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microRNAs (miRNAs) are an important class of non-coding RNA that post-transcriptionally regulate the expression of most protein-coding genes. Their aberrant expression in tumors contributes to each of the hallmarks of cancer. In malignant pleural mesothelioma (MPM), in common with other tumor types, changes in miRNA expression are characterized by a global downregulation, although elevated levels of some miRNAs are also found. While an increasing number of miRNAs exhibit altered expression in MPM, relatively few have been functionally characterized. Of a growing number with tumor suppressor activity in vitro, miR-16, miR-193a, and miR-215 were also shown to have tumor suppressor activity in vivo. In the case of miR-16, the significant inhibitory effects on tumor growth following targeted delivery of miR-16-based mimics in a xenograft model was the basis for a successful phase I clinical trial. More recently overexpressed miRNAs with oncogenic activity have been described. Many of these changes in miRNA expression are related to the characteristic loss of tumor suppressor pathways in MPM tumors. In this review we will highlight the studies providing evidence for therapeutic effects of modulating microRNA levels in MPM, and discuss these results in the context of emerging approaches to miRNA-based therapy.
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INTRODUCTION

Numerous studies in the last decade have shed light on the characteristic changes in microRNA (miRNA) expression in malignant pleural mesothelioma (MPM). MiRNAs are an important class of non-coding RNA that post-transcriptionally regulate the expression of most protein-coding genes (1). In addition to central roles in normal biology, their aberrant expression in tumors contributes to all of the hallmarks of cancer (2). In common with other tumor types, changes in miRNA expression in MPM are characterized by a global downregulation, although elevated levels of some miRNAs are also found (3). These changes have been explored in order to identify new biomarkers, as well as to better understand the role of miRNAs in MPM biology and to evaluate their potential as therapeutic targets for MPM (3, 4). In this review, we focus on miRNAs for which biological activity in MPM has been demonstrated, in particular highlighting in vivo findings and clinical studies. These will be discussed in relation to the development of miRNAs (and siRNAs) as therapies for cancer and other diseases.



MODULATING MICRORNA LEVELS IN MPM


Tumor Suppressor miRNAs—Early Studies

Multiple miRNAs are downregulated in MPM samples when compared with non-neoplastic control tissue (see reviews) but relatively few have been characterized functionally (Table 1). Initial studies reported modest in vitro tumor suppressor activity of miR-29c-5p, miR-31-5p, and miR-145-5p, among others. In a series of surgical samples, lower levels of miR-29c-5p (the rarer passenger strand of miR-29c) were associated with poor prognosis (16). Using a mimic to restore expression levels revealed miR-29c-5p to have modest tumor suppressor activity in two MPM cell lines in vitro, by inhibition of proliferation and migration/invasion. The same mimic led to downregulation of the DNA methyltransferases DNMT3A and DNMT3B, as well as increasing expression of upstream signaling molecules including adiponectin. In a subsequent study, the same group demonstrated frequent loss of miR-31 expression in MPM cell lines due to co-deletion of MIR31HG with the CDKN2A locus (17). Re-expressing miR-31 with a mimic again led to modest inhibition of proliferation, clonogenic growth and migration/invasion in the same two MPM cell lines. Loss of miR-31 further correlated with the elevated expression of cell cycle and replication-associated genes.


Table 1. Dysregulated miRNAs with biological activity in MPM.

[image: Table 1]

Following these initial studies, in vitro tumor suppressor activity in MPM has been ascribed to a growing number of miRNAs (Table 1). A well-characterized example is miR-145. Restoring expression of miR-145, one of a number of miRNAs found to be down-regulated in a small series of MPM tumor samples, inhibited proliferation and migration, and induced senescence (30). MPM cells transfected with a miR-145 mimic before implantation into SCID mice formed fewer and smaller tumors compared with control mimic-transfected cells. At least part of the activity of miR-145 was linked to its targeting of OCT4, a gene involved in the hypermigratory phenotype of aggressive tumors via control of the epithelial-to-mesenchymal transition (EMT). Another miRNA influencing EMT in MPM is miR-205. In a comparison of epithelioid and non-epithelioid tumors, EMT regulators ZEB1 and ZEB2 were expressed at lower levels in biphasic and sarcomatoid tumors, along with a decrease in epithelial markers (33). These changes corresponded with a decrease in miR-205 in MPM tumor samples and cells lines. Transfecting MSTO-211H cells with a miR-205 mimic reduced ZEB1/2 expression and inhibited migration and invasion.



Tumor Suppressor miRNAs—in vivo Activity

Despite the increasing number of miRNAs exhibiting tumor suppressor function in MPM, only a handful have been demonstrated to have in vivo activity in clinically relevant models. In the case of miR-16-5p and miR-193a-3p, the growth inhibitory activity of both in vitro was confirmed in xenograft tumor models in two independent studies (8, 32). In these studies, mimics were loaded into bacterial minicells and targeted to MSTO-211H-derived xenografts via an EGFR-specific antibody. The minicells (known as EDVs) are formed through the asymmetric cell division of bacterial, and were previously used to deliver drugs and siRNAs to tumor xenografts (38, 39). Minicell delivery is achieved through a combination of passive accumulation via the leaky vasculature of the tumor and specific targeting using antibodies to a cell-surface antigen (EGFR) in the tumor. In both studies, systemic administration of mimic-loaded minicells led to significant inhibitory effects on tumor growth (8, 32). This was likely to be at least in part due to the inhibition of anti-apoptotic and cell cycle genes demonstrated in vitro in these studies.

Results from these studies laid the foundation for the phase I MesomiR-1 trial, investigating the safety and optimal dose of a miR-16-based mimic delivered in anti-EGFR antibody-targeted bacterial minicells, dubbed TargomiRs. The mimic was a novel sequence based on the consensus sequence of the miR-15 family (all of which are downregulated in MPM), which was shown to inhibit tumor xenograft growth at a similar level to native miR-16-5p (40). This trial of 27 patients demonstrated safety of the treatment as well as initial signs of activity, with one objective response (41) and stable disease in a further 15 patients (42). With miR-16-5p also impacting response to chemotherapy (8) and contributing to PD-L1 regulation (9) in vitro, restoration of miR-16-5p levels in combination with chemo or immunotherapy are potential future applications of this approach. In addition, recent demonstration of effective delivery of doxorubicin to MPM xenograft tumors using a mesothelin-specific antibody (43) further expands the scope of possible future trials.

Other miRNAs shown to exhibit pronounced tumor suppressor activity, including miR-137-3p and miR-193a-3p, are further candidates for clinical development using minicells. In the case of miR-193a-3p, minicell-mediated delivery inhibited tumor growth to a similar extent as miR-16-5p (32). In addition, both the 5p and 3p arms of miR-193a have growth inhibitory effects in MPM (32) and other cancers (44, 45), meaning that delivery of a mimic with two active arms would potentially increase the activity. The lower levels of both arms of miR-193a recently found to be associated with shorter overall survival in the TCGA study (46) (see below) lend support to this notion. A miR-137-3p mimic also led to pronounced inhibition of proliferation and migration in the majority of MPM cell lines tested (29). These phenotypes appeared to be predominantly due to miR-137-3p-mediated suppression of YBX1, previously identified as an oncogene in a range of cancer types, as there was no evidence of additivity when miR-137-3p was used in combination with a YBX1-specific siRNA (29).

While minicells remain the most clinically advanced approach to mediate systemic delivery of miRNA mimics, other vehicles have been regularly employed in preclinical cancer studies to deliver miRNAs and siRNAs (47). At this stage, however, we are not aware of any that have been tested in MPM. An early publication demonstrating the tumor suppressor activity of a miR-34b/c construct (24) was followed up by a short report describing in vivo delivery of an adenoviral vector expressing miR-34b/c (25). In this study, intratumoral injection of the adenoviral construct led to increased miR-34b/c expression in xenograft tumors and significant growth inhibition. More recently, atelocollagen was used to successfully deliver a miR-215-5p mimic in xenograft models of MPM (36). This study, based on the hypothesis that the well-known retention of functional p53 in MPM tumors that was recently confirmed by NGS studies (46, 48), could represent a molecular vulnerability. The expression of the p53-regulated miRNAs of the miR-192/194/215 family were assessed in MPM samples and high levels of miR-215-5p were found to be associated with increased overall survival. Mimics of all three family members were associated with growth inhibition, with miR-215-5p more effective than miR-194 or miR-192, the latter consistent with previous observations (32). The inhibitory effects of miR-215-5p were associated with decreased MDM2 protein levels and consequently an increase in p53 and its downstream effectors including p21, Bax and Puma (36). Moreover, the miR-215-5p mimic-mediated activation of p53 also caused an increase in miR-145-5p, the tumor suppressor miRNA discussed in the previous section (30). These in vitro studies were expanded to test miR-215-5p in vivo using a mimic complexed with atelocollagen to mediate local delivery. Peritumoral injection of this complex in a subcutaneous xenograft model reduced tumor volume, induced apoptosis and—importantly—increased levels of miR-215-5p in the tumor. Intrapleural administration reduced growth of orthotopic xenografts and improved the survival of tumor-bearing mice. This latter result is very relevant to MPM, where intrapleural drug delivery has been used in experimental treatment.



Oncogenic miRNAs

A number of miRNAs are consistently found to be upregulated in certain cancer types, where they have cancer promoting function and have been termed oncomiRs. In contrast to the use of mimics to restore levels of tumor suppressor miRNAs downregulated in MPM, inhibition of overexpressed oncogenic miRNAs with antisense oligonucleotides is an alternative strategy for modulating miRNA levels. This approach is attractive as it may be amenable to local delivery, avoiding the problems associated with tumor targeting via systemic administration. While the number of miRNAs found to be consistently overexpressed in MPM is relatively small, recent studies suggest that their inhibition can have profound effects on MPM growth. One such example was the report of the effects of inhibiting the overexpressed miR-182-5p and miR-183-5p (31). They are upregulated in MPM cell lines where they promote proliferation and invasion, at least in part due to suppression of FOXO1. Reducing their levels with miRNA inhibitors reversed these effects, with dual inhibition showing additive effects. An oncogenic role for miR-182-5p was first demonstrated in melanoma, in which this miRNA enhances migration, invasion and metastasis via inhibition of FOXO3 and MITF (49). Upregulation of miR-182 in melanoma is due to amplification (at 7q31) of a miRNA cluster which also contains the related miR-183 and miR-96. As this region appears to be more frequently lost in MPM, the mechanism for overexpression remains to be determined.

Another miRNA with oncogenic activity in MPM is miR-24-3p, which was identified via a screen of polysome-associated miRNAs and is upregulated in cell lines and tumor samples (15). This miRNA regulates a range of genes involved in cell adhesion and communication, many of which are associated with good prognosis, and miR-24-3p knockdown reduced migration and invasion in vitro and in vivo. Although the targets of miR-24-3p identified in this study had no obvious link to MPM biology, it is intriguing that in other cancers miR-24-3p regulates both transcripts produced by the CDKN2A locus. Moreover, miR-24 is part of the miR-23a/24-2/27a cluster that is regulated by c-Myc and contributes to metastasis in breast cancer (50), and miR-23a and miR-27a upregulation was previously linked to loss of expression of the tumor suppressor ZIC1 (51). Whether other well-known oncogenic miRNAs such as miR-155, and miR-10b promote MPM tumor progression remains to be seen, but the initial results with miR-182-5p, miR-183-5p and miR-24-3p warrant further pre-clinical development.



miRNAs With Unexpected Activity in MPM

Recent studies suggest that miRNAs with oncogenic function in other tumor types may have variable function in MPM. In addition, several miRNAs that are reported to be downregulated in MPM compared with control tissue are nonetheless associated with poor prognosis in tumors with higher than median expression (Figure 1). The case of miR-21 is a prominent example of an oncogenic miRNA with unexpected function in MPM. This miRNA is upregulated in numerous tumor types where it is associated with multiple oncogenic functions (52). In MPM, high expression of miR-21-5p in tumor samples was associated with poor prognosis in a series of surgical samples (12). MiR-21-5p was also detected in MPM but not normal tissue by in situ hybridization, and was inversely correlated with expression of its target gene PDCD4 (13). In light of these observations, it is surprising that the only study to date to assess miR-21-5p activity in MPM suggests that it has modest tumor suppressor function. In a study designed to identify regulators of the MPM marker mesothelin (MSLN), both miR-21-5p and miR-100-5p were found to interact with the MSLN 3'UTR (14). Further experimentation revealed that a miR-21-5p mimic led to modest but significant inhibition of proliferation in two MPM cell lines, with a more pronounced reduction in colony forming ability. The authors ascribed this observation to a tumor suppressor effect that was previously observed following MSLN silencing (53).
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FIGURE 1. microRNA expression changes with disease course in MPM. The expression of most miRNAs is lower in MPM than normal mesothelium (NM) levels, and is shown schematically for three representative groups (levels are shown relative to NM, and are in arbitrary units for illustrative purposes). Some miRNAs are found at lower levels in tumors with poor prognosis (e.g., miR-215 and miR-193a) which may indicate a continuing gradual decrease in expression with tumor progression (indicated by decreasing levels in A). Others, such as miR-15/16 and the miR-34 family are consistently decreased in MPM samples but do not appear to have prognostic value, suggesting they do not change with advanced stage (B). Another group, exemplified by miR-31 and miR-17, exhibit lower levels in MPM compared with NM, but are also higher in patients with shorter survival, possibly indicating an increase in expression with tumor progression (C).


Studies from two independent laboratories also suggest that members of the miR-17~92 polycistron, generally considered to be oncogenic (54), appear to have inconsistent functions in MPM. The first used bioinformatics to look for enriched microRNA binding sites in genes exhibiting upregulated mRNA expression, and found that miR-17 and miR-30 were both overrepresented (10). The upregulated mRNA expression was correlated with downregulation of members of the miR-17 and miR-30 seed families in both MPM cell lines and tumor samples compared with controls, and a miR-17-5p mimic reduced MPM cell migration corresponding to the downregulation of the KCa1.1 potassium channel. This result was somewhat unexpected as high levels of miR-17-5p and miR-19b-3p were associated with shorter survival in MPM patients undergoing surgery (12). In contrast, a third miRNA from the miR-17~92 cluster, miR-18a, was found to have modest oncogenic activity in MPM (11). In this study, analysis of RNA-seq data from the TCGA study revealed that high expression of miR-18a, but not others from this cluster, was associated with shorter survival. Antisense inhibition of miR-18a led to a small but significant decrease in the viability of MPM cells. The apparent discrepancy of these results may be due to the complex processing of the complex sequential processing of the 6 mature miRNAs in the polycistron, which are known to be expressed at variable levels in cells (55). Together, these results provide evidence for MPM-specific activity of mature miRNAs from the miR-17~92 cluster and warrant further investigation.

A further example of apparent inconsistencies between miRNA expression levels and activity in MPM was found in the case of miR-137-3p. Expression of this miRNA was found to be highly variable in normal mesothelium and to a greater extent in tumor samples, where evidence for both very high and very low expression was observed (29). This contrasts with most studies of miR-137-3p in cancer, where it is almost always downregulated (56). A similar range of expression was found in MPM in cell lines compared with the mesothelial control MeT-5A, but whether this correlates with the expansion of a variable nucleotide tandem repeat (VNTR) upstream of miR-137 implicated in altered processing (57) was not tested. In the series of 115 patients analyzed, high expression (defined as >2-fold increase compared with median) of miR-137-3p was associated with shorter survival. Surprisingly, an antisense inhibitor of miR-137-3p had no effect on growth whereas a mimic significantly inhibited proliferation and migration/invasion in most MPM cell lines, including those with high endogenous expression.

Another miRNA with apparent discrepancies between expression levels and functional activity is miR-31-5p. Previous studies have revealed tumor-specific functions of this miRNA, with both tumor-suppressor and oncogenic properties being observed (58). As described in the previous section, loss of miR-31-5p expression was originally linked to its tumor-suppressor activity in MPM (17). Intriguingly, this miRNA was more highly expressed in sarcomatoid tumors, albeit in a small sample set (18), and also contributed to cisplatin resistance in MPM cell lines in vitro (19). Whether this miRNA is solely tumor suppressive in MPM, or its activity changes over the course of the disease or in different histological subtypes, is still an open question. In contrast to downregulation in MPM, miR-31-5p was shown to be overexpressed in both mouse and human lung cancers (59), and to exhibit oncogenic activity in lung cancer cell lines (59) and in xenografts (60), with the latter observation linked to its control of BAP1 expression (60). Furthermore, a miR-31-5p antimiR repressed esophageal tumor growth in vivo (61), whereas in breast cancer, miR-31-5p contributed to the maintenance of the stem cell compartment and miR-31 KO compromised breast cancer tumorigenesis (62).



Pathways Commonly Dysregulated in MPM Alter miRNA Levels

As the number of miRNAs known to be altered in MPM continues to grow, it is interesting to note that critically dysregulated pathways in this disease converge on miRNA biology (Figure 2). Recent reports in MPM combined with earlier studies investigating the mechanistic basis of global downregulation of miRNA expression implicate the p53 tumor suppressor response as a key effector influencing miRNA levels. While MPM is unusual among solid tumors in that it generally retains wild-type p53, the p53 response is compromised by frequent loss of the upstream regulator p14ARF (via CDKN2A deletion) leading to upregulated MDM2 levels and increased p53 degradation. This was exploited in the study of local delivery of miR-215-5p mimic discussed earlier (36), as miR-215 is both a direct transcriptional target of p53 and a regulator of MDM2, thus forming a positive feedback loop. The study further showed a miR-215-5p-mediated upregulation of miR-145, another target of p53. Although not evaluated, it is likely that this treatment would also result in increased expression of other miRNA targets transcriptionally regulated by p53 such as miR-34a. This would be consistent with results from a mouse model of a partial Cdkn2a knockout, in which miR-34a suppression contributed to elevated c-Met (20). As well as direct targets, p53 is also implicated in the global downregulation of miRNAs in two important ways. First, p53 interacts with the Drosha processing complex to stimulate conversion of pri-miRNA transcripts into pre-miRs in colorectal cancer cells, thereby enhancing the maturation (without affecting transcription) of multiple tumor suppressor miRNAs, including miR-16, miR-15a and miR-145 (63). Second, because miR-145 targets c-Myc, loss of p53-regulated miR-145 expression has the added effect of relaxing post-transcriptional control of c-Myc (64). This in turn results in the transcriptional suppression of multiple miRNAs by c-Myc, including miR-15a, miR-16, miR-34a and the miR-29 family (65). This relationship was recently demonstrated directly for miR-16 in MPM (21).
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FIGURE 2. The key pathways most frequently mutated in MPM all contribute to global downregulation of microRNA levels. Tumor suppressor miRNAs are often downregulated in MPM, and several mechanisms appear to play a role in this observation. In addition to specific control of microRNA transcription, other pathways are involved in indirect control of microRNA levels via effects on processing. In mesothelial cells (left panel), the p53 pathway (1) is intact, and cell stress induces microRNA levels via direct transcription as well as by p53-induced pri-miR processing. Similarly, normal signaling of the Hippo pathway (2) through NF2 and LATS2 phosphorylates YAP1 which is retained in the cytoplasm. BAP1 deubiquitinase activity (3) destabilizes EZH2, a key component of the polycomb repressor complex 2. In mesothelioma (right panel), frequent mutation or deletion of the CDKN2A locus leads to loss of p14ARF and increased MDM2-mediated p53 degradation. Loss of function mutations of NF2/Merlin or LATS2 (or gain-of-function mutations of YAP) dysregulate Hippo signaling leading to accumulation of YAP in the nucleus where it can inhibit the microprocessor complex via interaction with Drosha. Inactivating BAP1 mutations prevent control of EZH2 which can alter miRNA levels. Additionally, MYC amplification or mutation can lead to transcriptional suppression of multiple miRNA genes. Whether these changes are also involved in the upregulation of oncogenic miRNAs in MPM remains to be determined.


Added to the central role played by dysregulated p53 activity, Hippo signaling is also implicated in altering miRNA levels in MPM. This pathway is frequently compromised in MPM through a combination of NF2 and LATS2 mutation and YAP activation (66). Like p53, this pathway stimulates maturation of primary miRNA transcripts via interaction with the Drosha processing complex (67). At low cell density, suppressed Hippo signaling culminates in nuclear localization of YAP and cellular proliferation, which is in part due to an interaction with the microprocessor protein p72 which reduces pri-miRNA processing (67). At high cell density, YAP is sequestered in the cytoplasm, the microprocessor is active and miRNA levels increase markedly. RNAi-mediated silencing of NF2 or LATS2 led to similar decreases in miRNA expression as knockdown of Drosha or p72, and affected miRNAs included let-7, miR-34a and miR-15a (67)—all found at reduced levels in MPM. Moreover, let-7 and miR-34a also target c-Myc, further exacerbating miRNA disequilibrium (68, 69). The more recently identified BAP1 mutations common in MPM (70, 71) also have a component of miRNA dysregulation. Loss of BAP1 function in MPM leads to increased expression of the polycomb repressor complex component EZH2 (72). This is consistent with the previous observations that frequent overexpression of EZH2 in MPM correlates with a decrease in levels of miR-26a and miR-101 (73), and miR-26a directly targets EZH2 in a range of cancer types (74). In turn, miR-26a is a direct target of c-Myc (75) and is downregulated in multiple cancer types. Moreover, miR-31 loss – as discussed earlier, a common event in MPM—leads to EZH2 upregulation in melanoma (76). Taken together, mutations in these three signature pathways are likely to be significant contributors to the global miRNA downregulation found in MPM.




FUTURE PROSPECTS

After a decade of research into the role of miRNAs in the biology of MPM, their potential value as biomarkers and therapeutic targets is no longer in question. Initial clinical experience from the MesomiR-1 trial suggests that miRNA modulation is safe and has the potential to alter the course of disease. With the FDA approval in August 2018 of patisiran, the first ever siRNA-based drug, gene silencing has finally reached the clinic. At the time of writing at least 20 siRNAs are being evaluated in clinical trials (47, 77). However, a number of questions remain to be answered. For instance, while many miRNAs show biological activity in MPM models, other (better) targets with more pronounced tumor suppressor function in MPM may exist. More importantly, the effective delivery of nucleic acid-based drugs in general, and miRNA mimics in particular, is a problem that is far from solved. Below we discuss these two outstanding questions and how their answers may contribute to the development of new therapies for MPM.


Additional Targets From Genomic Studies

The recent analysis of the 74 MPM samples completed by the TCGA was the first to comprehensively analyse miRNA expression in a large series of tumor samples using RNA-seq (46). Unsupervised clustering of these data revealed 5 subtypes that were associated with 5-year survival. The subgroup with the longest survival had significantly higher expression of a number of miRNAs previously identified to have tumor suppressor activity in MPM, including both miR-193a-5p and miR-193a-3p arms of miR-193a (discussed above), as well as several miR-29 family members. The prognostic value of the miR-29 family is consistent with the earlier study by Pass et al. who linked miR-29c-5p to longer survival. Their miR-29c-5p mimic inhibited growth and downregulated the DNA methyltransferases DNMT3A and DNMT3B. Overexpression of these genes in lung cancer was previously linked to reduced expression of the miR-29 family in lung cancer (78), however this was due to highly conserved targeting by the 3p arms rather than the rarer 5p arm. Similarly, the apoptosis-related gene MCL1 and collagen genes involved in metastasis are also targeted by this family in cancer (79). As both studies used early versions of microRNA mimics it is possible that one or both were based on a pre-miR mimic containing both 5p and 3p arms. The miR-29 family also indirectly increases p53 activity by suppressing p85 and CDC42, negative regulators of p53 (80). These observations suggest that revisiting the role of the miR-29 family in MPM could reveal broader activities. Moreover, the TCGA analysis revealed a number of miRNAs with prognostic value but no known functional role in MPM such as miR-100-5p and miR-148b-3p. As these have well-characterized tumor suppressor activity in other tumor types (81, 82), they represent additional candidates for follow-up studies. In addition, histological subtype is an important determinant of MPM biology and the different subtypes are likely to be characterized by differences in miRNA expression, as mentioned in previous sections. Confirmation of the role played by miRNAs in the aggressive nature of sarcomatoid tumors awaits comparative analysis of a larger number of samples of this type.



Mesothelioma-Specific miRNA Expression

For a miRNA to make an effective biomarker or therapeutic target in MPM, it would ideally be expressed selectively (or even better specifically) in the cell or tissue of interest. Of the miRNAs investigated to date as potential biomarkers and therapeutic targets, however, almost all are evolutionarily conserved and expressed widely in most tissues and cell types. This observation is not peculiar to MPM, however, and can be seen by the predominance of relatively few miRNAs in functional preclinical studies of miRNA targeting approaches across cancer in general. Following the discovery of miRNAs in mammalian cells, the majority of human miRNAs identified were highly conserved, and this is reflected by most entries in the mirbase database. However, in a series of recent papers, a large number of cell- and tissue specific miRNAs were identified from RNA-seq data via computational approaches (83–85). These new miRNAs exhibit similar GC content and genome distribution to conserved miRNAs, and the expression of a number has been validated via RT-qPCR. While few have been characterized on a functional level, they nonetheless represent a rich source of potential biomarkers and therapeutic targets. Most recently, a study compared specific miRNA expression in lung cancer and MPM, demonstrating highly specific expression of a number of miRNAs that may prove able to assist with differential diagnosis (86). As a number are either highly expressed in MPM or present at lower levels, they represent candidate tumor suppressors and oncomiRs. Ongoing research will be required to determine whether they are altered in MPM carcinogenesis and to elucidate their functions.



Alternative Delivery Approaches

Increasing evidence supports the concept that miRNA mimics represent a valid approach to therapy in MPM, but to date the only clinical experience remains the MesomiR-1 trial of TargomiRs (42). While the FDA approval of patisiran, and ongoing development of other siRNA- and miRNA-based drugs using liposomal or direct conjugation to targeting moieties underlines the potential for miRNAs to serve as cancer drugs (47), delivery to tumor cells in vivo remains a major hurdle (87). As the lipid-based delivery vehicles commonly used for double-stranded RNA drugs frequently accumulate in the liver, most siRNA- or miRNA-based drugs in development target hepatocytes. However, even with this selective delivery advantage, the miR-34a-based drug MRX34 targeting hepatocellular carcinoma or liver metastases was terminated due to unexpected immune-related adverse events (88). It is notable that seed sequence-mediated hepatotoxicity has been used to screen siRNA drug candidates prior to clinical development (89), but as the miR-34a mimic used did not cause immune events or hepatocyte damage in mouse models of liver cancer (90) and there are no published results describing these adverse events in more detail, the underlying cause remains unknown. Nevertheless, reaction to the liposomal vehicle, immune stimulation by double-stranded RNA or necrotic cell death may have played a role (88). The latter may be related to the toxicity of the GC-rich miR-34a seed, shown to preferentially downregulate survival genes and cause cell death in cancer cells (91).

In terms of vehicles for systemic delivery of miRNA mimics to organs other than the liver, few have reached an advanced stage of development. Most lipid- or nanoparticle-based systems are hampered by the inefficient escape from the endosomal system following endocytosis, meaning only a small fraction of the mimic molecules entering the cell are active in the cytoplasm (87). This is illustrated by studies with patisiran which suggest that of the 60% of the total dose that is delivered to the hepatocytes, only 3% is associated with the RISC machinery (92). An alternative approach gaining traction involves the use of extracellular vesicles (EVs) such as exosomes or microvesicles for miRNA delivery. Cells release a variety of EVs that contain a range of cellular molecules including miRNAs (93). Their ability to transfer miRNAs and mRNAs to recipient cells and influence gene expression was demonstrated in early studies (94–96), and their role in intercellular communication in cancer is now widely accepted (97). The ability of EVs to deliver miRNAs has subsequently been exploited as a potential vehicle method for miRNA mimics and siRNAs. An early study purified exosomes from dendritic cells engineered to express a neuron-specific targeting moiety, which were then electroporated with GAPDH siRNA (98). These exosomes were able to cross the blood-brain barrier and reduce GAPDH expression in neurons and other brain cells. In a similar approach, exosomes from HEK293 cells engineered to produce an EGFR-specific peptide ligand, and transfected with let-7a mimic, delivered let-7a mimic to EGFR-expressing breast cancer xenografts and inhibited their growth (99).

A clinically advanced example of this approach is represented by the delivery of engineered exosomes loaded with mutant KRAS-targeting siRNAs to inhibit pancreatic cancer (100). Following intraperitoneal injection, exosomes loaded with siRNA accumulated to a greater extent in the pancreas, and were also more growth inhibitory in a KRAS mutant orthotopic tumor xenografts model compared with liposomes carrying the same siRNA. This was demonstrated to be a result of increased retention in the circulation and cellular uptake via micropinocytosis, due in part to endogenous transmembrane proteins (100). Although many questions remain surrounding the large-scale production and purification of EVs (92), a phase I trial of KRAS siRNA-loaded exosomes, dubbed iExosomes, is scheduled to start in early 2020 [NCT03608631].

In the context of the potential use of EVs to deliver miRNAs to MPM, three recent studies are of particular relevance. The first described showed that a miR-15a mimic loaded into isolated exosomes via electroporation was able to decrease its target BCL2 when delivered to human monocytes in vitro, and increased miR-15a in mouse alveolar macrophages in vivo (101). The second study investigated the distribution of exosome-delivered miR-126 in a co-culture system combining mesothelial or MPM cells with endothelial cells and fibroblasts. MiR-126 accumulated in endothelial cells co-cultured with mesothelial or miR-126 sensitive MPM cells, but it accumulated in fibroblasts when the system contained miR-126 insensitive MPM cells (102), suggesting a role for miR-126 in controlling angiogenesis. Finally, the third study described methotrexate (MTX) delivery using autologous tumor cell-derived membrane microparticles (TMPs) in a malignant pleural effusion (MPE) model, and was based on the homotypic adhesion properties of cancer cell TMPs that increase their uptake by cancer cells (103). Immunocompetent mice with MPE resulting from intrapleural inoculation of tumor cells, were treated with MTX-TMPs via intrapleural administration. These mice developed fewer foci, had reduced MPE volume and survived longer than those treated with empty TMPs or MTX alone (103). These results were extended in a pilot clinical trial of 11 lung cancer patients with malignant pleural effusions. Treatment with MTX-TMPs proved safe, most patients had reduced MPE volume and symptomatic improvements, and assessment of fluid revealed fewer tumor cells. The continuing phase I trial aims to recruit 90 patients and has an expected completion date of December 2019 [NCT02657460]. As exosomes (and presumably other EVs) are numerous in MPE from MPM patients (104) and in cell-conditioned medium secreted from MPM cells (105, 106), and these are preferentially taken up by the cell of origin, they represent a potential vehicle for therapeutic miRNA delivery.




CONCLUSIONS

Multiple lines of evidence support the continued development of miRNA-based therapies for MPM. Numerous miRNAs have been demonstrated to contribute to cancer hallmarks in MPM cells in vitro, and manipulating their expression using miRNA mimics or inhibitors can inhibit the proliferation and invasion of MPM cells and their interaction with stromal and immune cells. In addition to targeted systemic delivery with minicells, local delivery via intrapleural administration of miRNA mimics complexed with atelocollagen or encapsulated in (patient-derived) EVs have enormous potential for the treatment of MPM. Continued clinical investigation and optimization of methods for EV preparation, purification and miRNA loading will be needed to realize the potential of these novel treatment approaches.



AUTHOR CONTRIBUTIONS

GR wrote the first draft of the manuscript. GR and TJ generated the figures. GR, TJ, and NZ revised the manuscript and approved the submitted version.



FUNDING

TJ was supported by a Ph.D. Scholarship from the Asbestos Diseases Foundation of Australia and a Top-Up Ph.D. Scholarship from the Sydney Catalyst Translational Cancer Research Center, Australia. NZ acknowledges the support of Sydney Local Health District/Sydney Research.



ACKNOWLEDGMENTS

The authors would like to acknowledge Anna Fife for review of the manuscript.



REFERENCES

 1. Bartel DP. Metazoan microRNAs. Cell. (2018)173:20–51. doi: 10.1016/j.cell.2018.03.006

 2. Garzon R, Calin GA, Croce CM. microRNAs in cancer. Annu Rev Med. (2009) 60:167–79. doi: 10.1146/annurev.med.59.053006.104707

 3. Reid G. microRNAs in mesothelioma: from tumour suppressors and biomarkers to therapeutic targets. J Thorac Dis. (2015) 7:1031–40. doi: 10.3978/j.issn.2072-1439

 4. Birnie KA, Prele CM, Thompson PJ, Badrian B, Mutsaers SE. Targeting microRNA to improve diagnostic and therapeutic approaches for malignant mesothelioma. Oncotarget. (2017) 8:78193–207. doi: 10.18632/oncotarget.20409

 5. Khodayari N, Mohammed KA, Goldberg EP, Nasreen N. EphrinA1 inhibits malignant mesothelioma tumor growth via let-7 microRNA-mediated repression of the RAS oncogene. Cancer Gene Ther. (2011) 18:806–16. doi: 10.1038/cgt.2011.50

 6. Amatya VJ, Mawas AS, Kushitani K, Mohi El-Din MM, Takeshima Y. Differential microRNA expression profiling of mesothelioma and expression analysis of miR-1 and miR-214 in mesothelioma. Int J Oncol. (2016) 48:1599–607. doi: 10.3892/ijo.2016.3358

 7. Xu Y, Zheng M, Merritt RE, Shrager JB, Wakelee HA, Kratzke RA, et al. miR-1 induces growth arrest and apoptosis in malignant mesothelioma. Chest. (2013) 144:1632–43. doi: 10.1378/chest.12-2770

 8. Reid G, Pel ME, Kirschner MB, Cheng YY, Mugridge N, Weiss J, et al. Restoring expression of miR-16: a novel approach to therapy for malignant pleural mesothelioma. Ann Oncol. (2013) 24:3128–35. doi: 10.1093/annonc/mdt412

 9. Kao SC, Cheng YY, Williams M, Kirschner MB, Madore J, Lum T, et al. Tumor suppressor microRNAs contribute to the regulation of PD-L1 expression in malignant pleural mesothelioma. J Thorac Oncol. (2017) 12:1421–33. doi: 10.1016/j.jtho.2017.05.024

 10. Cheng YY, Wright CM, Kirschner MB, Williams M, Sarun KH, Sytnyk V, et al. KCa1.1, a calcium-activated potassium channel subunit alpha 1, is targeted by miR-17-5p and modulates cell migration in malignant pleural mesothelioma. Mol Cancer. (2016) 15:44. doi: 10.1186/s12943-016-0529-z

 11. He T, McColl K, Sakre N, Chen Y, Wildey G, Dowlati A. Post-transcriptional regulation of PIAS3 expression by miR-18a in malignant mesothelioma. Mol Oncol. (2018) 12:2124–35. doi: 10.1002/1878-0261.12386

 12. Kirschner MB, Cheng YY, Armstrong NJ, Lin RC, Kao SC, Linton A, et al. MiR-score: a novel 6-microRNA signature that predicts survival outcomes in patients with malignant pleural mesothelioma. Mol Oncol. (2015) 9:715–26. doi: 10.1016/j.molonc.2014.11.007

 13. Nicole L, Cappellesso R, Sanavia T, Guzzardo V, Fassina A. MiR-21 over-expression and programmed cell death 4 down-regulation features malignant pleural mesothelioma. Oncotarget. (2018) 9:17300–8. doi: 10.18632/oncotarget.24644

 14. De Santi C, Vencken S, Blake J, Haase B, Benes V, Gemignani F, et al. Identification of MiR-21-5p as a functional regulator of mesothelin expression using microRNA capture affinity coupled with next generation sequencing. PLoS ONE. (2017) 12:e0170999. doi: 10.1371/journal.pone.0170999

 15. Oliveto S, Alfieri R, Miluzio A, Scagliola A, Secli RS, Gasparini P, et al. A polysome-based microRNA screen identifies miR-24-3p as a novel promigratory miRNA in mesothelioma. Cancer Res. (2018) 78:5741–53. doi: 10.1158/0008-5472.CAN-18-0655

 16. Pass HI, Goparaju C, Ivanov S, Donington J, Carbone M, Hoshen M, et al. hsa-miR-29c* is linked to the prognosis of malignant pleural mesothelioma. Cancer Res. (2010) 70:1916–24. doi: 10.1158/0008-5472.CAN-09-3993

 17. Ivanov SV, Goparaju CM, Lopez P, Zavadil J, Toren-Haritan G, Rosenwald S, et al. Pro-tumorigenic effects of miR-31 loss in mesothelioma. J Biol Chem. (2010) 285:22809–17. doi: 10.1074/jbc.M110.100354

 18. Matsumoto S, Nabeshima K, Hamasaki M, Shibuta T, Umemura T. Upregulation of microRNA-31 associates with a poor prognosis of malignant pleural mesothelioma with sarcomatoid component. Med Oncol. (2014) 31:303. doi: 10.1007/s12032-014-0303-2

 19. Moody HL, Lind MJ, Maher SG. microRNA-31 regulates chemosensitivity in malignant pleural mesothelioma. Mol Ther Nucleic Acids. (2017) 8:317–29. doi: 10.1016/j.omtn.2017.07.001

 20. Menges CW, Kadariya Y, Altomare D, Talarchek J, Neumann-Domer E, Wu Y, et al. Tumor suppressor alterations cooperate to drive aggressive mesotheliomas with enriched cancer stem cells via a p53-miR-34a-c-Met axis. Cancer Res. (2014) 74:1261–71. doi: 10.1158/0008-5472.CAN-13-2062

 21. Williams M, Cheng YY, Kirschner MB, Sarun KH, Schelch K, Winata P, et al. Transcriptional suppression of the miR-15/16 family by c-Myc in malignant pleural mesothelioma. Oncotarget. (2019) 10:4125–38. doi: 10.18632/oncotarget.27010

 22. Tanaka N, Toyooka S, Soh J, Tsukuda K, Shien K, Furukawa M, et al. Downregulation of microRNA-34 induces cell proliferation and invasion of human mesothelial cells. Oncol Rep. (2013) 29:2169–74. doi: 10.3892/or.2013.2351

 23. Williams M, Cheng YY, Phimmachanh M, Winata P, van Zandwijk N, Reid G. Tumour suppressor microRNAs contribute to drug resistance in malignant pleural mesothelioma by targeting anti-apoptotic pathways. Cancer Drug Resist. (2019) 2:1193–206. doi: 10.20517/cdr.2019.41

 24. Kubo T, Toyooka S, Tsukuda K, Sakaguchi M, Fukazawa T, Soh J, et al. Epigenetic silencing of microRNA-34b/c plays an important role in the pathogenesis of malignant pleural mesothelioma. Clin Cancer Res. (2011) 17:4965–74. doi: 10.1158/1078-0432.CCR-10-3040

 25. Ueno T, Toyooka S, Fukazawa T, Kubo T, Soh J, Asano H, et al. Preclinical evaluation of microRNA-34b/c delivery for malignant pleural mesothelioma. Acta Med Okayama. (2014) 68:23–6. doi: 10.18926/amo/52140

 26. Maki Y, Asano H, Toyooka S, Soh J, Kubo T, Katsui K, et al. microRNA miR-34b/c enhances cellular radiosensitivity of malignant pleural mesothelioma cells. Anticancer Res. (2012) 32:4871–5. Available online at: http://ar.iiarjournals.org/content/32/11/4871.long

 27. Tomasetti M, Monaco F, Manzella N, Rohlena J, Rohlenova K, Staffolani S, et al. microRNA-126 induces autophagy by altering cell metabolism in malignant mesothelioma. Oncotarget. (2016) 7:36338–52. doi: 10.18632/oncotarget.8916

 28. Tomasetti M, Nocchi L, Staffolani S, Manzella N, Amati M, Goodwin J, et al. microRNA-126 suppresses mesothelioma malignancy by targeting IRS1 and interfering with the mitochondrial function. Antioxidants Redox Signal. (2014) 21:2109–25. doi: 10.1089/ars.2013.5215

 29. Johnson TG, Schelch K, Cheng YY, Williams M, Sarun KH, Kirschner MB, et al. Dysregulated expression of the microRNA miR-137 and its target YBX1 contribute to the invasive characteristics of malignant pleural mesothelioma. J Thorac Oncol. (2018) 13:258–72. doi: 10.1016/j.jtho.2017.10.016

 30. Cioce M, Ganci F, Canu V, Sacconi A, Mori F, Canino C, et al. Protumorigenic effects of mir-145 loss in malignant pleural mesothelioma. Oncogene. (2014) 33:5319–31. doi: 10.1038/onc.2013.476

 31. Suzuki R, Amatya VJ, Kushitani K, Kai Y, Kambara T, Takeshima Y. miR-182 and miR-183 promote cell proliferation and invasion by targeting FOXO1 in mesothelioma. Front Oncol. (2018) 8:446. doi: 10.3389/fonc.2018.00446

 32. Williams M, Kirschner MB, Cheng YY, Hanh J, Weiss J, Mugridge N, et al. miR-193a-3p is a potential tumor suppressor in malignant pleural mesothelioma. Oncotarget. (2015) 6:23480–95. doi: 10.18632/oncotarget.4346

 33. Fassina A, Cappellesso R, Guzzardo V, Dalla Via L, Piccolo S, Ventura L, et al. Epithelial-mesenchymal transition in malignant mesothelioma. Modern Pathol. (2012) 25:86–99. doi: 10.1038/modpathol.2011.144

 34. Singh A, Pahwa R, Zhang L, Pruett N, Ripley RT, Schrump DS, et al. Abstract 523: miR-206 inhibits pleural mesothelioma by targeting an active KRAS/CDK4/CCND1 pathway. Cancer Res. (2018) 78:523. doi: 10.1158/1538-7445.AM2018-523

 35. Birnie KA, Yip YY, Ng DC, Kirschner MB, Reid G, Prele CM, et al. Loss of miR-223 and JNK signaling contribute to elevated stathmin in malignant pleural mesothelioma. Mol Cancer Res. (2015) 13:1106–18. doi: 10.1158/1541-7786.MCR-14-0442

 36. Singh A, Bhattacharyya N, Srivastava A, Pruett N, Ripley RT, Schrump DS, et al. microRNA-215-5p treatment suppresses mesothelioma progression via the MDM2-p53-signaling axis. Mol Ther. (2019) 27:1665–80. doi: 10.1016/j.ymthe.2019.05.020

 37. Khodayari N, Mohammed KA, Lee H, Kaye F, Nasreen N. microRNA-302b targets Mcl-1 and inhibits cell proliferation and induces apoptosis in malignant pleural mesothelioma cells. Am J Cancer Res. (2016) 6:1996–2009. 

 38. MacDiarmid JA, Amaro-Mugridge NB, Madrid-Weiss J, Sedliarou I, Wetzel S, Kochar K, et al. Sequential treatment of drug-resistant tumors with targeted minicells containing siRNA or a cytotoxic drug. Nat Biotechnol. (2009) 27:643–51. doi: 10.1038/nbt.1547

 39. MacDiarmid JA, Madrid-Weiss J, Amaro-Mugridge NB, Phillips L, Brahmbhatt H. Bacterially-derived nanocells for tumor-targeted delivery of chemotherapeutics and cell cycle inhibitors. Cell Cycle. (2007) 6:2099–105. doi: 10.4161/cc.6.17.4648

 40. Reid G, Williams M, Kirschner MB, Mugridge N, Weiss J, Brahmbhatt H, et al. Abstract 3976: Targeted delivery of a synthetic microRNA-based mimic as an approach to cancer therapy. Cancer Res. (2015) 75(Suppl. 15):3976. doi: 10.1158/1538-7445.AM2015-3976

 41. Kao SC, Fulham M, Wong K, Cooper W, Brahmbhatt H, MacDiarmid J, et al. A significant metabolic and radiological response after a novel targeted microRNA-based treatment approach in malignant pleural mesothelioma. Am J Respir Crit Care Med. (2015) 191:1467–9. doi: 10.1164/rccm.201503-0461LE

 42. van Zandwijk N, Pavlakis N, Kao SC, Linton A, Boyer MJ, Clarke S, 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) 18:1386–96. doi: 10.1016/S1470-2045(17)30621-6

 43. Alfaleh MA, Howard CB, Sedliarou I, Jones ML, Gudhka R, Vanegas N, et al. Targeting mesothelin receptors with drug-loaded bacterial nanocells suppresses human mesothelioma tumour growth in mouse xenograft models. PLoS ONE. (2017) 12:e0186137. doi: 10.1371/journal.pone.0186137

 44. Pu Y, Zhao F, Cai W, Meng X, Li Y, Cai S. MiR-193a-3p and miR-193a-5p suppress the metastasis of human osteosarcoma cells by down-regulating Rab27B and SRR, respectively. Clin Exp Metastasis. (2016) 33:359–72. doi: 10.1007/s10585-016-9783-0

 45. Yu T, Li J, Yan M, Liu L, Lin H, Zhao F, et al. microRNA-193a-3p and−5p suppress the metastasis of human non-small-cell lung cancer by downregulating the ERBB4/PIK3R3/mTOR/S6K2 signaling pathway. Oncogene. (2015) 34:413–23. doi: 10.1038/onc.2013.574

 46. Hmeljak J, Sanchez-Vega F, Hoadley KA, Shih J, Stewart C, Heiman D, et al. Integrative molecular characterization of malignant pleural mesothelioma. Cancer Discov. (2018) 8:1548–65. doi: 10.1158/2159-8290.CD-18-080

 47. Setten RL, Rossi JJ, Han SP. The current state and future directions of RNAi-based therapeutics. Nat Rev Drug Discov. (2019) 18:421–46. doi: 10.1038/s41573-019-0017-4

 48. Bueno R, Stawiski EW, Goldstein LD, Durinck S, De Rienzo A, Modrusan Z, et al. Comprehensive genomic analysis of malignant pleural mesothelioma identifies recurrent mutations, gene fusions and splicing alterations. Nat Genet. (2016) 48:407–16. doi: 10.1038/ng.3520

 49. Segura MF, Hanniford D, Menendez S, Reavie L, Zou X, Alvarez-Diaz S, et al. Aberrant miR-182 expression promotes melanoma metastasis by repressing FOXO3 and microphthalmia-associated transcription factor. Proc Natl Acad Sci USA. (2009) 106:1814–9. doi: 10.1073/pnas.0808263106

 50. Li X, Liu X, Xu W, Zhou P, Gao P, Jiang S, et al. c-MYC-regulated miR-23a/24-2/27a cluster promotes mammary carcinoma cell invasion and hepatic metastasis by targeting Sprouty2. J Biol Chem. (2013) 288:18121–33. doi: 10.1074/jbc.M113.478560

 51. Cheng YY, Kirschner MB, Cheng NC, Gattani S, Klebe S, Edelman JJ, et al. ZIC1 is silenced and has tumor suppressor function in malignant pleural mesothelioma. J Thorac Oncol. (2013) 8:1317–28. doi: 10.1097/JTO.0b013e3182a0840a

 52. Pfeffer SR, Yang CH, Pfeffer LM. The role of miR-21 in cancer. Drug Dev Res. (2015) 76:270–7. doi: 10.1002/ddr.21257

 53. Wang K, Bodempudi V, Liu Z, Borrego-Diaz E, Yamoutpoor F, Meyer A, et al. Inhibition of mesothelin as a novel strategy for targeting cancer cells. PLoS ONE. (2012) 7:e33214. doi: 10.1371/journal.pone.0033214

 54. Mogilyansky E, Rigoutsos I. The miR-17/92 cluster: a comprehensive update on its genomics, genetics, functions and increasingly important and numerous roles in health and disease. Cell Death Differ. (2013) 20:1603–14. doi: 10.1038/cdd.2013.125

 55. Du P, Wang L, Sliz P, Gregory RI. A biogenesis step upstream of microprocessor controls miR-17 approximately 92 expression. Cell. (2015) 162:885–99. doi: 10.1016/j.cell.2015.07.008

 56. Mahmoudi E, Cairns MJ. MiR-137: an important player in neural development and neoplastic transformation. Mol Psychiatry. (2017) 22:44–55. doi: 10.1038/mp.2016.150

 57. Bemis LT, Chen R, Amato CM, Classen EH, Robinson SE, Coffey DG, et al. microRNA-137 targets microphthalmia-associated transcription factor in melanoma cell lines. Cancer Res. (2008) 68:1362–8. doi: 10.1158/0008-5472.CAN-07-2912

 58. Yu T, Ma P, Wu D, Shu Y, Gao W. Functions and mechanisms of microRNA-31 in human cancers. Biomed Pharmacother. (2018) 108:1162–9. doi: 10.1016/j.biopha.2018.09.132

 59. Liu X, Sempere LF, Ouyang H, Memoli VA, Andrew AS, Luo Y, et al. microRNA-31 functions as an oncogenic microRNA in mouse and human lung cancer cells by repressing specific tumor suppressors. J. Clin Invest. (2010) 120:1298–309. doi: 10.1172/JCI39566

 60. Yu M, Liang H, Fu Z, Wang X, Liao Z, Zhou Y, et al. BAP1 suppresses lung cancer progression and is inhibited by miR-31. Oncotarget. (2016) 7:13742–53. doi: 10.18632/oncotarget.7328

 61. Taccioli C, Garofalo M, Chen H, Jiang Y, Tagliazucchi GM, Di Leva G, et al. Repression of esophageal neoplasia and inflammatory signaling by Anti-miR-31 delivery in vivo. J Natl Cancer Inst. (2015) 107:djv220. doi: 10.1093/jnci/djv220

 62. Lv C, Li F, Li X, Tian Y, Zhang Y, Sheng X, et al. MiR-31 promotes mammary stem cell expansion and breast tumorigenesis by suppressing Wnt signaling antagonists. Nat Commun. (2017) 8:1036. doi: 10.1038/s41467-017-01059-5

 63. Suzuki HI, Yamagata K, Sugimoto K, Iwamoto T, Kato S, Miyazono K. Modulation of microRNA processing by p53. Nature. (2009) 460:529–33. doi: 10.1038/nature08199

 64. Sachdeva M, Zhu S, Wu F, Wu H, Walia V, Kumar S, et al. p53 represses c-Myc through induction of the tumor suppressor miR-145. Proc Natl Acad Sci USA. (2009) 106:3207–12. doi: 10.1073/pnas.0808042106

 65. Chang TC, Yu D, Lee YS, Wentzel EA, Arking DE, West KM, et al. Widespread microRNA repression by Myc contributes to tumorigenesis. Nat Genet. (2008) 40:43–50. doi: 10.1038/ng.2007.30

 66. Sekido Y. Targeting the hippo pathway is a new potential therapeutic modality for malignant mesothelioma. Cancers. (2018) 10:90. doi: 10.3390/cancers10040090

 67. Mori M, Triboulet R, Mohseni M, Schlegelmilch K, Shrestha K, Camargo FD, et al. Hippo signaling regulates microprocessor and links cell-density-dependent miRNA biogenesis to cancer. Cell. (2014) 156:893–906. doi: 10.1016/j.cell.2013.12.043

 68. Christoffersen NR, Shalgi R, Frankel LB, Leucci E, Lees M, Klausen M, et al. p53-independent upregulation of miR-34a during oncogene-induced senescence represses MYC. Cell Death Differ. (2010) 17:236–45. doi: 10.1038/cdd.2009.109

 69. Sampson VB, Rong NH, Han J, Yang Q, Aris V, Soteropoulos P, et al. microRNA let-7a down-regulates MYC and reverts MYC-induced growth in Burkitt lymphoma cells. Cancer Res. (2007) 67:9762–70. doi: 10.1158/0008-5472.CAN-07-2462

 70. Bott M, Brevet M, Taylor BS, Shimizu S, Ito T, Wang L, et al. The nuclear deubiquitinase BAP1 is commonly inactivated by somatic mutations and 3p21.1 losses in malignant pleural mesothelioma. Nat Genet. (2011) 43:668–72. doi: 10.1038/ng.855

 71. Testa JR, Cheung M, Pei J, Below JE, Tan Y, Sementino E, et al. Germline BAP1 mutations predispose to malignant mesothelioma. Nat Genet. (2011) 43:1022–5. doi: 10.1038/ng.912

 72. LaFave LM, Beguelin W, Koche R, Teater M, Spitzer B, Chramiec A, et al. Loss of BAP1 function leads to EZH2-dependent transformation. Nat Med. (2015) 21:1344–9. doi: 10.1038/nm.3947

 73. Kemp CD, Rao M, Xi S, Inchauste S, Mani H, Fetsch P, et al. Polycomb repressor complex-2 is a novel target for mesothelioma therapy. Clin Cancer Res. (2012) 18:77–90. doi: 10.1158/1078-0432.CCR-11-0962

 74. Chen J, Zhang K, Xu Y, Gao Y, Li C, Wang R, et al. The role of microRNA-26a in human cancer progression and clinical application. Tumour Biol. (2016) 37:7095–108. doi: 10.1007/s13277-016-5017-y

 75. Sander S, Bullinger L, Klapproth K, Fiedler K, Kestler HA, Barth TF, et al. MYC stimulates EZH2 expression by repression of its negative regulator miR-26a. Blood. (2008) 112:4202–12. doi: 10.1182/blood-2008-03-147645

 76. Asangani IA, Harms PW, Dodson L, Pandhi M, Kunju LP, Maher CA, et al. Genetic and epigenetic loss of microRNA-31 leads to feed-forward expression of EZH2 in melanoma. Oncotarget. (2012) 3:1011–25. doi: 10.18632/oncotarget.622

 77. Crooke ST, Witztum JL, Bennett CF, Baker BF. RNA-targeted therapeutics. Cell Metab. (2018) 27:714–39. doi: 10.1016/j.cmet.2018.03.004

 78. Fabbri M, Garzon R, Cimmino A, Liu Z, Zanesi N, Callegari E, et al. microRNA-29 family reverts aberrant methylation in lung cancer by targeting DNA methyltransferases 3A and 3B. Proc Natl Acad Sci USA. (2007) 104:15805–10. doi: 10.1073/pnas.0707628104

 79. Wang Y, Zhang X, Li H, Yu J, Ren X. The role of miRNA-29 family in cancer. Eur J Cell Biol. (2013) 92:123–8. doi: 10.1016/j.ejcb.2012.11.004

 80. Park SY, Lee JH, Ha M, Nam JW, Kim VN. miR-29 miRNAs activate p53 by targeting p85 alpha and CDC42. Nat Struct Mol Biol. (2009) 16:23–9. doi: 10.1038/nsmb.1533

 81. Qin C, Huang RY, Wang ZX. Potential role of miR-100 in cancer diagnosis, prognosis, and therapy. Tumour Biol. (2015) 36:1403–9. doi: 10.1007/s13277-015-3267-8

 82. Friedrich M, Pracht K, Mashreghi MF, Jack HM, Radbruch A, Seliger B. The role of the miR-148/-152 family in physiology and disease. Eur J Immunol. (2017) 47:2026–38. doi: 10.1002/eji.201747132

 83. Friedlander MR, Lizano E, Houben AJ, Bezdan D, Banez-Coronel M, Kudla G, et al. Evidence for the biogenesis of more than 1,000 novel human microRNAs. Genome Biol. (2014) 15:R57. doi: 10.1186/gb-2014-15-4-r57

 84. Londin E, Loher P, Telonis AG, Quann K, Clark P, Jing Y, et al. Analysis of 13 cell types reveals evidence for the expression of numerous novel primate- and tissue-specific microRNAs. Proc Natl Acad Sci USA. (2015) 112:E1106–15. doi: 10.1073/pnas.1420955112

 85. McCall MN, Kim MS, Adil M, Patil AH, Lu Y, Mitchell CJ, et al. Toward the human cellular microRNAome. Genome Res. (2017) 27:1769–81. doi: 10.1101/gr.222067.117

 86. Martinez VD, Marshall EA, Anderson C, Ng KW, Minatel BC, Sage AP, et al. Discovery of previously undetected microRNAs in mesothelioma and their use as tissue-of-origin markers. Am J Respir Cell Mol Biol. (2019) 61:266–8. doi: 10.1165/rcmb.2018-0204LE

 87. Dowdy SF. Overcoming cellular barriers for RNA therapeutics. Nat Biotechnol. (2017) 35:222–9. doi: 10.1038/nbt.3802

 88. Slabakova E, Culig Z, Remsik J, Soucek K. Alternative mechanisms of miR-34a regulation in cancer. Cell Death Dis. (2017) 8:e3100. doi: 10.1038/cddis.2017.495

 89. Janas MM, Schlegel MK, Harbison CE, Yilmaz VO, Jiang Y, Parmar R, et al. Selection of GalNAc-conjugated siRNAs with limited off-target-driven rat hepatotoxicity. Nat Commun. (2018) 9:723. doi: 10.1038/s41467-018-02989-4

 90. Daige CL, Wiggins JF, Priddy L, Nelligan-Davis T, Zhao J, Brown D. Systemic delivery of a miR34a mimic as a potential therapeutic for liver cancer. Mol Cancer Ther. (2014) 13:2352–60. doi: 10.1158/1535-7163.MCT-14-0209

 91. Gao QQ, Putzbach WE, Murmann AE, Chen S, Sarshad AA, Peter JM, et al. 6mer seed toxicity in tumor suppressive microRNAs. Nat Commun. (2018) 9:4504. doi: 10.1038/s41467-018-06526-1

 92. de Jong OG, Kooijmans SAA, Murphy DE, Jiang L, Evers MJW, Sluijter JPG, et al. Drug delivery with extracellular vesicles: from imagination to innovation. Acc Chem Res. (2019) 52:1761–70. doi: 10.1021/acs.accounts.9b00109

 93. Bebelman MP, Smit MJ, Pegtel DM, Baglio SR. Biogenesis and function of extracellular vesicles in cancer. Pharmacol Ther. (2018) 188:1–11. doi: 10.1016/j.pharmthera.2018.02.013

 94. Pegtel DM, Cosmopoulos K, Thorley-Lawson DA, van Eijndhoven MA, Hopmans ES, Lindenberg JL, et al. Functional delivery of viral miRNAs via exosomes. Proc Natl Acad Sci USA. (2010) 107:6328–33. doi: 10.1073/pnas.0914843107

 95. Skog J, Wurdinger T, van Rijn S, Meijer DH, Gainche L, Sena-Esteves M, et al. Glioblastoma microvesicles transport RNA and proteins that promote tumour growth and provide diagnostic biomarkers. Nat Cell Biol. (2008) 10:1470–6. doi: 10.1038/ncb1800

 96. Valadi H, Ekstrom K, Bossios A, Sjostrand M, Lee JJ, Lotvall JO. Exosome-mediated transfer of mRNAs and microRNAs is a novel mechanism of genetic exchange between cells. Nat Cell Biol. (2007) 9:654–9. doi: 10.1038/ncb1596

 97. Wang M, Yu F, Ding H, Wang Y, Li P, Wang K. Emerging function and clinical values of exosomal microRNAs in cancer. Mol Ther Nucleic Acids. (2019) 16:791–804. doi: 10.1016/j.omtn.2019.04.027

 98. Alvarez-Erviti L, Seow Y, Yin H, Betts C, Lakhal S, Wood MJ. Delivery of siRNA to the mouse brain by systemic injection of targeted exosomes. Nat Biotechnol. (2011) 29:341–5. doi: 10.1038/nbt.1807

 99. Ohno S, Takanashi M, Sudo K, Ueda S, Ishikawa A, Matsuyama N, et al. Systemically injected exosomes targeted to EGFR deliver antitumor microRNA to breast cancer cells. Mol Ther. (2013) 21:185–91. doi: 10.1038/mt.2012.180

 100. Kamerkar S, LeBleu VS, Sugimoto H, Yang S, Ruivo CF, Melo SA, et al. Exosomes facilitate therapeutic targeting of oncogenic KRAS in pancreatic cancer. Nature. (2017) 546:498–503. doi: 10.1038/nature22341

 101. Zhang D, Lee H, Wang X, Rai A, Groot M, Jin Y. Exosome-mediated small RNA delivery: a novel therapeutic approach for inflammatory lung responses. Mol Ther. (2018) 26:2119–30. doi: 10.1016/j.ymthe.2018.06.007

 102. Monaco F, Gaetani S, Alessandrini F, Tagliabracci A, Bracci M, Valentino M, et al. Exosomal transfer of miR-126 promotes the anti-tumour response in malignant mesothelioma: Role of miR-126 in cancer-stroma communication. Cancer Lett. (2019) 463:27–36. doi: 10.1016/j.canlet.2019.08.001

 103. Guo M, Wu F, Hu G, Chen L, Xu J, Xu P, et al. Autologous tumor cell-derived microparticle-based targeted chemotherapy in lung cancer patients with malignant pleural effusion. Sci Transl Med. (2019) 11:eaat5690. doi: 10.1126/scitranslmed.aat5690

 104. Bard MP, Hegmans JP, Hemmes A, Luider TM, Willemsen R, Severijnen LA, et al. Proteomic analysis of exosomes isolated from human malignant pleural effusions. Am J Respir Cell Mol Biol. (2004) 31:114–21. doi: 10.1165/rcmb.2003-0238OC

 105. Greening DW, Ji H, Chen M, Robinson BW, Dick IM, Creaney J, et al. Secreted primary human malignant mesothelioma exosome signature reflects oncogenic cargo. Sci Rep. (2016) 6:32643. doi: 10.1038/srep32643

 106. Hegmans JP, Bard MP, Hemmes A, Luider TM, Kleijmeer MJ, Prins JB, et al. Proteomic analysis of exosomes secreted by human mesothelioma cells. Am J Pathol. (2004) 164:1807–15. doi: 10.1016/S0002-9440(10)63739-X

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The reviewer LM declared a past co-authorship with one of the authors GR to the handling Editor.

Copyright © 2020 Reid, Johnson and van Zandwijk. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fonc-10-00105-t001.jpg
Expression change in MPM Activity

microRNA  Cells Tumors Prognostic Invitro Invivo Experimentally validated function(s) TSor References
value? oncomiR?

Let-7a ND. ND.  ND. v ~1 Induced by EphrinA1; inhibits RAS IS ©)

miR4-3p  ND. | ND. v ~ Inhibits proliferation and migration/invasion; targets PIM1 T? ©7

miR-15a-5p | 1 None Na - Inhibits growth of MPM cells s @)

miR-15b-5p 4 4 None v ~ Inhibits growth of MPM cells IS ©.9

miR-16-5p | 1 None N V' Tumor suppressor functions; downregulates CCND1, BCL2, and TS ®9
PD-L1

mRA7-5p 4 HghBxp =SS ~ Inhibits migration; targets KCNMA1 S 10

miR-18a-5p 1 N.D. High Exp = S§S v - Antimir causes modest growth inhibition; targets PIAS3 OncomiR ()]

miR-21-5p  ND. 1 HighExp =SS - Mimic causes modest growth inhibition; targets mesothelin Ts? (12-14)

mR243p  t 1 ND. v (V) Promotes migration and tumor growth in mice; targets CGN Oncomir ~ (15)

mR29c-5p | ND.  HghBp=LS - Mimic inhibits growth and migration; targets DNMT1/3A IS (16

miR-316p 4 4 HighExp=SS ~ Mimic inhibits growth and migration; targets PPPGC:; role in drug  TS? (17-19)
resistance

miR-34aSp | ND. v V' Lostin genetically modified mouse model; targets c-Met s (20-29)

miR-34b-3p 4 ND. v J/ Inhibits MPM growth, enhance radiosensitivity; inhibitors promote TS (21,22, 24-26)
mesothelial proiferation

miR-34c-Ep 4 ND. v V Inhibits MPM growth, enhance radiosensitivity; inhibitors promote TS (21,22, 24-26)
mesothelial proliferation

miR-1263p | 4 N.D. v () Induced by oxidative stress; alters metabolism, inhibits respiration, TS? (27,28)
angiogenesis; targets IRS1

miR137-8p /) 1L HghBxp=8S - Inhibits growth and migrationvinvasion; targets YB-1 s ©9

miR-145-5p | 1 N.D. v () Inhibits clonogenicity and migration, sensitizes to pemetrexed; TS (30)
regulates OCT4

miR-182-5p t  ND.  ND. v - Overexpressed, antimir inhibits growth; targets FOXO1 OncomiR (6, 31)

miR-183-5p t  ND.  ND. v ~  Overexpressed, antimir inhibits growth; targets FOXO1 OncomiR (6, 81)

miR-193a-3p | | HghBxp=LS V' Tumor suppressor; targets MCL-1 and PD-L1 s ©,32)

miR-193a-5p 4 HghBxp=LS ~ Tumor suppressor function IS @2

miR-205-5p | E>non-E ND. v - Involved in EMT, affects migration; targets ZEB1 and ZEB2 s 33

miR-206-3p N.D. | HghBxp=LS / Inhibits growth and migration/invasion; targets IS (7,39
KRAS/CDK4/CCND1

miR-223-3p | 4 N.D. v ~ Inhibits migration; targets STMN1 TS (35)

miR-215-5p L HghBxp=LS V' P53 regulated, mimic inhibits growth; targets MDM2 S @6)

miR-302b-3p N.D. ND.  ND. v - Induced by EphrinA1, inhibits proiferation; targets MCL1 IS @

V. activity shown experimentally; =%, no experimental evidence of activity; /", in vivo activiy following systemic administration; (), in vivo activity consists of tumour cells transfected
pre-implantation; /', in vivo activty inferred by loss of function; 1, increased expression; |, decreased expression; 1/, expression either up- or downreguleted; SS, short survival; LS,
long survival: E, epithelioid MPM: non-E, non-epithelioid MPM.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Manipulating microRNAs for the Treatment of Malignant Pleural Mesothelioma: Past, Present and Future



		Introduction



		Modulating microRNA Levels in MPM



		Tumor Suppressor miRNAs—Early Studies



		Tumor Suppressor miRNAs—in vivo Activity



		Oncogenic miRNAs



		miRNAs With Unexpected Activity in MPM



		Pathways Commonly Dysregulated in MPM Alter miRNA Levels







		Future Prospects



		Additional Targets From Genomic Studies



		Mesothelioma-Specific miRNA Expression



		Alternative Delivery Approaches







		Conclusions



		Author Contributions



		Funding



		Acknowledgments



		References

















OPS/images/cover.jpg
, frontiers
in Oncology

Manipulating microRNAs for the
Treatment of Malignant Pleural
Mesothelioma: Past, Present and
Future





OPS/images/fonc-10-00105-g001.gif
° <
5 5 =
£} R \/
B a1





OPS/images/fonc-10-00105-g002.gif
a9 |
80 0

c8—0..p 0 -~
0l w0
e










OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Oncology





