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Abstract

:

The functional involvement of microRNAs in human neoplasia has raised in the last years an increasing interest in the scientific community toward the potential application in clinics as therapeutic tools. Indeed, the possibility to modulate their expression to re-establish a lost equilibrium and counteract tumor growth and dissemination, and/or to improve responsiveness to standard therapies, is promising and fascinating. However, several issues need to be taken into account such as factors related to miRNA stability in the blood, tissue penetration and potential off-target effects, which might affect safety, tolerability and efficacy of an miRNA-based therapy. Here we describe the most relevant challenges related to miRNA-based therapy, review the delivery strategies exploited to date and the on-going clinical trials.
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1. MiRNA Biogenesis


MiRNAs are small, naturally occurring, noncoding RNA molecules ubiquitously expressed and involved in basically any physiological process. They exert regulatory functions on gene expression by acting at the post-transcriptional level, modulating mRNA stability or affecting translation, depending on the degree of sequence complementarity with the target mRNA molecule [1].



Conserved across species, microRNAs were initially thought to be originated from junk DNA, and it took years to understand that these portions of noncoding DNA generate instead functionally active RNA molecules. Unexpectedly, the results of the human genome project demonstrated that over 98% of the human genome does not encode for proteins, revealing the existence of a huge amount of never explored information, a sort of secret book never interpreted before.



The first microRNA was described back in 1993 by Ambros and his group [2], who described the role of lin-4 in the development of the nematode C. elegans. However, only 7 to 8 years later these tiny RNAs had returned to the spotlight with increasing evidence of their role also in vertebrates and humans.



MiRNA biogenesis is a multistep process which leads to the production of a single-strand RNA able to bind a target messenger RNA upon loading into the RISC (RNA-induced silencing) complex. The production of a mature miRNA starts in the nucleus where a long primary transcript (pri-miRNA) is first cleaved by an enzyme complex (Drosha endoribonuclease and DGCR8/Pasha) into a double strand precursor approximately 70 nt long and characterized by the presence of a hairpin [3]. The pre-miRNA is then exported through an Exportin-5-dependent mechanism to the cytoplasm [4] where it is further cleaved by the RNAse Dicer, which removes the hairpin. The two strands of the short duplex are then opened by a helicase into two mature products, one called miR-5p, the other miR-3p, miR* or the passenger strand. Both strands are functionally active [5]. The miRtron pathway is a noncanonical process pathway which does not require the Drosha-mediated cleavage; instead it leads to pre-miR production by alternative splicing [6]. MicroRNA expression is altered in human diseases, including cancer. Although miRNAs are extensively studied, and their role in cancer was proved by several published papers, available databases probably have plenty of false positive sequences that are not derived from miRNA genes [7]. To solve this issue, a new database was created, mirGeneDB, that reviewed miRNA entries present in MiRBase and identified only one third of 1.881 miRNAs that could be considered true miRNAs [8].




2. MiRNA in Cancer


The involvement of microRNAs in human cancer is currently well documented. After the first evidence of an aberrant expression in neoplastic tissues versus the normal counterpart [9,10], the past 15 years have witnessed an increasing number of studies demonstrating that specific miRNA signatures associate to different tumor stages, outcome of the disease and responsiveness to specific anticancer therapies [11,12,13]. This has generated enthusiasm within the scientific community for a potential use of these molecules as biomarkers. In addition, as well known, miRNAs can be easily detected in biological fluids such as blood or serum, thus representing potential noninvasive biomarkers. Two interesting examples are the early diagnosis of lung cancer in heavy smokers [14] and the prediction of responsiveness to neoadjuvant Trastuzumab in HER2-positive breast cancer patients [15].



Nonetheless, the functional role of these tiny regulators of gene expression in human neoplasms has been clearly described. They are involved in basically all the cancer-related pathways, including proliferation, as the onco-suppressive miR-34 family [16]; migration and metastatic potential, as the oncogenic miR-9 in breast cancer [17]; stemness properties [18]; altered metabolism [19] etc. Preclinical studies demonstrating that the modulation of miRNA expression can impair a malignant phenotype, contributing to control cancer growth and dissemination and/or improving responsiveness to standard therapies, has suggested the fascinating possibility of a future miRNA-based therapy.



In lung cancer, for instance, miR-34 could be considered a key oncomiR that regulates cell-cycle, apoptosis and cellular senescence [20]. Indeed, this miRNA, finely controlled by p53, was able to modulate cell cycle genes and also to interfere with tumor growth and metastasis by directly targeting Epidermal Growth Factor Receptor (EGFR) [21]. Other miRNAs were regulated by p53 in lung cancer cells, such as miR-197 and miR-486. MiR-197 is able to control the apoptotic process in lung cancer cells [22] whereas miR-486 has a fundamental role in cancer growth as demonstrated by our and other research groups [23].



MiR-21 is over-expressed in advanced lung cancer and is considered a key regulator of cellular mechanisms such as apoptosis, proliferation and migration. Another oncogenic miRNA which promotes lung cancer proliferation is miR-17/92a cluster (mir-17, mir-18a, mir-19a, mir-20a, mir-19b, and mir-92), which is frequently over-expressed.



MiR-21 plays an oncogenic role also in breast cancer [24], whereas miR-17/92 cluster seems to have a contrasting role in different subtypes of breast cancer [25].



It has been shown that miRNAs exert a critical role in the modulation of epithelial to mesenchymal transition that leads to tumor invasion and metastasis. One of the most studied small noncoding RNAs is miR-200 which, along with miR-205, is able to modulate epithelial to mesenchymal transition (EMT) by targeting mainly the zinc finger E-box binding homeobox (ZEB1) and ZEB2 [26]. The capability of miR-205 to counteract the EMT process has been reported also in prostate cancer [27], where its function is exerted through the downregulation of protein kinase Cepsilon.



In breast cancer, we and other groups have demonstrated the oncosuppressive role of miR-205, which is able to directly target HER3, thus improving the responsiveness to tyrosin-kinase inhibitors (TKIs) [28] and Trastuzumab [29] in HER2+ breast cancer cell lines. Interestingly, it has been demonstrated that miR-205 expression is repressed by HER2 [30], plausibly a strategy exploited by the receptor to impede the inhibitory activity of the microRNA on HER3, thus maintaining a functional oncogenic dimer.



More recently, it has been become clear that microRNAs can act not only on neoplastic cells but also on components of the tumor microenvironment such as fibroblasts, endothelial cells and immune cells. It is well known that tumor cells shape a protumorigenic milieu by a birectional interaction with surrounding cells, and microRNAs have been described as key carriers of this message exchange. MiR-9, for instance, first described as oncomiR involved in the metastatization process of triple negative breast cancer (TNBC), is able to promote migration, invasion and metastasis formation [17], and has, more recently, been linked to several tumor-triggered mechanisms in the tumor microenvironment. Secreted by neoplastic cells packaged in exosomes, miR-9 is then transferred to endothelial cells [31] where it promotes cell migration by JAK/STAT pathway activation, thus favoring angiogenesis. Moreover, miR-9 can be transferred to fibroblasts where it contributes to the conversion to cancer-associated fibroblasts, which cooperate with neoplastic cells to confer a more aggressive phenotype [32].



However, miR-9 has opposite roles in different types of cancer. Whereas there is convincing evidence of an oncogenic role of this miRNA in breast cancer, its function in other tumors such as glioblastoma or uveal melanoma are more contrasting [33].



Furthermore, it has been demonstrated that the four members of the miR-181 family have a key role during embryogenesis and development of the central nervous system [34]. The MiR-181 family is also deregulated during carcinogenesis, and several studies showed modulation of fundamental cellular players such as PI3K/AKT, MAPK, TGF-β Wnt, NF-κB and Notch [35].



Recently, more comprehensive analyses considering miRNA differences at cellular levels, as performed by McCall and colleagues [36], revealed an important cell-specificity of certain miRNAs, and underlined the need for a careful evaluation of expression studies. MiR-486, for instance has been reported mainly expressed by red blood cells [37], and a differential expression between two tissues might be biased by the presence of blood cells. The evidence of an miRNA tissue specificity also provides new insights for the use of miRNAs as therapeutic agents. Studies concerning miRNA replacement for cancer treatment should be deeply analyzed using, for example, in situ miRNA hybridization in tissues [38]. In addition, whereas several miRNAs exert similar functions in different tumor types, it is not rare that the role of a specific miRNA is context-dependent, and this is an extremely important issue that needs to be considered to develop a reliable and safe miRNA-based therapy.




3. Clinical Trials Using MiRNAs


It is well known that miRNAs could be considered promising therapeutic agents for cancer treatment, and several pharmaceutical companies in collaboration with academic laboratories are already involved in this clinical research [39]. For systemic miRNA delivery for cancer treatment there are two types of vectors: viral and nonviral carriers. However, the viral system displayed high delivery efficiency with high toxicity and strong immunogenicity and, to date, no clinical trials using viral vectors are ongoing. Thus, nonviral carriers are considered the preferred choice for clinical studies using miRNAs, even if they have generally inefficient miRNA delivery with short efficacy. Despite the great interest raised by this field, most of the current miRNA nonviral delivery systems for cancer treatment are still in preclinical studies, and no miRNA compounds have entered into a clinical phase 3 trial. To date, just a few clinical trials considering miRNA modulation as an effective strategy for cancer treatment are ongoing (Table 1).



The first clinical trial that utilized a therapeutic intervention based on miRNA modulation was MRX34, where liposomes containing miR-34 were administered to patients with unresectable liver cancers, and other solid malignancies, to assess pharmacokinetics and pharmacodynamics. Since liposomal drugs naturally accumulate in the liver, the first indication for MRX34 was the treatment of liver cancer. The delivery vehicles were very interesting because these liposomes called Smarticles have a negative charge at normal body pH in the blood circulation, but they became cationic at lower pH, as happens in the tumor microenvironment, increasing their half-life and facilitating their uptake into tumors. Despite the safety demonstrated in the first trial [40], the administration of MRX34 in another phase 1b trial was terminated due to severe adverse immune-related effects, raising issues whether the immune responses were induced by the liposome or by the miRNA [41]. Based on these adverse effects, an extensive preclinical investigation of possible immune-related toxicity in both immunodeficient and immunocompetent mice is required to clearly demonstrate the safety of these compounds.



Nonetheless, an miRNAs mimic approach, based on miR-16 replacement to evaluate the maximum tolerated dose in patients with recurrent mesothelioma and lung cancer, is ongoing. This technique, called Targomir is based on bacterial minicells that could be used as drug delivery vehicles. Interestingly, to increase the delivery in tumor cells, these nanoparticles are modified with the addition of an anti-EGFR antibody [42]. The first published report, on 26 patients, showed one partial response and no adverse effects in the entire patient cohort [43].



The same company developed MRG-106, also known as Cobomarsen, an inhibitor of miR-155. MiR-155 is an oncomir that is highly expressed in a wide range of cancers such as leukemia, lung cancer and breast cancer [44]. Interestingly, it was demonstrated that miR-155 regulated blood cell differentiation and proliferation. Two clinical trials are ongoing to evaluate the safety and efficacy of Cobormarsen for the treatment of lymphoma and leukemia (clinicaltrial.gov: NCT02580552; NCT03713320) [45]. The first report regarding the evaluation of the safety and tolerability of Cobomarsen revealed that this compound is well tolerated in all the 43 leukemic patients, with some partial responses [46].



Guessous and colleagues described the over-expression of miR-10b in human glioblastoma and stem cell lines. In this work, after inhibition of miR-10b, they observed a strong reduction of cell proliferation, invasion and migration of glioblastoma and stem cell lines [47]. Based on the fundamental function of mir-10b, strategies using miR-10b blocking reagents have been entered into clinical trials for the treatment of glioblastoma (clinicaltrial.gov: NCT01849952). Though there is a promising antitumoral effect, the therapeutic part of this study is still preclinical and further research is needed to confirm this result.




4. Challenges for MiRNA Therapy


Several biological reasons are still limiting the clinical application of miRNAs for cancer management. These limitations include factors related to miRNA stability in the blood, low tissue penetration and induction of off-target effects. In this paragraph, we describe different strategies that have been undertaken to address these challenges.



4.1. Rapid Clearance in the Blood


MiRNA delivery is a big issue due to their rapid clearance in the blood circulation and renal excretion. MiRNA degradation in blood could be overcome by different chemical modifications of their sequences.



An interesting work by Segal and colleagues evaluated for the first time lipidic and hydrophobic modifications to the miRNA sequence to improve stability and delivery for lung cancer treatment. Different lipid conjugates were tested and organ biodistribution was analyzed, resulting, as expected, in miRNA accumulation in liver, kidney and spleen. Interestingly, an uptake by lung cancer was observed. Unfortunately, this study lacked of any analysis of potential side effects on normal cells and immune cell toxicity [48].



A different approach for a better miRNA delivery was to attach nucleic acid to a peptide with a low pH-induced transmembrane structure called pHLIP. This modification facilitated cellular uptake due to the acidity of the tumor microenvironment. In a mouse model of B cell lymphoma, tumor development was reduced by the transport of anti-miR-155 [49]. pHLIP did not show any signs of murine distress, toxicity and renal damage, with low accumulation into the livers [50].




4.2. Efficient Delivery


Synthetic oligonucleotides are hydrophilic with low molecular weights, so their capacity to penetrate cellular membranes is very limited [51]. To overcome these limitations, different carriers were developed and tested in several cancer models such as viral vectors, lipid-nanoparticles and aptamers. MiRNA modulation strategies using viral vectors represents an option unlikely to be applied in a clinical context due to the same issues of gene therapy related to limited infectivity, and problems in the transcription of the gene product. Furthermore, the known deficiencies in the miRNA processing machinery of cancer cells could be an important limitation for the use of a viral vector for cancer management. Lipid-nanoparticle systems could be considered one of the most promising vectors for miRNA delivery into cancer cells. Indeed, encapsulation of oligonucleotides in lipid nanoparticles protects them from nuclease degradation and increases the stability of miRNAs in the blood circulation. However, the design of liposomes is a very tricky point for the development of new therapeutic drugs based on miRNA modulation. Cationic liposomes were reported to be highly immunogenic due to the recruitment of immune cells as monocytes, and consequent production of proinflammatory cytokines [52]. Interferon responses have also been described after liposomal treatments in mouse models [53].



We previously demonstrated the deregulation of miR-660, now belonging to the miR-188 family, in lung cancer tissues [54]. Our group has developed coated cationic lipid-nanoparticles entrapping miR-660 mimics for the treatment of lung cancer patient-derived xenografts (PDXs) [55]. We clearly demonstrated tumor reduction in p53 wild type lung cancer without any acute or chronic toxic effects. Interestingly, we did not observe any signs of immune response either in immunocompetent mice after several treatments with these nanoparticles. One of the problems for the use of lipid-nanoparticles entrapping miRNAs is the low delivery in cancer cells. Therefore, to improve the efficacy of these compounds the addition of a tumor cell-specific ligand on the lipid surface could be an interesting alternative. Furthermore, targeted carriers potentially improve treatment efficacy by reducing therapeutic doses and preventing side effects in other cells.



An interesting work in neuroblastoma mouse models demonstrated that systemic delivery of miR-34a and let-7b reduced tumor growth. The authors designed cationic liposomes with aGD2-Fab’ fragments that are considered selective targets for neuroblastoma. In this preclinical model they demonstrated high stability and binding capacity and, more importantly, the absence of any acute or chronic toxicity nor immune-stimulation after liposomal treatments [56]. In a transgenic leukemia mouse model, it was demonstrated that miR-26 replacement was able to reduce leukemia cells. In this work, the authors developed lipid nanoparticles formulation with an anti-CD38 on their surface, which considerably increased delivery into leukemic cells. However, no acute and chronic toxicity studies were performed as miRNA was accumulated in liver and other organs [57].



Aptamers have been used in the past for the delivery of RNA ligands such as siRNA and miRNAs. Interestingly, aptamers show dual inhibitory effects through the conjugation of RNA inhibitory sequence with the delivery of chemotherapeutics cargos [58]. The same groups tested the antitumoral efficacy of this aptamer with a let-7g inhibitor in a mouse model of lung cancer [59]. Aptamers could be considered interesting therapeutic reagents due to their low cost of production, high facility of modification, no unwanted induction of immune response and high tissue penetration. However, aptamers could also be useful in targeting immune cells, suggesting an interesting alternate therapeutic option to antibodies. These molecules could be used as diagnostic tools for the detection of immune status, whereas they also induced protective immunity against cancer. Aptamers could be also used in immune-modulation therapy by blocking the inactivating activity of cytotoxic T-cell antigen 4 (CTLA-4) on T cells [60] or by inhibiting the function and phenotypes of tumor-associated macrophages [61].




4.3. Reduction of off-Target Effects


Since miRNAs are able to simultaneously target multiple pathways in different cells, they potentially affect the levels of tumor suppressor genes in normal cells. One of the most studied miRNAs in lung is let-7, which is highly expressed in normal lung tissue. This miRNA regulates directly several genes related to cellular proliferation, such as KRAS and NRAS. Let-7 is able to repress in lung cells other tumor suppressor genes such as BRCA1, BRCA2 or cell cycle checkpoints such as MAD2L1 and CDC23 [62]. In small cell lung cancer, miR-335 is aberrantly expressed in metastatic cells with skeletal bone tropism. This miRNA is able to directly modulate the expression levels of RANK ligand (RANKL) and insulin-like growth factor-1receptor (IGF-1R), that are known mediators of bone metastases [63].



One of the biggest issues regarding the use of miRNAs as therapeutic compounds is the reduction of this off-target effect that may cause potential toxicities and reduced therapeutic effects.



MiRNAs duplexes have been demonstrated to be important inducers of immune cell activation with the release of pr-inflammatory cytokines and interferons. The activation of innate immunity happens through direct interactions with Toll-Like Receptors (TLRs) in a similar way to viral and bacterial RNA and DNA [64]. Indeed different TLRs, including TLR3, TLR7, TLR8, and TLR9, were able to recognize nucleic acids with the activation of different cells such as macrophages [65]. MiR-21 and miR-29 in exosomes from lung cancer cells were able to bind directly TLR8 expressed by macrophages, and induced the release of proinflammatory cytokines such as interleukin-6 and tumor necrosis factor-α [66]. Furthermore, several studies reported miRNAs as regulators of TLR expression and activity on immune cells. Since some of these miRNAs, such as let-7, miR-26a, miR-223 and miR-511, are involved in cancer development and progression [67], the potential activation of TLR signaling should be considered and tested in preclinical studies. The interactions of miRNAs-TLRs potentially stimulate the innate immune cells, resulting in severe toxicity and adverse effects. One of the most important issues for miRNAs as therapy is to avoid the activation of immune systems through the engagement of TLRs that lead to proinflammatory responses in the host.





5. New Frontiers: Extracellular Vesicles as Vehicle for MiRNA Delivery


Extracellular vesicles (EVs) are an evolutionarily conserved group of bilayer membrane vesicles [68,69] generally classified by size and intracellular origin into two main categories: small EVs (sEVs, also called exosomes) derived from multivesicular bodies of late endosomes (~50–150 nm in diameter), and microvesicles (MVs or ectosomes) generated via extracellular membrane budding (~100 nm–1 mm in diameter) [70].



Initially described as cellular garbage for the elimination of unwanted molecules from cells, now they have been described with a key role in cell-to-cell communication both in normal and pathological states. EVs contain several biomolecules, such as lipids, proteins and nucleic acids (DNA, mRNAs, long noncoding RNAs and miRNAs) that can be shuttled to distant cells and influence the phenotype and the function of recipient cells. It has been shown that EVs are closely related to carcinogenesis, and that tumor-derived EVs exert an important role in cancer growth and progression, modulating a wide range of pathways including tumor angiogenesis and EMT [71]. Fabbri and colleagues demonstrated that exosomal-miR-21 and miR-29a released by lung tumor cells are able to bind TLR on the surface of immune cells, leading to an activation of proinflammatory pathways that support lung tumor growth and metastasis [66]. Secretion of vesicles with high levels of miR-122 by breast cancer cells was able to suppress glucose uptake by nontumor cells during the formation of the premetastatic niche. This study clearly demonstrated that tumor-derived EV and their miRNAs content could reprogram glucose metabolism to facilitate metastatic dissemination [72]. It has been described that macrophages released miR-223 in microvesicles to support breast cancer cell growth and invasiveness [73], whereas miR-23 from bladder cancer EVs cancer actively promoted cancer metastatization [74]. In addition, miR-103a from hypoxic lung cancer cells induced an M2 macrophage phenotype through AKT and STAT3 activation that led to tumor progression and angiogenesis [75].



The use of EV from cancer patients as carriers for miRNA delivery may potentially represent a biocompatible and safe tool in clinical applications [76]. The therapeutic potential of EVs in cancer has been evaluated in clinical trials to demonstrate safety and antitumoral efficacy. Indeed, a phase II trial using dendritic cell-derived exosomes loaded with MAGE (melanoma associated antigen) peptides to treat unresectable nonsmall cell lung cancer is still ongoing (clinicaltrials.gov/NCT01159288) [77]. Starting from a published work that revealed exosomes as an efficient vehicle for curcumin as an anti-inflammatory agent into malignant colon cancer cells [78], a phase I clinical trial investigating the ability of these exosomes to deliver curcumin to colon cancer tissue is still active (clinicaltrials.gov/NCT01294072).



Compared with nanoparticles, EVs could be potentially useful carriers for miRNA delivery, increasing biodistribution and reducing nontargeted cytotoxicity and immunogenicity of synthetic oligonucleotides. Additionally, compared with other compounds, EV-based delivery could greatly reduce side effects in normal tissues. Recent studies have demonstrated that the cargo of EVs could be altered by adding synthetic oligonucleotides. For example, miRNAs can be easily loaded into EVs by direct transfection of miRNAs’ mimics or inhibitors. For instance, miR-21 sponges were inserted into exosomes and demonstrated the antitumoral effects of these compounds in a rat model of glioblastoma. After single administration of engineered exosomes, the authors observed tumor inhibition with modulation of miR-21 targets at 18 days [79]. An interesting work illustrated the modification of the exosomal surface and cargo. Indeed, the authors added on their vesicles a peptide targeting EGFR on cancer cells that increased the specific delivery to cancer tissues after intravenous injection of exosomes in mice. Synthetic let-7a was entrapped in these EVs and was able to reduce tumor growth in RAG2−/− mice without any signs of damage in mouse organs [80]. Several efforts should be made to create factories, as already done for cell therapy, in which EVs could be produced from patients’ cells previously modified to internalize specific therapeutic molecules. This may reduce production cost and, more importantly, the potential side effects of these treatments for cancer. To successfully translate EVs into the clinic, the main problem is to efficiently scale up the process for clinical use. Indeed, to date there is a lack of reproducible methods for the generation of large batches of EVs isolated from a single source, such as cells or biofluids.



Although there is great expectation for the use of EVs as diagnostic or therapeutic tools for cancer management, several efforts should be made to overcome problems such as EV production, endocytosis and mechanism of action.




6. Conclusions


Several issues need to be taken into account for a concrete application in clinics of miRNA modulation, such as miRNA stability and efficient delivery, as well as potential side effects and consequent toxicity.



Several approaches have been tested to overcome these limitations and optimize delivery, including chemically modified oligonucleotides, lipidic carriers, viral vectors and, more recently, promising EVs, which can also be engineered to increase tumor-specific delivery, thus improving efficiency and limiting toxicity (Figure 1).



Despite the still open questions, and the need to find the optimal strategy to balance the efficacy and the safety of an miRNA-based therapy, the on-going trials and the novel preclinical evidence are promising.



The cartoon summarizes some of approaches developed to deliver miRNA/anti-miRNAs in vivo, including the PHLIP system where the uptake of the miRNA-carrying complex is triggered by a change in the pH; aptamers; liposomes, and the more recently described extracellular vesicles, which can be loaded with the miRNA/anti-miRNA of interest and modified to obtain tumor-specific delivery.







Author Contributions


Writing—original draft preparation, review and editing, O.F. and M.V.I. All authors have read and agreed to the published version of the manuscript.




Funding


M.V.I. was funded by a Career Foundation grant from Fondazione Berlucchi and Young Investigator grant from Italian Ministry of Health (GR-2016-02361750).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Bartel, D.P. Metazoan microRNAs. Cell 2018, 173, 20–51. [Google Scholar] [CrossRef] [PubMed]

	



Lee, R.C.; Feinbaum, R.L.; Ambros, V. The C. elegans heterochronic gene lin-4 encodes small RNAs with antisense complementarity to lin-14. Cell 1993, 75, 843–854. [Google Scholar] [CrossRef]

	



Treiber, T.; Treiber, N.; Meister, G. Regulation of microRNA biogenesis and its crosstalk with other cellular pathways. Nat. Rev. Mol. Cell Biol. 2019, 20, 5–20. [Google Scholar] [CrossRef] [PubMed]

	



Wu, K.; He, J.; Pu, W.; Peng, Y. The Role of exportin-5 in MicroRNA biogenesis and cancer. Genom. Proteom. Bioinform. 2018, 16, 120–126. [Google Scholar] [CrossRef] [PubMed]

	



Mitra, R.; Adams, C.M.; Jiang, W.; Greenawalt, E.; Eischen, C.M. Pan-cancer analysis reveals cooperativity of both strands of microRNA that regulate tumorigenesis and patient survival. Nat. Commun. 2020, 11, 968. [Google Scholar] [CrossRef]

	



Ruby, J.G.; Jan, C.H.; Bartel, D.P. Intronic microRNA precursors that bypass Drosha processing. Nat. Cell Biol. 2007, 448, 83–86. [Google Scholar] [CrossRef]

	



Meng, Y.; Shao, C.; Wang, H.; Chen, M. Are all the miRBase-registered microRNAs true? A structure- and expression-based re-examination in plants. RNA Biol. 2012, 9, 249–253. [Google Scholar] [CrossRef]

	



Fromm, B.; Billipp, T.; Peck, L.E.; Johansen, M.; Tarver, J.E.; King, B.L.; Newcomb, J.M.; Sempere, L.F.; Flatmark, K.; Hovig, E.; et al. A uniform system for the annotation of vertebrate microRNA genes and the evolution of the human microRNAome. Annu. Rev. Genet. 2015, 49, 213–242. [Google Scholar] [CrossRef]

	



Goodall, G.J.; Wickramasinghe, V.O. RNA in cancer. Nat. Rev. Cancer 2020, 1–15. [Google Scholar] [CrossRef]

	



Forterre, A.; Komuro, H.; Aminova, S.; Harada, M. A comprehensive review of cancer MicroRNA therapeutic delivery strategies. Cancers 2020, 12, 1852. [Google Scholar] [CrossRef]

	



Bagnoli, M.; Canevari, S.; Califano, D.; Losito, S.; di Maio, M.; Raspagliesi, F.; Carcangiu, M.L.; Toffoli, G.; Cecchin, E.; Sorio, R.; et al. Development and validation of a microRNA-based signature (MiROvaR) to predict early relapse or progression of epithelial ovarian cancer: A cohort study. Lancet Oncol. 2016, 17, 1137–1146. [Google Scholar] [CrossRef]

	



Shimura, T.; Toden, S.; Kandimalla, R.; Toiyama, Y.; Okugawa, Y.; Kanda, M.; Baba, H.; Kodera, Y.; Kusunoki, M.; Goel, A. Genomewide expression profiling identifies a novel miRNA-based signature for the detection of peritoneal metastasis in patients with gastric cancer. Ann. Surg. 2019. [Google Scholar] [CrossRef]

	



Tian, X.-P.; Huang, W.-J.; Huang, H.-Q.; Liu, Y.-H.; Wang, L.; Zhang, X.; Lin, T.-Y.; Rao, H.-L.; Li, M.; Liu, F.; et al. Prognostic and predictive value of a microRNA signature in adults with T-cell lymphoblastic lymphoma. Leukemia 2019, 33, 2454–2465. [Google Scholar] [CrossRef]

	



Sozzi, G.; Boeri, M.; Rossi, M.; Verri, C.; Suatoni, P.; Bravi, F.; Roz, L.; Conte, D.; Grassi, M.; Sverzellati, N.; et al. Clinical Utility of a plasma-based miRNA signature classifier within computed tomography lung cancer screening: A correlative MILD trial study. J. Clin. Oncol. 2014, 32, 768–773. [Google Scholar] [CrossRef] [PubMed]

	



Di Cosimo, S.; Appierto, V.; Pizzamiglio, S.; Tiberio, P.; Iorio, M.V.; Hilbers, F.; De Azambuja, E.; de la Peña, L.; Izquierdo, M.Á.; Huober, J.; et al. Plasma miRNA levels for predicting therapeutic response to neoadjuvant treatment in HER2-positive breast cancer: Results from the NeoALTTO trial. Clin. Cancer Res. 2019, 25, 3887–3895. [Google Scholar] [CrossRef] [PubMed]

	



He, L.; He, X.; Lim, L.P.; De Stanchina, E.; Xuan, Z.; Liang, Y.; Xue, W.; Zender, L.; Magnus, J.F.; Ridzon, D.; et al. A microRNA component of the p53 tumour suppressor network. Nat. Cell Biol. 2007, 447, 1130–1134. [Google Scholar] [CrossRef]

	



Ma, L.; Young, J.; Prabhala, H.; Pan, E.; Mestdagh, P.; Muth, D.; Teruya-Feldstein, J.; Reinhardt, F.; Onder, T.T.; Valastyan, S.; et al. miR-9, a MYC/MYCN-activated microRNA, regulates E-cadherin and cancer metastasis. Nat. Cell Biol. 2010, 12, 247–256. [Google Scholar] [CrossRef]

	



Kumar, R.M.; Cahan, P.; Shalek, A.K.; Satija, R.; DaleyKeyser, A.J.; Li, H.; Zhang, J.; Pardee, K.; Gennert, D.; Trombetta, J.J.; et al. Deconstructing transcriptional heterogeneity in pluripotent stem cells. Nat. Cell Biol. 2014, 516, 56–61. [Google Scholar] [CrossRef]

	



Romero-Cordoba, S.; Rodriguez-Cuevas, S.; Bautista-Pina, V.; Maffuz-Aziz, A.; D’Ippolito, E.; Cosentino, G.; Baroni, S.; Iorio, M.V.; Hidalgo-Miranda, A. Loss of function of miR-342-3p results in MCT1 over-expression and contributes to oncogenic metabolic reprogramming in triple negative breast cancer. Sci. Rep. 2018, 8, 12252. [Google Scholar] [CrossRef]

	



Kim, J.S.; Kim, E.J.; Lee, S.; Tan, X.; Liu, X.; Park, S.; Kang, K.; Yoon, J.-S.; Ko, Y.H.; Kurie, J.M.; et al. MiR-34a and miR-34b/c have distinct effects on the suppression of lung adenocarcinomas. Exp. Mol. Med. 2019, 51, 1–10. [Google Scholar] [CrossRef]

	



Zhang, L.; Liao, Y.; Tang, L. MicroRNA-34 family: A potential tumor suppressor and therapeutic candidate in cancer. J. Exp. Clin. Cancer Res. 2019, 38, 53. [Google Scholar] [CrossRef] [PubMed]

	



Fiori, M.E.; Barbini, C.; Haas, T.L.; Marroncelli, N.; Patrizii, M.; Biffoni, M.; De Maria, R. Antitumor effect of miR-197 targeting in p53 wild-type lung cancer. Cell Death Differ. 2014, 21, 774–782. [Google Scholar] [CrossRef] [PubMed]

	



Borzi, C.; Calzolari, L.; Centonze, G.; Milione, M.; Sozzi, G.; Fortunato, O. mir-660-p53-mir-486 network: A new key regulatory pathway in lung tumorigenesis. Int. J. Mol. Sci. 2017, 18, 222. [Google Scholar] [CrossRef] [PubMed]

	



Najjary, S.; Mohammadzadeh, R.; Mokhtarzadeh, A.; Mohammadi, A.; Kojabad, A.B.; Baradaran, B. Role of miR-21 as an authentic oncogene in mediating drug resistance in breast cancer. Gene 2020, 738, 144453. [Google Scholar] [CrossRef]

	



Hossain, M.M.; Sultana, A.; Barua, D.; Islam, N.; Gupta, A.; Gupta, S. Differential expression, function and prognostic value of miR-17-2 cluster in ER-positive and triple-negative breast cancer. Cancer Treat. Res. Commun. 2020, 25, 100224. [Google Scholar] [CrossRef]

	



Gregory, P.A.; Bert, A.G.; Paterson, E.L.; Barry, S.C.; Tsykin, A.; Farshid, G.; Vadas, M.A.; Khew-Goodall, Y.; Goodall, G.J. The miR-200 family and miR-205 regulate epithelial to mesenchymal transition by targeting ZEB1 and SIP1. Nat. Cell Biol. 2008, 10, 593–601. [Google Scholar] [CrossRef]

	



El Bezawy, R.; Tinelli, S.; Tortoreto, M.; Doldi, V.; Zuco, V.; Folini, M.; Stucchi, C.; Rancati, T.; Valdagni, R.; Gandellini, P.; et al. miR-205 enhances radiation sensitivity of prostate cancer cells by impairing DNA damage repair through PKCε and ZEB1 inhibition. J. Exp. Clin. Cancer Res. 2019, 38, 51. [Google Scholar] [CrossRef]

	



Iorio, M.V.; Casalini, P.; Piovan, C.; Di Leva, G.; Merlo, A.; Triulzi, T.; Ménard, S.; Croce, C.M.; Tagliabue, E. microRNA-205 regulates HER3 in human breast cancer. Cancer Res. 2009, 69, 2195–2200. [Google Scholar] [CrossRef]

	



Cataldo, A.; Piovan, C.; Plantamura, I.; D’Ippolito, E.; Camelliti, S.; Casalini, P.; Giussani, M.; Déas, O.; Cairo, S.; Judde, J.-G.; et al. MiR-205 as predictive biomarker and adjuvant therapeutic tool in combination with trastuzumab. Oncotarget 2018, 9, 27920–27928. [Google Scholar] [CrossRef]

	



Hasegawa, T.; Adachi, R.; Iwakata, H.; Takeno, T.; Sato, K.; Sakamaki, T. ErbB2 signaling epigenetically suppresses microRNA-205 transcription via Ras/Raf/MEK/ERK pathway in breast cancer. FEBS Open Bio 2017, 7, 1154–1165. [Google Scholar] [CrossRef]

	



Zhuang, G.; Wu, X.; Jiang, Z.; Kasman, I.; Yao, J.; Guan, Y.; Oeh, J.; Modrusan, Z.; Bais, C.; Sampath, D.; et al. Tumour-secreted miR-9 promotes endothelial cell migration and angiogenesis by activating the JAK-STAT pathway. EMBO J. 2012, 31, 3513–3523. [Google Scholar] [CrossRef] [PubMed]

	



Baroni, S.; Romero-Cordoba, S.; Plantamura, I.; Dugo, M.; D’Ippolito, E.; Cataldo, A.; Cosentino, G.; Angeloni, V.; Rossini, A.; Daidone, M.G.; et al. Exosome-mediated delivery of miR-9 induces cancer-associated fibroblast-like properties in human breast fibroblasts. Cell Death Dis. 2016, 7, e2312. [Google Scholar] [CrossRef]

	



Khafaei, M.; Rezaie, E.; Mohammadi, A.; Gerdehsang, P.S.; Ghavidel, S.; Kadkhoda, S.; Zahra, A.Z.; Forouzanfar, N.; Arabameri, H.; Tavallaie, M. miR-9: From function to therapeutic potential in cancer. J. Cell. Physiol. 2019, 234, 14651–14665. [Google Scholar] [CrossRef] [PubMed]

	



Indrieri, A.; Carrella, S.; Carotenuto, P.; Banfi, S.; Franco, B. The pervasive role of the miR-181 family in development, neurodegeneration, and cancer. Int. J. Mol. Sci. 2020, 21, 2092. [Google Scholar] [CrossRef]

	



Rezaei, T.; Amini, M.; Hashemi, Z.S.; Mansoori, B.; Rezaei, S.; Karami, H.; Mosafer, J.; Mokhtarzadeh, A.; Baradaran, B. microRNA-181 serves as a dual-role regulator in the development of human cancers. Free Radic. Biol. Med. 2020, 152, 432–454. [Google Scholar] [CrossRef] [PubMed]

	



McCall, M.N.; Kim, M.-S.; Adil, M.; Patil, A.H.; Lu, Y.; Mitchell, C.J.; Leal-Rojas, P.; Xu, J.; Kumar, M.; Dawson, V.L.; et al. Toward the human cellular microRNAome. Genome Res. 2017, 27, 1769–1781. [Google Scholar] [CrossRef] [PubMed]

	



Sun, L.; Yu, Y.; Niu, B.; Wang, D. Red Blood cells as potential repositories of microRNAs in the circulatory system. Front. Genet. 2020, 11, 442. [Google Scholar] [CrossRef]

	



Fortunato, O.; Borzi, C.; Milione, M.; Centonze, G.; Conte, D.; Boeri, M.; Verri, C.; Moro, M.; Facchinetti, F.; Andriani, F.; et al. Circulating mir-320a promotes immunosuppressive macrophages M2 phenotype associated with lung cancer risk. Int. J. Cancer 2019, 144, 2746–2761. [Google Scholar] [CrossRef]

	



Rupaimoole, R.; Slack, F.J. MicroRNA therapeutics: Towards a new era for the management of cancer and other diseases. Nat. Rev. Drug Discov. 2017, 16, 203–222. [Google Scholar] [CrossRef]

	



Beg, M.S.; Brenner, A.J.; Sachdev, J.; Borad, M.; Kang, Y.-K.; Stoudemire, J.; Smith, S.; Bader, A.G.; Kim, S.; Hong, D.S. Phase I study of MRX34, a liposomal miR-34a mimic, administered twice weekly in patients with advanced solid tumors. Invest. New Drugs 2017, 35, 180–188. [Google Scholar] [CrossRef]

	



Hong, D.S.; Kang, Y.-K.; Borad, M.; Sachdev, J.; Ejadi, S.; Lim, H.Y.; Brenner, A.J.; Park, K.; Lee, J.L.; Kim, T.-Y.; et al. Phase 1 study of MRX34, a liposomal miR-34a mimic, in patients with advanced solid tumours. Br. J. Cancer 2020, 122, 1630–1637. [Google Scholar] [CrossRef] [PubMed]

	



Viteri, S.; Rosell, R. An innovative mesothelioma treatment based on miR-16 mimic loaded EGFR targeted minicells (TargomiRs). Transl. Lung Cancer Res. 2018, 7, 1–4. [Google Scholar] [CrossRef] [PubMed]

	



Van Zandwijk, N.; Pavlakis, N.; Kao, S.C.; Linton, A.; Boyer, M.J.; Clarke, S.; Huynh, Y.; Chrzanowska, A.; Fulham, M.J.; Bailey, D.L.; et al. Safety and activity of microRNA-loaded minicells in patients with recurrent malignant pleural mesothelioma: A first-in-man, phase 1, open-label, dose-escalation study. Lancet Oncol. 2017, 18, 1386–1396. [Google Scholar] [CrossRef]

	



Witten, L.; Slack, F.J. miR-155 as a novel clinical target for hematological malignancies. Carcinogenesis 2019, 41, 2–7. [Google Scholar] [CrossRef] [PubMed]

	



Seto, A.G.; Beatty, X.; Lynch, J.M.; Hermreck, M.; Tetzlaff, M.; Duvic, M.; Jackson, A.L. Cobomarsen, an oligonucleotide inhibitor of miR-155, co-ordinately regulates multiple survival pathways to reduce cellular proliferation and survival in cutaneous T-cell lymphoma. Br. J. Haematol. 2018, 183, 428–444. [Google Scholar] [CrossRef] [PubMed]

	



Geskin, L.J. Highlights in cutaneous T-cell lymphoma from the 60th American Society of hematology annual meeting: A dermatologist’s perspective. Clin. Adv. Hematol. Oncol. 2019, 17, 1–24. [Google Scholar]

	



Guessous, F.; Alvarado-Velez, M.; Marcinkiewicz, L.; Zhang, Y.; Kim, J.; Heister, S.; Kefas, B.; Godlewski, J.; Schiff, D.; Purow, B.; et al. Oncogenic effects of miR-10b in glioblastoma stem cells. J. Neuro Oncol. 2013, 112, 153–163. [Google Scholar] [CrossRef]

	



Segal, M.; Biscans, A.; Gilles, M.E.; Anastasiadou, E.; De Luca, R.; Lim, J.; Khvorova, A.; Slack, F.J. Hydrophobically modified let-7b miRNA enhances biodistribution to NSCLC and downregulates HMGA2 in vivo. Mol. Ther. Nucleic Acids 2020, 19, 267–277. [Google Scholar] [CrossRef]

	



Babar, I.A.; Cheng, C.J.; Booth, C.J.; Liang, X.; Weidhaas, J.B.; Saltzman, W.M.; Slack, F.J. Nanoparticle-based therapy in an in vivo microRNA-155 (miR-155)-dependent mouse model of lymphoma. Proc. Natl. Acad. Sci. USA 2012, 109, 1695–1704. [Google Scholar] [CrossRef]

	



Cheng, C.J.; Bahal, R.; Babar, I.A.; Pincus, Z.; Barrera, F.N.; Liu, C.; Svoronos, A.A.; Braddock, D.T.; Glazer, P.M.; Engelman, D.M.; et al. MicroRNA silencing for cancer therapy targeted to the tumour microenvironment. Nat. Cell Biol. 2015, 518, 107–110. [Google Scholar] [CrossRef]

	



Roberts, T.C.; Langer, R.; Wood, M.J. Advances in oligonucleotide drug delivery. Nat. Rev. Drug Discov. 2020, 19, 673–694. [Google Scholar] [CrossRef] [PubMed]

	



Inglut, C.T.; Sorrin, A.J.; Kuruppu, T.; Vig, S.; Cicalo, J.; Ahmad, H.; Huang, H. Immunological and toxicological considerations for the design of liposomes. Nanomaterials 2020, 10, 190. [Google Scholar] [CrossRef] [PubMed]

	



Hussain, M.J.; Wilkinson, A.; Bramwell, V.W.; Christensen, D.; Perrie, Y. Th1 immune responses can be modulated by varying dimethyldioctadecylammonium and distearoyl-sn-glycero-3-phosphocholine content in liposomal adjuvants. J. Pharm. Pharmacol. 2014, 66, 358–366. [Google Scholar] [CrossRef] [PubMed]

	



Fortunato, O.; Boeri, M.W.; Moro, M.A.; Verri, C.; Mensah, M.; Conte, D.; Caleca, L.; Roz, L.; Pastorino, U.; Sozzi, G. Mir-660 is downregulated in lung cancer patients and its replacement inhibits lung tumorigenesis by targeting MDM2-p53 interaction. Cell Death Dis. 2014, 5, e1564. [Google Scholar] [CrossRef]

	



Moro, M.; Di Paolo, D.; Milione, M.; Centonze, G.; Bornaghi, V.; Borzi, C.; Gandellini, P.; Perri, P.; Pastorino, U.; Ponzoni, M.; et al. Coated cationic lipid-nanoparticles entrapping miR-660 inhibit tumor growth in patient-derived xenografts lung cancer models. J. Control. Release 2019, 308, 44–56. [Google Scholar] [CrossRef]

	



Di Paolo, D.; Pastorino, F.; Brignole, C.; Corrias, M.V.; Emionite, L.; Cilli, M.; Tamma, R.; Priddy, L.; Amaro, A.; Ferrari, D.; et al. Combined replenishment of miR-34a and let-7b by targeted nanoparticles inhibits tumor growth in neuroblastoma preclinical models. Small 2020, 16, e1906426. [Google Scholar] [CrossRef]

	



D’Abundo, L.; Callegari, E.; Bresin, A.; Chillemi, A.; Elamin, B.K.; Guerriero, P.; Huang, X.; Saccenti, E.; Hussein, E.M.A.A.; Casciano, F.; et al. Anti-leukemic activity of microRNA-26a in a chronic lymphocytic leukemia mouse model. Oncogene 2017, 36, 6617–6626. [Google Scholar] [CrossRef]

	



Cerchia, L.; Esposito, C.L.; Camorani, S.; Rienzo, A.; Stasio, L.; Insabato, L.; Affuso, A.; De Franciscis, V. Targeting axl with an high-affinity inhibitory aptamer. Mol. Ther. 2012, 20, 2291–2303. [Google Scholar] [CrossRef]

	



Esposito, C.L.; de Catuogno, S.F.V. Aptamer-MiRNA conjugates for cancer cell-targeted delivery. Methods Mol. Biol. 2016, 1364, 197–208. [Google Scholar]

	



Santulli-Marotto, S.; Nair, S.K.; Rusconi, C.; Sullenger, B.; Gilboa, E. Multivalent RNA aptamers that inhibit CTLA-4 and enhance tumor immunity. Cancer Res. 2003, 63, 7483–7489. [Google Scholar]

	



Roth, F.; de la Fuente, A.C.; Vella, J.L.; Zoso, A.; Inverardi, L.; Serafini, P. Aptamer-mediated blockade of IL4Rα triggers apoptosis of MDSCs and limits tumor progression. Cancer Res. 2012, 72, 1373–1383. [Google Scholar] [CrossRef] [PubMed]

	



Johnson, C.D.; Esquela-Kerscher, A.; Stefani, G.; Byrom, M.; Kelnar, K.; Ovcharenko, D.; Wilson, M.; Wang, X.; Shelton, J.; Shingara, J.; et al. The let-7 MicroRNA Represses cell proliferation pathways in human cells. Cancer Res. 2007, 67, 7713–7722. [Google Scholar] [CrossRef] [PubMed]

	



Gong, M.; Ma, J.; Guillemette, R.; Zhou, M.; Yang, Y.; Hock, J.M.; Yu, X.-J. MiR-335 inhibits small cell lung cancer bone metastases via IGF-IR and RANKL pathways. Mol. Cancer Res. 2013, 12, 101–110. [Google Scholar] [CrossRef] [PubMed]

	



Bayraktar, R.; Bertilaccio, M.T.S.; Calin, G.A. The interaction between two worlds: MicroRNAs and toll-like receptors. Front. Immunol. 2019, 10, 1053. [Google Scholar] [CrossRef] [PubMed]

	



Fabbri, M. TLRs as miRNA receptors. Cancer Res. 2012, 72, 6333–6337. [Google Scholar] [CrossRef]

	



Fabbri, M.; Paone, A.; Calore, F.; Galli, R.; Gaudio, E.; Santhanam, R.; Lovat, F.; Fadda, P.; Mao, C.; Nuovo, G.J.; et al. MicroRNAs bind to Toll-like receptors to induce prometastatic inflammatory response. Proc. Natl. Acad. Sci. USA 2012, 109, 2110–2116. [Google Scholar] [CrossRef]

	



He, X.; Jing, Z.; Cheng, G. MicroRNAs: New regulators of toll-like receptor signalling pathways. BioMed Res. Int. 2014, 2014, 1–14. [Google Scholar] [CrossRef]

	



Willms, E.; Cabañas, C.; Mäger, I.; Wood, M.J.A.; Vader, P. Extracellular vesicle heterogeneity: Subpopulations, isolation techniques, and diverse functions in cancer progression. Front. Immunol. 2018, 9, 738. [Google Scholar] [CrossRef]

	



Chiang, C.-Y.; Chen, C. Toward characterizing extracellular vesicles at a single-particle level. J. Biomed. Sci. 2019, 26, 9. [Google Scholar] [CrossRef]

	



Mathieu, M.; Martin-Jaular, L.; Lavieu, G.; Théry, C. Specificities of secretion and uptake of exosomes and other extracellular vesicles for cell-to-cell communication. Nat. Cell Biol. 2019, 21, 9–17. [Google Scholar] [CrossRef]

	



Maia, J.; Caja, S.; Moraes, M.C.S.; Couto, N.; Costa-Silva, B. Exosome-based cell-cell communication in the tumor microenvironment. Front. Cell Dev. Biol. 2018, 6, 18. [Google Scholar] [CrossRef] [PubMed]

	



Fong, M.Y.; Zhou, W.; Liu, L.; Alontaga, A.Y.; Chandra, M.; Ashby, J.; Chow, A.; O’Connor, S.T.F.; Li, S.; Chin, A.R.; et al. Breast-cancer-secreted miR-122 reprograms glucose metabolism in premetastatic niche to promote metastasis. Nat. Cell Biol. 2015, 17, 183–194. [Google Scholar] [CrossRef] [PubMed]

	



Yang, M.; Chen, J.; Su, F.; Yu, B.; Su, F.; Lin, L.; Liu, Y.; Huang, J.; Song, E. Microvesicles secreted by macrophages shuttle invasion-potentiating microRNAs into breast cancer cells. Mol. Cancer 2011, 10. [Google Scholar] [CrossRef] [PubMed]

	



Ostenfeld, M.S.; Jeppesen, D.K.; Laurberg, J.R.; Boysen, A.T.; Bramsen, J.B.; Primdal-Bengtson, B.; Hendrix, A.; Lamy, P.; Dagnaes-Hansen, F.; Rasmussen, M.H.; et al. Cellular disposal of miR23b by RAB27-dependent exosome release is linked to acquisition of metastatic properties. Cancer Res. 2014, 74, 5758–5771. [Google Scholar] [CrossRef] [PubMed]

	



Hsu, Y.-L.; Yi-Chung, P.; Chang, W.-A.; Jian, S.-F.; Lin, Y.-S.; Pan, Y.-C.; Wu, C.-Y.; Kuo, P.-L. Hypoxic lung-cancer-derived extracellular vesicle MicroRNA-103a increases the oncogenic effects of macrophages by targeting PTEN. Mol. Ther. 2018, 26, 568–581. [Google Scholar] [CrossRef] [PubMed]

	



Dai, J.; Su, Y.; Zhong, S.; Cong, L.; Liu, B.; Yang, J.; Tao, Y.; He, Z.; Chen, C.; Jiang, Y. Exosomes: Key players in cancer and potential therapeutic strategy. Signal Transduct. Target. Ther. 2020, 5, 145. [Google Scholar] [CrossRef] [PubMed]

	



Pitt, J.M.; André, F.; Amigorena, S.; Soria, J.-C.; Eggermont, A.; Kroemer, G.; Zitvogel, L. Dendritic cell–derived exosomes for cancer therapy. J. Clin. Investig. 2016, 126, 1224–1232. [Google Scholar] [CrossRef]

	



Wu, K.; Xing, F.; Wu, S.-Y.; Watabe, K. Extracellular vesicles as emerging targets in cancer: Recent development from bench to bedside. Biochim. Biophys. Acta Rev. Cancer 2017, 1868, 538–563. [Google Scholar] [CrossRef]

	



Monfared, H.; Jahangard, Y.; Nikkhah, M.; Mirnajafi-Zadeh, S.J.; Mowla, S.J. Potential therapeutic effects of exosomes packed with a miR-21-sponge construct in a rat model of glioblastoma. Front. Oncol. 2019, 9, 782. [Google Scholar] [CrossRef]

	



Ohno, S.-I.; Takanashi, M.; Sudo, K.; Ueda, S.; Ishikawa, A.; Matsuyama, N.; Fujita, K.; Mizutani, T.; Ohgi, T.; Ochiya, T.; et al. Systemically injected exosomes targeted to EGFR deliver antitumor microRNA to breast cancer cells. Mol. Ther. 2013, 21, 185–191. [Google Scholar] [CrossRef]








[image: Pharmaceuticals 13 00438 g001 550] 





Figure 1. Graphical representation of miRNA/anti-miRNA delivery strategies. 
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Table 1. Clinical trials using miRNAs as therapeutic targets.
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	Therapeutic Agent
	Vectors
	Disease
	Clinical Trial Phase
	Status





	miR-34 mimic

(MRX34)
	Smarticles
	Liver and solid cancer
	Phase I (NCT01829971)
	Terminated



	miR-16 mimic

(MesomiR-1)
	Targomir
	NSCLC
	Phase I (NCT02369198)
	Completed



	anti-miR-155 (Cobomarsen)
	locked nucleic acid
	lymphoma and leukemia
	Phase II (NCT02580552; NCT03713320
	Active, not recruiting



	anti-miR-10b
	miRNA inhibitor
	glioblastoma
	Phase I (NCT01849952)
	Recruiting
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  pharmaceuticals-13-00438


  
    		
      pharmaceuticals-13-00438
    


  




  





media/file0.png





media/file2.png
-S-S
PHLIP Liposomes

pH=6.5 aptamer

i g

mMiRNA

S5

mﬂ'm tumor cell

MiRNA
target
AL
m Ym or receptor
antimiRNA

...........
-----
.........






media/file1.jpg





