissue (Figure 5A-C), notably miR-1293 that has the strongest effect and abolished cell invasion (Figure 5C). The same results have been reproduced with Ge269

GBM cell line (Figure 5E-H). Overall, expression of selected miRNAs in tissue conditions combining the tumor and its host tissue reduces tumor cell invasion.

To understand whether miR-340, -494 and -1293 regulate gene expression in these tissue conditions, we sought to identify their targets by analyzing the entire transcriptome.

For that purpose, ENT plus GBM transfected with miR-340, -494 or -1293 were compared with ENT plus GBM cells transfected with an irrelevant miRNA. For miR-340, two major classes of genes were modulated (Figure 6A). The first class includes genes involved in the type I interferon response (MX1, IFI6, IFI44, ISG15, IFITM1) (Figure 6A). Interestingly, we noticed in our previous studies that GBM/ENT interactions specifically induce such a type I interferon response [START_REF] Nayernia | The relationship between brain tumor cell invasion of engineered neural tissues and in vivo features of glioblastoma[END_REF][START_REF] Cosset | Comprehensive metagenomic analysis of glioblastoma reveals absence of known virus despite antiviral-like type I interferon gene response[END_REF]. The second set of genes belongs to the family of metallothioneins involved in Zinc homeostasis and maintenance of redox homeostatis (MT1H, MT1F, MT1A, and MT1E) (Figure 6A). Remarkably, miR-1293 mostly downregulates gene expression (Figure 6C). The main family of genes down-regulated by miR-1293 are involved in cell adhesion, migration and/or invasion, including TIMP1 and TNC that are well characterized in GBM [START_REF] Xia | Tumor microenvironment tenascin-C promotes glioblastoma invasion and negatively regulates tumor proliferation[END_REF][START_REF] Li | miR-340 inhibits glioblastoma cell proliferation by suppressing CDK6, cyclin-D1 and cyclin-D2[END_REF]. The second set of modulated genes is involved in zinc homeostasis. However, contrary to miR-340, miR-1293 down-regulates the expression of methallothioneins (MT1X, MT12A, MT1A, and MTE). These results

were confirmed by quantitative RT-PCR (suppl Figure 4). Interestingly, we also found a modulation of miR-494 and miR-1293 expression in cells over-expressing miR-340 while miR-494 or miR-1293 over-expression does not modulate the expression of other known miRNAs (suppl Figure 3).

Importantly, this gene modulation by miRNAs in tissue conditions was different than that observed using GBM lines growing in 2D culture, confirming that cell regulation by miRNA is highly influenced by the environment and/or the spatial organization of cells in tissues.

It suggests the preponderant function of miR-340 and how the regulation of GBM cell behavior by miRNAs differs according to the biological environment.

Collectively, this study highlights the interest of human tissue engineering for the understanding of miRNA regulation in GBM. Through this approach combined with in vivo observations in biopsies and in-silico data mining, miR-340 is notably indentified as an important regulator of GBM cells gene expression. Naturally expressed in brain tissue, miR-340 levels are down-regulated in tumors interacting with their host tissue, which is correlated with a better survival. Biologically, miR-340 decreases GBM cell proliferation, adhesion to extracellular matrix and invasion of the host nervous tissue. Moreover, it regulates miR-1293 and miR-494 which also inhibit tumor cell proliferation, clonogenicity and invasion.

Discussion

MiRNA represents attractive targets for the discovery of new treatments against glioblastoma. Indeed, they have the capacity to strongly influence cancer activity at the gene regulation level. Moreover, emerging non-viral strategies based on the use of rabies virus glycoproteins [START_REF] Conceição | Intravenous administration of brain-targeted stable nucleic acid lipid particles alleviates Machado-Joseph disease neurological phenotype[END_REF][START_REF] Gooding | Synthesis and characterization of rabies virus glycoprotein-tagged amphiphilic cyclodextrins for siRNA delivery in human glioblastoma cells: in vitro analysis[END_REF][START_REF] Park | Enhanced BBB permeability of osmotically active poly(mannitol-co-PEI) modified with rabies virus glycoprotein via selective stimulation of caveolar endocytosis for RNAi therapeutics in Alzheimer's disease[END_REF][START_REF] Alvarez-Erviti | Delivery of siRNA to the mouse brain by systemic injection of targeted exosomes[END_REF][START_REF] Kumar | Transvascular delivery of small interfering RNA to the central nervous system[END_REF] demonstrate the possibility to introduce miRNAs within the brain without intracranial injection. Then, identification of new miRNAs reducing GBM aggressiveness is needed. The identification of miRNA active on human GBM needs the use of relevant model as closer as possible to the human tissue. We previously reported that GBM cells growing on human ENT derived from hESCs not only provide an integrated system closer to the in vivo situation than existing models, but also allows for the identification of clinically-relevant genes induced by the tumor / host tissue interaction [START_REF] Nayernia | The relationship between brain tumor cell invasion of engineered neural tissues and in vivo features of glioblastoma[END_REF][START_REF] Cosset | Comprehensive metagenomic analysis of glioblastoma reveals absence of known virus despite antiviral-like type I interferon gene response[END_REF]. Accordingly to the expected biological and molecular heterogeneity between patient tumors, the list of regulated miRNAs differed between tissue model and biopsies.

Moreover, considering the physical heterogeneity of GBM surgical biopsies, depending of their localization, vascularization, and the level of necrosis, the cells submitted to direct miRNA analysis or GBM-initiating cells isolation has been considered to be heterogeneous. Thus, we have defined a strategy selecting only miRNA which are shared between biopsies and tissues, then reinforcing their biological importance.

Looking for miRNAs biologically active in GBM pathogenesis, we took advantage of this system to screen the entire miRNome through a next generation sequencing approach and observed that miR-340, -494 and -1293 emerge as three important regulators. In accordance, the importance of miR-340 and miR-494 has been recently highlighted:

Recent studies showed that miR-340 plays a tumor-suppressive function in high grade gliomas by targeting CDK6, cyclinD1 and cyclinD2 leading to cell arrest and cell proliferation inhibition [START_REF] Breitwieser | J Isobar(PTM): a software tool for the quantitative analysis of posttranslationally modified proteins[END_REF][START_REF] Ito | The roles of two distinct regions of PINCH-1 in the regulation of cell attachment and spreading[END_REF]. Moreover, Rho-associated protein kinase 1 (ROCK1) as well as tissue plasminogen activator (PLAT) have been also identified as a target of miR-340 [START_REF] Huang | miR-340 suppresses glioblastoma multiforme[END_REF][START_REF] Yamashita | miR340 suppresses the stem-like cell function of glioma-initiating cells by targeting tissue plasminogen activator[END_REF][START_REF] Kwak | Ionizing radiation-inducible miR-494 promotes glioma cell invasion through EGFR stabilization by targeting p190B rhoGAP[END_REF]. On the other hand, the over-expression of miR-340 in glioma initiating cells (GICs) decreases their proliferative, invasive and migratory properties. In accordance, we showed that miR-340 over-expression in GBM cells lead to a decrease of cell proliferation and clonogenicity. Moreover, we identified ROCK-1, PDCD6 and CDK6 as the potential mediator of miR-340 function in GBM cells. In our study, we did not show any modulation of PLAT and this discrepancy is likely attributable to the model GBM cells vs GIC in the other study.

In another hand, miR-494 has been reported as therapeutic target in GBM, as well as miR-340 [START_REF] Yamashita | miR340 suppresses the stem-like cell function of glioma-initiating cells by targeting tissue plasminogen activator[END_REF][START_REF] Kwak | Ionizing radiation-inducible miR-494 promotes glioma cell invasion through EGFR stabilization by targeting p190B rhoGAP[END_REF][START_REF] Li | miR-494-3p Regulates Cellular Proliferation, Invasion, Migration, and Apoptosis by PTEN/AKT Signaling in Human Glioblastoma Cells[END_REF]. MiR-494 enhances glioma cell invasive potential through epidermal growth factor receptor (EGFR) up-regulation and the activation of Akt and ERK. The downregulation of miR-494 in stem cell-like cells markedly promotes their apoptosis and suppresses their invasion and proliferation by targeting PTEN at the molecular level. In contrast, we showed that miR-494 over-expression in GBM cells lead to a decrease of cell proliferation and clonogenicity. Moreover, we identified PDK1, MET, PLAUR, ELMO1, and MAPK6 as the potential mediator of miR-494 function in GBM cells. This discrepancy between our results and this study could be also explained by the model used but also the strategy miRNA mimics vs inhibitors.

In contrast, the function of miR-1293 in glioblastoma is unknown. In a recent bioinformatics study, combining TargetScan and miRanda analysis, the tissue inhibitor of metalloproteinases 1 (TIMP-1) has been identified as a target of miR-1293 [START_REF] Kumar | Transvascular delivery of small interfering RNA to the central nervous system[END_REF]. TIMP-1 is known to be expressed in gliomas and validated as a good prognostic biomarker in this disease [START_REF] Lin | Plasma levels of tissue inhibitor of matrix metalloproteinase-1 correlate with diagnosis and prognosis of gliomapatients[END_REF][START_REF] Aaberg-Jessen | Low expression of tissue inhibitor of metalloproteinases-1 (TIMP-1) in glioblastoma predicts longer patient survival[END_REF][START_REF] Mehrian-Shai | High metallothionein predicts poor survival in glioblastoma multiforme[END_REF]. Accordingly, we identified TNC and TIMP-1 as down-regulated genes when GBM cell develop in ENT. Interestingly, these genes have not been showed in GBM transfected cells growing in 2D where genes involved in cell cycle and proliferation have been mostly identified (YOD1, DUSP6, CCND1). These data confirm that cell regulation by miRNA is highly influenced by the cellular micro-environment. To that extent, the main set of genes affected in ENT plus GBM cell system by miR-1293 as well as -340 is represented by methallothioneins (MT1X, MT12A, MT1A, and MTE). Recently, one study revealed that high metallothionein levels predict poor survival in GBM patients whereas low MT levels correspond to good prognosis [START_REF] Falnoga | Arsenic trioxide (ATO) influences the gene expression of metallothioneins in human glioblastoma cells[END_REF]. Some studies postulated that elevated levels of MTs could lead to GBM cells resistance to chemotherapy [START_REF] Petering | Apo-metallothionein emerging as a major player in the cellular activities of metallothionein[END_REF][START_REF] Ostrakhovitch | Interaction of metallothionein with tumor suppressor p53 protein[END_REF]. The metalfree form of MT binding to p53, and so preventing its activity, could represent the mechanism by which MTs achieve their pro-tumoral role [START_REF] Ostrakhovitch | Interaction of metallothionein with tumor suppressor p53 protein[END_REF][START_REF] Xia | Studies of interaction of tumor suppressor p53 with apo-MT using surface plasmon resonance[END_REF]. Moreover, MT1E has already been implicated in GBM cell migration and invasion. MT1E is found in highly motile cell and regulates MMP-2, -9 as well as NF-B p50/p65 transcription factor [START_REF] Ryu | Role of metallothionein 1E in the migration and invasion of human glioma cell lines[END_REF].

Despite a strong effect on GBM, no data are available in TCGA for miR-1293.

Nonetheless, our data suggest that miR-1293 could play an important role in GBM as a tumor-suppressor. Accordingly, the over-expression of miR-1293 induces the greater inhibition of cell proliferation, clonogenicity and completely impedes GBM invasive potential in ENT. A whole genome expression study analyzing the overall survival of GBM patients and miR-1293 expression should confirm that GBM patients expressing high level of miR-1293 have a better survival. The clinical relevance of miR-494 has been revealed only when we segregated patient according to the therapy criteria (therapy vs no therapy). Indeed, when patients are treated with chemotherapy and /or radiotherapy, miR-494 expression becomes important: patients who down-regulate miR-494 show a better survival than patients who over-express this miRNA. This data also reflects the concept of how therapies remodel cancer properties and heterogeneity and why a better disease follow-up is highly needed. More importantly, our data identified miR-340 as the fourth most important miRNA for patient survival: over-expression of miR-340 negatively impact the overall survival of GBM patient. Even when we segregated patient according to the therapy criteria, miR-340 is still important for patient survival. So, the clinical significance of this miR-340 is clearly high. In that respect, we also found a modulation of miR-494 and miR-1293 expression in cells over-expressing miR-340 while miR-494 or miR-1293 over-expression does not modulate the expression of another miRNAs.

Global expression analysis of the miRNome is one of the most common approaches to determine aberrantly expressed miRNAs. Several miRNAs have been identified and characterized from different and independent profiling studies. Notably, miR-21 is one of the most described miRNA in GBM and has been implicated in cell survival, apoptosis and tumorigenicity. Our study did not reveal miR-21 (or others) in the top list of miRNA differentially expressed among tumor biopsies and ENT plus GBM cells. As we have used a combined approach to identify miRNA involved in host nervous tissue and GBM cells interaction, we may assume that miR-21 is not implicated in these biological events.

Moreover, the TCGA analysis did not score miR-21 in the top list of miRNA for which expression is correlated with an effect on patient survival.

Altogether, our data highlight the importance and the potential of miR-340 as a therapeutic target for treatment of malignant gliomas. Indeed, several strategies for miRNA delivery have been addressed and showed some success in vivo like encapsulation of miRNA into nanoparticules [START_REF] Anand | MicroRNA-132-mediated loss of p120RasGAP activates the endothelium to facilitate pathological angiogenesis[END_REF].

This study provides a demonstration that human tissue engineering represents a suitable and relevant tool allowing the discovery of miRNAs involved in GBM agressiveness.

Herein is provided an elegant and relevant approach combining next generation sequencing, TCGA analysis and tissue engineering to get insight into miRNA expression and regulation of GBM cancer cell behavior in vitro and in vivo. Given that the observed gene regulation differs between tissue conditions and standard cell culture in 2D, this study highlights the importance of the tumor environment. Tissue organization and physical interactions between the tumor and a host tissue clearly influence gene regulation, reinforcing the importance of the used model. In conclusion, this study clearly demonstrates that human tissue engineering is a powerful tool to improve our understanding of miRNA regulation in GBM and highlights the importance of miR-340. 

Table 1. Listing of miRNAs induced, over-expressed and down-expressed in GBM patients and ENT model. The entire microRNome was analyzed through a next-generation ultra-deep sequencing in five GBM specimens as well as GBM cells developing into ENT. In the left column, miRNAs were considered as induced when absent in the respective controls but present in GBM biopsies and in GBM plus ENT. MiRNAs were considered to be up-regulated when their expression level was increased in GBM biopsies (n=5) and in GBM plus ENT (n=3) compared with the respective controls (epileptic samples, n=3, ENT alone=3). Then, miRNAs were considered to be down-regulated when their expression level was decreased in combined tissues compared with the respective controls. MiRNAs shared by both GBM biopsies and ENT plus GBM cells are shown in red in the table. In blue, miR-1285-1: induce in tumor biopsies but down-expressed in ENT + tumor. 

3' and 5 '

 5 TruSeq adapters. The constructs were purified again on an acrylamide gel to remove emtpy adapters and then reverse-transcribed and PCR-amplified. Highthroughput sequencing was performed on an Illumina HiSeq 2000 (1x50 cycles) (FASTERIS SA, Switzerland). All libraries were multiplexed into one lane. After demultiplexing, adapter sequences were trimmed from each read resulting in inserts of various sizes. Between 3.57mio and 5.54mio inserts of size 18 to 26 nt were obtained according to the library, with dominating classes of 22 and 23 nt inserts. Analysis of Next-Generation ultra-deep Sequencing (NGS): BWA was used (http://biobwa.sourceforge.net/) to map the inserts of size 18 to 26 bases with a maximum of 2 mismatches in the first 32 bases of the sequences, and a maximum of n mismatches in total.

  Statistical analysis: All quantitative data presented are the mean ± SEM. Samples used and the respective n values refer to the number of independent experiments and are listed in the figure legends. Statistical analyses were done with the students t-test and ANOVA where p<0.05 was considered significant.
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Figure 1 .

 1 Figure 1. Kaplan-Meier survival curves according to the relative expression levels of miR-340 in an independent 106 series of GBM tissues. The two curves (green for expression > 1 SD below the mean, blue dotted line for > 1 SD above the mean) indicate correlations between miRNA expression levels and survival. . The number of samples used to generate each curve (n) is indicated in red under the plot titles. grp: group. SD: standard deviation.

Figure 2 .

 2 Figure 2. MiR-340, -494 and -1293 modulate GBM cells growth and clonogenicity. (A) Proliferation of Ge269, U251 and LN215 transiently transfected with non-targeting scrambled control or mimics of miR-340, -494 and -1293 for 24h was determined after 0, 24, 48, 72 and 168 hours using alamar blue. Grafts represent the fold increase of proliferation of each transfected GBM cells versus the negative control (Ctrl neg). (B) Clonogenicity of Ge269, U251 and LN215 transiently transfected with non-targeting scrambled control or mimics of miR-340, -494 and -1293 for 24h was determined using clonogenic assay after 72h growth in 2%-FBS medium and 7 days regrowth in 10%-FBS. Histograms represent the percentage of clones formed compared to the control (Ctrl neg). Data are represented as mean (n = 5-6) ±SEM with *p<0.05, **p<0.01 and ***p<0.001. Ctrl pos: positive control (miR-1).

  1. Real-time PCR was performed using SYBRGreen reagent and the ABI Prism 7000 sequence detection system (Applied

	Biosystems) according the manufacturer's instructions. For amplification, the program
	recommended by Applied Biosystems was used (50 °C for 2 min, 95 °C for 10 min, 40
	cycles of 95 °C for 15 s and 60 °C for 1 min). The relative level of each sample was
	normalized to housekeeping genes (EEF1A1, ALAS1 and Tuba2). For miRNAs, RT-PCR
	were performed using Taqman or Exiqon Kit according to manufacturer protocols. RT-
	PCR reactions were carried out in technical and biological triplicates at least, and the
	average cycle threshold (CT) values were determined.

Microarray: For each condition, 500 ng of total RNA was used to synthesize cRNA using the Illumina TotalPrep RNA amplification kit (Ambion). cRNA concentration was measured with a spectrophotometer and cRNA quality was determined by 2100 Bioanalyzer (Agilent). For microarray 750 ng of amplified cRNA product was hybridized to human HT-12 v4.0, 47'214 probes, Illumina microarrays (Illumina) according to the manufacturer's instructions. Microarray preprocessing was done using R (R Development Core Team, 2011) and BioConductor packages. Microarrays were normalized and differentially expressed genes were identified using Limma package. Probes having FDR corrected p-values less than 0.05 and fold change larger than 2 between compared conditions were considered significantly differentially expressed.
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