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INTRODUCTION.

RNA interference (RNAi) is a promising therapeutic approach to induce specific gene silencing within cells. This strategy is developed against a variety of diseases, and is being evaluated in pre-clinical and clinical trials [START_REF] Devincenzo | Evaluation of the safety, tolerability and pharmacokinetics of ALN-RSV01, a novel RNAi antiviral therapeutic directed against respiratory syncytial virus (RSV)[END_REF][START_REF] Davis | Evidence of RNAi in humans from systemically administered siRNA via targeted nanoparticles[END_REF][START_REF] Crunkhorn | Trial watch: pioneering RNAi therapy shows antitumour activity in humans[END_REF][START_REF] Barata | RNA-targeted therapeutics in cancer clinical trials: Current status and future directions[END_REF][START_REF] Kaczmarek | Advances in the delivery of RNA therapeutics: from concept to clinical reality[END_REF]. The small interfering RNA (siRNA) is a synthetic molecule, which is particularly attractive due to its lower ability to generate anti-viral responses, in comparison to viral vectors, which may be used to induce RNAi. Nevertheless, the siRNA's ability to exert its full potential as an anti-cancer agent cannot be attained, unless better methodologies for its targeted intracellular delivery to cells and tissues are developed [START_REF] De Fougerolles | Interfering with disease: a progress report on siRNA-based therapeutics[END_REF][START_REF] Ledford | Drug giants turn their backs on RNA interference[END_REF][START_REF] Zhou | Aptamer-targeted cell-specific RNA interference[END_REF][START_REF] Pecot | RNA interference in the clinic: challenges and future directions[END_REF]. Small interfering RNAs are very sensitive to nucleases degradation and can rarely cross cancer cell membranes, to reach the cytoplasm, where their target (mRNA) and the enzymatic machinery are present (RISC) [START_REF] Elbashir | Duplexes of 21-nucleotide RNAs mediate RNA interference in cultured mammalian cells[END_REF][START_REF] Liu | Argonaute2 is the catalytic engine of mammalian RNAi[END_REF][START_REF] Behlke | Progress towards in vivo use of siRNAs[END_REF]. A delivery strategy is thus necessary to overcome the cellular barriers, promoting cellular uptake and offering protection to the RNAi molecules. RNAi delivery system can be categorized into viral and non-viral vectors, according to their nature, and these delivery systems were extensively reviewed [START_REF] Couto | Viral vector-mediated RNA interference[END_REF][START_REF] Zhang | In vivo gene delivery by nonviral vectors: overcoming hurdles?[END_REF][START_REF] Kanasty | Delivery materials for siRNA therapeutics[END_REF][START_REF] Boisguerin | Delivery of therapeutic oligonucleotides with cell penetrating peptides[END_REF]. While poor safety profile, high production cost and the risk of immunogenicity limit the applications of viral vector mediated RNAi as a laboratory tool, most of the non-viral vectors take advantages of endocytic mechanisms.

Following cell entry, the RNAi molecules are entrapped in early endosomes. The late endosomes then fuse with lysosomes, which contain hydrolases that degrade the RNAi molecules. In order to exert a biological effect, the RNAi molecules must escape from endosomes at early stage.

Increasing number of reports showed that nanoparticles (NPs) including lipid-based-NPs and polymeric NPs, are now capable of protecting siRNA from nuclease degradation, can be functionalized with targeting molecules and facilitate cellular uptake. Nevertheless, in the case of hepatocytes, only a tiny fraction of the injected dose arrives safely to the cytosol of target cells, as the NPs have first to cross the blood vessels walls and escape the endosomal and recycling pathways, once they entered the cells [START_REF] Dominska | Breaking down the barriers: siRNA delivery and endosome escape[END_REF]. The intracellular trafficking of NPs may also generate some undesirable effects, such as activation of the innate immune system and toll-like receptor stimulated inflammatory response [START_REF] Jackson | Recognizing and avoiding siRNA off-target effects for target identification and therapeutic application[END_REF][START_REF] Scherman | Genetic pharmacology: progresses in siRNA delivery and therapeutic applications[END_REF][START_REF] Sun | Enhancing the Therapeutic Delivery of Oligonucleotides by Chemical Modification and Nanoparticle Encapsulation[END_REF][START_REF] Pandi | Dendrimer as a new potential carrier for topical delivery of siRNA: A comparative study of dendriplex vs. lipoplex for delivery of TNF-alpha siRNA[END_REF][START_REF] Perez | Lipid-based siRNA Nanodelivery Systems: A Learning Process for Improving Transfer from Concepts to Clinical Applications[END_REF][START_REF] Zhang | Lipidation of polyethylenimine-based polyplex increases serum stability of bioengineered RNAi agents and offers more consistent tumoral gene knockdown in vivo[END_REF].

So, the challenge in RNAi use is to develop local delivery methods to transfer RNAs directly into targeted cells and to avoid its degradation in extracellular medium and intracellular compartments. Pulsed electric field (PEF) application is a non-viral method, which can be successfully used to transfer therapeutic molecules into cancer cells [START_REF] Testori | Electrochemotherapy for cutaneous and subcutaneous tumor lesions: a novel therapeutic approach[END_REF][START_REF] Agerholm-Larsen | Preclinical validation of electrochemotherapy as an effective treatment for brain tumors[END_REF][START_REF] Curatolo | Electrochemotherapy in the treatment of Kaposi sarcoma cutaneous lesions: a two-center prospective phase II trial[END_REF][START_REF] Chabot | Targeted electro-delivery of oligonucleotides for RNA interference: siRNA and antimiR[END_REF]. This method was first based on the local application of microsecond electrics pulses (100 microseconds) at high voltage (1000-1300 V/cm), which permeabilizes the cell membrane and allows the transfer of small molecules (< 5kDa). Bleomycin or cisplatin may thus enter the cell by diffusion as long as the cell membrane is permeabilized [START_REF] Mir | Electrochemotherapy, a new antitumor treatment: first clinical trial[END_REF][START_REF] Mir | Electrochemotherapy potentiation of antitumour effect of bleomycin by local electric pulses[END_REF][START_REF] Mir | Effective treatment of cutaneous and subcutaneous malignant tumours by electrochemotherapy[END_REF][START_REF] Gothelf | Electrochemotherapy: results of cancer treatment using enhanced delivery of bleomycin by electroporation[END_REF]. Since the 90's, thousands of patients have been treated by electrochemotherapy (ECT) all over the world [START_REF] Belehradek | Electrochemotherapy, a new antitumor treatment. First clinical phase I-II trial[END_REF][START_REF] Domenge | Antitumor electrochemotherapy: new advances in the clinical protocol[END_REF][START_REF] Heller | Treatment of cutaneous and subcutaneous tumors with electrochemotherapy using intralesional bleomycin[END_REF][START_REF] Gehl | Efficient palliation of haemorrhaging malignant melanoma skin metastases by electrochemotherapy[END_REF][START_REF] Rodriguez-Cuevas | Electrochemotherapy in primary and metastatic skin tumors: phase II trial using intralesional bleomycin[END_REF][START_REF] Testori | Electrochemotherapy for cutaneous and subcutaneous tumor lesions: a novel therapeutic approach[END_REF][START_REF] Agerholm-Larsen | Preclinical validation of electrochemotherapy as an effective treatment for brain tumors[END_REF][START_REF] Hampton | Electric pulses help with chemotherapy, may open new paths for other agents[END_REF][START_REF] Curatolo | Electrochemotherapy in the treatment of Kaposi sarcoma cutaneous lesions: a two-center prospective phase II trial[END_REF]. PEF is very promising for the targeted transfer of nucleic acids in cells or tissues, however, this method was not efficient enough for the transfer of macromolecules like the plasmids DNA (pDNA) in cancer cell [START_REF] Mir | High-efficiency gene transfer into skeletal muscle mediated by electric pulses[END_REF][START_REF] Satkauskas | Mechanisms of in vivo DNA electrotransfer: respective contributions of cell electropermeabilization and DNA electrophoresis[END_REF]. With the development of more sophisticated electric field generators, millisecond electric pulses (5 -100 msec) at low voltage (50 -800 V/cm) have been shown to improve the transfer of macromolecules like pDNA and siRNA into cells and tissues [START_REF] Golzio | In vivo gene silencing in solid tumors by targeted electrically mediated siRNA delivery[END_REF][START_REF] Cemazar | Cancer electrogene therapy with interleukin-12[END_REF]. The transfer of nucleic acid has been called electrogenotherapy (EGT). Because of nucleic acids are negatively charged, electrophoretic forces are essential for their transfer into cells during PEF. Therefore, the use of millisecond durations (EGT parameters) is needed for better pDNA uptake [START_REF] Golzio | Direct visualization at the single-cell level of electrically mediated gene delivery[END_REF]. The exact mechanism leading to enhanced intracellular nucleic acid delivery remains unclear, but at least for pDNA in vitro, it might involve the induction of local physical interactions between the nucleic acid and the cell membrane, followed by a slow intracellular release into the cytoplasm after PEF [START_REF] Golzio | Direct visualization at the single-cell level of electrically mediated gene delivery[END_REF][START_REF] Berezhna | siRNA in human cells selectively localizes to target RNA sites[END_REF]. A different behavior was observed with siRNA using millisecond PEF.

No complex between siRNA and the cell surface is formed; siRNAs go through the membrane during the PEF application and stop their penetration after PEF application, as no diffusion was observed. Naked siRNA have a rapid and direct access into the cytoplasm of permeabilized cells [START_REF] Paganin-Gioanni | Direct visualization at the single-cell level of siRNA electrotransfer into cancer cells[END_REF]. This is also observed for LNA/DNA oligo nucleotides [START_REF] Chabot | LNA-based oligonucleotide electrotransfer for miRNA inhibition[END_REF]), but chemically-modified oligonucleotide increased stability negatively correlates with its efficacy despite efficient electrotransfer [START_REF] Pelofy | Chemically modified oligonucleotide-increased stability negatively correlates with its efficacy despite efficient electrotransfer[END_REF]. EP has been used successfully for in vivo siRNA electrotransfer in a wide variety of tissues such as skin [START_REF] Zhang | Enhanced delivery of naked DNA to the skin by noninvasive in vivo electroporation[END_REF], muscle [START_REF] Kishida | Sequence-specific gene silencing in murine muscle induced by electroporation-mediated transfer of short interfering RNA[END_REF][START_REF] Golzio | Inhibition of gene expression in mice muscle by in vivo electrically mediated siRNA delivery[END_REF], joint tissue [START_REF] Inoue | Electro-transfer of small interfering RNA ameliorated arthritis in rats[END_REF], eyes [START_REF] Matsuda | Electroporation and RNA interference in the rodent retina in vivo and in vitro[END_REF], brain [START_REF] Akaneya | RNAi-induced gene silencing by local electroporation in targeting brain region[END_REF]) and kidney [START_REF] Takabatake | Exploring RNA interference as a therapeutic strategy for renal disease[END_REF]. The mechanism of uptake following PEF is clearly specific, and depends, among other, upon the physico-chemical properties of the electrotransferred molecule [START_REF] Chabot | Delivery of RNAi-Based Oligonucleotides by Electropermeabilization[END_REF]. We can also hypothesize that different PEF durations can also act differently on the cell membrane and on charged molecules. The effects of these durations need to be further evaluated.

In this study, we used B16-F10 mouse melanoma cell line stably expressing the enhanced green fluorescent protein (EGFP), to evaluate in vivo the efficiency of specific siRNAs delivery by a clinically approved protocol using microsecond PEF duration. Subsequently, the transfer efficiency was compared between microsecond and millisecond PEF duration protocols. Different siRNAs were electrotransferred into melanoma cells: negative control, anti-GFP and anti-cyclin B1 siRNAs. Anti-GFP siRNA was used as a positive control and its efficiency was followed by whole body fluorescence imaging. Anti-cyclinB1 siRNA was selected as an endogeneous target. Knockdown of cyclin B1 inhibits tumor proliferation in vitro as well as in vivo. Indeed, cyclin B1 is the regulatory subunit of cyclin-dependent kinase 1 (Cdk1) and essential for the transition from G2 phase to mitosis. Cyclin B1 is found to be overexpressed in many cancer cell lines. Inhibition of cyclin B1 decreases tumor growth [START_REF] Androic | Targeting cyclin B1 inhibits proliferation and sensitizes breast cancer cells to taxol[END_REF][START_REF] Crombez | Targeting cyclin B1 through peptide-based delivery of siRNA prevents tumour growth[END_REF][START_REF] Kedinger | Sticky siRNAs targeting survivin and cyclin B1 exert an antitumoral effect on melanoma subcutaneous xenografts and lung metastases[END_REF].

Moreover, targeting cyclin B1 sensitizes breast cancer cells to taxol, suggesting that specific cyclin B1 targeting is an attractive strategy for the combination with conventionally used agents in cancer therapy [START_REF] Yuan | Stable gene silencing of cyclin B1 in tumor cells increases susceptibility to taxol and leads to growth arrest in vivo[END_REF][START_REF] Androic | Targeting cyclin B1 inhibits proliferation and sensitizes breast cancer cells to taxol[END_REF]. We showed that the clinically approved protocol using microsecond pulse duration allowed efficient transfer of siRNA delivery in solid tumors in vivo, as shown by the tumor growth delay.

Repeated treatments improved the tumor growth delay. When compared to millisecond PEF protocol, similar tumor growth delay was obtained despite a better delivery using one single treatment. Our results show that existing clinical protocol based on PEF can be used efficiently for targeted tumor delivery of unmodified siRNA, targeting a therapeutic gene.

Moreover, this protocol can be repeated several times. Our approach provides new opportunities into siRNA delivery field, as it can be combined with other anti-cancer strategies.

MATERIALS AND METHODS.

siRNA sequences. egfp siRNA duplexes were designed according to Caplen and co-workers and labeled with Alexa Fluor 546 at the 3' position of the sense strand [START_REF] Caplen | Specific inhibition of gene expression by small double-stranded RNAs in invertebrate and vertebrate systems[END_REF]) (Qiagen Xeragon, Germantown). The sequence was given in [START_REF] Paganin-Gioanni | Tracking in vitro and in vivo siRNA electrotransfer in tumor cells[END_REF]. The labeling of the siRNA does not significantly modify the global negative charge of the native siRNA. The siRNA anti cyclin B1 was a pool of three target-specific 21 nt siRNAs (sc-29285A: sense: 5' AAG UCA GCG AAG AGC UAC ATT, antisense: UGU AGC UCU UCG CUG ACU UTT; sc-29285B: sense: AAC CUC UGU AGU GAA UAU GTT, antisense: CAU AUU CAC UAC AGA GGU UTT; sc-29285C: sense: GAG CAG UCA GUU AGA CCA ATT, antisense: UUG GUC UAA CUG ACU GCU CTT) (Santa Cruz Biotechnology). The negative control siRNA showed no significant sequence similarity to the mouse gene sequences (sense: 5' UUC UCC GAA CGU GUC ACG UdT dT, antisense: 5' ACG UGA CAC GUU CG GAGA AdT dT) (Qiagen Xeragon).

Cells. B16-F10 murine melanoma cells expressing EGFP were obtained after retroviral transduction and maintained in culture according to a previously described protocol [START_REF] Golzio | In vivo gene silencing in solid tumors by targeted electrically mediated siRNA delivery[END_REF]). Electrotransfer apparatus. Electropulsation (EP) was operated by using a CNRS cell electropulsator (Jouan), which delivered square-wave electric pulses. An oscilloscope (Enertec) monitored pulse shape. A polarity inverter built in the laboratory allowed the triggering of pulses with alternating (bipolar) polarities.

Murine tumor model. Female

In vivo electropulsation. The protocol was previously described in [START_REF] Golzio | Targeted gene silencing into solid tumors with electrically mediated siRNA delivery[END_REF][START_REF] Golzio | Targeted gene silencing into solid tumors with electrically mediated siRNA delivery[END_REF])). In summary, fifty microliters of saline solution (i.e. PBS containing 40 units of the RNAse inhibitor RNAsin) (TebuBio) and 5 µg of EGFP siRNA, negative siRNA or anti cyclin B1 siRNAs were slowly injected into the tumor. In the control conditions, the volume of siRNA was replaced by the siRNA suspension buffer containing RNAsin to keep the injection conditions similar and are denominated "PBS" in figures. Thirty seconds after injection, electropulsation was applied. Square-wave pulses were delivered as described previously [START_REF] Golzio | In vivo gene silencing in solid tumors by targeted electrically mediated siRNA delivery[END_REF]). The electric field strength (600 V/cm for EGT condition and 1300 V/cm for ECT condition), pulse duration (5 msec for EGT condition and 100 µsec for ECT condition) and frequency of pulses (1 Hz) were all preset. The electrodes were of the parallel-plate type, 1 cm long, 1 cm thick, and with 4, 5 or 6 mm of distance between the plates, depending on the tumor size (in order to obtain the desired electric filed strength, the voltage was adjusted following the equation V = E x d, where E is the electric field strength and d is the distance between the electrodes). At day 2 and 4, the treatment was repeated. First we delivered a train of four pulses, and subsequently we delivered an additional train of four pulses with reverse polarity.

Non-invasive fluorescence macroscopy imaging in live animals. GFP expression in the tumor cells was detected directly through the skin by a fluorescence macroscope (Macrofluo, Leica) equipped with a 12-bit camera binning 1x1 (Coolsnap HQ, Roper) and with the acquisition software Metavue. The observations were made under a 2% isoflurane volatile anesthesia. eGFP was observed with the Leica filter set n°11513880, L5 (excitation filter 480nm ±40nm, dichroic mirror 505 long-pass, emission filter 527nm ±30nm). All the acquisitions were made with a lens X1, with a zoom 1, with an exposure time of 1000 msec.

The EGFP fluorescence from the tumor was measured quantitatively during one week as described in [START_REF] Golzio | In vivo gene silencing in solid tumors by targeted electrically mediated siRNA delivery[END_REF]). Briefly, images were processed using ImageJ software (National Institutes of Health). The mean fluorescence intensity (MFI) of the same ROI was quantified for each image in the scan series.

Quantitative RT-PCR. RNA extraction for quantitative real time PCR RNA was carried on by using RNeasy Protect mini kit (Qiagen). Immediately after harvesting the tumor, the tissues were put in RNAlater stabilization reagent and stored at 4°C for at least 24 h. For RNA extraction, stabilized tissues were disrupted using a needle of 22-G and total RNA was purified according to Qiagen's protocol. Possible traces of contaminating genomic DNA were eliminated using the DNase RNase free kit (Qiagen). The quality of the RNA was controlled by agarose gel electrophoresis. cDNAs were produced from 5 µg of total RNA by a reverse transcription at 55°C for 50 min using random hexamer primers followed by treatment with RNase H using the Superscript III First strand (InVitrogen).

Quantitative real-time PCR analyses were performed on 50 ng of cDNAs and 300 nM of each primers into the SYBR Green PCR Master Mix (Applied Biosystems) using an Abi Prism 7000 Sequence Detector systems (Applied Biosystems). For each sample, measurements of gene expression were carried out in triplicate in 96-well reaction plates with the current conditions of PCR (50°C 2 min then 40 cycles: 95°C during 10 min then 60°C during 1 min).

geNorm44 VBA applet for Microsoft Excel was used to determine the most stable reference mRNA transcript using a set of six PCR primer couples targeting different mouse housekeeping genes. Cyclin B1 expression values were normalized by a factor calculated by geNorm from the three most stable reference genes: β-glucuronidase, tyrosine 3monooxygenase (YWHAZ) and β-actin-2. All PCR primers used in this study were purchased form Sigma and were validated for quality of the amplification by controlling the dissociation curves of the products and amplification efficiencies. Primers used for Cyclin B1 amplification were Cyclin B1-Forward 5' -CAG AGT TCT GAA CTT CAG CCT G -3' and Cyclin B1-Reverse 5' -ATG GTG AAC TGT GGC CTC ACA AA -3' that were previously described by Wasner and coworkers [START_REF] Wasner | Cyclin B1 transcription is enhanced by the p300 coactivator and regulated during the cell cycle by a CHR-dependent repression mechanism[END_REF]. Other primers were designed using Primer Express software (Applied biosystems). Sequences of PCR primers for the selected housekeeping reference genes are the following: β-glucuronidase: Forward 5' -ACTTTA TTG GCT GGG TGT GG -3' and Reverse 5' -AAT GGG CAC TGT TGA TCC TC -3'; YWHAZ: Forward 5' -CGT GGA GGG TCG TCT CAA GT -3' and Reverse 5' -CTC TCT GTA TTC TCG AGC CAT CTG -3'; β-actin-2: Forward 5' -AGC CAT GTA CGT AGC CAT CCA -3' and Reverse 5' -TCT CCG GAG TCC ATC ACA ATG -3'.

Statistical analysis.

For in vivo experiments, the number of mouse per condition was 4 to 6. 

RESULTS.

Efficient siRNA delivery in vivo by a clinically approved PEF protocol.

In order to evaluate the efficiency of the clinically approved protocol (ECT parameters) for siRNA in vivo delivery and silencing into cancer cells, siRNA anti-EGFP was transferred into B16F10-EGFP tumors of 5 to 7 mm diameter. About 30 seconds after slow intra-tumor injection, eight pulses of 100 µsec at a frequency of 1 Hz were delivered at 1300 V/cm and compared with our previous experiments performed using pulses of 5 msec delivered at 600 V/cm. The fluorescence of the subcutaneous tumors was followed and quantified by direct fluorescence imaging of the animal (Fig. 1A). As expected, EGFP fluorescence levels were not modified in the different control groups (Fig. 1B). Indeed, electric pulses alone and unrelated siRNA electrotransfer (negative siRNA) did not modify the percentages of EGFP fluorescence intensities at 72h when compared to non-treated tumors as already shown in our previous study using an EGT protocol [START_REF] Golzio | In vivo gene silencing in solid tumors by targeted electrically mediated siRNA delivery[END_REF]). When anti-EGFP siRNA was electrotransferred (siRNA+EGT and siRNA+ECT), significant decrease in EGFP fluorescence was observed during the 3 days following the electrical treatment (Fig. 1B). The decrease was maximal at day 3 for both protocols. EGFP fluorescence decreased down to 40% and 30% of the initial fluorescence for ECT and EGT protocols, respectively. When compared with our previous results, similar behavior was observed [START_REF] Golzio | Targeted gene silencing into solid tumors with electrically mediated siRNA delivery[END_REF]. 

Cyclin B1 inhibition in murine melanoma by siRNA electrotransfer.

In order to confirm the efficiency of the ECT parameters for the delivery of siRNAs in cancer cells, a pool of three anti-cyclin B1 siRNAs were electrotransferred into subcutaneous tumors B16F10-EGFP and tumor growth was monitored during the following days (Fig. 2). The growth of tumors was not modified in the different control groups (Fig. 2A). Indeed, the ECT parameters alone, siRNA control (neg siRNA) or anti-cyclin B1 siRNAs injection alone did not affect tumors growth. When anti-cyclin B1 siRNAs were electrotransferred, a significant slowdown of the tumor growth was observed within 24 h (P Value = 0,005). The tumor growth delay was significant until the second day (P = 0,012).

In order to obtain a more pronounced effect, anti-cyclin B1 siRNAs electrotransfer was repeated three times every other day (Fig. 2B). As expected, the growth of tumors was not significantly modified in the different control groups. Indeed, PBS injections followed by ECT protocol, injections of 5 µg of anti-cyclin B1 siRNAs or injections of 5 µg of unrelated siRNA followed by ECT protocol did not modify tumor growth (Fig. 2B). When repeated injections of 5 µg of anti-cyclin B1 siRNAs were followed by ECT parameters, a significant slowdown of the tumor growth was observed during 6 days as shown in Fig2C. Once the treatment stopped, the tumor growth returned to an exponential regime, meaning that the effect of the siRNA was not maintained after 2 days.

To demonstrate that the slowdown of tumor growth was specifically due to anti-cyclin B1 siRNAs electrotransfer, we performed quantitative real-time PCR to evaluate the cyclin B1 mRNA content within the treated tumors (Fig. 2D). siRNA electrotransfer has been already

shown efficient for the specific gene silencing in EGT condition, but the delivery of other siRNAs using ECT condition could potentially induce some off-target effect or unspecific knock-down of an untargeted gene involved in the cell cycle. At day 2, mice were sacrificed and tumors were processed for RNA extraction. Quantitative RT-PCR using GeNorm analysis revealed a 30% reduction of the cyclin B1 mRNA content only when anti-cyclin B1 siRNAs was electrotransferred into tumors (Fig. 2D). Indeed, with all other control treatments, no significant differences in cyclin B1 mRNA levels were observed: after anti-cyclin B1 siRNAs injection, PBS injection followed by ECT parameters, unrelated siRNA injection followed by ECT parameters or no treatment. These data demonstrated that tumor growth delay observed after electrotransfer of the anti-cyclin B1 siRNA truly originated from a siRNA-mediated degradation of cyclin B1 mRNA. for each group at day 5. (D) Cyclin B1 mRNA levels after siRNA delivery into murine melanoma. The steady-state transcript levels of the cyclin B1 gene were measured by quantitative RT-PCR analysis of total RNA extracted from tumors 2 days after treatments. Cyclin B1 mRNA levels were calculated in comparison to untreated tumors. Three tumors were analyzed in each case. Histograms represent the mean of normalized cyclin B1 mRNA ± standard deviation. Two-sided Student t-tests were followed for the anti-cyclin B1 siRNA electrotransfer. * P ** P*** P 0.001.

siRNA electrotransfer using millisecond PEF duration for cyclin B1 inhibition

In order to compare the clinically approved protocol (ECT protocol) versus the nucleic acid delivery protocol (EGT protocol) done in our previous study [START_REF] Golzio | In vivo gene silencing in solid tumors by targeted electrically mediated siRNA delivery[END_REF], same experiments than in Fig. 2 were performed. Only the PEF parameters were changed.

The growth of tumors was not modified in the different control groups (Fig. 3A). Indeed, the EGT protocol alone, siRNA control (neg siRNA) or anti-cyclin B1 siRNAs injection alone (0.25 mg/kg) did not modify tumors growth. When anti-cyclin B1 siRNAs were electrotransferred, a significant slowdown of the tumor growth was observed within 24 h (P Value = 0.005). The tumor growth delay was significant until the third day (P = 0.046). This observation showed that a single EGT protocol treatment led to a more sustained delay in tumor growth than one single ECT protocol treatment.

When treatments were repeated three times every other day (Fig. 3B), the growth of tumors was not significantly modified in the different control groups. Indeed, PBS injections followed by EGT protocol, injections of 5 µg of anti-cyclin B1 siRNAs or injections of 5 µg of unrelated siRNA followed by EGT protocol did not modify tumor growth (Fig. 3B). When injections of 5 µg of anti-cyclin B1 siRNAs were followed by the EGT parameters, a significant slowdown of the tumor growth was observed during 6 days. The slowdown of the tumor growth lasted until the eighth day for the both treatments (Figs. 2B and3B).

Our results clearly indicate that the clinically approved protocol parameters is well suited for siRNA delivery, when repeated treatments are needed. 

DISCUSSION.

The main obstacle to the use of siRNAs for in vivo cancer therapy remains the need of an efficient and specific intracellular delivery method, which would avoid off-target effects or immune response [START_REF] Rossi | Helping RNAi deliver[END_REF][START_REF] Dykxhoorn | The silent treatment: siRNAs as small molecule drugs[END_REF][START_REF] Xie | Harnessing in vivo siRNA delivery for drug discovery and therapeutic development[END_REF].

Indeed, naked siRNA is relatively unstable in blood and is rapidly cleared from the body by nucleases degradation [START_REF] Whitehead | Knocking down barriers: advances in siRNA delivery[END_REF]). The systemic delivery method seems feasible to transfer siRNA into cancer cells, but the resulting low efficiency silencing of the gene may occur due to a poor siRNA cellular uptake. In addition, the latter can also induce unintended effects with siRNA interactions or absorption by bystander (untargeted) cells [START_REF] Jackson | Recognizing and avoiding siRNA off-target effects for target identification and therapeutic application[END_REF][START_REF] Samuel-Abraham | Staying on message: design principles for controlling nonspecific responses to siRNA[END_REF][START_REF] Walton | Designing highly active siRNAs for therapeutic applications[END_REF][START_REF] Scherman | Genetic pharmacology: progresses in siRNA delivery and therapeutic applications[END_REF].

EGT and ECT parameters are physical techniques that allow the local delivery of therapeutic molecules into cells without carrier molecules. They have been previously used by different groups including ours, to locally deliver siRNAs in various tissues [START_REF] Zhang | Enhanced delivery of naked DNA to the skin by noninvasive in vivo electroporation[END_REF][START_REF] Golzio | Inhibition of gene expression in mice muscle by in vivo electrically mediated siRNA delivery[END_REF][START_REF] Inoue | Electro-transfer of small interfering RNA ameliorated arthritis in rats[END_REF][START_REF] Takabatake | Exploring RNA interference as a therapeutic strategy for renal disease[END_REF][START_REF] Golzio | In vivo gene silencing in solid tumors by targeted electrically mediated siRNA delivery[END_REF]. EGT protocol consists in the application of millisecond electric pulses, which are required to load macromolecules into cells [START_REF] Rols | In vivo electrically mediated protein and gene transfer in murine melanoma[END_REF][START_REF] Cemazar | Electrotransfer of therapeutic molecules into tissues[END_REF][START_REF] Golzio | In vivo gene silencing in solid tumors by targeted electrically mediated siRNA delivery[END_REF]). We have previously described the electrotransfer mechanism of the siRNA into cancer cells, in which siRNA molecules have a rapid and direct access to the cytosol of the electropermeabilized cells, allowing a direct transfer of the siRNA into cells compartment, where siRNA's enzymatic machinery (RISC) and its target (mRNA) are present. Cytoplasmic delivery of synthetic siRNAs by electroporation into adherent peripheral blood mononuclear cells did not induce either inflammatory cytokines or interferons [START_REF] Sioud | RNA interference below the immune radar[END_REF].

The present study shows that using a clinically approved protocol (ECT) is a promising method to transfer molecules including siRNAs into cancer cells. This protocol consists in the application of short electric pulses (µsec) at high electric field intensities (100-1300 V/cm) to transiently permeabilize the cells and allow the diffusion of small molecules like cisplatin or the bleomycin [START_REF] Mir | Electrochemotherapy potentiation of antitumour effect of bleomycin by local electric pulses[END_REF][START_REF] Heller | Treatment of cutaneous nodules using electrochemotherapy[END_REF][START_REF] Mir | Effective treatment of cutaneous and subcutaneous malignant tumours by electrochemotherapy[END_REF]. In this study, we have tested the efficiency of this delivery method into murine melanoma for the transfer of siRNAs, targeting either a reporter gene (anti-GFP) or an endogenous gene (anti-cyclin B1).

In vivo, ECT parameters alone, intra-tumor injection of siRNA alone or unrelated siRNA electrotransfer did not affect egfp expression (Fig. 1). On the contrary, when tumors were electropermeabilized after injection of anti-EGFP siRNA, a 50% decrease of the EGFP fluorescence EGFP was observed after 72 h (Fig. 1B). This observation is in agreement with our previous in vitro and in vivo observations obtained with EGT parameters [START_REF] Golzio | In vivo gene silencing in solid tumors by targeted electrically mediated siRNA delivery[END_REF]).

Electrotransfer of anti-cyclin B1 siRNA by ECT or EGT protocols induced a slowdown of tumor growth (Figs. 2A and 3A). This observation showed the efficacy of both electric treatments (ECT and EGT) to target an endogenous gene involved in the cell cycle. Moreover, this phenomenon can be maintained by repeating the treatment (Fig. 2B, 2C and 3B). After three treatments, the treated tumor growth was delayed, compared to other control groups. We confirmed that the cyclin B1 mRNA level was decreased after siRNA electrotransfer, indicating that RNAi gene silencing mechanism was involved (Fig. 2D and3C). The anti-EGFP siRNA electrotransfer effect was transient; it was maximal at 24-48 h and returned to its initial value at day 7. The silencing was transient because the intracellular concentration of siRNA was diluted during the cellular division [START_REF] Chiu | RNAi in human cells: basic structural and functional features of small interfering RNA[END_REF][START_REF] Paroo | Challenges for RNAi in vivo[END_REF].

A delay of 24-48 h was observed, mainly because of the 24 h lifetime of the EGFP [START_REF] Corish | Attenuation of green fluorescent protein half-life in mammalian cells[END_REF]. B16F10 is a very rapid growing tumor model. Anti-cyclin B1 siRNA effect induced only a slowdown of the tumor growth by blocking the cell cycle division, but did not kill the tumor cells (did not completely inhibit cell division).

Our results show that ECT and EGT protocols were an efficient method for the local delivery of siRNA into cancer cells. The repeated siRNA administration is feasible and efficient using PEF protocols. In addition, we also show that the application of the electric field alone does not induce a tumor growth delay. Electropermeabilization induces a transient permeabilization of the plasma membrane and a rapid electrophoretic transfer of siRNAs into the cytoplasm.

Our conclusions show that an existing clinical procedure could be used for siRNA delivery that targets endogenous gene involved in tumor progression [START_REF] Ferrari | Frontiers in cancer nanomedicine: directing mass transport through biological barriers[END_REF][START_REF] Kaczmarek | Advances in the delivery of RNA therapeutics: from concept to clinical reality[END_REF]. Knockdown of cyclin B1 inhibits cell proliferation in vitro as well as in vivo. Moreover, targeting cyclin B1 sensitizes breast cancer cells to taxol, suggesting that specific cyclin B1 targeting is an attractive strategy for the combination with conventionally used agents in gynecological cancer therapy [START_REF] Yuan | Stable gene silencing of cyclin B1 in tumor cells increases susceptibility to taxol and leads to growth arrest in vivo[END_REF]. As far as electroporation of siRNA is concerned, only solid and visible tumors can be treated.

Nevertheless, with the development of immunotherapy strategies based on cytokine expression [START_REF] Pasquet | Pre-clinical investigation of the synergy effect of interleukin-12 gene-electro-transfer during partially irreversible electropermeabilization against melanoma[END_REF]) and other strategies targeting T-cells (with the downregulation of PD-1 alone or simultaneously with CTLA-4) [START_REF] Simon | The siRNA-mediated downregulation of PD-1 alone or simultaneously with CTLA-4 shows enhanced in vitro CAR-T-cell functionality for further clinical development towards the potential use in immunotherapy of melanoma[END_REF], we are convinced that siRNA delivery by electroporation, using a clinically approved protocol, can open the way to additional therapeutic approaches against disseminated melanoma.

  C57Bl/6 mice were obtained from Rene Janvier and were subjected to an adaptation period of at least 10 days before experiments. They were maintained at constant room temperature with a 12 h light cycle in a conventional animal facility. The mice were 10-14 weeks old at the beginning of the experiments; weighing 20-25 g. Tumors were implanted subcutaneously in the right flank of the mice by inoculation of 10 6 B16F10-EGFP cells in PBS and grown to a size of 5-7 mm in diameter. Procedures were performed with approved protocols from the local ethical committee N°20110329/129, in accordance with the French CNRS and EU commission regulations for laboratory animals' care. Tumor growth was followed by measuring two orthogonal tumor diameters (a and b) with a vernier caliper. Tumor volumes were calculated by the formula V = π × a × b × b/6; (a) being the longest diameter. The arithmetic mean of tumor volumes and standard error of the mean (SE) were calculated for each experimental group.

  Statistical analyzes were performed by using unpaired two-sided Student t-tests in Microsoft Excel software (version 2010). * P ** P*** P 0.001. The error bars represent the standard deviation.

Figure 1 .

 1 Figure 1. In vivo anti-EGFP siRNA electrotransfer in B16F10-EGFP tumors. B16F10-EGFP tumors were non-treated (NT) or injected with anti-EGFP siRNA (siRNA) or with PBS (EGT+PBS ant ECT+PBS). Anti-EGFP siRNA was electrotransferred into tumors by EGT (EGT+siRNA) or ECT (ECT+siRNA) protocols. (A) Digital images were used to visualize fluorescence of B16F10-EGFP tumors as a function of time after EGT and ECT protocols with PBS as a control and with anti-EGFP siRNA. The scale bar corresponds to 5 mm. (B) For each animal, the relative tumor mean fluorescence was determined as the ratio between the fluorescence intensity at day 3 and the fluorescence intensity measured before treatment (day 0 referred as 100% value). The number of mice was: NT, n=6; siRNA, n= 6; EGT+PBS, n=4; ECT+PBS, n=4; EGT+siRNA, n=5; ECT+siRNA, n=5. Two-sided Student ttests were performed. ** P*** P 0.001.

Figure 2 .

 2 Figure 2. SiRNAs anti cyclin B1 electrotransfer into tumor cells by ECT parameters. For each animal, the tumor growth was quantified on a relative scale using as a 100% reference value the tumor size just before treatment (day 0). (A) B16F10 tumor growth was followed after no treatment (NT), after one injection of PBS followed by ECT protocol, after one injection of 5 µg of the siRNA anti cyclin B1 (siRNA 5 µg x1) alone. The siRNA anti cyclin B1 was electrotransferred into tumors by ECT parameters (siRNA 5 µg + ECT). (B) Mice were treated as previously described at Day 0, day 2 and Day 4. The number of mice was: NT, n=6; siRNA 5µg x1, n= 5; PBS+ECT x1, n=4; siRNA 5µg+ ECTx1, n=5; siRNA 5µg x3, n= 6; PBS+ECT x3, n=5; Neg siRNA+ECT x3, n=5; siRNA 5µg+ ECT x3, n=5. For statistical analysis, a two-way ANOVA analysis with the Bonferroni post hoc test was performed. * P ** P*** P 0.001 show statistically differences between ECT parameters and electro-transferred siRNA. (C) Representative pictures of mice after 3 treatments

Figure 3 .

 3 Figure 3. SiRNAs anti-cyclin B1 electrotransfer into tumor cells by EGT parameters. For each
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