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MicroRNA (miRNA) oligonucleotides therapeutics are potent and attractive drugs for cancer treatment, but the
kinetics of their intracellular trafficking, RISC processing and interaction with their mRNA targets in the cells
are still not well understood. Moreover, the absence of efficient carriers impairs their translation into the clinic.
Here, we compare the kinetics of miRNA-133a activity after transfection of U87MG glioblastoma cells with either
a home-made lipopolyplexes (LPRi) or with the RNAiMax transfection reagent. For this purpose, we combined
miRNA intracellular trafficking studies by confocal microscopy with our previously described RILES miRNA-ON
reporter system subcloned here in a lentivirus expression vector (LentiRILES) for longitudinal analysis of miRNA
activity in transfected cells. Using the LentiRILES system, we report significant differences in terms of miRNA
delivery kinetics performed by these two transfection regents. We decipher the mechanisms of miRNA delivery
by LPRi and investigate the main steps of miRNA internalization and cytosolic processing. We demonstrate that
LPRi preferentially uses caveolae-mediated endocytosis as the main internalization pathway, releases miRNA into
the cytosol after the first 3 h of incubation, and addresses the cytosolic miRNAs to P-bodies, while a fraction of
miRNAs are exported to the extracellular space through exosomes which were found fully capable to re-transfect
the cells. We implanted the LentiRILES cells in the brain of mice and infused the tumours with LPRi.miRNA using
the convection-enhanced delivery method. Bioluminescence imaging of the live mice revealed efficient delivery
of miRNAs in glioblastoma tumours, attesting successful miRNA uptake, internalization and RISC activation in
vivo. Overall, our study provides a comprehensive overview of miRNA intracellular trafficking and processing in
a glioblastoma context and highlights the potential use of LPRi for miRNA-based therapy.

1. Introduction

MicroRNAs (miRNAs) are a class of endogenous noncoding small
RNAs of 18–25 nt that post-transcriptionally regulate the expression of

genes in a sequence-specific manner. They bind to mRNA targets, pref-
erentially to the 3′-untranslated region (3′UTR) by a base-pairing mech-

anism. Since their discovery [1], more than 30,424 mature miRNA
products have been annotated in 206 species according to the miR-
base Sequence Database [2]. Computational prediction approaches es-
timate that at least 60% of the human transcriptome can be regulated
by miRNAs [3]. Therefore, it is not surprising that miRNA deregula-
tion is a common feature in numerous diseases, including cancer, meta-
bolic or neurological disorders. Preclinical studies have shown that ther-
apeutic modulation of deregulated miRNAs using miRNA-mimics or -in-
hibitors ameliorates or even reverses the pathological state [4]. De

spite this tremendous progress, the translation of miRNA-based tech-
nologies into the clinic is still limited by their delivery to targeted tissues
[5,6]. The delivery barriers include their degradation within the blood-
stream, inefficient tumour targeting and endosomal release, immune
cells activation and their rapid clearance by the Mononuclear Phagocyte
System (MPS) occurring within minutes after their intravenous adminis-
tration [7].

Local administration of miRNA nanocarriers has the advantage of by-
passing most of these physiological barriers and consequently increas-
ing the amount of bioavailable nanocarriers for the targeted organs/
cell types. This type of administration is particularly well suited for
brain tumours such as glioblastoma (GBM), one of the most lethal types
of brain cancer [8]. Glioblastoma propagates locally with rapid inva-
sion of surrounding tissue but without developing metastasis. There-
fore, therapeutic intervention on the primary tumour is expected to
provide a positive outcome. There are clinically approved, effi
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cient loco-regional drug delivery methods to bypass the blood brain bar-
rier and to deliver high drug concentrations in specific brain tissues.
The convection-enhanced delivery (CED) method is one of these meth-
ods and relies on the infusion of drugs into the brain or directly into
the tumour mass using intra parenchymal micro catheters connected to
a microinjection pump. By applying a constant positive pressure gradi-
ent generated by the pump, the therapeutics can diffuse through the in-
terstitial brain fluid resulting in a homogenous and highly concentrated
drug distribution in the tumour and/or in the surrounding tissue [9]. De-
spite all the efforts of cytoreductive surgery in combination with intense
chemo-radiotherapy, survival rates for patients with GBM have shown
no significant improvement in population statistics [10]. Compared to
conventional therapy, miRNA-based therapy delays tumour growth and
overcomes chemo-radio resistance [8,11–13]. However, the existing ar-

senal of miRNA carriers for GBM treatment is currently limited because
of the difficulty in complexing a sufficient amount of miRNA cargo in
small volumes when considering the loco-regional infusion of brain tu-
mour.

We previously developed nucleic acid carriers called lipopolyplexes
and validated their remarkable functionality as mRNA, siRNA and plas-
mid DNA transfection reagents [14–18]. The miRNA lipopolyplexes

(LPRi) used in this study are composed of miRNA, a ionizable his-
tidinylated linear polyethylenimine polymer (His-lPEI) and ionizable li-
posomes made with O,O-dioleyl-N-[3 N-(N-methylimidazolium iodide)
propylene] phosphoramidate and the O,O-dioleyl-N-histamine phospho-
ramidate. Both polymer and liposomes contain protonable groups (im-
idazole) that induce an acid-mediated membrane destabilization of en-
dosomes due to membrane fusion and/or a proton sponge mechanism
favouring nucleic acid delivery in the cytosol [14,19–21]. Although this

formulation was found previously efficient for siRNA transfection, the
exact mechanism by which the siRNA cargo is distributed into the cy-
tosol and how it is processed by the RNAi machinery in order to be
functional was not reported. Several studies have explored the intracel-
lular trafficking of various forms of RNAi oligonucleotides and their re-
lease to the cytosol [22–26]. It is now well established that most of

the internalization routes of nucleic acid carriers converge to early and/
or late endosomal vesicles where they must escape into the cytosol to
prevent their trafficking and degradation [25]. Nevertheless, decipher-
ing the underlying mechanisms of cellular uptake, internalization and
RNAi processing remains still a challenging process. It is known that the
size and the shape of the lipid and/or polymer composition of nanocar-
riers impact on the route of internalization and intracellular delivery
of the RNAi cargo. Furthermore, different cell types can use different
endocytosis pathways to internalize the same carrier [23,27–29]. The

complexity increases even further when considering the subcellular sites
where the RISC machinery processes the miRNAs to become functional.
Early studies have reported that a significant fraction of endogenous
miRNAs is transported to distinct cytoplasmic foci known as P-bodies,
together with their targeted mRNAs and Argonaute 2 [30,31]. It was
proposed that miRNAs and RNAi proteins guide their target mRNAs to
these P-body condensates for translational inhibition and mRNA degra-
dation [32–34]. It was thereafter demonstrated that microscopically vis-

ible P-bodies do not seem to be required for efficient RNAi silencing ac-
tivity although the silencing of some specific P-body proteins impairs
mammalian RNAi activity [30,35]. While it is now almost admitted that
P-bodies are the consequence and not the cause of mRNA silencing [36],
the exact role of P-bodies in RNAi processing is still under debate.

Since it is difficult to predict the intracellular trafficking of a miRNA
nanocarrier in cells and because there is still no clear picture of the
sites of miRNA processing in the cytosol after internalization, here, we
combined intracellular trafficking studies of miRNA by confocal mi-
croscopy with our previously described RILES miRNA-ON reporter sys-
tem [37–39]. We subcloned the RILES system in lentivirus expression

plasmids (LentiRILES) to stably maintain the expression of this miR-

ON sensor in U87MG glioblastoma cells. We established the kinetic of
miRNA activity upon delivery in U87MG LentiRILES cells and report
qualitative, quantitative and spatial information on the fate of miRNA
mimics in cells after transfection. We describe the main steps of the
miRNA intracellular trafficking, endosomal release, cytosolic storage
into P-bodies and extracellular export via exosomes containing func-
tional miRNAs. We evaluate the potential of our LPRi as a miRNA
glioblastoma nanocarrier by CED infusion of U87MG LentiRILES brain
tumours and bioluminescence imaging. Overall, our study highlights the
promising potential of LPRi for miRNA therapy of GBM.

2. Materials and methods

2.1. LPRi preparation and loading with synthetic miRNAs

The synthetic miRNAs used in this study were from ThermoFisher
(mirVana miRNA Mimics). His-lPEI (PTG1; Mw = 34.5 kDa) was pur-
chased from Polytheragene (Evry, France). O,O-dio-
leyl-N-[3 N-(N-methylimidazolium iodide) propylene] phosphoramidate
(KLN25; Mw = 787 Da) and O,O-dioleyl-N-histamine phosphoramidate
(MM27; Mw = 692 Da) were kindly given by Prof. Paul Alain Jaffres
and Dr. Mathieu Berchel (UBO, Brest, France) [40,41]. LIP100 lipo-
somes (KLN25/MM27, 1/1 M ratio) were prepared at 5.4 mM in 10 mM
Hepes buffer, pH 7.4 by the film hydration method as described [42].
For in vitro transfection, LPRi lipopolyplexes were prepared as previ-
ously described [14], by first mixing 2.1 μg His-lPEI (4.2 μL of a stock

solution at 0.5 mg/ml) with 0.7 μg miRNA mimics (10 μL of a stock

solution at 5 μM) in 14.2 μL of 10 mM Hepes, pH 7.4 to reach an op-

timal miRNA/polymer weight ratio of 1/3. After 5 s vortex, the solu-
tion was kept 30 min at 20 °C. The amount of LIP 100 used to encap-
sulate the His-lPEI.miRNA polyplexes was calculated according to the
molecular weight of synthetic miRNA (23 nt, Mw = 15,180 g/mol) and
their negative charges to generate an optimal miRNA/lipid charge ra-
tio of 1/2. Thus, 200 μL (3.6 μg) of LIP100 liposomes 10 mM Hepes,

pH 7.4 (8.4 μL of a stock solution at 0.54 mM) were mixed with the

polyplexes and kept 15 min at 20 °C. The LPRi solution was adjusted to
1 mL with serum-free RPMI medium and 0.5 mL were added to the cells
in 24-well plates. For in vivo transfection, LPRi were prepared by first
mixing 201 μg His-lPEI (8.4 μL of a stock solution at 25 mg/ml) with

67 μg miRNA mimics (10 μL of a stock solution at 500 μM) in 28.4 μL of

10 mM Hepes, pH 7.4 (miRNA/polymer weight ratio of 1/3). After 5 s
vortex, the solution was kept 30 min at 20 °C. Then, 200 μL (345 μg) of

LIP100 liposomes 10 mM Hepes, pH 7.4 (147 μL of a stock solution at

5.4 mM) were mixed with the polyplexes (miRNA/lipid charge ratio of
1/2) and kept 15 min at 20 °C. Then, 7 μL of this LPRi solution contain-

ing 2 μg of miRNA-133a was infused by CED at a speed of 0.5 μg/μL into

the brain of mice.

2.2. Plasmids

For the pRab5-EGFP and pRab7-EGFP plasmids, the C-terminus of
Rab5 and Rab7 genes was fused with cDNA expressing enhanced green
fluorescent protein (EGFP) in the pEGFP-N1 vector from Clontech
(Takara Bio Europe) under the cytomegalovirus (CMV) promoter, and
were a kind gift from Dr. A. Galmiche (University of Würzburg,
Würzburg, Germany). pCav1-GFP was a gift from Ari Helenius (Addgene
plasmid # 14433). This plasmid encoded for caveolin1 gene fused with
GFP gene under the cytomegalovirus (CMV) promoter. pLAMP1-mGFP
was a gift from Esteban Dell'Angelica (Addgene plasmid # 34831),
pT7-EGFP-C1-HsDCP1a was a gift from Elisa Izaurralde (Addgene plas-
mid # 25030), pmyc-GFP-TNRC6A (GW182) was a gift from Kumiko
UiTei (Addgene plasmid # 41999), pCMV-RFP-RCK/p54 (DDX6) was
a gift from Dominique Weill (Institut de Biologie de Paris-Seine, Paris,
France). Supercoiled DNA was isolated from Escherichia coli DH5a su-
per competent bacteria (Invitrogen ThermoFisher Scien
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tific) by alkaline lysis and purification with Qiagen Mega Kit Endotoxin
free Plasmid (Qiagen).

2.3. Agarose gel shift assay

The miRNA mimics binding capacity of His-lPEI polyplexes, Lip100
lipoplexes and LPRi lipopolyplexes was evaluated using the agarose gel
retardation assay as previously described [14]. Electrostatic complexes
with different molar ratios or charge were obtained by mixing miRNA
mimics with appropriate quantities of His-lPEI polymer and Lip100 lipo-
somes, together or separately, in 10 mM Hepes solution pH 7.6. Thirty
minutes after mixing, the resulting colloidal solutions were loaded in
a 1% agarose gel, and electrophoresis experiments were carried out at
90 V, for 90 min, in TAE buffer solution. The migration of miRNA mim-
ics free or in complexed states was visualized under UV light, after gel
staining with ethidium bromide.

2.4. Tissue culture

U87MG human glioblastoma cells were from ATCC (American Type
Culture Collection) and were cultured in Dulbecco's modified Eagle's
medium (DMEM) supplemented with 10% fetal calf serum (FCS) and
Penicillin (100 U/mL) and Streptomycin (100 μg/mL) antibiotics at

37 °C with 5% CO2. The NG2 glial progenitor cells (a gift from Severine
Morriset, CBM, CNRS UPR4301) were cultured in Neurobasal medium
with B27 supplements (NBM/B27) (Invitrogen) containing 10 ng/ml
PDGFAA (Roche). For experiments, the cells were seeded in 6- or
24-well plates at a density of 1.5E+4 or 3.5E+3 cells per well re-
spectively and grown overnight before transfection. Cells were my-
coplasma-free as evidenced by the MycoAlert Mycoplasma Detection Kit
(Lonza, France).

2.5. LentiRILES/133 T stable cell lines production

The lentiviral plasmids containing the RILES constructs were pro-
vided by Francisco Martin (GENYO, Pfizer/University of Granada, PTS
Granada, Spain) and derived from a previous publication [43]. To place
the Tet R transcriptional repressor under control of miRNAs, miRNA tar-
geting sequences were prepared as previously described [37–39] and

subcloned downstream of the Wpre, Woodchuck hepatitis virus post-
transcriptional regulatory element. The sequence of the miR 133 T cas-
sette used to monitor the expression of miRNA 133a is fully available
upon request. The method to produce the LentiRILES particles is based
on a standardized procedure [43]. Briefly described, the 293 T cells
were plated in a 75 cm2 flask and transfected the following day with the
LentiRILES, packaging, and envelope plasmids at a plasmid proportion
of 3:2:1 respectively using the His-lPEI polymer. After 72 h, the medium
containing viral particles was collected, centrifuged, filtered through a
0.45 μm sterile filter and stored at −80 °C until further use. Titration

of the lentivirus batches was performed according to the method de-
scribed here [43]. The production of LentiRILES-stable cell lines was
performed by the transduction of U87MG cells with LentiRILES viral
particles at different M.O·I (multiplicity of infection) in the presence
of 10 μg/mL of polybrene (Sigma). Screening of the most responsive

LentiRILES/133 T cell line was performed by transfection of cells with
miRNA-133a and miRNA control mimics complexed with the RNAiMax
transfection reagent according to the manufacturer's recommendations
(Thermo Fisher Scientific). Bioluminescence signals emitted from the
LentiRILES/133 T cells were quantified in a 96-well plate using an IVIS
Lumina II imaging scanner (Perkin Elmer, USA) or from cell lysate us-
ing an LB 940 Mithras spectrophotometer (Berthold, France) and nor-
malized to protein content (RLU/mg protein) as previously described
[37–39].

2.6. miRNA mimics, siRNAs and plasmids transfections

For intracellular trafficking studies, the cells were first seeded in
6-well plates and after 24 h transfected with 1 μg of the indicated plas-

mids encoding EGFP- or RFP-fused genes using Lipofectamine 2000 (In-
vitrogen Thermo Fisher Scientific) according to the manufacturer's pro-
tocol. Transfected cells were then seeded in 24-well plates with glass
coverslips at the bottom of the wells (2.5E + 4 cells/cm2) and after 24 h
the cells were transfected with LPRi complexed with 350 ng (50 nM)
of miRNA-133a mimics labelled with Cyanine 3 (Cy-3)- or fluorescein
(FL). The miRNA mimics were labelled using the Label IT nucleic acid
labelling kit (Mirus Bio, USA), according to the manufacturer's proto-
col. Briefly, 20 μg miRNA mimics were incubated with 20 μL of Mirus

miRNA labelling kit, 25 μL of 10× Buffer and 50 μL of nuclease-free wa-

ter. After incubation for two hours at 37 °C, 3.5 μL Glicogen, 25 μL of

5 M Sodium Chloride and 750 μL of 75% Ethanol were added, mixed

and further incubated at −20 °C overnight. The labelled miRNAs were

pelleted by centrifugation at 12.000 g and washed with 75% Ethanol,
dried and resuspended in TE buffer. For endosomal escape studies,
the miRNA mimics were combined with FITC-labelled phosphorothioate
oligonucleotides (FITC-5′-ACTACGACCTACGTGAC-3′) [22] at a 1:1 M

ratio and complexed by the LPRi and further transfected as described
above. Fluorescent microscopy images were taken at the indicated time
points by epifluorescence microscopy. For siRNA silencing studies, the
U87MG LentiRILES/133 T cells were seeded in 24-well plates overnight,
then transfected with Dharmacon ON-TARGET siRNAs (Horizon Dis-
covery, USA) for AGO-2, DCP1a, DDX6 (RCK/p54) and GW-182 (TNR-
C6A) using the Lipofectamine RNAiMax as transfection reagent and ac-
cording to manufacturer recommendations (Thermo Fisher Scientific).
Then 24 h later, the cells were transfected with the LPRi.miRNA-133a or
LPRi.miRNA CTL mimics.

2.7. Confocal laser scanning microscopy and colocalization quantification

Cells were fixed in 3% paraformaldehyde (PFA) in PBS solution
at room temperature for 10 min and excess paraformaldehyde was re-
moved with 3 washes of 5 min in phosphate-buffered saline (PBS). For
immunocytochemistry the coverslips were incubated overnight at 4 °C
with AGO-2 antibody (1:200, Abcam, France), then washed and incu-
bated for 1 h with anti-mouse Alexa-485 antibody (Life Technologies
Thermo Fisher Scientific). Then, the coverslips were mounted in Vec-
tashield medium for fluorescence (H-100, Vector Laboratories, USA).
Confocal microscopy was performed using a Zeiss LSM 510 confocal
laser scanning microscope with an apochromat 63 × /1.4 oil differ-
ential interference contrast (DIC) objective (Carl Zeiss, USA). Each
coloured image was split into respective red and green channels and
ImageJ software was used to quantify the cell-associated fluorescence,
using the JACoP (Just Another Co-localization Plugin) plug-in. The
comparative degree of co-localization was calculated as the fraction
of Cy3-miRNA signals (red) colocalizing with signals from intracellular
vesicles/condensates (green) and expressed as Mander's R (Mr) colocal-
ization coefficients. Quantification results were obtained by analysing
15–30 images (different cells) for every time point, from three indepen-

dent experiments.

2.8. Quantitative real-time PCR

The procedure for quantitative real-time PCR analysis was exactly
the same as described previously [37,38] except that the primers used
for detection of miRNA were purchased from Qiagen.
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2.9. Exosome purification and characterization

U87MG cells were transfected with LPRi/miRNA-133a or LPRi/
miRNA CTL for 8 h as described above and the medium was replaced
with serum-free medium. After 3 days of incubation, supernatants from
5 × 75 cm2 tissue culture flasks for each transfection condition were
collected, pooled, and the exosomes were purified as previously de-
scribed [44]. Briefly, the medium was serially centrifuged at 4 °C for
10 min at 480 g, 10 min at 2000 g, 30 min 5000 g and then ultracen-
trifuged for 1 h at 100000 g (Beckman rotor Ti45). The pellet was re-
suspended in PBS and ultracentrifuged for another 1 h at 100000 g 4 °C
and finally resuspended in 100 μL PBS before being stored at −80 °C.

Exosome quantification was estimated according to their protein con-
tent using a standard BCA protein assay. For exosome biochemical
characterization, 10 μg of equivalent protein content of exosome sam-

ples was solubilized in Laemmli buffer, resolved on 8% SDS-PAGE gel
and immunoblotted using Alix (clone MAI-83977, Invitrogen Thermo
Fisher Scientific), GM130 (clone D6B1, Cell Signaling, USA) and TSG101
(clone EXOAB-TSG101-1, System Biosciences, USA) antibodies. For de-
tection of miRNA in exosome, 300 μL of 1/100 dilution of exosome sam-

ples were treated using recommendations from the Nucleospin miRNA
plasma kit (Macherey-Nagel, France). After total RNA extraction, 100 ng
of tRNA were reverse-transcribed using the miScript II RT kit (Qia-
gen) and then miRNAs were quantified using the miScript SYber green
PCR kit (Qiagen) with specific primers from Qiagen. Primers specific to
miRNA-23a and -21.5p were used as miRNA-housekeeping genes to nor-
malize the relative expression of miRNA-133a detected in exosome from
LPRi.miRNA 133a and LPRi.miRNA CTL transfected cells.

2.10. Nanosizer, Atomic force microscopy (AFM) and Transmission electron
microscopy (TEM) studies

The size and ζ potential of LPRi.miRNA lipopolyplexes and the exo-

somes were measured in 10 mM Hepes buffer, pH 7.4 using the SZ-100
Partica Nanosizer Analyser (Horiba Scientific, Japan) according to a rou-
tine procedure used in our laboratory [15,45]. For topographical inves-
tigations, 5 μl of LPRi.miRNA complexes were added on a mica disc, de-

hydrated and analysed by atomic force microscopy. The AFM scans were
performed in AC mode with a 5 V amplitude bias applied between the
tip and the sample at 3 kHz. TEM studies were performed at the Uni-
versity of Orléans and employed to visualize the size and shape of ex-
osomes collected from U87MG cells transfected with LPRi.miRNA-133a
and LPRi.miRNA CTL according to the procedure described here [46].
Briefly described, 5 μl of exosome suspension was loaded on a carbon

coated copper grid negatively charged using UV light. After 5 min of
decantation, the solution was adsorbed with filter paper and exosomes
stacked on the carbon layer were negatively stained for 15 s with 5 μL

of 2% uranyl acetate solution prepared in distilled water. After drying,
the sample was observed using a TEM CM20 (Philips, Netherlands) op-
erating at 160 kV and equipped with a LaB6 filament. Electron micro-
graphs were captured using an AMT XR80 digital camera (Advanced Mi-
croscopy Techniques, USA).

2.11. In vivo studies

All mouse experiments were carried out in strict accordance with
the rules of the French Ministry of Agriculture and the European Com-
munities Council Directive (86/609/EEC). The experimental protocol
used in this study was approved by the “Pays de la Loire” Ethics Com-

mittee of Animal Experiments (Permit No. CEEA. 2012.60; Authoriza-
tion n°A 49-2012-04). Female CB-17/Icr-Prkdc scid/Rj mice (7 weeks
old, Janvier Labs, France) were maintained in pathogen-free condi-
tions with controlled temperature (20–22 °C), humidity (50–70%),

light (12 h light/dark cycles) and housed with unlimited access to food
and water. The U87MG LentiRILES/133 T cells were transduced with
pre-made Renilla luciferase viral particles (R-Luc, OriGene EU, France)
at MOI (multiplicity of infection) of 10 according to the procedure de-
scribed above. Thereafter the dual LentiRILES/133 T reporter cell line
was implanted in the brain of mice by stereotactic surgery using a
stereotaxic frame (lab standard™ stereotaxic, USA) as described previ-

ously [47]. Seven μL of tumour cells (7 × 106 cells/mL) were inocu-

lated manually in the right striatum (anterior −0.5 mm, lateral 2.5 mm,

depth −3.5 mm according to the Bregma) using a 10 μL syringe (Hamil-

ton® glass syringe 700 series RN, Hamilton, USA) connected to a 26-G
needle (Hamilton®). After 12 days, glioblastoma tumour development
was confirmed by MRI imaging as described previously [47] and then
animals were randomly assigned to 2 groups. The miRNA (2 μg) were

formulated with LPRi as described above to reach a 7 μL final volume so-

lution prepared in 5% glucose and 60 mM NaCl. The LPRi.miRNA were
thereafter infused into solid tumours by CED. For this second infusion,
syringes were equipped with a 32-G needle connected to the Harvard ap-
paratus Pump but injections were carried out automatically at a constant
flow rate of 0.5 μL/min over a period of time of 18 min. The mice were

then monitored daily for mobility, grooming and weight. Three days af-
ter CED infusion of tumour with the LPRi.miRNA, the Firefly luciferase
substrate (150 μL of luciferin solution at 20 mg/ml, Promega) was in-

traperitoneally injected to the mice before scanning the animals 10 min
later using an IVIS bioluminescence imaging scanner (Perkin Elmer).
The mice were thereafter returned to the cage for 6 h and then the Re-
nilla Luciferase substrate (100 μL of Coelenterazine at 35 mg/ml, Perkin

Elmer) was injected intravenously to the mice before scanning the an-
imals 2 min later using the IVIS bioluminescence imaging scanner. Im-
age acquisition and treatment were performed from regions of interest
(ROI) drawn manually and quantified as photons/second/pixel/sr us-
ing the living Image Software (PerkinElmer) and as previously described
[37–39].

2.12. Statistical analysis

Results throughout the study are expressed as mean ± S.E.M. Prism
GraphPad software (V.7.0a) was used for statistical analysis using un-
paired two-tailed Student's t-test or one-way ANOVA with Bonferroni
correction for multiple comparisons. A probability of p< 0.05 was
considered statistically significant. Ns, not significant; *p< 0.05;
**p< 0.01; ***p< 0.001; ****p< 0.0001.

3. Results

3.1. Kinetics of the miRNA transfection monitored by LentiRILES system

In previous studies, we engineered a genetic switch expression sys-
tem called RILES (RNAi-Inducible Luciferase Expression system) to mon-
itor the activity of endogenously expressed miRNAs upon transient
transfection of cells or tissues [37–39]. In this study, we subcloned the

RILES system in lentivirus expression plasmids to stably maintain the ex-
pression of this miR-ON sensor in fast-dividing biological systems such
as cancer cells. We replaced the Cumate-inducible gene expression sys-
tem (Cumate operon) of the RILES with the tetracycline-inducible gene
expression system (tetracycline operon) in the Tet R configuration. Sim-
ilar to the Cumate operon, the Tet R tetracycline operon works through
the binding of a transcriptional Tet R repressor protein on operator se-
quences (Tet O) to regulate transgene expression [48].

The tetracycline operon was placed under control of miRNA-133a by
subcloning 4 complementary block sequences of this miRNA (miR T cas-
sette) in the 3′UTR region of the transcriptional repressor Tet R. The

choice of miRNA-133a was based on experimental evidence that this
miRNA is barely expressed in cancer cell lines such as U87MG (Fig. 1A).
Consequently, once delivered in cells, this miRNA is not expected to in-
terfere with the endogenous machinery of U87MG cells. Fig. 1
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Fig. 1. Design, validation and specificity of the U87MG LentiRILES/133 T miRNA-ON reporter cell line to miRNA-133a. A) Relative expression of several miRNAs, including miRNA-133a,
in the U87 MG cell line detected by qRT-PCR (n= 4). B) Schematic representation of LentiRILES/133 T mechanism of action placed under control of miRNA-133a. In the absence of
miRNA-133a (left panel) the Tet R transcriptional repressor binds to the Tet O operator and switches OFF the expression of the Luciferase reporter gene. In contrast, in the presence of
miRNA-133a (right panel), the expression of the transcriptional repressor Tet R is suppressed, resulting in the expression of the Luciferase reporter gene and emission of bioluminescence
signals in cells. C) Validation of the LentiRILES/133 T specificity and sensitivity after transfection of the U87MG LentiRILES/133 T cells with miRNA-133a or non-relevant miRNAs, includ-
ing control miRNA (miRNA CTL) (n= 5). Kinetics of luciferase expression detected in the U87MG LentiRILES/133 T cells after transfection with miRNA-133a using either the RNAiMax
or the LPRi lipopolyplexes quantified in the whole cell lysates. The number of relative light units (RLU) was expressed per mg of protein (D) or in real time using an IVIS Lumina imaging
scanner (E); one representative experiment performed 3 times. For all panels, values are mean ± SEM. *p< 0.05, **p< 0.01; ***p< 0.001; ****p< 0.0001.

B represents the working principle of the RILES-miRNA monitoring sys-
tem. When transfected in cells, miRNA-133a will bind to the miR T
cassette resulting in the activation of the RISC machinery and con-
sequently transcriptional repression of the Tet R mRNA and protein.
Therefore, in the absence of the Tet R bound on the Tet O operator, the
inducible promoter driving the firefly luciferase (F-Luc) expression will
be switched-ON, resulting in the emission of bioluminescence signals in
cells (Fig. 1B). To subclone the RILES in a Lentivirus expression system,
we took advantage of the dual Tet R-based lentiviral system developed
by Benabdellah et al. [43] in which the Tet R and Tet O regulatory mol-
ecules were expressed separately in two different lentiviral vectors. Af-
ter optimization, we found that a 2/1 MOI ratio of Tet R/Tet O lentivi-
ral particles was the best ratio to produce an optimal responsive U87MG
RILES stable cell line to miRNA-133a. This stable cell line was denoted
U87MG LentiRILES/133 T.

We first evaluated the sensitivity and specificity of U87MG LentiR-
ILES/133T to miRNA-133a. We demonstrated that the transfection of
miRNA-133a in U87MG LentiRILES/133T cells resulted in induction by
9-fold of the luciferase expression compared to cells transfected with
a miRNA control mimic. Similarly, the transfection of irrelevant miR-
NAs such as miRNA-200b, -9, -122, -137 did not induce significant lu-
ciferase expression (Fig. 1C). We then evaluated the relative toxicity of
the LPRi to the U87MG cells and, as representative glial cell population
of the mature central nervous system, the NG2 cells [49]. Data in Sup-
plementary Fig. S1, indicated that transfection of these two cell types
with the LPRi did not induce any significant cellular toxicity in con

trast to the RNAiMAX. These two transfection reagents were found how-
ever equally capable to transfect the NG2 cells.

We then established the kinetic of miRNA-133a activity in the
U87MG LentiRILES/133T cells transfected with either the LPRi or with
the golden standard miRNA transfection reagent, Lipofectamine
RNAiMax. As shown in Fig. 1D, the kinetics of miRNA-133a activ-
ity detected in cells after transfection were very distinct: RNAiMax in-
duced a 2-fold increase in luciferase activity as early as 3 h post-incu-
bation, followed by a constant increase during the next 48 h. In con-
trast, after 3 h the activity of luciferase detected in cells transfected
with the LPRi was low and not statistically significant compared to the
luciferase activity detected in non-transfected cells. However, at later
time points, from 6 to 12 h, the luciferase activity in cells transfected
with the LPRi increased and was found to be similar to the luciferase
activity detected in cells transfected with the RNAiMax. Interestingly,
above this time point and for the following 36 h, the luciferase activ-
ity of LPRi-transfected cells increased gradually and was significantly
higher than the luciferase activity detected in cells transfected with the
RNAiMax (Fig. 1D, E). These results indicates that at early time points
the process of miRNA-133a delivery in cells is delayed when the LPRi
was used as transfection reagent, while at later points it is accelerated
as compared to RNAiMax. Importantly, similar results were obtained
when the luciferase activity in U87MG LentiRILES/133T was monitored
in real-time, in live cells using a bioluminescence imaging scanner, a
prerequisite for in vivo live imaging of miRNA expression in small ani-
mal models (Fig. 1E).
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3.2. Physicochemical characterization of the LPRi.miRNA-133a complexes

As we found that the kinetics of miRNA-133a delivery was different
when comparing LPRi to RNAiMAx, we then attempted to decipher the
underlying process of our LPRi transfection reagent. We first character-
ized the miRNA-133a mimic after formulation with LPRi. Since the LPRi
formulation is a ternary complex composed of His-lPEI as polymer and
LIP 100 as liposomes and miRNAs as nucleic acids (Fig. 2A), we evalu-
ated the miRNA complexation efficacy of each component taken individ-
ually by a gel shift assay. The results in Fig. 2B indicate that the His-lPEI
complexed the miRNA almost totally at a miRNA/polymer weight ratio
of 1/6. The size of the generated polyplexes exhibited an average hy-
drodynamic size of 149.4 nm with a ζ potential of +8.4 mV and a poly-

dispersity index of 0.27 (Fig. 2C). The miRNA was also entirely com-
plexed with LIP100 liposomes at a miRNA/liposome charge ratio of 1/
4. The size of the generated lipoplexes exhibited an average hydrody-
namic size of 180.9 nm with a ζ potential of +17.2 mV and a polydis-

persity index of 0.18 (Fig. 2C). The lipopolyplexes were then prepared
by first complexation of the miRNA with the His-lPEI polymer to cre-
ate uniform polyplexes and then incubated with the LIP 100 liposomes
to encapsulate them. Fig. 2A shows that the miRNA was totally com-
plexed with His-lPEI at a ratio of 1/3 and thereafter with LIP 100 lipo-
somes at a charge ratio of 1/2. The size of the generated lipopolyplexes
exhibited an average hydrodynamic size of 117.9 nm with a ζ potential

of +49.1 mV and a polydispersity index of 0.31. The significant reduc-
tion in size of the lipopolyplexes observed after addition of the LIP 100
liposome supported the encapsulation of polyplexes in liposomes as pre-
viously documented with siRNA [14]. Furthermore, Atomic Force Mi-
croscopy (AFM) in Fig. 2D revealed a compacted, circular-like nano-ob-
ject similar to lipopolyplexes previously characterized [15–17,50]. We

finally evaluated the stability of the LPRi lipopolyplexes when incubated
for 1 h at 37 °C in 0.9% NaCl as physiological buffer and at pH 4. Results
from a gel shift assay demonstrated that the LPRi.miRNA lipopolyplexes
are stable nanoparticles. Neither the pH, nor the physiological buffer re-
versed the complexation of miRNAs by the LPRi. No free-miRNA bands
were detected on agarose gel in these conditions including condition in
which the LPRi.miRNA nanoparticles were exposed for 1 h at pH 4 (Sup-
plementary Fig. S2).

3.3. Endosome escape of LPRi and Lipofectamine RNAiMax

We then focused our investigations on the endosomal escape ca-
pacity of the LPRi and RNAiMAx, a stringent limiting step for nucleic
acid delivery [22,24]. It was previously documented that oligodeoxynu-
cleotides (ODN) passively accumulate in the nucleus, once they reach
the cytosol [21,51,52]. We took advantage of this feature to moni-
tor the endosomal escape step controlled by LPRi and RNAiMax. Thus,
equimolar mixtures of Cy5-miRNA-133a mimics and FITC-ODN were
complexed with either LPRi or RNAiMax. We first ensured that most
of the lipopolyplexes (98 ± 1.1%) were both Cy5- and FITC-positive by
quantifying, by confocal microscopy, the percentage of red dots colo-
calizing with the green dots and vice-versa. This study was performed
in vitro, after loading the LPRi.miRNA.ODN on a microscope slide (Sup-
plementary Fig. S4A). U87MG cells were transfected and fluorescence
microscopy analysis was used to detect the presence of FITC signals in
nuclei (Fig. 3A and Supplementary Fig. S4B). Kinetics results indicated
that 27% of the cells incubated with RNAiMax had FITC-positive nuclei
after 3 h incubation while almost no FITC fluorescence signal was de-
tectable in the nuclei of cells incubated with LPRi (Fig. 3C). After 6 h
incubation, 38% of the cells incubated with RNAiMax had FITC-positive
nuclei signals against only 17% of cells transfected with LPRi. However,
from 10 to 14 h, the percentage of fluorescent nuclei in LPRi transfected
cells increased dramatically from 45 up to 89%, while the percentage of
positive fluorescent nuclei of RNAiMax transfected cells increased only
mildly (Fig. 3C).

3.4. miRNA endocytosis and intracellular trafficking

We next sought to determine the nature of the endocytosis pathways
used by U87MG cells to internalize the LPRi.miRNA-133a. We first as-
sessed the concentrations of Chlorpromazine (6 μM), Filipin (0.75 μM),

Genistein (7.5 μM), cytochalasin D (0.12 μM) that did not induce tox-

icity [53] (Supplementary Fig. S3A). Then we evaluated the impact
of these inhibitors on the LPRi.miRNA-133a transfection efficiency as
estimated by luciferase activity detected in the U87MG LentiRILES/
133 T. As shown in Fig. 4A, the luciferase activity was significantly
reduced when the cells were pre-incubated for 2 h with Fil

Fig. 2. Physicochemical characterization of LPRi.miRNA-133a. A) Chemical formula of LPRi components: Lip100 liposomes formed using the lipids O,O-dioleyl-N-[3 N-(N-methylim-
idazolium iodide) propylene]phosphoramidate (cationic lipid) and the O,O-dioleyl-N-histamine phosphoramidate (MM27), and the histidinylated linear polyethylene imine (His-lPEI)
polymer; B) Agarose gel shift migration of polyplexes (miRNA mimics + His-lPEI), lipoplexes (miRNA mimics + Lip100 liposomes) and LPRi lipopolyplexes (miRNA mim-
ics + His-lPEI + LIP100) showing efficient miRNA complexation of LPRi. C) Nanosizer determination of size, polydispersity index (PDI) and Zeta (Z) potential (mV) of His-lPEI/miRNA,
Lip100/miRNA and LPRi/miRNA complexes. D) Atomic force microscopy (AFM) of LPRi/miRNA complexes. The figures are representative of one experiment repeated 3 times.
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Fig. 3. LPRi and RNAimax endosomal escape efficiency. A) Fluorescence confocal microscopy analysis of U87MG fixed cells after incubation with LPRi containing an equimolar mixture of
Cy3-miRNA-133a and FITC-ODN for 3 and 14 h. B) Endosomal escape efficiency expressed as the percentage of FITC-ODN fluorescent nuclei detected from 15 to 20 images for each time
point; one representative of three independent experiments. For all panels, values are mean ± SEM. *p< 0.05, **p< 0.01.

lipin (58% of inhibition) and Genistein (44% of inhibition), two in-
hibitors of caveolae-mediated endocytosis. Partial inhibition of the lu-
ciferase activity was detected when the cells were pre-incubated with
cytochalasin D (32% inhibition) and Chlorpromazine (14% inhibition),
respectively two inhibitors of micropinocytosis and clathrin-mediated
endocytosis pathways (Fig. 4A). In contrast, no significant reduction
of luciferase activity was detected when the cells were treated with
Chloroquine (100 μM), an endosomal acidification inhibitor (Supple-

mentary Fig. S3B). When same treatment inhibitors were performed
in cells transfected with the RNAiMAx, a significant reduction of lu-
ciferase activity was detected only when the U87MG LentiRILES/133 T
cells were pre-treated with Chlorpromazine (50% inhibition) (Fig. 4A).
Then a pulse-chase study (1-h pulse incubation followed by a chase
for 15 min up to 6 h) was performed to follow the intracellular fate of
Cy3-miRNA-133a in LPRi transfected-U87MG cells. After the indicated
time points, the cells were PFA-fixed and slides were analysed by con-
focal microscopy. As shown in Fig. 4B, C, the Cy3-miRNA-133a largely
co-localized with the EGFP-positive Caveolin-1 marker. Kinetic studies
indicated that the colocalization of Cy3-miRNA-133a with the Cave-
olin-1 marker was maximum as early as 15 min post-incubation, de-
creased over the next 4 h and reached a plateau after 6 h. In contrast,
colocalization of FITC-miRNA-133a with RFP-positive Clathrin Light
Chain (CLC) was very low from 15 min to 6 h (Fig. 4B, C). These results
indicate that LPRi.miRNA-133a complexes were preferentially internal-
ized in the U87MG cells by the caveolin-dependent endocytosis path-
way while the RNAimax.miRNA-133a are more likely internalized in

cells by the clathrin-mediated endocytosis pathway (Fig. 3A). Fur-
thermore, co-localization of Cy3-miRNA-133a with eGFP-Rab5 early
endosomes was detected as early as 15 min after incubation with
LPRi.miRNA-133a that tended to decrease over the next 6 h (Fig. 4B,
C). The co-localization of Cy3-miRNA-133a with eGFP-positive Rab7
late endosomes was low after 15 min of transfection and slightly in-
creased over the next 6 h (Fig. 4B, C). Interestingly, the co-localiza-
tion of Cy3-miRNA-133a and the eGFP-positive LAMP1 marker of multi
vesicular bodies (MVB) and lysosomes was intermediate at 15 min and
high after 6 h (Fig. 4B, C). The increased colocalization of miRNAs with
Cav-1 and LAMP-1 positive vesicles for prolonged periods of time, in
comparison to Rab-5 and Rab-7 endosomal vesicles, prompted us to hy-
pothesize that a fraction of Caveolin-1 positive vesicles might fuse di-
rectly with the LAMP-1 positive vesicles. A significant co-localization
of RFP-Caveolin-1 with eGFP-LAMP-1 markers was observed after LPRi
transfection that tended to increase gradually from 15 min up to 6 h
(Fig. 4D). We also observed a triple co-localization of Cy5-miRNA-133a,
RFP-positive Caveolin-1 and eGFP-positive LAMP-1 at 4 h post-incuba-
tion, suggesting a transport of the miRNA from the caveolae to the MVB/
lysosomes (Fig. 4E).

3.5. miRNA processing kinetics and functional implication of P-body
proteins

While the mechanisms of nanocarrier internalization in cells are
well documented [22–26], less is known about the cytosolic struc
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Fig. 4. Intracellular trafficking of miRNA-133a. A) U87MG LentiRILES/133 T cells were pre-incubated with specific inhibitors of the caveolae (Fillipin and Genistein), clathrin (Chlorpro-
mazine, CHPR) and macropinocytosis (cytochalasin D, Cyto D) internalization pathways before miRNA-133a transfection with LPRi or RNAiMax. Then 48 h later the luciferase activity in
cells was quantified (n= 3). B) U87MG cells expressing eGFP-Cav1, RFP-CLC, eGFP-Rab5, eGFP-Rab7 or eGFP-Lamp1 were transfected for 1 h (pulse) with LPRi.Cy3-miRNA-133a then
washed and further incubated for 15 min, 2, 4 or 6 h, fixed in 3% PFA and analysed by confocal microscopy analysis (n= 4). C) Representative images from eGFP-Cav1, RFP-CLC and
eGFP-Rab5 cells collected at a 15-min time point and from eGFP-Rab7 or eGFP-Lamp1 cells collected at a 6-h time points. D) Quantification of co-localization events between RFP-Cav1
and eGFP-Lamp1 detected at 15 min, 3 and 6 h post-incubation (n= 3). E) Co-localization of LPRi.Cy5-miRNA-133a with RFP-Cav1 and eGFP-Lamp1 after 3 h incubation (n= 3). For all
panels, values are mean ± SEM; *p< 0.05, **p< 0.01; ***p< 0.001.

tures where miRNAs are processed by the RISC machinery to exercise
their post-transcriptional repressive function. To gain insight into this
process, we first studied the co-localization of Cy3-miRNA-133a with
FITC-AGO-2 (Fig. 5A), a well-known core catalytic component of the
RISC machinery [54]. Throughout our intracellular trafficking exper-
iments, the cells were first incubated with LPRi.Cy3-miRNA-133a for
1 h, washed and further incubated for up to 9 h. Punctate co-localiza-
tion between miRNA and AGO-2 was low after 15 min incubation with
the LPRi.miRNA-133a but increased over the following 9 h (Fig. 5A,
B). Similar co-localization kinetics were observed with. eGFP-GW182,
eGFP-DCP1a and RFP-DDX6, three protein markers of P-bodies
[55–61]. To examine whether these proteins participate in the activity

of transfected miRNA-133a, we silenced their expression in the U87MG
LentiRILES/133 T cells (Supplementary Fig. S5) and evaluated the im-
pact of this silencing process on the luciferase activity. The results in-
dicated that, as expected, AGO-2 silencing decreased the luciferase ac-
tivity by 66% while the silencing of GW-182 and DDX6 decreased it

by 42% and 34% respectively (Fig. 5C). On the contrary, the silencing
of DCP1a had no significant impact on the luciferase activity detected
in U87MG LentiRILES/133 T cells. These results suggest that in contrast
to AGO-2, GW-182 and DDX6, DCP-1a may not play a functional role in
the activity of transfected miRNAs (Fig. 5C). Furthermore, we observed
strong co-localization between miRNA-133a and AGO-2 in the first min-
utes-to-hours of incubation with LPRi.miRNA-133a (Fig. 5B). Thus, we
investigated whether AGO-2 might be associated with the membrane of
the vesicles containing LPRi.miRNA-133a. Triple co-localization experi-
ments using Cy5-miRNA-133a, FITC-AGO2 and eGFP-Caveolin 1 showed
a clear co-localization between these 3 markers (Fig. 5D, left panel). We
also observed a triple co-localization between Cy5-miRNA-133a, AGO-2
and LAMP-1 (Fig. 5D, right panel). These results suggest for the first
time to our knowledge that AGO-2 might interact with miRNAs inside
or at the periphery of these endocytosis vesicles soon after transfection
and probably after their delivery in the cytosol.
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Fig. 5. Functional involvement of Argonaute 2 and P-body markers in miRNA-133a processing after transfection. U87MG cells expressing either eGFP-GW182, eGFP-DCP1a or RFP-DDX6
were incubated for 1 h with LPRi containing miRNA-133a labelled with Cy3 or FITC then washed and further incubated for 15 min, 3, 6 and 9 h, fixed in 3% PFA and analysed by confocal
microscopy. In the upper panel cells were also stained with FITC-Ago2 antibody. A) Representative confocal microscopy images and B) quantification of co-localization events between
miRNA-133a, AGO-2 and P-body protein markers from 15 to 30 images collected at each time point after the 1-h pulse incubation, in three independent experiments. C) Functional im-
plication of DDX6, GW182, DCP1a and AGO-2 in miRNA-133a processing. The U87MG LentiRILES/133 T cells were transfected with siRNAs specific to DDX6, GW182, DCP1a and AGO-2
and then with the LPRi.miRNA-133a before quantifying the luciferase activity 48 h later (n= 3). D) Representative images from three independent experiments of eGFP-Cav1 (left panel)
and eGFP-LAMP1 (right panel) positive cells incubated for 2 and 6 h respectively with Cy5-miRNA-133a and stained with Cy3-AGO-2. For all panels, values are mean ± SEM; *p< 0.05,
**p< 0.01; ***p< 0.001.

3.6. miRNA exocytosis

In long term incubation, we observed that the luciferase activity de-
tected in the U87MG LentiRILES/133 T was maintained over 10 days
following a single transfection of LPRi.miRNA-133a (Fig. 6A). We hy-
pothesized that the LPRi-transfected miRNA-133a might be exocytosed
into the culture medium and then re-captured by cells, resulting in a
long-lasting activity of the RILES/133 T. To address this point, we iso-
lated vesicles from the extracellular medium of LPRi.miRNA-133a-trans-
fected cells and evaluated the presence of miRNA-133a in those vesi-
cles by RT-qPCR. Results of this analysis indicated that the relative ex-
pression of miRNA-133a was 158.2 and 291.3 fold higher than that of
miRNA-21.5 and -23a respectively, which were used as miRNA house-
keeping genes (Fig. 6B). In contrast, expression of this miRNA-133a
was barely detected in vesicles collected from cells transfected with
the miRNA control (LPRi.miRNA CTL). To determine the subtype of
these vesicles, we evaluated their size and shape using a Nano

sizer and transmission electron microscopy (TEM). As shown in Fig. 6D,
E, the collected vesicles exhibited an average size of 138.9 ± 16 nm
measured by DLS with a neutral Zeta potential. The TEM analysis re-
vealed spherical vesicles with a similar average size (Fig. 6C). Then, we
examined the expression pattern of exosome markers by western-blot.
As shown in Fig. 6F, the vesicles were found positive for the pres-
ence of the CD63 transmembrane protein as well as TSG101 and ALIX
cytosolic proteins and negative for the presence of the GM130 Golgi
marker, attesting that these extracellular vesicles were “bona-fide” exo-

somes [44]. We then incubated the U87MG LentiRILES/133 T cells with
conditioned media collected 3 days after transfection of U87MG cells
with the LPRi.miRNA-133a or LPRi.miRNA CTL to evaluate whether
these vesicles might be capable to re-transfer the miRNA-133a into
these cells. As shown in Fig. 6G, the luciferase activity quantified in
the U87MG LentiRILES/133 T cells incubated with conditioned media
from LPRi.miRNA-133a-transfected cells was 2.5-fold higher than the lu-
ciferase activity detected in the same cells but incubated with condi-
tioned media collected from cells transfected with the LPRi.miRNA con-
trol.
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Fig. 6. Implication of extracellular vesicles in the long-term luciferase activity of the U87MG LentiRILES/133 T cells. A) The U87MG LentiRILES/133 T cells were transfected once with the
LPRi.miRNA-133a and then the luciferase activity was quantified after 5, 7 and 10 days post-transfection (n= 4). B) RT-qPCR relative expression of miRNA-133a in extracellular vesicles
purified from the U87MG cells transfected with the LPRi.miRNA-133a or LPRi-miRNA CTL (n= 3). C) Morphology, D) size and E) charge analysis of extracellular vesicles purified from
the U87MG cells transfected with the LPRi.miRNA-133a by transmission electron microscopy (C) and using a Nanosizer (D, E). F) Characterization of extracellular vesicles by immunoblot-
ting staining of TSGO1, CD63 and Alix as positive exosome markers and GM130 as negative exosome marker. G) Luciferase activity detected in U87MG LentiRILES/133 T cells incubated
for 48 h with conditioned media collected from U87MG cells transfected with either LPRi.miRNA-133a or LPRi.miRNA CTL (n= 4). For all panels, values are mean ± SEM. *p< 0.05,
**p< 0.01; ***p< 0.001.

3.7. In vivo miRNA-133a delivery with LPRi in LentiRILES/133 T positive
glioblastoma tumour

Lastly, we evaluated whether our LPRi lipopolyplexes might be an
efficient nanocarrier to deliver miRNA in glioblastoma tumours. For this
purpose, we infused glioblastoma tumour with LPRi.miRNA-133a by the
convection-enhanced delivery method to closely mimic the clinical sit-
uation of the locoregional delivery of drugs [62]. First, the U87MG
LentiRILES/133T cells were transduced with lentiviral particles express-
ing constitutively the Renilla Luciferase (R-Luc) reporter gene to nor-
malize the Firefly luciferase activities (F-Luc) emitted from the RILES/
133 T according to each tumour volume. This dual U87MG LentiRILES/
133T reporter cell line was then implanted into the right striatum of
SCID mice. After 12 days, when mice developed solid brain tumours as
assessed by MRI imaging (Fig. 7A), LPRi containing 2 μg of miRNA133a

or miRNA CTL in a final volume of 7 μL was infused by CED at a speed

of 0.5 μg/μL into the brain of mice. Three days later, the mice were

scanned using a bioluminescence scanner. As shown in Fig. 7C, biolu-
minescence imaging of mice revealed a 3.5-fold higher F-Luc to R-Luc
luciferase ratio in the miRNA-133a group of mice as compared to the ra-
tio detected in the miRNA CTL control group of mice, set to the arbitrary
ratio value of 1. Quantitative RT-PCR performed at autopsy of mice on
the same day confirmed the in vivo bioluminescence imaging data. The
relative expression of miRNA-133a in the glioblastoma tumour infused
with miRNA-133a was 3.2-fold higher than with the miRNA CTL (Fig.
7D).

4. Discussion

Despite the tremendous interest in microRNA therapeutics, their ef-
ficient delivery in tumour remains the major obstacle for therapeu-
tic applications [59]. Understanding the behaviours of miRNAs deliv-
ered in cells is fundamental to further improve their efficacy. Cationic
lipid (lipoplexes) and cationic polymer (polyplexes) formulations are
the most widely studied RNAi carriers and some of them were re-
cently approved for clinical use [63–66]. In contrast, less is known

about ternary lipopolyplexes formulations comprising lipoplexes, poly

plexes and nucleic acids [67]. Our group has designed several lipopoly-
plexes carriers based on polyplexes made with histidinylated deriva-
tives of polylysine or linear polyethylenimine (His-lPEI, cationic poly-
mers) encapsulated in LIP 100 liposomes formed by N-methyl imida-
zolium lipophosphoramidate (cationic lipid) and histamine lipophos-
phoramidate (ionizable lipid). We demonstrated the versatility of this
lipopolyplexes formulation to transfer pDNA, siRNA and mRNA in dif-
ferent cell types [14–17,45]. More recently, we grafted a tri-mannose

antenna on LIP 100 and reported efficient mRNA vaccination against tu-
mour cells after systemic or intradermal administration [15,45]. In an
earlier work, we demonstrated that these lipopolyplexes can safely and
efficiently deliver siRNA in HeLa cells [14]. However, the exact mech-
anisms by which these RNAi oligonucleotides were transported inside
the cells and how they reached the cytosol to be processed by the RISC
machinery was not reported. Here we developed a combined approach
using confocal microscopy intracellular studies with our previously de-
scribed miRNA-ON functional monitoring system [37–39], to compre-

hensively decipher the mechanisms of miRNA internalization and pro-
cessing by the RISC machinery in glioblastoma cells. We demonstrated
that subcloning the RILES in a lentiviral expression system (LentiRILES)
offers the opportunity to monitor in real time and non-invasively the
fate of miRNA activity in glioblastoma cells during longitudinal studies
performed over several hours to days post-transfection. We show that
LPRi is as efficient as the golden standard RNAiMax to transfect the
U87MG cells in vitro but does not deliver miRNA in the same manner.
We investigated the mechanism(s) beyond this dual transfection kinet-
ics and demonstrated that the LPRi.miRNA lipopolyplexes are preferen-
tially internalized in cells through the caveolae-dependent endocytosis
pathway followed by trafficking to the endosomal vesicles and multi-
vesicular bodies (MVB), while RNAiMax is more prone to enter cells by
clathrin-dependent endocytosis. We also provide evidence that once re-
leased into the cytosol, a fraction of detectable miRNA oligonucleotides
was captured by Argonaute 2 and trafficked to P-bodies for storage
while some miRNAs were secreted to the extracellular medium through
exosomes before being re-captured functionally by the cells. We finally
proved the effectiveness of our LPRi to deliver miRNA in an ortho
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Fig. 7. In vivo bioluminescence monitoring of miRNA-133a delivery in the U87MG LentiRILES/133 T cells implanted in the striatum of mice. A) Representative MRI image of tumour mass
(arrow) detected in the brain of SCID mice 12 days after implantation of the U87MG LentiRILES/133 T cells. B) Representative dual-bioluminescence imaging of mice collected 3 days
after the CED infusion of brain tumours with either LPRi.miRNA-133a (n= 5 mice) or LPRi.miRNA CTL (n= 5 mice). To normalize activity of the RILES/133 T in tumours according to
tumour masses, the mice were first injected with Luciferin substrate to monitor activities of the Firefly Luciferase (FLuc, Top panel) and then 6 h later with the coelenterazin substrates to
monitor activities of the Renilla luciferase (RLuc, Lower panel) C) Quantification of bioluminescence signals emitted from brain tumours as in (B) and expressed as ratio of FLuc-to-RLuc.
D) RT-qPCR relative expression of miRNA-133a in brain tumours from (B, C) collected at autopsy of mice immediately after the in vivo bioluminescence imaging. For all panels, values are
mean ± SEM. *p< 0.05, **p< 0.01; ***p< 0.001.

topic human to mouse animal model of glioblastoma by CED infusion of
tumour mass with LPRi.miRNA-133a.

A major point of interest in our intracellular trafficking investiga-
tions is that we uncovered the mechanism(s) responsible for the time
shift delay in miRNA activity detected in U87MG LentiRILES/133T
following transfection with LPRi.miRNA-133a (Fig. 1). We demon-
strated that the endosomal escape of LPRi.miRNA-133a occurred at
a later time point compared to the endosomal escape performed by
RNAiMax.miRNA-133a (Fig. 3). Using specific pharmacological endo-
cytosis inhibitors and confocal microscopy analysis of cells expressing
fluorescent subcellular markers, we revealed that LPRi use the caveolae
pathway as the main route of internalization in U87MG cells (Fig. 4).
Caveolae are lipid raft–enriched, bulb-shaped plasma membrane struc-

tures that traffic internalized molecules to endosomes. Early [68,69]
and more recent studies [70–72] reported that cell surface caveolae ex-

hibit limited motility and dynamics compared to the mobility of vesi-
cles derived from the clathrin-endocytosis pathway. Previous experi-
mental evidence indicated that the Lipofectamine-based reagents such
as RNAiMax enter the cells preferentially by this fast-motion clathrin-
endocytosis pathway [73,74]. Our results in Fig. 4A corroborated these
data as we found that the Clathrin inhibitor significantly blocks the
activity of miRNA when transfected with the RNAiMax transfection
reagent. Therefore, the difference in the internalization routes used by
these two transfection reagents might explain in part the different ki-
netics observed for endosomal escape study and miRNA activity de-
tected by the RILES at early time points post-transfection. Trafficking

of LPRi through the caveolae pathway might therefore appear to be
counterproductive and a disadvantage for miRNA delivery. However,
studies indicated that native macromolecules as well as various
pathogens preferentially enter cells through caveolae, presumably to
prevent lysosome degradation [75,76]. Other studies demonstrated that
targeting the caveolae pathway is an efficient strategy for the success-
ful delivery of cargo due to its slow acidification process after fusion
with acidified vesicles. For example, glycopolymer-based carriers enter
cells through different routes while only caveolae-mediated endocyto-
sis leads to efficient transfection [77,78]. Histone-targeted polyplexes
enter cells by the caveolae for efficient delivery of plasmid DNA to the
nucleus [79]. Furthermore, the overexpression of Caveolin-1 in inflam-
matory breast cancer cells has been shown to increase the transfection
efficiency of histone-targeted polyplexes [67]. Although we do not pro-
vide here the explanation why the LPRi are preferentially taken up by
Caveolin-dependent endocytosis, it is likely that the chemical composi-
tion and structure of LPRi might be responsible for this. In a previous
study we showed that plasmid DNA loaded-lipopolyplexes use the same
Calveolin-dependent endocytosis pathway to deliver pDNA in C2C12
cells [28]. It is documented that the uptake of nucleic acids is depen-
dent on the nature of the nanocarriers [80]. For instance, lipoplexes
containing the cationic lipid DOTAP are exclusively internalized by
a clathrin-dependent endocytosis pathway, while polyplexes prepared
from the cationic polymer polyethyleneimine (PEI) were internalized by
both the clathrin- and caveolin- endocytosis pathways [77].
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Following endosomal/MVB escape, miRNAs are released in the cy-
tosol where they enter the RISC machinery to exercise their repressive
post-transcriptional activity [22]. We provide evidence that once in the
cytosol, a fraction of miRNA-133a is captured by Argonaute-2 and traf-
ficked to P-bodies. We detected intense cytosolic localisation of the flu-
orescent miRNA-133a with P-body markers such as GW182, DDX6 and
DCP1a (Fig. 5A and Supplementary Table S1). The fraction of trans-
fected miRNA-133a free to diffuse in the cytosol cannot be visualized
by standard confocal fluorescent microscopy. Sophisticated fluorescent
microscopy equipment and/or labelling strategies are required for that
purpose [22,27,81–83]. Nevertheless, we show that miRNAs are routed

to P-bodies in a gradual manner over time, from 3 to 9 h post incubation
with LPRi.miRNA-133a. The silencing of the expression of AGO2 and
P-body markers in U87MG LentiRILES/133T before transfection with
LPRi.miRNA-133a resulted in a reduced luciferase activity of the RILES/
133T system upon AGO2, GW182 and DDX6 silencing but not upon
DCP-1a silencing (Fig. 5C). This indicates that DCP1a - a more specific
marker of P-bodies [30,84,85] is unlikely to play a functional role in
the transcriptional repressive activity of delivered miRNAs. The exact
role of P-bodies in miRNA processing is not fully understood and still
under debate [86–88]. However, two recent reports shed light on the

roles of P-bodies in miRNA and mRNA processing. Using a novel fluo-
rescence-activated particle sorting (FAPS) approach to purify cytosolic
P-bodies, Hubstenberger et al. [58] showed that mRNAs segregated into
P-bodies are not processed for decay/degradation but rather stored in a
coordinated manner providing as such a reservoir that can be mobilized
to adapt protein production to cellular needs. More recently, Pitchiaya
et al. [85] followed the dynamic localization of individual miRNAs, mR-
NAs and long non-coding RNA to P-bodies using intracellular single-mol-
ecule fluorescence microscopy. They revealed that unused miRNAs sta-
bly bind to P-bodies, whereas functional miRNAs, repressed mRNAs, and
lncRNAs both transiently and stably localize within either the core or
periphery of P-bodies. Our results are in line with these studies. As ob-
served by others [89,90], the amount of miRNA delivered by transfec-
tion is far superior to the amount of endogenously expressed miRNAs in
cells. It is therefore tempting to suggest that accumulated miRNAs de-
tected in P-bodies of U87MG post-transfection might represent the ex-
cess of miRNAs that are not processed by the Ago2/RISC machinery.
Thus, they could be transiently stored in these membrane-less foci up to
the time that the cytosolic RISC machinery becomes again available. In
the meantime, it remains unclear how miRNAs are transported to P-bod-
ies to be transiently stored.

In this specific context, several studies suggested that in addition to
the diffuse form of AGO-2 within the cytosol, AGO-2 is also enriched
on the cytoplasmic side of endosomes [91–93]. Based on these findings,

we hypothesized that the detected presence of AGO-2 in caveolae and
MVB of U87MG might facilitate the capture of transfected miRNAs by
Argonaute 2. Triple co-localization studies revealed, for the first time to
our knowledge, that transfected miRNA-133a co-localized with AGO-2
and at the same time with Caveolin-1 as soon as 2 h post incubation
with the LPRi as well as with Lamp-1 vesicles after 6 h of incubation. It
could be hypothesized that miRNAs inside caveolae and MVBs (alterna-
tively early and late endosomal vesicles as well) could be captured by
AGO-2 immediately after their endosomal escape and processed by the
RISC machinery and/or trafficked to P-bodies for transient storage.

Another intriguing aspect of our finding is that the RILES miRNA
monitoring system remained switched-ON over a long period of time
in the U87MG LentiRILES/133 T after a single transfection of
miRNA-133a. Exocytosis of transfected miRNAs has been reported to
be responsible for prolonged transfection efficiency if the exocytosed
complexes are internalized again and processed efficiently by the RISC
[25,26,94,95]. Here we demonstrated that a fraction of transfected
miRNA-133a is detectable in vesicle-apparent exosomes and that

the conditioned medium collected from miRNA-133a-transfected
U87MG cells is sufficient to activate the RILES/133T in the non-trans-
fected U87MG LentiRILES/133T cells (Fig. 6). We have therefore pro-
vided a reliable explanation for the long-lasting activation of the LentiR-
ILES/133T in the U87MG (Fig. 6A). However, it cannot be excluded
that other extracellular vesicles, different from exosomes, also partic-
ipate as we invariably observed by TEM several vesicles larger than
200 nm (data not shown).

Finally, we evaluated the potency of our miRNA-lipopolyplexes for-
mulation to deliver miRNAs in glioblastoma tumour mass. To be closer
to clinical practice, we employed the CED method to deliver miRNA
lipopolyplexes locoregionally in the U87MG LentiRILES/133T glioblas-
toma tumour mass. Bioluminescence in vivo imaging of the luciferase ac-
tivity of the RILES/133T in these tumours enabled us to provide exper-
imental evidence that LPRi can deliver active miRNA-133a in glioblas-
toma. A 3.5- fold induction of luciferase activity in tumour mass was
measured as compared to infused LPRi containing the miRNA control.
This result was confirmed by qRT-PCR performed in tumours after au-
topsy of the mice (Fig. 7). These data prove that CED infusion of
LPRi.miRNA-133a results in an adequate delivery of miRNAs in tumour
mass followed by efficient uptake by tumour cells and processing by the
RISC machinery. We are currently exploiting the RILES/133T monitor-
ing system to establish the exact kinetics of miRNA activity in mice upon
delivery of LPRi.miRNA-133a in a bioluminescence longitudinal study.
Our objective is to tailor a protocol (dosing, injection time, and sched-
ule) to administer a therapeutic miRNA with reduced toxicity. Several
miRNAs have been identified as tumour suppressors specific to glioblas-
toma such as miRNA-128, miRNA-34a, miRNA-124 or miRNA-137 [96].
We expect a long-lasting effect of the therapeutic miRNA mediated in
part by exosomes loaded with the therapeutic miRNAs upon the locore-
gional delivery using the LPRi.

5. Conclusion

Altogether, our work provides a detailed overview of the mecha-
nisms of internalization, endosomal escape, intracellular trafficking and
processing of LPRi-transfected miRNA by the RISC machinery as well as
secretion of exosomes into the extracellular space. We provide evidence
that LPRi is a suitable formulation to deliver miRNA in vitro and in vivo
in glioblastoma cells and holds promise for glioblastoma treatment.
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