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Abstract 

A major unresolved challenge in miRNA biology is the capacity to monitor the 
spatiotemporal activity of miRNAs expressed in animal disease models. We recently reported 
that the miRNA-ON monitoring system called RILES (RNAi-inducible expression Luciferase 
system) implanted in lentivirus expression system (LentiRILES) offers opportunity to 
decipher the kinetics of miRNA activity in vitro, in relation with their intracellular trafficking 
in glioblastoma cells. In this study we describe in detail the method for production of 
LentiRILES stable cell lines and employed it in several applications in the field of miRNA 
biology and therapy. We show that LentiRILES is a robust, highly specific and sensitive 
miRNA sensor system that can be used in vitro as a single-cell miRNA monitoring method, 
cell-based screening platform for miRNA therapeutics and as a tool to analyze the structure-
function relationship of the miRNA duplex. Furthermore, we report the kinetic of miRNA 
activity upon the intracranial delivery of miRNA mimics in an orthotopic animal model of 
glioblastoma. This information is exploited to evaluate the tumor suppressive function of 
miRNA-200c as locoregional therapeutic modality to treat glioblastoma. Our data provide 
evidence that LentiRILES is a robust system, well-suited to resolve the activity of 
endogenous and exogenously expressed miRNAs for basic research to gene and cell therapy. 
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Introduction 

MicroRNAs (miRNAs) are a large family of small, non-coding RNAs that play critical 

roles in the post-transcriptional regulation of gene expression. MiRNAs are predicted to 

regulate more than half of all mammalian protein-coding genes and are involved in almost all 

developmental and cellular processes (1-3). The canonical pathway of miRNA biogenesis in 

animals is initiated by transcription of long primary miRNAs (pri-miRNAs) by RNA 

polymerase II (4). The pri-miRNAs are processed in the nucleus by the Microprocessor 

complex into pre-miRNAs, hairpin intermediates of approx. 70 nucleotides (5). Pre-miRNAs 

are transported to the cytoplasm by exportin-5, where they are further cleaved by Dicer 

(RNase III enzyme) into approx. 22-bp duplex molecules with short 3’overhangs (6, 7). One 

strand of the duplex, the guide strand, is selectively incorporated into the RNA-induced 

silencing complex (RISC) containing the Argonaute (Ago) protein. The other strand, the 

passenger strand, is discarded. This class of non-coding RNAs bind to their target mRNAs by 

base pairing with partially complementary sequences in the 3’-untranslated region (3’UTR). 

Binding of miRNAs to target mRNAs results in translational repression and/or mRNA 

degradation (8-11). Each miRNA is believed to regulate up to several hundred targets, 

making up extensive gene expression regulatory networks (12). This evolutionarily conserved 

type of interaction between miRNAs and mRNAs has attracted great attention in the field of 

RNA biology and therapeutics (13). MiRNAs fulfil their biological function through a 

dynamic spatiotemporal expression pattern that fine-tunes the expression of multiple mRNA 

targets and collectively orchestrate biological responses (14-17). Beyond the well-illustrated 

spatiotemporal expression pattern of Lin 4 and let 7 miRNAs during embryonic development 

(18-23), there are many other miRNAs that are dynamically regulated during disease 

progression (24-26). For example, the miRNA-10b plays a role in the late stage of the 

metastatic process whereas it has a negligible effect in the first stage of tumour development 

(27) In preclinical therapeutic studies it was observed that the duration of gene silencing of 

therapeutic RNAi oligonucleotides is also variable and their biological activity depends on 

many parameters such as accessibility to the tumour site, diffusion trough tumour-

microenvironment, proliferation rate of tumour cells and the half-life of mRNA targets (28-

30). A better understanding of the dynamic expression pattern of miRNAs as well as miRNA 

delivery kinetics would be an advantage to better understand the functionality of miRNA and 

to optimize the benefits of miRNA-based therapeutics. 
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To resolve the spatiotemporal dynamics of miRNA-mediated gene regulation, it is 

necessary to assess the kinetics of miRNA expression in targeted cells or tissues. Expression 

levels of miRNA can be analysed by northern blotting, quantitative PCR, microarrays, and 

deep sequencing. However, kinetic analysis is laborious due to the need to collect samples at 

multiple time points. Furthermore, these methods fail to capture information on cell-to-cell 

variations in miRNA expression. Non-invasive molecular imaging modalities have the 

potential to fulfil these limitations. There are several miRNA molecular imaging methods 

developed to monitor the expression of miRNAs in real time and non-invasively. Molecular 

beacons which typically consist of stem-loop DNA oligonucleotides complementary to a 

miRNA strand, a fluorophore, and a quencher—overcome some of these limitations (31-33). 

However, signals of molecular beacons arise from hybridization of mature miRNA to stem-

loop DNA, regardless of Ago2 loading. Thus, molecular beacons do not discriminate between 

Ago-loaded functional miRNA and free, non functional miRNA. Because miRNA expression 

levels do not necessarily correlate with miRNA activity, the miRNA functionality cannot be 

inferred from expression analysis alone (34). Moreover, the dilution of the probes over the 

cell division rate of the biological systems studied is a limitation for the longitudinal analysis 

of miRNA expression. To directly measure miRNA activity, luciferase reporter gene with 

miRNA target sequences in their 3’UTR have been widely used as miR-OFF reporter assays, 

and are also successfully utilized for bioluminescent imaging in vivo (34, 35). Consequently, 

the expression of miRNA is negatively signed by the loss of optical signal, a readout that is 

somewhat constraining as the absence of signal in molecular imaging can have different 

causes such as cell death, low resolution capacity or equipment dysfunction. The miR-ON 

gene reporter methods tackle some of these limitations. These systems rely on engineering of 

genetic-switch expression systems to induce optical signal in cells when the miRNA of 

interest is expressed and, importantly, functionally processed by the RISC machinery. 

Pichard et al., (36), Amendola et al., (37) and more recently Rossetti et al. (38) engineered the 

Tetracycline-Inducible tTR-KRAB System and revealed the temporal dynamic expression 

pattern of miRNAs in several type of cells in vitro. However the principle of regulation of 

this miR-ON system requires several hours to days for the tTR-KRAB regulator protein (39-

41) to switch-ON the inducible expression cassette. Furthermore, KRAB-mediated silencing 

can act over several tens of kilobases and thus might affect the biology and behaviour of cells 

(42, 43). We previously designed the RILES system (RNAi-Inducible Luciferase Expression 

System) for spatiotemporal detection of miRNA activity in vivo by engineering the Cumate 
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genetic-switch operon (44-46) and, more recently, the Tetracycline genetic-switch operon 

systems in the Tet R configuration (47). We demonstrated that RILES switched ON the 

expression of luciferase and the hNIS reporter genes in a specific and dose-dependent manner 

and provided a temporal and spatial resolution of miRNA regulation in vitro and in vivo, that 

conventional detection methods can hardly achieve (45, 46). More recently (47), we 

demonstrated that subcloning the RILES in a lentiviral expression system provides the 

opportunity to monitor in real time and over short period of time the fate of miRNA activity 

in glioblastoma cells. We demonstrated that the time frame for the LentiRILES to be 

accurately switched-ON in cells is indeed rapid, starting 3 hours after transfection. When 

combined with confocal microscopy studies, this miR-ON monitoring system enabled us to 

decipher the critical steps of miRNA internalization, processing and exocytosis in U87MG 

glioblastoma cells (47). 

Here, we fully characterized the LentiRILES in cells by challenging the sensitivity, 

specificity and robustness of this miRNA-ON monitoring system using several cell types. We 

employed lentiRILES to visualize miRNA regulation in single-cells, as a cell-based miRNA 

screening platform and as rationale to perform structure-function analysis of the miRNA 

duplex. We report, for the first time to our knowledge, the kinetic of miRNA-mediated 

mRNA silencing activity in a preclinical animal model of glioblastoma after the locoregional 

infusion of synthetic miRNA by convection-enhanced delivery. We exploit the 

bioluminescence data generated by lentiRILES system to evaluate the tumour suppressive 

function of miRNA-200c as a locoregional treatment of glioblastoma. 

 

Methods  

Tissue Culture and Reagents.  

The U87MG, HEK 293 T, Hela, B16F10, 4T1 and C2C12 cell lines were purchased 

from ATCC (American Type Culture Collection) and maintained in culture according to 

standardized conditions. Cells were mycoplasma-free as evidenced by the MycoAlert 

Mycoplasma Detection Kit (Lonza). The commercial transfection reagents and synthetic 

miRNAs were purchased from several companies as indicated in the text. The polybrene 

(hexadimethrine bromide) used to increase lentiviral transduction efficiency and proteinase K 
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were from Sigma. The Tet R (clone 17795) and Argonaute 2 antibodies were from Abcam 

(Abcam, USA). The luciferin substrate for in vitro and in vivo use was from Promega. Our 

home-made lipopolyplexe transfection reagent, LPRi, was prepared as described recently 

(47).  

Lentiriles Stable Cell Line Production and Selection.  

The LentiRILES harbouring the CMV-TetO regulatable cassette encoding the 

luciferase reporter gene and the spleen focus-forming virus promoter driving the expression 

of the Tet R repressor gene originated from the Francisco Martin laboratory (GENYO, 

Pfizer/University of Granada, PTS Granada, Spain) and derived from a previous publication 

(48) . Procedures to place the Tet R transcriptional repressor under control of miRNA of 

interest as well as the protocol to produce the LentiRILES cell lines were the same as 

described recently (47) and according to conditions indicated in the text. The screening 

procedure to identify the LentiRILES cell lines that were the most responsive to miRNA of 

interest was carried out 7 days post-infection with the LentiRILES viral particles and by 

transfecting the cells with miRNA mimic at a final concentration of 100 nM using our LPRi 

lipopolyplexes transfection reagent. 

 

Mirna Mimics Transfections and Luciferase Assay.  

The transfection procedure to evaluate the potency of commercially available synthetic 

miRNA mimic and transfection reagents was performed strictly according to manufacturer’s 

recommendations. At the indicated time point post transfection, the relative luciferase activity 

units (RLU) in wells were quantified using a luminometer equipped with automatic injectors 

and normalized to protein content (RLU/mg protein) as previously described (45). 

Alternatively, tissue culture plates were scanned using an IVIS Lumina II imaging scanner 

(PerkinElmer) after renewing the tissue culture media with determined from a standard 

procedure as previously described PBS containing the luciferin substrate at a final 

concentration of 150 µg/ml. The plates were scanned for 2 min. Light emission from regions 

of interest (ROI) was drawn manually and quantified as photons/second/pixel/sr using the 

living Image Software (PerkinElmer). 
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Quantitative Real-Time PCR.  

The relative expression of Tet R and Luciferase mRNA as well as miRNAs was 

determined from a standard procedure as previously described (45). Briefly, short and long 

RNAs were collected simultaneously using the miRNAVANA isolation kit (ThermoFisher) 

then reverse-transcribed using the NCode VILO miRNA cDNA synthesis kit according to the 

manufacturer's instructions (ThermoFisher). Real time quantitative PCR was performed with 

SYBR green dyes (QuantiFast SYBR Green master mix, Qiagen) using specific Tet R 

(forward 5’-GCCCAGAAGCTAGGTGTAGA and reverse 5’-

TGTACTTTTGCTCCATCGCG), luciferase (forward 5’-TCATAGAACTGCCTGCGTGA 

and reverse 5’- AGCAGCGCACTTTGAATCTT), E-caherin (forward 5’-

CGTACATGTCAGCCAGCTTC and reverse 5’-TGGAGGAATTCTTGCTTTGC), 

Vimentin (forward 5’-TGTCCAAATCGATGTGGATGTTTC and reverse 5’-

TTGTACCATTCTTCTGCCTCCTG), Zeb-1 (forward 5’-TTTCTTGCCCTTCCTTTCTG 

and reverse 5’-GGGAGGAGCAGTGAAAGAG) and Zeb-2 (forward 5’-

CCACACTCTGTGCATTTGAACT and reverse 5’-AAGCCAGGGACAGATCAGC) 

primers and commercially available primers to miRNA-122, -133a, and -21.5 (Qiagen). The 

specificity of the PCR amplicon (size and product) and absence of primer-dimer were 

verified by melt-curve analysis using LightCycler 480 equipment and software (Roche). 

Samples were normalized to the GAPDH level for quantification of the mRNA transcripts 

and to the snU6 level for quantification of miRNA. Finally, the relative levels of expression 

of mRNAs and miRNAs were determined using the 2-ΔΔCt method. To quantify the number of 

lentivirus vector copies integrated per genome, genomic DNA was extracted by lysing 106 

cells in the SNET buffer (20 mM Tris-HCl pH 8, 5 mM EDTA pH 8, 400 mM NaCl, 1% 

SDS) containing proteinase K used at a final concentration of 100 mg/ml. After a phenol–

chloroform extraction step to remove proteins, the genomic DNA was ethanol precipitated 

and quantified by spectrophotometry. Then 50 ng of extracted genomic DNA samples were 

used in each quantitative PCR reaction performed in triplicate using the Tet R and luciferase 

primers. The vector copy number (v.g.c) per host-cell genome was determined by 

interpolation to a standard curve prepared from serial dilution of the Tet R and Tet-o-Luc 

plasmids. Data were finally expressed as v.g.c value by assuming that 50 ng of genomic DNA 

is equivalent to 8 334 genomes as described previously (48).  
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Mirna Labelling and Confocal Microscopy Analysis.  

For confocal microscopy studies of the intracellular distribution of transfected miRNAs 

in cells, miRNA mimics were labelled using the Label IT nucleic acid labelling kit according 

to the manufacturer’s protocol (Mirus, USA) with some modification as described recently 

(47). After plating, the cell monolayers were transfected with LPRi complexed with 50 nM 

final concentration of Cyanine 3 (Cy-3)-labelled blunt or overhang miRNA-133a mimics for 

6 hours in tissue culture. The cells were thereafter fixed in 3% paraformaldehyde/PBS 

solution at room temperature, washed and stained with the Argonaute 2 antibody overnight at 

4°C. Coverslips were collected, mounted in Vectashield medium for fluorescence (H-100, 

Vector Laboratories) and analysed using the Zeiss LSM 510 confocal laser scanning 

microscope with an apochromat 63×/1.4 oil differential interference contrast (DIC) objective 

(Carl Zeiss). Colocalization analysis was monitored using the ImageJ plug-in JACoP (Just 

Another Co-localization Plugin). Each coloured image was split into respective red and green 

channels. The Mander’s R coefficient was calculated based on the red and green channels. 

Final data were expressed as the co-localization coefficient, r2, from three independent 

experiments collected from a minimum of 50 independent cells per condition each time. 

 

Cell Viability Assay, Cell Cycle and Apoptosis Flow Cytometry Analysis and In Vitro 

Wound Scratch Assay. 

Cell viability upon transfection of miRNA-200c in U87MG cells was performed using 

the Alamar Blue assay following the manufacturer's recommendations (Sigma-Aldrich). 

Briefly described, at the time of the assay, the Alamar Blue stock solution was directly loaded 

in the tissue culture plate at a final dilution of 1/10 and incubated for 90 min at 37°C, 5% 

CO2. The plates were thereafter read using a fluorescence-based plate reader with a 

fluorescence excitation wavelength of 540–560 nm and an emission wavelength of 590-610 

nm. The raw fluorescence values were corrected by subtracting the background fluorescence 

values detected in wells treated in the same condition but without cells. Fluorescence cell 

cycle analysis was performed by incubating 106 cells in suspension with 3 mL of 70 % 

ethanol followed by an incubation period of 1 hour at -20 °C. Ethanol was removed after 

centrifugation and total RNA discarded by treatment for 30 min at 37°C with RNAse A 

solution (ThermoFisher) used at the final concentration of 500 U/ml. The pellets were washed 
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twice in DPBS, resuspended in 300 μL of DPBS containing 0.2% Triton X-100 and analysed 

using Becton Dickinson FACSort (Becton Dickinson) after addition of propidium iodide 

solution used at the final concentration of 10 ng/μL. Fluorescence was collected from 30 000 

events and analysed using the CellQuestTM Pro software (Becton Dickinson). Cell death and 

apoptosis analysis were performed after staining cells with a combination of Annexin V 

conjugated FITC and propidium iodide (ANNEX300F kit, Bio-Rad). Cells in suspension 

were first resuspended in binding buffer provided by the Annexin V:FITC Assay Kit before 

adding 5 μL of Annexin V conjugated FITC solution to 3 105 cells for 10 min of incubation at 

room temperature in the dark. Then propidium iodide was added to the cell suspension at a 

final concentration of 1 ng/ml before analysing the cell population by flow cytometry using 

the Becton Dickinson FACSort. A minimum of 30 000 events were acquired and analysed 

using CellQuestTM Pro software. In vitro wound scratch assays were performed by culturing 

the U87MG cells in 24-well plates to reach a nearly confluent cell monolayer the following 

day. The miRNA-200c mimics formulated with the LPRi transfection reagent were 

transfected to cells according to the protocol described above. Then 3 days later, vertical 

wounds were performed with sterile 20-200 𝜇l plastic pipette tips. The plates were placed in a 

time lapse videomicroscope (Zeiss) placed in an environmental chamber at 37 °C, 5% CO2. 

Pictures of the wounds were recorded automatically every 2 hours for a total of 3 days. 

Wound areas at individual time points were measured using the ZEN LE Digital Imaging 

Software (Zeiss). Data were expressed as % of closure by normalizing the calculated area to 

100 % of wound area of untreated cells.  

 

Orthotopic Glioblastoma Animal Model and Locoregional Delivery of LPRi Mimic. 

All mouse experiments were carried out in strict accordance with the rules of the 

French Ministry of Agriculture and the European Communities Council Directive 

(86/609/EEC). The experimental protocol used in this study was approved by the “Pays de la 

Loire” Ethics Committee of Animal Experiments (Permit No. CEEA. 2012.60; Authorization 

n°A 49-2012-04). Female CB-17/Icr-Prkdc scid/Rj mice (7 weeks old, Janvier Labs, France) 

were maintained in pathogen-free conditions with controlled temperature (20-22°C), 

humidity (50-70%), light (12 h light/dark cycles) and housed with unlimited access to food 

and water. Tumour implantations were done by stereotactic surgery according to detailed 
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procedures recently described (47) (49). The miRNA mimics (2 µg miRNA mimic 

formulated in 7 µl of PBS using a 10 fold concentrated LPRi solution) were infused into solid 

tumours by the convection-enhanced delivery method (CED). The CED infusion was 

performed using syringes equipped with a 32-G needle connected to the Harvard apparatus 

Pump and carried out automatically at a constant flow rate of 0.5 μL/min over a period of 

time of 18 min. After injection, the needles were left in place for an additional 5 min and 

gradually removed over an additional period of 5 min. The mice were monitored daily for 

mobility, grooming and weight.  

 

Bioluminescence Imaging.  

Bioluminescence imaging was performed rigorously as previously described (45) (47). 

The Living Image Software (PerkinElmer, USA) was used to express the data as 

photons/second/pixel/sr monitored from region of interest covering the brain of mice after a 2 

min integration time with the following acquisition parameters: relative aperture F/Stop = 1, 

binning of 4, field of View D. The sensitivity of the imaging scanner was tested monthly with 

commercially available positive sources of bioluminescence. 

 

MRI Imaging  

MRI of mice was performed according to procedure described previously (49). Briefly, 

mice were isoflurane-anesthetized and scanned using a Burker Biospec 70/20 device, 

operating at a magnetic field of 7T (Bruker, Wissembourg, France), equipped with a 1 H 

cryoprobe. Anatomical proton images were generated using a acquisition with relaxation 

enhancement (RARE) sequence [TR = 3200 ms; mean echo time (TE) = 21.3 ms; RARE 

factor = 4; FOV = 2 cm x 2 cm; matrix 256 x 256; 11 contiguous slices of 0.5 mm, Nex = 1]. 

For monitoring tumour development overtime, a total of 8 MRI slices by brain were taken 

during the imaging session. Then regions of interest covering visible tumours areas were 

drawn using Paravision 6.0.1 software, summed and multiplied by the slice thickness to 

obtain the tumour volume at each time point and for each group of mice. 
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Statistical Analysis.  

The results were expressed as mean ± S.E.M. and all the experiments were performed 

at least in triplicate. Statistical evaluation was carried out by one-way analysis of variance 

between groups (ANOVA program of Origin, OriginLab, Northampton, MA) or Student's t-

test for comparisons between two groups. Statistical significance for survival experiments in 

animal was determined using the log rank test. Differences were considered to be statistically 

significant when p < 0.05.  

 

Results and Discussion 

Strategy of Production of LentiRILES Cell Lines  

Recently, we engineered the Tet R-based lentiviral system developed by Benabdellah et 

al. (48) to produce a U87 MG stable cell line expressing the miR-ON RILES system 

constitutively (LentiRILES, Figure 1A). The system is based on two lentiviral vectors, one 

expressing the Tet R through the spleen focus forming virus (SFFV) promoter (Lenti Tet R) 

and the other expressing the firefly luciferase (FLuc) driven by the regulatable inducible 

CMV-Tet O promoter (Lenti Tet_O_Luc). We subcloned 4 complementary block sequences 

to a miRNA of interest (miR T cassette) downstream to the WPRE viral gene of the Lenti Tet 

R vector to place the expression of the Tet R repressor under control of the miRNA (Figure 

1A). When the given miRNA is expressed in cells, it will bind to the miR T cassette, 

activating the RISC machinery and inhibiting the production of the Tet R protein. 

Consequently, in the absence of the Tet R protein bound on the Tet O operator, the inducible 

promoter is switched-ON, resulting in the expression of the FLuc and emission of a positive 

bioluminescence signature in cells that can be easily collected using a bioluminescence 

imaging scanner (Figure 1A). To achieve a high signal-to-noise ratio readout, we placed 

RILES under the control of miRNA-133a (LentiRILES/133T), a muscle-specific miRNA that 

is highly enriched in cells from cardiac and skeletal muscles lineages and undetectable in 

most other cell types derived from different organ sources (Figure 1B). Therefore, as 

illustrated in Figure 1A, in the presence of transfected miRNA-133a, the RILES system will 

be switched-ON in cells resulting in emission of bioluminescence signals that can be 

monitored using standard bioluminescence imaging scanner.  
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We challenged the LentiRILES/133T system by evaluating the responsiveness of the 

LentiRILES produced in several cancer cell lines, derived from different tissue origins, such 

as human cervical cancer (HeLa) cells, murine melanoma (B16F10) cells, mouse mammary 

carcinoma (4T1) cells and, for comparison, the human glioblastoma U87MG cell line 

(U87MG). We first developed and optimized the procedure to generate optimal-responsive 

LentiRILES/133T stable cell lines to the miRNA-133a used as the inducer of the OFF-to-ON 

shift of the RILES configuration. The general procedure (Figure 1C) consists in the 

transduction of cells with first a MOI value of the Lenti Tet R/133T viral particles to transfer 

expression of the Tet R protein in at least 80 % of the whole cell population. Then, 4 days 

later, cells were infected with different MOI values of the Lenti Tet_O_Luc viral particles to 

find an appropriate balance between expression of the Tet R protein and the number of Tet O 

operator sequences integrated in the host genome of cells. 

To rationalize the best MOI values of Lenti Tet R/133 and Lenti_o_Luc viral particles, 

we first evaluated the transduction efficiency of each cell line using a lentivirus encoding for 

the eGFP reporter gene. Flow cytometry analysis of cells transduced at a MOI of 12.5 

indicated (Figure 1D) that the most permissive cell line was the U87MG (80 % of GFP 

positive cells), followed by the HeLa cells (63 % of GFP positive cells), the B16F10 cells 

(35 % of GFP positive cells) and finally the 4T1 cells (35 % of GFP positive cells). 

According to this result, we selected for each cell line an appropriate MOI value of Lenti Tet 

R/133T viral particles to transfer expression of the Tet R protein in 70 % of the whole cell 

populations. We then infected the cells with increasing MOI values of Lenti Tet_O_Luc viral 

particles to find the best ratio of infection between the Lenti Tet R/133 and Lenti_o_Luc viral 

particles. We produced a total of 16 LentiRILES/133T cell lines and evaluated their 

responsiveness to miRNA-133a transfected in 96-well plates using a bioluminescence 

imaging scanner. The results demonstrate that all the LentiRILES/133T stable cell lines 

generated were responsive to the miRNA-133a mimic with however different efficiency 

(Figure 1E). Quantification of bioluminescence signals emitted from the cells indicated that a 

Lenti Tet R 133T to Lenti Tet_O_Luc MOI ratio of 2/1 was the best ratio to generate 

optimal-responsive cells to miRNA-133a. As show in Figure 1E, Hela cells transduced with a 

MOI ratio of 30/15 had a maximum 5.8-fold increase in luciferase activity in response to 

transfected miRNA-133a, while the B16F10 melanoma cells transduced with a MOI ratio of 

50/25 had a maximum 3.1-fold increase of luciferase activity. The 4T1 breast cancer cells 



12 

 

were found to be the less responsive LentiRILES/133T cell line as a maximum 2.2-fold 

increase in luciferase activity was detected in these cells for a MOI ratio of 50/25. In contrast, 

the U87MG glioblastoma cells were the most responsive cell line to transfected miRNA-133a 

as a maximum of 7.7-fold increase in luciferase activity was detected at a MOI ratio of 10/5.  

This first set of data indicate that an optimal balance between the Tet R protein and the 

Tet O operator sequence integrated in cells is a key determinant to generate responsive cell 

lines to miRNA mimic used as inducer to switch OFF-to-ON the RILES configuration. 

Accordingly, the permissiveness of cells to lentivirus infection has to be taken into account 

when generating LentiRILES stable cell lines and might require optimized transduction 

procedures to bypass the low rate of viral infection of some cell lines (50). 
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Figure 1. Schematic representation of the lentiRILES system and strategy to generate 
LentiRILES stable cell lines. A) Maps of the two lentiviral expression plasmids encoding for 
the RILES system. Left panel, Tet-O-Luc : lentivirus expression plasmid encoding for the 
firefly luciferase reporter gene driven by the inducible minimal CMV promoter containing 2 
Tet O operators. Tet R : lentivirus expression plasmid encoding for the Tet R repressor 
protein controlled by the presence of a miRNA targeting sequence cassette (miR T) 
complementary to a miRNA sequence of interest. Right panel, Scheme showing luciferase 
induction upon miRNA activity. When expressed in cells, the miRNA of interest will bind to 
the miR T cassette located in the 3’UTR of the Tet R mRNA, inducing activation of the RISC 
machinery and transcriptional repression of the Tet R protein. In the absence of Tet R, the 
RNA polymerase transcribes the luciferase reporter gene, switching-ON the LentiRILES 
system. Bioluminescence signals emitted from the cells can be collected by bioluminescence 
imaging equipment. B) Quantitative RT-PCR analysis of miRNA-133a expression in several 
cancer cell lines and in the tibialis anterior skeletal muscles of mice used as positive control. 
C) Schematic representation of the procedure used to generate stable cell lines expressing the 
LentiRILES/133T system. The cells are first transduced with a constant MOI value of the 
Lenti Tet R/133T viral particles followed by the infection with different MOI values of lenti 
Tet-O-Luc viral particles to find the best balance between expression of the Tet R protein and 
the number of Tet O operators integrated in the host genome of cells. D-F) Production of 
different stable LentiRILES/133T cancer cell lines. D) Permissiveness of U87MG, Hela, 
B16F10 and 4T1 cells to lentivirus infection evaluated by flow cytometry using lentivirus 
particles encoding for the eGFP reporter gene at various MOI. E) Responsiveness to miRNA-
133a of different U87MG, Hela, B16F10 and 4T1 cells LentiRILES/133T cell lines generated 
using different MOIs of TetR and Tet-O-Luc as indicated at the left of each lane of each 
wells of tissue culure plate. The LentiRILES/133T cell lines were plated on 24 well plates 
and then transfected with miRNA-133a before scanning the plate 3 days later using a 
bioluminescence imaging scanner. F). Quantitative bioluminescence signals collected from 
region of interest from E. Data are expressed as mean +/- SEM of one representative 
experiment performed at least 3 times. Statistics by the two-tailed t-test, *P<0.05, **P<0.01, 
compared to control cells transfected with a miRNA mimic control (CTL). 
 

Characterization of the U87MG LentiRILES/133T Cell Line  

We next performed a systematic analysis to gain insight into the molecular mechanism 

of the OFF-to-ON shift of the RILES/133T stably integrated in the genome of the 

LentiRILES U87MG/133T cell line (ratio 10/5). Results from qPCR analysis indicated that 

there were 2.1-times more viral integrated copies of Lenti TetR/133T than of Lenti_o_Luc 

virus in the host genome of these cells leading to to 64.1-fold higher relative production of 

Tet R mRNA in cells than Luciferase mRNA (Figure 2B and 2C). In the ON-configuration, 

i.e. after transfection of miRNA-133a, the relative expression of Tet R mRNA was reduced 

by 77.4 % (Figure 2B) corresponding to a reduction by 68.2 % of Tet R protein expression 

(Figure 2C). This downregulation process was correlated with the induction by 5.1-fold of the 

luciferase mRNA (Figure 2C) proving, as anticipated theoretically in Figure 1, that the mode 
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of shifting OFF-to-ON of the RILES system is dependent on the transcriptional repression of 

Tet R mRNA that, in turn, induces the expression of the Firefly Luciferase protein. We then 

evaluated the sensitivity of U87MG LentiRILES/133T cells. We found that the rate of 

luciferase fold induction was well correlated (R2 = 0.97) with the concentration of miRNA-

133a transfected in cells ranging from 0 to 3 nM (Figure 2E). However, above this 

concentration, the RILES read-out saturated. No statistically significant difference in terms of 

luciferase fold change was found between cells transfected with 3 nM and 100 nM of 

miRNA-133a (Figure 2E). The same trend was observed when the study was performed at 

the molecular level. The range of Tet R mRNA down-regulation was well correlated (R2 = 

0.92) with the increasing concentrations of miRNA-133a transfected in cells up to 3 nM, and 

was, as expected, inversely correlated (R2 = 0.90) with the induction of luciferase reporter 

mRNA (Figure 2F). Again, above this miRNA concentration, the relative expression of both 

Tet R and luciferase mRNAs was not significantly different when 3 or 100 nM of miRNA-

133a were transfected (figure 2F). We finally assayed the specificity of the LentiRILES/133T 

to several miRNA mimics transfected in cells. As shown in Figure 2G, no leakage or non-

specific induction of the luciferase reporter gene was detected when irrelevant or unspecific 

miRNA mimics were used attesting again the great specificity of the RILES system (45-47). 

This second set of data demonstrates that the LentiRILES system is a reliable, 

specific, sensitive OFF-to-ON shift miRNA-ON reporter system, capable to monitor the 

functionality of transfected miRNAs in several cancer cell lines. However, the saturation of 

RILES detected at intermediate concentrations of transfected miRNA mimics is perceptible 

and might be a limitation. 
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Figure 2. Functional characterization of the U87MG LentiRILES/133T cell line. A) Absolute 
quantitative PCR quantification to determine the number of viral copies of Lenti Tet R/133T 
and Lenti Tet-O-Luc expression plasmids integrated into the host genome of the U87MG 
LentiRILES/133T cell line. Relative Tet R (B) and luciferase (C) expression detected by 
quantitative RT-PCR in the U87MG LentiRILES/133T cell line before and after transfection 
of miRNA. D) Relative protein expression of Tet R protein detected by western blot in the 
U87MG LentiRILES/133T cell line before and after transfection of miRNA. E) Dose 
response study of luciferase fold change induction detected in the U87MG LentiRILES/133T 
cell line in response to increasing concentration of miRNA-133a mimic. Forty-eight hours 
after transfection, luciferase activity in cells was quantified and expressed as fold induction 
relative to control, not-transfected cells, and set to the arbitral value of 1. Inset: the same 
results but shown on a linear scale for miRNA concentration ranging from 0 to 3 nM. F) 
Relative Luciferase and Tet R fold change mRNA expression quantified by quantitative RT-
PCR in U87MG LentiRILES/133T cells in response to increasing concentration of miRNA 
133a. Data are expressed as mean +/- SEM of one representative experiments performed at 
least 3 times. Statistics by the two-tailed t-test, *P<0.05, **P<0.01, ns (not significant), 
compared to control cells transfected with a miRNA mimic control (CTL, B, C, G) or not-
transfected cells (A, E, F). 

 

In Vitro Monitoring of Endogenous Expressed Mirna Using the LentiRILES System 
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We then challenged a key aspect of miRNA biology that is related to the need for 

monitoring methods capable of resolving the dynamic expression pattern of endogenously 

expressed miRNAs during the development of physiological and pathological processes. We 

evaluated this challenging aspect using the two different cell types, C2C12 myoblast cells, 

that are known to express the miRNA-133a upon differentiation in myotubes (51) (Figure 

3A) and U87MG cells that are known to have opposite expression patterns of miRNA-122 

and -21.5p (52). To visualise the dynamic expression of these endogenously expressed 

miRNAs by fluorescence imaging on live cells, we replaced the Firefly Luciferase with the 

GFP reporter gene. The generated system was then denoted RIFES system, standing for 

RNAi-inducible fluorescence expression system.  

C2C12 cells were transduced with an optimal Lenti Tet R/133T to Lenti Tet_O_eGFP 

MOI ratio according to the procedure described in Figure 1. Then the most responsive C2C12 

LentiRIFES 133T stable cell line was differentiated in myotubes to induce expression of 

miRNA-133a (51). Fluorescence microscopy analysis of cell monolayers revealed presence 

of intense fluorescent signals in the differentiated myotubes formed, with stronger emitted 

fluorescence detected in areas where myotubes were more apparent (Figure 3C, arrows). In 

contrast, lower fluorescence signal was detected in undifferentiated, myoblast cell 

monolayers (Figure 3C) with a uniform distribution pattern of the fluorescence detected 

among the cellular monolayer. Quantitative flow cytometry analysis of the cells collected by 

trypsinization indicated that the mean GFP intensity was 3.9-fold higher in differentiated 

C2C12/133T myotubes compared to undifferentiated C2C12/133T myoblast cells (Figure 

3D). Next, we monitored the endogenous expression pattern of miRNA-122 and -21.5p in 

U87MG cells which were found to be respectively faintly and highly expressed by qRT-PCR 

(Figure 3E). We constructed two novel LentiRIFES expression plasmids by replacing the 

133T cassette with a 122T or 21.5T cassettes to produce the corresponding U87MG 

LentiRIFES/122T and -21.5T stable cell lines. We transfected these two cell lines with 

miRNA-122 mimic or with an inhibitor of miRNA-21.5 (AMO miRNA-21.5) (Figure 3F). 

Fluorescence microscopic analysis of cells monolayers in basal conditions revealed high 

fluorescence signal in the U87MG LentiRIFES/21.5T cells and low-to-almost undetectable 

fluorescence signal in the U87MG LentiRIFES/122T (Figure 3G) that correlated well with 

the endogenous expression pattern of these miRNAs detected by qRT-PCR (Figure 3E). 

Remarkably, a clear positive shift of fluorescence intensity, from 94 to 4 755 MFI was 
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quantified when the U87MG LentiRIFES/122T cells were transfected with miRNA-122 

while, in contrast, a clear negative fluorescence shift from 7 547 to 3 231 MFI was detected 

when the U87MG LentiRIFES/21.5T cells were transfected with the miRNA-21.5 inhibitor.  

This third set of data demonstrates that the LentiRILES system can not only monitor 

the expression of ectopic miRNA but also endogenously expressed miRNAs using two main 

optical molecular imaging modalities (e.g bioluminescent and fluorescent imaging). The 

fluorescent reporter gene offers an additional advantage for RILES by providing a single and 

live-cell resolution of miRNA expression that can be exploited to cell-sort homogenous 

populations of cells according to their miRNA expression pattern. 

 

 

Figure 3. Real time, fluorescence monitoring of endogenously expressed miRNA in cell 
lines. A) Quantitative RT-PCR analysis of miRNA-133a expression in C2C12 cells cultured 
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in undifferentiated and differentiated media to induce differentiation of these cells in 
myotubes and the endogenous expression of miRNA-133a. B) Schematic representation of 
the procedure used to monitor expression of miRNA-133a in the myotubes using the 
RIFES/133T system and a fluorescence imaging microscope. The C2C12 cells were 
transduced with the Lenti Tet R/133T virus and then with Lenti_o_eGFF according to the 
procedure described in Figure 1C and then cultured in media containing 2% of horse serum to 
induce their differentiation in myotubes and expression of this miRNA. C) Upper quadrant, 
Live-cell fluorescence imaging of monolayers from undifferentiated and differentiated 
C2C12 LentiRIFES/133T cells performed at day 7. Lower quadrant superimposition of bright 
field and fluorescence images of the same field of view of cell monolayers to show the more 
pronounced localisation of fluorescence signals in the myotubes (arrows). D) Flow cytometry 
quantification of eGFP expression in the same cells as C collected by trypsinisation. E) 
Quantitative RT-PCR analysis of expression of miRNA-122 and -21.5 in U87MG cells. F) 
Schematic representation of the procedure to monitor expression of these two miRNAs in 
real-time by fluorescence imaging after transfection of miRNA-122 mimic or miRNA-21.5 
inhibitor (AMO, antisense miRNA) in U87MG RIFES/122T and U87MG RIFES/21.5T cells 
respectively. G) Live-cell fluorescence imaging and H) flow cytometry analysis of the 
U87MG RIFES cells from F. Data are expressed as mean +/- SEM of one representative 
experiments performed at least 3 times. Statistics by the two-tailed t-test, **P<0.01 compared 
to control undifferentiated cells (C2C12 und). 

 

The Lentiriles Cell Line can be used as a Positive Screening Platform to Identify Optimal 

Synthetic Mirna Mimics and Transfection Reagents  

We next explored some applications of the LentiRILES system in the field of miRNA 

therapy. Having demonstrated the good sensitivity and specificity of the U87MG 

LentiRILES/133T cell line, we then anticipated that this cell line could be used as a novel, 

positive cell-based screening platform to evaluate the performance of miRNA mimics and 

transfection reagents. We screened the efficacy of 8 miRNA mimics and 7 transfection 

reagents commercially available. We included our homemade lipopolyplexes (LPRi) 

formulation, previously reported as a potent siRNA (53) and miRNA (47) transfection 

reagent as well as a synthetic homemade miRNA-133a mimic. Results of this screening 

procedure performed in 96-wells plate and monitored using a bioluminescence scanner 

indicated (Figure 5A) that the gold standard Lipofectamine RNAi max (7.24 x 1010 RLU/mg) 

and LPRi (6.82 x 1010 RLU/mg) transfection reagents were the two most efficient miRNA 

transfection reagents. The transfection reagent Transit X2 (4.93 x 1010 RLU/mg) and 

Hyperfect (4.63 x 1010 RLU/mg) exhibited a similar range of efficacy but were less efficient 

than the RNAi max and LPRi. The transfection reagents HappyFect (3.69 x 1010 RLU/mg), 

Viromer Blue (2.69 x 1010 RLU/mg), Fugene HD (2.63 x 1010 RLU/mg) and Fugene 6 (2.46 

x 1010 RLU/mg) were found the less efficient (Figure 4A, lower panel). Using a similar 
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approach (Figure 5B), we found that the best miRNA mimic tested was the miRVANA 

mimic from ThermoFisher (7.59 x 1010 RLU/mg) followed closely by the mimic produced by 

Qiagen (6.89 x 1010 RLU/mg). The miRNA mimics produced by Dharmacon (4.83 x 1010 

RLU/mg), Active Motif (4.66 x 1010 RLU/mg), by our laboratory (HM, 4.43 109 RLU/) and 

by Sigma (4.03 x 1010 RLU/mg) were less efficient. We also found that the first generation of 

miRNA mimic produced by ThermoFisher, called pre-miRNA, was less efficient (3.93 x 1010 

RLU/mg) than miRVANA (7.24 x 1010 RLU/mg) which is the latest generation of miRNA 

mimics produced by the company. According to this company, the difference between these 

two generations of synthetic miRNAs can be attributed to proprietary-based chemical 

modifications of miRNA oligonucleotides. It is therefore interesting to point out that the 

LentiRILES monitoring system is sensitive enough to discriminate by an almost 2-fold 

difference in sensitivity between these two generations of miRNA mimics.  

 

Figure 4. Cell-based miRNA screening platform using the U87MG LentiRILES/133T cell 
line. The U87MG LentiRILES/133T cells were plated on 96-well plates and then transfected 
with commercially available A) transfection reagents and B) miRNA-133a mimics. A 
homemade miRNA-133 mimic (mimic HM) and lipopolyplexes transfection reagent (LPRi) 
were included. Upper panel : the plates were scanned 3 days later using a bioluminescence 
scanner. Lower panel : same experiment performed on 24-wells plate to normalize 
bioluminescence values to protein contents in each wells. The data were expressed as mean 
of RLU/mg +/- SEM of one representative experiment performed at least 3 times. Statistics 



20 

 

by the two-tailed t-test, *P<0.05, **P<0.01, compared to control cells transfected with a 
miRNA mimic control (miRNA CTL). 
 

We then examined another possible application of our LentiRILES system by exploring 

some key features of the relationship between the structure and function of miRNA duplexes 

(54-56). We prepared two types of miRNA-133a mimic (Figure 5A): a blunt-end extremity of 

miRNA-133a duplex and a 3' dinucleotide overhang miRNA-133a duplex identical to the 

double-stranded miRNA-133a duplex produced endogenously by the cells and annotated in 

the mirBAse data base. As impact of the miRNA structures on their intracellular fate in cells 

after transfection was not reported to our knowledge, we first investigated whether the change 

in the miRNA structure duplex from asymmetric 3’overhang structure to symmetric blunt 

structure would affect their intracellular distribution as well as their co-localization with the 

Argonaute 2 protein. Confocal fluorescence microscopy analysis in Figure 5B demonstrated 

that the intracellular distribution of the two miRNA structures labelled with Cyanine 3 was 

similar and also equally co-localized with the Argonaute 2 protein as revealed by 

immunofluorescence labelling. The determination of the Pearson coefficient (PC) index 

confirmed this observation as no statistically significant difference was found between the co-

localization indices of Argonaute 2 with the overhang (PC = 0.225) and blunt (PC = 0.232) 

miRNA duplexes (Figure 5C). In contrast, the functionality of these 2 miRNA duplexes were 

different (Figure 5D). The overhang, asymmetric miRNA-133a duplex activated by 4.2-fold 

the RILES/133T system while the symmetric miRNA-133a duplex activated by only 2.4-fold. 

This demonstrates that the RISC machinery preferentially processed the overhang, 

asymmetric miRNA-133a duplex rather than the blunt, symmetric miRNA-133a duplex. 

These results are in line with previous studies indicating that 3’ nucleotide overhang 

asymmetric duplex miRNA is a key structural parameter that governs the incorporation and 

selection of one strand from the miRNA duplex by the RISC machinery, a phenomenon 

referred to as the thermodynamic asymmetry rule of RNAi duplex (57). We therefore 

anticipated that the blunt-end miRNA duplex does not favour such a selection and thus that 

the RISC machinery might process equally the two strands of miRNA duplexes. The lower 

luciferase induction monitored by RILES with the blunt-end miRNA duplex can be explained 

by a direct competition of the two strands of the miRNA-133a duplex for binding to the miR-

133T cassette in cells which is specific to the mature strand sequence of miRNA 133, not the 

passenger strand. 
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Figure 5.  Structure and function relationship study of miRNA-133a duplexes using the 
U87MG LentiRILES/133T cell line. A) Schematic representation of the structure of the two 
synthetic miRNA-133a duplexes produced in our laboratory that harbour either blunt-end or 
3' dinucleotide overhang extremities. B) Confocal microscopy analysis of U87MG cells 
transfected with Cy3-labelled miRNA-133a from A. C) Percentage of co-localization of Cy3-
labelled miRNA-133a from B with Argonaute 2 protein revealed by immunofluorescence 
staining. D) Luciferase activities normalized to protein content (RLU/mg) from U87MG 
LentiRILES/133T cells transfected with miRNA-133a from A. Data are expressed as mean 
+/- SEM of representative experiments performed at least 3 times. Statistics by the two-tailed 
t-test, *P<0.05; **P<0.01, compared to control cells transfected with a miRNA mimic control 
(miRNA CTL). 
 

In Vivo Bioluminescence Monitoring of the Kinetic of Mirna Activity Upon Delivery in an 

Orthotopic Animal Model of Glioblastoma.  

A key aspect that has not yet been fully achieved in the field of miRNA therapeutics is 

the ability to resolve the kinetic of miRNA functionality once delivered in the tumour mass. 

Better understanding of the long-term activity of synthetic miRNA mimics or inhibitors in 

targeted tissues would be an advantage to optimize an administration protocol to deliver 

maximal dose of therapeutic miRNA with minimal toxicity (58, 59). This point is particularly 

of interest when considering the locoregional treatment of tumour mass located in vulnerable 

organs such as the brain furthermore isolated from the rest of the body by the blood brain 

barrier. Recent advances into clinical practice indicated that the convection-enhanced 

delivery method is a reliable approach to deliver high drug content in specific areas of the 
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brain, bypassing as such the blood brain barrier that prevents therapeutic drugs from reaching 

the central nervous system. The principle of this delivery method consists in applying a 

constant pressure gradient to an infusion tip in such way that the fluid flow driven by the 

convection force allows the drugs to diffuse over large distance and period of time (49, 60-

62). However, as this locoregional procedure can be considered as invasive, optimal 

administration procedures are required to limit the repetition of surgical intervention to 

implant catheters into the brain without compromising the therapeutic outcome.  

Using bioluminescence imaging, we attempted to resolve the dynamics of miRNA 

activity upon delivery in glioblastoma tumour mass by CED. We implanted the U87MG 

LentiRILES/133T cells into the striatum of SCID mice. Ten days later the developed tumour 

mass were infused with the miRNA-133a complexed with our LPRi nanocarrier by CED 

(Figure 6A). The mice were thereafter scanned using a bioluminescence imaging scanner 

over a longitudinal study of 2 weeks (Figure 6B). Typical bioluminescence images collected 

at several time points from one illustrative mouse per group are shown in Figure 6C. 

Bioluminescence analysis of each mice followed over time revealed that the basal 

luciferase activity of RILES detected in the LPRi_miRNA control group of mice increased 

proportionally with the tumour proliferation over time (Figure 6B, left panel). In contrast, 

upon CED infusion of miRNA-133a and thus switching lentiRILES in the ON-configuration, 

a different pattern of luciferase activity was detected in the LPRi_miRNA-133a group of 

mice (Figure 6B, right panel). Three of the five mice exhibited two peaks of luciferase 

activity detected either at day 4 (mouse 546) or day 6 (mice 550 and 549), indicating that the 

delivery of miRNA-133a mimic was successful in these 3 tumours but also variable. As 

shown in the right panel of Figure 6B, the luciferase fold change values monitored in mouse 

#550 and #549 increased gradually over time, reached a maximum peak of activity at day 6 

and then dropped, two days later, to the basal level, similar to that detected in the control 

group (LPRi_miRNA CTL mice, Figure 6B). In contrast, the luciferase activity monitored in 

mice #546 increased more rapidly in the first 4 days, reached a maximum at this time point 

(e.g day 4) and decreased quickly thereafter to finally reaching the basal bioluminescence 

levels detected in the control group.  

The factors contributing to the heterogeneity of miRNA delivery observed by RILES in 

these mice are currently not clear and several hypothesis can be inferred. The interaction with 
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the extracellular matrix might allow the LPRi_miRNA-133a nanoparticles to be gradually 

released in the tumour microenvironment, thus serving as extra-cellular reservoirs (63). 

Physical parameters, such as pH values, salt concentration, interstitial tumour fluid pressure 

can also impact the release rate of LPRi_miRNA-133a nanocarriers from infusion tips into 

the solid tumours (64-67). Tumour cells intrinsic processing or recycling of transfected 

miRNAs through extracellular vesicles can also be involved (68, 69) resulting in a long-

lasting activity of transfected miRNAs in solid tumour as we recently reported in U87MG 

cells (47). While deciphering the exact mechanism of miRNAs diffusion into the brain was 

not the scope of this study, future experiments are planned to elucidate this process. This 

study is the first to our knowledge that reports in real time and as a positive readout the 

kinetic of miRNA delivery and activity in a preclinical animal model of brain tumour. 

 

Figure 6. In vivo bioluminescence monitoring of kinetic of miRNA-133a activity upon 
delivery in an orthotopic glioblastoma mouse model. A) Schematic representation of the 
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procedure used to establish the kinetic of miRNA-133a in vivo. The U87MG 
LentiRILES/133T cells were implanted in the striatum of mice by stereotaxic surgery and 
then, 10 days later when the mice developed solid tumours, the miRNA-133a or miRNA 
control (CTL) were formulated with the LPRi lipopolyplexes and infused locally in tumour 
masses by convection-enhanced delivery. B) Quantitative bioluminescence signals emitted 
from the brain of mice infused with the LPRi_miRNA-133a and LPRi_miRNA CTL and 
collected in real time using an in vivo bioluminescence scanner. Data are expressed as 
luciferase activity fold change by normalizing bioluminescence values detected for each 
mouse at the indicated time point to the minimal value detected on the day of infusion and set 
to the arbitral value of 1. C) Representative bioluminescence images collected from one 
representative mouse from the LPRi_miRNA-133a and LPRi_miRNA CTL group of animals. 
 

Therapeutic Evaluation of Mirna-200c in the Orthotopic Animal Model of Glioblastoma 

Finally, we decided to evaluate the therapeutic relevancy of a locoregional RNAi 

treatment of glioblastoma by infusion of tumour beds with a tumour suppressor miRNA by 

CED guided by the RILES (Figure 6). Over the last decade, a growing number of tumour 

suppressor miRNAs have been discovered to play pivotal roles in tumorigenesis (70, 71). We 

decided to focus our experiments on the tumour suppressor miRNA-200c (72, 73). Gain-of-

function studies performed in our laboratory indicated that transfection of miRNA-200c in 

U87MG cells impaired significantly the proliferation rate of these tumour cells (Figure 7A) 

by inducing cell cycle arrest in G1 phase (Figure 7B) but without inducing apoptosis (Figure 

7C). We observed a drastic change in the morphology of U87MG cells after miRNA-200c 

transfection (data not shown) and investigated whether the ectopic expression miRNA-200c 

in these cells might induce a reversal phenotype from the mesenchymal to the epithelial 

phenotype (MET). As shown in Figure 7D, significant reduction of relative mRNAs 

expression of mesenchymal markers, ZEB-1 (38.2 % reduction), ZEB-2 (49.4 % reduction) 

and Vimentin (21 % reduction) were detected after miRNA-200c transfection, which 

correlated with the de novo expression of epithelial E-Cadherin marker(16.3-fold increase). 

Based on this data, we evaluated the impact of this change in the cell morphology on the 

migratory behaviour of the U87MG cells. Wound-healing scratch assay in Figure 7E 

demonstrated that transfection of miRNA-200c significantly delayed (p = 0.028) the 

migratory capability of the U87MG cells, notably at the 22 hours time point where the 

percentage of wound closure was reduced by 51.3 %. Overall, these biological changes in 

U87MG cells are relevant for glioblastoma treatment as this tumour type is characterized by 

rapid growth and local invasion of surrounding tissue (74-76). Furthermore, Quin et al. (77) 

demonstrated that the stable overexpression of miRNA-200c in glioblastoma reduced the 
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proliferation and invasion rate of glioma cells in vitro and in vivo in a subcutaneous 

xenografts animal model of glioblastoma. Although this study has merit as it provides novel 

insights into the mode of action of miRNA-200c in a glioblastoma context, it cannot 

objectively, as acknowledged by the authors, inquire into the therapeutic value of miRNA-

200c to treat brain tumours. 

 

Figure 7. Tumour suppressive function evaluation of miRNA-200c in U87MG cells 
in vitro. A) Alamar Blue cell proliferation assay, B) flow cytometry analysis of cell cycle and 
C) apoptosis assay of U87MG cells transfected with miRNA-200c or miRNA control 
(miRNA CTL). D) Upper panel: Agarose gel analysis of the RT-PCR products generated 
with specific primers to detect expression of the E-cadherin, vimentin, ZEB1 and ZEB2 EMT 
markers after transfection of U87MG cells with miRNA-200c or miRNA control (miRNA 
CTL). Lower panel: the same experiment analysed by quantitative RT-PCR. E) Wound 
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healing assay of U87MG cells transfected with miRNA-200c or miRNA control (miRNA 
CTL). Upper panel, representative pictures of cell monolayers collected 16 hours after wound 
scratch. Lower panel, left, time lapse of wound area closure measured by imaging software 
from pictures taken every 2 hours over a period of time of 24 hours. Lower panel, right, 
percentage of wound closure from U87MG cell transfected with miRNA-200c or miRNA 
control (miRNA CTL) normalized to the wound surface area detected at T0 and set to the 
arbitral value of 1. Data are expressed as mean +/- SEM of one representative experiments 
performed at least 3 times. Statistics by the two-tailed t-test, *P<0.05, **P<0.01, compared to 
control cells transfected with miRNA mimic control (miRNA CTL). 

 

We decided to address this point using a miRNA delivery approach to closely mimic a 

clinical intervention in which the miRNA-200c will be infused directly into the tumour mass 

using a miRNA-nanocarrier, the LPRi lipopolyplexes and the CED as delivery method. As 

the RILES system indicated that the delivered miRNAs are active for 4 to 6 days upon 

delivery (Figure 6), we infused the U87MG solid tumours twice with the LPRi_miRNA-200c 

by CED, spaced by an interval of time of 4 days (Figure 8A). The therapeutic impact of this 

targeted miRNA-200c delivery approach in glioblastoma development was evaluated by 

magnetic resonance imaging (MRI) performed over a 3 weeks period of time.  

As shown in Figure 8B, the overall growth rate of tumour development was found 

similar between the LPRi_miRNA CTL and LPRi_miRNA-200c group of animals although a 

plateau of growth of tumour mass was visible between days 11 to 14 in the LPRi_miRNA-

200c group of animals. Statistical analysis performed at day 14 indicated that tumour 

volumes in the LPRi_miRNA-200c group of animals were significantly smaller (p = 0.03, 

Figure 8C) than those detected in the LPR_miRNA CTL group of animals. Representative 

MRI of one representative tumour mass by group of animal is showed in Figure 8D. Smaller 

size of tumour mass is noticeably visible at this time point. However, beyond this time frame 

no other statistically significant difference was found. These results indicate that the 

treatment of glioblastoma tumours twice with the LPRi_miRNA-200c can significantly delay 

the proliferation rate of tumour cells but this effect is transient and reversible. The Kaplan 

Meier survival curves draw from this experience confirm the above statement. Although the 

median survival time of the two groups of animals differed by 2 days in beneficial of the 

miRNA-200c group of animals, no statistically significant difference was observed between 

these two groups of animals (Figure 8E).  
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Based on this data, it might be tempting to speculate that repeated administrations (i.e. 

more than twice) of the LPRi_miRNA-200c might be necessary to reach a better therapeutic 

outcome. However, as we observed in vitro that miRNA-200c exerted a mild cytostatic effect 

in U87MG tumour cells, characterized by a cell cycle arrest of U87MG cells in G1 and S-

phase without inducing apoptosis (Figure 7 A-C), locoregional therapeutic intervention of 

glioblastoma with miRNA-200c mimic needs to be addressed with caution. A combinatorial 

treatment with another therapeutic agent might be required to reach a better curative 

treatment. In the specific context of glioblastoma, a combined treatment of miRNA-200c with 

radiotherapy seems particularly suitable. External beam therapy has long been used as a 

keystone treatment in glioblastoma patients but results from clinical studies indicated that 

combinatory treatments are required for an optimal therapeutic outcome (78). Interestingly, it 

was recently reported that overexpression of miRNA-200c in different cancer cells including 

glioblastoma inhibited invasion, migration, and vascular tube formation and increased the 

radiosensitivity of tumour cells by modulating the EGFR signalling pathway and favouring 

persistence of the γH2AX focus (79). Exploiting the radio-sensitizing properties of miRNA-

200c in combination with a radiotherapy protocol deserves to be addressed in vivo. Repeated 

administration of miRNA-200c, guided by RILES after radiotherapy, might provide a 

therapeutic advantage. We are currently assaying this point as well as investigating the 

radiosensitizing role of other miRNA candidates recently identified through a molecular 

screening procedure applied on biopsies of patients with radioresistant glioblastoma tumours. 
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Figure 8. Tumour suppressive evaluation of miRNA-200c in a preclinical animal model of 
glioblastoma. A) Schematic representation of the procedure used to evaluate the therapeutic 
potential of miRNA-200c. The U87MG cells were implanted in the brain of mice and then 
when the mice developed solid tumours, the miRNA-200c or miRNA control were 
formulated with the LPRi lipopolyplexes and infused locoregionally, twice, at days 9 and 13 
by convection-enhanced delivery. B) Tumour growth in both treatment groups monitored by 
MRI imaging once a week. C) Statistical analysis of tumour volumes collected at day 14 
from the two groups of animals (n = 5 for each). D) Representative MRI performed at day 14 
after implantation of U87MG cells (arrows indicate tumour tissue). E) Kaplan Meier curve. 
Data are expressed as mean +/- SEM of one representative experiment performed twice. 
Statistics by the two-tailed t-test, *P<0.05 compared to control group of animal infused with 
the LPRi_miRNA CTL. 
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Conclusion 

Taken together, our work demonstrates that the genetic-switch RILES expression 

system integrated in a lentivirus is a relevant approach to monitor the endogenous and 

exogenous dynamic expression of miRNAs in fast-dividing biology systems such as cancer 

cells. We performed a complete set of validation studies at the molecular and cellular level 

and demonstrated that LentiRILES is a robust, specific and sensitive integrative miR-ON 

monitoring system that can be exploited to resolve the dynamic of miRNA activity over short 

(47) and, here, long periods of time. We explored several applications of LentiRILES in the 

field of miRNA biology and therapeutics in vitro and demonstrated the feasibility of this 

novel system for in vivo monitoring of miRNA mimic delivery. Because of its relatively easy 

production and versatility, we anticipate that the LentiRILES system holds promise for 

multiple applications in the field of miRNA biology as well as gene and cellular therapy.  
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Figure 1. Schematic representation of the lentiRILES system and strategy to 
generate miRNA-responsive stable cell lines.
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RILES/133T stably integrated in the genome of the LentiRILES 
U87MG/133T cell line.
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Figure 4. Cell-based miRNA screening platform using the U87MG 
LentiRILES/133T cell line. 
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Figure 6. In vivo bioluminescence monitoring of kinetic of miRNA-133a activity 
following intracranial delivery in an orthotopic glioblastoma mouse model
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Figure 7. Tumour suppressive function evaluation of miRNA-200c in U87MG 
cells in vitro
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