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Abstract

:

Increasing evidence indicates that extracellular vesicles (EVs) released from both tumor cells and the cells of the bone marrow microenvironment contribute to the pathobiology of multiple myeloma (MM). Recent studies on the mechanisms by which EVs exert their biological activity have indicated that the non-coding RNA (ncRNA) cargo is key in mediating their effect on MM development and progression. In this review, we will first discuss the role of EV-associated ncRNAs in different aspects of MM pathobiology, including proliferation, angiogenesis, bone disease development, and drug resistance. Finally, since ncRNAs carried by MM vesicles have also emerged as a promising tool for early diagnosis and therapy response prediction, we will report evidence of their potential use as clinical biomarkers.
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1. Introduction


Multiple myeloma (MM) is a hematological disease caused by the monoclonal expansion of malignant plasma cells (PCs) within the bone marrow. It evolves from two asymptomatic conditions, namely monoclonal gammopathy of uncertain significance (MGUS) and multiple myeloma “smoldering” (SMM) [1]. Diagnostic criteria for the different stages include a percentage of infiltration of bone marrow PCs of less than 10% in MGUS that increases to up to 60% in subjects with SMM who have a higher risk of progression to overt disease [2,3]. The major complication observed in patients with MM is the occurrence of osteolytic lesions in the later stages of the neoplasm.



The therapeutic scenario of MM has evolved in the last two decades; currently, the combination of proteasome inhibitors such as bortezomib with immunomodulatory agents like lenalidomide and pomalidomide is the preferred pharmacological choice [4]. The use of bisphosphonates is intended for the management of patients with osteolytic bone disease [5,6]. However, MM, unfortunately, remains an incurable disease associated with a high mortality rate, due to late diagnosis [7,8] or resistance to pharmacological treatments [9,10].



Therefore, unraveling the mediators and molecular mechanisms involved in disease pathogenesis is mandatory to identify new therapeutic targets; at the same time, the development of non-invasive tools for early and differential diagnosis and monitoring of the therapeutic response are needed.



To date, growing evidence reveals how the multi-directional and dynamic interactions between MM cells and other components of the bone marrow microenvironment play a critical role in several steps of disease occurrence and progression. The tumor microenvironment consists of an extracellular matrix and cellular elements such as endothelial cells (ECs) [11,12], mesenchymal stem cells (MSCs) [13,14], osteoblasts (OBs) [15,16], osteoclasts (OCs) [17,18], and immune cells [19,20,21]. All these cell types are influenced by MM cells through cell–cell interactions or the release of secreted factors, which in turn contribute to tumor growth and survival.



Extracellular vesicles (EVs) are among the leading participants encountered in this crosstalk. They are a population of lipoproteic structures, heterogeneous in size and content, released in the extracellular space by all cell types [22,23]. EVs were initially recognized as a cellular route through which cells could discard undesired components [24]; today, in-depth investigations into their biogenesis and their content have indicated their implication in different physiological and pathological processes.



Overall, most of the studies investigating the role of EVs as possible mediators of intercellular communication have demonstrated that these vesicles contain nucleic acids, like messenger RNA (mRNA) [25], non-coding RNAs (ncRNAs), and DNA [26], which could be delivered to target cells, thus influencing their phenotype [25]. In parallel, the presence of EVs in various biological fluids and whose content reflects that of the cells of origin makes EVs valuable diagnostic and prognostic tools.



The RNA cargo of EVs is heterogeneous and differs between different biological fluids [27], among vesicles of different cell types, and even within vesicles released from the same cell type [28]. In this regard, ncRNAs have emerged as being among the most abundant nucleic acids in vesicles [29,30].



The main purpose of this review is to report and discuss those studies aimed at disclosing the role of EVs in the pathobiology of MM and to highlight EVs’ diagnostic and prognostic potential. In this context, priority has been given to the discussion of the works correlating the biological effects of EVs to their ncRNA cargo.




2. Non-Coding RNAs in Extracellular Vesicles


The family of ncRNA includes all the ribonucleic acids that will not be translated into proteins. Some of them, the housekeeping ncRNAs, are constitutively expressed and participate in the translation process, i.e., the transfer RNAs (tRNAs) and the ribosomal RNAs (rRNAs), or in splicing as the small nuclear RNAs (snRNAs). However, the broadest category includes inducible ncRNAs that anneal complementary sequences in DNAs or RNAs, thus largely controlling gene expression, e.g., Piwi RNA, microRNA, and long non-coding RNAs.



Basing on their positions, ncRNAs are defined as intragenic or intergenic, but more often, they are classified based on their size as small non-coding RNAs and long non-coding RNAs (lncRNAs), the latter with sizes longer than 200 nucleotides. Several studies demonstrate that plasma cell dyscrasias are regulated by different classes of non-coding RNAs [31,32].



MicroRNAs (miRNAs) are a class of single-stranded, endogenous, small non-coding RNAs containing around 20–25 nucleotides implicated in various cellular pathways. These are transcribed as pri-miRNAs by RNA polymerase II or III or processed from longer non-coding RNA or the introns of protein-coding genes (miRtrons) [33]. Their action on the control of gene expression takes place at the cytoplasmic level, where, once reached, the mature form will be recruited by the ARGONAUTE (AGO) proteins, together with the RNA-induced silencing complex (RISC), to regulate gene expression at the post-transcriptional level through partial complementarity to target mRNAs. miRNAs are involved in complex regulatory circuits linked to biological processes and endowed with prognostic significance in cancers including MM [34].



Piwi-interacting RNAs (piRNAs) work similarly; these are highly enriched in the germline tissues where, in combination with Piwi proteins, they selectively silence mobile genetic elements (transposons).



LncRNAs localize both in the nucleus and in the cytoplasm of cells, thus controlling gene expression at different levels. Inside the nucleus, lncRNAs can control chromatin condensation, such as the X-inactive-specific transcript (XIST) that has a role in the formation of Barr bodies reviewed in [35]. However, the ability to recruit chromatin modifiers as the polycomb complex is common to several lncRNA, i.e., HOTAIR (Hox antisense intergenic RNA), antisense non-coding RNA in the INK4 locus (ANRIL), and metastasis-associated lung adenocarcinoma transcript 1 (MALAT1) [36]. In addition, by physical interaction with DNA, lncRNAs regulate transcription by favoring or inhibiting transcription factor recruitment and RNA polymerase activity [37,38]. Meanwhile, by orchestrating protein and nucleic acid interaction, lncRNAs give shape to the nuclear bodies [39]. Matured lncRNAs, provided with 5′-capping, polyadenylation, and methylation of adenosine (N6-methyladenosine, m6A), are exported to the cytoplasm, where they control post-transcriptional gene regulation. Once associated with RNA binding proteins (RBPs) such as HuR, they compete with mRNAs, thus controlling its stability or alternative splicing [40]. Recent work aimed at correlating lncRNA expression levels with the onset/progression of malignancies has also disclosed the capability of lncRNAs to sponge miRNAs, thus protecting mRNAs from miRNA-mediated targeting; this was largely demonstrated, e.g., for lncH19, NEAT1, MALAT1, and HOTAIR [41,42,43,44,45,46].



Strongly involved in the regulation of mRNA stability is the family of circular (circRNAs), a family of ncRNAs lacking the 5′ or 3′ ends, generated from the splicing machinery through a process called back-splicing. circRNAs emerged relatively recently and were found to be involved in various cellular events, both in physiological and pathological conditions. CircRNAs work as competing endogenous RNAs, thus sponging miRNAs and RNA-binding proteins and competing with linear splicing; they have been found localized in nuclear and cytoplasmic compartments, and growing evidence has demonstrated that they can be also transported between cells by EVs [47].



The identification of new forms of RNAs has led to a scientific fervor aimed at understanding their mechanisms of action, while the discovery of circulating non-coding RNA, associated or not to EVs, emerged from high throughput RNA sequencing studies. To sort through this complex amount of information, the Extracellular RNA Communication Consortium (ERCC) developed an exRNA Atlas (https://exrna-atlas.org), collecting data from different human biofluids. This represents a map of cell–cell communication mediated by extracellular RNA, associated with vesicular and non-vesicular (RNP or lipoprotein) extracellular RNA carriers [48]. Mainly focused on non-coding RNA carried by EVs is the exoRBase (http://www.exoRBase.org), which collects circRNA, lncRNA, and mRNA data derived from RNA-seq data analyses of human blood exosomes [49]. Conversely, focused on miRNAs is the EVmiRNA (http://bioinfo.life.hust.edu.cn/EVmiRNA#!/) database, which collects comprehensive miRNA profiles in EVs [50].



Despite the technical constraints of each study, with limits and biases associated with RNA extraction and/or vesicle isolation protocols, it is, however, possible to make some general considerations about the most abundant types and the roles of non-coding RNAs in the EVs. Starting from the pioneering studies of Valadi [25] and Nolte-′t Hoen and colleagues [51], subsequent research has confirmed that EVs are enriched in small non-coding RNAs, such as vault RNA, Y-RNA, and specific tRNAs [51], repeat and transposable elements, small nuclear RNA (snRNA), and signal recognition particle RNA (srpRNA) [52].



Increasing evidence has suggested that the presence of these ncRNAs in the EVs is a highly controlled and specific process; therefore, the evaluation of the mechanisms underlying the sorting of these ncRNAs in the EVs is among the most interesting questions for researchers. In a study by Villarroya-Beltri et al., it was found that the most abundant miRNAs in EVs from human primary T-cells possess a specific sequence called EXOmotif (GGAG); this sequence is bound by the Heterogeneous Nuclear Ribonucleoprotein A2/B1 (hnRNPA2B1), which guides the sorting process of miRNAs into EVs [29]. In accordance with this groundbreaking study, another group demonstrated that the loading of specific miRNAs in hepatocyte-derived EVs depends on the presence of the EXO motif, GGCU, which is recognized by the RBP SYNCRIP [30]. Overall, these findings provide the basis for the identification of further sequence-specific transport systems.



Another important aspect analyzed by the scientific community concerns the abundance of ncRNAs in EVs as compared with the EV-producing cells. Today, RNA-seq technologies allow the qualitative comparison of the RNA species in the two biological samples; however, different limits still exist for the definition of the relative abundances. It remains difficult to assess whether an enrichment in the EVs exists. The absence of exclusive housekeeping genes for vesicle samples [53], as well as the heterogeneity of EVs produced by the same cell type [28], still represent important challenges to be addressed.




3. EV-Associated ncRNAs Contribute to Tumor Pathobiology


The generation of a complex network of interactions among different cells of the bone marrow microenvironment is critical in MM pathophysiology. In this context, EVs released by several cell types, including MM cells and host cells, contribute to MM onset and progression [54,55]. In this section, we will discuss findings highlighting the pivotal contribution of EV-ncRNAs to MM onset and progression, focusing on different aspects of MM pathobiology.



3.1. EV-ncRNAs in MM Proliferation and Spreading


The EV-mediated crosstalk between MM cells and bone marrow (BM) cells has been found to affect the proliferation, survival, and aggressiveness of cancer cells [55,56]. The ncRNA content of EVs is accountable for this phenomenon and seems to involve EVs from both cancer and normal cells [57].



Cheng and colleagues observed that three different human MM cell lines release EVs with a high content of miR-21 [58], which is involved in MM initiation and recurrence [59]. In this pioneering study, the authors found that EVs from the OPM2 cell line were able to promote MSC proliferation and cancer-associated fibroblast (CAF) transformation by increasing SDF-1, FAP, and α-SMA expression levels. The observed effects were ascribed to the presence of miR-21 in EVs; in fact, the inhibition of miR-21 led to a decrease in the CAF markers [58]. Along with miR-21, the authors also examined the role of miR-146a, since it was also found to be highly abundant in EVs and it was correlated with cancer progression [60]. They demonstrated that this miRNA can be transferred to MSCs after treatment with OPM2 EVs, inducing an increase in IL-6, although the underlying mechanism remains to be clarified [58]. Other studies correlated the presence of miR-146a in MM EVs with their pro-inflammatory effects in target cells. De Veirman and colleagues correlated this to the IL-6 increase in MSCs treated with EVs from U266 [61]. In the same study, the authors demonstrated that EV miR-146a stimulated in MSCs the expression and the release of factors affecting MM viability and migration, namely CXCL1, IP-10, and CCL5 [61]. The authors hypothesized the involvement of the Notch signaling pathway in such effects. Indeed, Notch signaling inhibition using the gamma secretase inhibitor DAPT resulted in a reduced expression of its target genes, Hes 5 and Hey 2, and of the pro-inflammatory cytokines released by MSCs transfectd with miR-146 mimics [61].



Several data revealed that also EVs from bone marrow stromal cells (BMSCs) of MM patients play a key role in disease progression. A recent study showed that the EVs released by BMSCs isolated from MM patients have a different miRNA profile compared to EVs from healthy donors. In particular, the authors demonstrated that MM-BMSCs EVs carry higher amounts of miR-10a, miR-346, and miR-135b. Among these miRNAs, miR-10a was transferred to MM cells by MM-BMSCs EVs, leading to tumor cell proliferation. Bioinformatic analysis identified TAK1 and βTRC as being positively regulated by miR-10a; interestingly, by using a β-TRC inhibitor, miR-10a-mediated MM cell proliferation was arrested [62].



Roccaro et al. treated MM cells with BMSC-derived EVs from healthy donors (HD) or MM patients; the authors observed a reduction in the proliferation of MM cells when treated with HD-BMSCs EVs. They further analyzed the miRNA content of EVs and found a higher level of miR-15a in HD-BMSC-derived EVs compared to those of MM and MGUS-BMSCs [56]. Moreover, miR-15a, which is considered a tumor suppressor miRNA in MM [63], was underexpressed in MM cells. To better understand the role of miR-15a in HD-BMSCs’ EV-mediated anti-proliferative effect on MM cells, the authors isolated BMSCs’ EVs from wild-type or miR-15a/16-1−/− mice and found that miR-15a/16-1−/− BMSC-derived EVs did not stimulate MM cell proliferation. By performing gain and loss of function assays, the authors confirmed that miR-15a acts as a tumor suppressor miR [56].



The involvement of long non-coding RNAs cargo of MSC EVs in the promotion of MM cell proliferation has been also documented. A recent study revealed that LINC00461 is highly expressed both in MM cell lines and in MM patients’ plasma cells, where it exerts an anti-apoptotic role [64]. LINC00461 is transferred to MM cells through MSC-derived EVs and it sponges miR-15a and miR-16, inhibiting their expression and upregulating their target, Bcl2, which in turn favors MM cell proliferation and suppresses apoptosis [64].




3.2. EV-ncRNAs in MM Angiogenesis


Bone marrow angiogenesis is essential for MM progression. Recent studies have shown that MM EVs enhance angiogenesis since they increase the viability of the endothelium by modulating different signaling pathways, such as the STAT3, JNK, AKT, p38, and p53 pathways [65]. MM EVs have been shown to induce endothelial cell proliferation [66] by delivering several angiogenic factors such as angiogenin, basic fibroblast growth factor (bFGF), and vascular endothelial growth factor (VEGF) [65] and by inducing endothelial cells to secrete IL-6 and VEGF [67].



ncRNAs have been also demonstrated to act as molecular mediators of EV-mediated angiogenesis.



Interestingly, a study demonstrated that MM EVs released under hypoxic conditions (H-EVs) significantly increase the tube formation of endothelial cells compared with EVs derived from MM cells under normoxic conditions (N-EVs) [68]. By analyzing the miRNA profile of EVs, the authors found that H-EVs’ miRNA content differed from that of N-EVs; in particular, H-EVs had higher levels of miR-210 and miR-135b compared to N-EVs. Nevertheless, miR-210 was upregulated in the endothelial cell line HUVEC under hypoxic conditions, regardless of treatment with MM EVs; miR-135b level, instead, was dependent on EV treatment. H-EVs’ miR-135b was transferred to endothelial cells and increased angiogenesis both in vitro and in vivo through the suppression of the inhibitor of hypoxia-induced factor 1 (FIH-1), which is a negative regulator of HIF-1 [68].



Among ncRNAs playing a key role in MM angiogenesis, there is piRNA-823. It is noteworthy that MM patients’ plasma cells have a higher level of piRNA-823 compared to healthy individuals’ cells, and overexpression of this piRNA stimulated MM cell proliferation and angiogenesis [69]. Recently, it was found that MM cells package piRNA-823 in their EVs for subsequent transfer to endothelial cells, enhancing their proliferation through the inhibition of pro-apoptotic proteins and triggering of reactive oxigen species (ROS); the mechanisms underlying these effects have not been clarified yet. Moreover, EV piRNA-823 could promote endothelial cell release of IL-6 and VEGF, thus favoring angiogenesis. Finally, piRNA-823 triggered the expression of ICAM-1 and CXCR4, two essential molecules in the cell invasion process [70].




3.3. EV-ncRNAs in MM Bone Disease


The main complication of MM is osteolytic bone disease, which affects more than 80% of patients [71,72,73]. In physiological conditions, bone homeostasis is maintained by the balanced activity of osteoblasts (OBs) and osteoclasts (OCs). In MM, such a balance is lost since osteoblast functions are inhibited while osteoclasts are hyper-activated, thus promoting the occurrence of osteolytic lesions [72,73,74]. This condition is due to the crosstalk within the bone marrow niche, among MM cells and surrounding cells, mediated by secreted factors, including EVs [71,74].



In recent years, increasing evidence has shown that EVs, and specifically their ncRNA content, are responsible for the onset of bone disease since they can promote osteoclast activation and inhibit the osteogenic differentiation of mesenchymal stem cells (MSCs) [75,76,77,78,79].



A groundbreaking study by Li and colleagues has firstly demonstrated that MSCs internalize MM cell-derived exosomes, which causes a reduction in MSC bone nodule formation, a key marker of osteogenic differentiation, compared to the control cells that were treated with phosphate-buffered saline (PBS) or with MM-conditioned medium depleted of exosomes [77]. They identified in MM-EVs the lncRUNX2-AS1, a long non-coding RNA that is negatively correlated with the expression of RUNX2, a marker of osteogenic differentiation [72]. EV-carried lncRUNX2-AS1 forms a duplex with RUNX2 pre-mRNA, thus blocking its splicing and leading to the inhibition of the osteogenic differentiation of target cells. The in vitro results were confirmed also in in vivo experiments by treating mice xenografted with MM cells with GW4869, an inhibitor of EV secretion. The MSCs derived from mice treated with GW4869 presented higher levels of RUNX2 and lower lncRUNX2-AS1 expression with respect to MSCs derived from mice of the control group [77].



Moreover, another group confirmed that treatment of MSCs with MM-EVs inhibited osteoblast differentiation and reported the presence of some miRNAs in EVs with a putative role in MM bone disease [78]. They found that the MSC treatment with MM-EVs caused an increase in miR-103a-3p levels, which inhibited bone formation through RUNX2 targeting [80]. Indeed, miR-103a-3p upregulation in MSCs led to decreased osteoblastogenesis [78].



Similarly, in a recent study, we identified a panel of miRNAs packed in MM-EVs from MM cell lines or primary plasma cells from bone marrow aspirates that can negatively regulate osteogenesis [79]. Among them, we identified and characterized miR-129-5p, which targets various mRNAs involved in osteoblast differentiation [81,82,83,84]. Moreover, we observed that this miRNA is transferred to MSCs by MM-EVs, causing a downregulation of SP-1, a transcription factor implicated in osteogenesis through the targeting of alkaline phosphatase (ALPL) [79] and also involved in MM cell proliferation [85].



Overall, in this section, we have reported the studies that correlate the ncRNA content of EVs with disease onset or progression. The evidence discussed above is summarized in the Figure 1 cartoon.





4. EV-ncRNAs Mediate Drug Resistance in MM


Although considerable progress has been made in the development of effective treatment strategies, MM remains an incurable malignancy. Different therapeutic approaches have been adopted over time, which include immunomodulatory drugs (pomalidomide), proteasome inhibitors (bortezomib, carfilzomib and, ixazomib), histone deacetylase inhibitors (panobinostat), and monoclonal antibodies (elotuzumab and daratumumab) [9,86]. One of the limitations of the existing treatment is the emergence of drug resistance [9,86].



Accumulating evidence shows that EVs could participate in this process [87,88]. It was found that BMSC-derived EVs isolated from both normal donors and MM patients could induce drug resistance in human MM cells; in fact, EVs increased MM cell viability by 25% in the presence of bortezomib and by 9% in the absence of the drug [87]. Furthermore, Faict and colleagues highlighted that MM cell treatment with melphalan or bortezomib induced the release of EVs with a higher amount of acid sphingomyelinase, which could have a role in the MM drug resistance mechanism [88].



Intriguingly, results from different studies have underlined that ncRNAs contained in EVs are partially responsible for this phenomenon [89,90]. In a study focused on bortezomib resistance, the authors identified, through a microarray approach, the miRNA content of EVs isolated from the peripheral blood of bortezomib-resistant (Bz-resistant) MM patients. Firstly, the authors found a significant difference in the total RNA content of EVs purified from Bz-responsive and Bz-resistant groups. In particular, a higher concentration of EV-RNA was found in Bz-resistant samples; the rationale underlying this has yet to be investigated. Furthermore, 83 miRNAs were found to be more abundant and 88 less abundant in the EVs of Bz-resistant patients compared to EVs from Bz-responders. miRNAs with a different amount included miR-513a-5p, miR-20b-3p, and let-7d-3p (higher amount) and miR-125b-5p, miR-19a-3p, miR-21-5p, miR-20a-5p, miR-17-5p, miR-15a-5p, and miR-16-5p (lower amount). By performing computational analyses, the authors speculated that these miRNAs could have a role in the bortezomib-resistance mechanism as they participate in post-transcriptional regulation by modulating co-factors of the MAP kinase and ubiquitin-conjugating enzyme activity pathways [89].



Along with cancer cells, BMSCs may take part in the drug resistance process. BM stromal cells are involved both in the beginning and in the maintenance of the drug-resistant phenotype of MM cells [91,92,93].



Xu and colleagues have studied the role of EV-ncRNAs transferred from MSCs to MM cells in the resistance to proteasome inhibitors [90]. The authors demonstrated that treatment of MM cells with EVs from MSCs isolated from bortezomib-resistant patients (r-MSCs) reduced cancer cell sensitivity to proteasome inhibitors; conversely, treating MM cells with EVs from MSCs of bortezomib-sensitive patients (s-MSCs) did not affect the tumor response to therapy. By analyzing the EV content, the authors identified the presence of PSMA3 and PSMA3-AS1 transcripts in MSC-derived EVs, especially in vesicles isolated from resistant patients’ cells. PSMA3 encodes the proteasome type-3 alpha subunit [94], whereas PSMA3-AS1 is a lncRNA that modulates PSMA3 levels by increasing its stability. PSMA3 and PSMA3-AS1 expression levels were upregulated in MM cells treated with r-MSC-EVs but not in cells treated with s-MSC-EVs. The upregulation of these two transcripts led to enhanced proteasome activity, which could explain the resistance to proteasome inhibitors. These results were confirmed also in vivo using U266-luc mice. The authors demonstrated that PSMA3-AS1 downregulation via siRNAs increased the sensitivity of MM cells xenografted in mice to proteasome inhibitors [90].




5. EV-ncRNAs as Diagnostic and Prognostic Biomarkers in MM


Nucleic acids circulating in biological fluids represent an important source of biomarkers for the early detection of cancer and the monitoring of treatments. This preventive, diagnostic, and monitoring approach is currently known as liquid biopsy, a minimally invasive procedure for the patient. In particular, the advantage of liquid biopsy in oncology is to obtain the tumor molecular profile when the biopsy from the primary or metastatic tumor is not feasible due to risks associated with the surgical procedure.



The existence of extracellular RNAs [95,96], also called circulating tumor RNAs (ctRNAs), in serum or plasma as well as in other biological fluids such as urine, saliva, cerebrospinal, seminal, and ascitic fluid, has highlighted the possibility that they may represent ideal candidates as tumor biomarkers.



To date, increasing scientific evidence has indicated that several miRNAs and lncRNAs are found in the plasma of MM patients and that these may correlate with the disease stage, thus representing potential biomarkers.



In this context, the majority of studies have focused on circulating miRNAs differentially expressed in the distinctive monoclonal gammopathies. In a study by Jones et al., differences in serum miRNA levels of healthy subjects and MM and MGUS patients were identified. Among these, miR-720 was higher in MM and MGUS patients compared with healthy subjects, while miR-1308 was lower; also, the combination of miR-1246 and miR-1308 levels might be used to discriminate MGUS from MM [97]. Similarly, plasma levels of miR-92a were found to be lower in MM patients than in healthy and MGUS individuals [98]. Interestingly, increased levels of miR-214 and miR-135b were found in the serum of MM patients with osteolytic lesions, thus representing a predictive marker of MM bone disease [99].



More recently, a study characterized the peripheral blood plasma transcriptomic profile of newly diagnosed and relapsed and refractory MM patients, and this was compared to that of healthy individuals [100]. The authors not only identified differences in the expression of protein-coding genes but also reported variations in the levels of some non-coding genes; these include antisense genes such as FAM83C-AS1, ZNF32-AS1, TMC3-AS1, and TAT-AS1, long intergenic noncoding RNA (LincRNA) such as LINC00863, LINC01123, LINC00349, LINC00677, and LINC00462, and microRNAs including miR-301A, miR-378H, miR-425, and miR-647 [100].



Circulating non-coding RNA has proven to be a predictive tool to monitor patient response to therapies with lenalidomide and dexamethasone [101]. In this study, the authors analyzed the profiles of miRNAs from the serum of patients with relapsed/refractory MM (RRMM) exhibiting different responses to treatment. Although various miRNAs were differentially expressed between the two groups, the levels of five of these (miR-26a-5p, miR-29c-3p, miR-30b-5p, miR-30c-5p, and miR-331-3p) were significantly reduced in partially-responsive patients [101].



To date, the major limitations for the use of ctRNAs as biomarkers in clinical settings are their instability in biological fluids and the difficulty of processing and analysis [102,103].



However, RNAs are also contained in EVs that, thanks to their stability and abundance, may represent today a great opportunity for cancer biomarker development, also for MM.



In particular, increasing evidence indicates that the analysis of ncRNA levels in serum/plasma EVs could be a useful tool for the differential diagnosis of patients with different gammopathies [104] and the prediction of patient outcomes [105]. For example, a comparison of the miRNAs in the vesicles of patients with MM and SMM and healthy subjects showed differences between the different groups; moreover, in the same study, it was found that the levels of miRNAs associated with vesicles are different from those circulating in serum [104]. Among miRNAs differentially packed in EVs of affected subjects, let-7c-5p, miR-20a-5p, miR-103a-3p, miR-140-3p, and miR-185-5p were consistently reduced in patients with MM than in those with SMM, while miR-4505 and miR-4741 were higher [101].



In our recent study, we found higher levels of miR-129-5p in vesicles isolated from the bone marrow of MM patients than in SMM [79]; since this miRNA targets different mRNAs involved in osteoblast differentiation [81,82,83,84], its presence in plasma EVs could be relevant to discriminate between the two pathological conditions.



In addition to mRNAs, lncRNAs delivered by EVs have the potential to distinguish patients with different monoclonal gammopathies. The description of the lncRNA content of vesicles isolated from the peripheral blood of MM, MGUS, and healthy individuals showed differential amounts of various lncRNAs [106]; in particular, among 84 identified lncRNAs, the levels of PRINS (psoriasis susceptibility-related RNA gene induced by stress) discriminated patients with monoclonal gammopathies from healthy subjects. Importantly, the abundance of PRINS in the EVs from patients correlated with clinical parameters such as bone marrow plasma cell infiltration rate, albumin, creatinine, and lactate dehydrogenase levels [106].



The identification of EV-associated ncRNAs may have a prognostic impact. In a cohort of MM patients, the correlation between EV-miRNAs and patient outcomes revealed that the levels of let-7b and miR-18a were predictors of overall survival; in particular, low levels of these two miRNAs were associated with poor outcomes [105].



EV-associated ncRNAs have also emerged as tools for the non-invasive evaluation of the therapeutic response. For example, the identification of the miRNA profile of EVs from the MM patients’ plasma revealed different miRNA patterns between patients who were either responsive or resistant to bortezomib treatment. Among them, levels of miR-16-5p, miR-15a-5p, miR-20a-5p, and miR-17-5p were reduced in the EVs from resistant patients [89].



Altogether, in this section, we have reported findings suggesting that EV-associated ncRNAs represent new biomarkers for the differential diagnosis of monoclonal gammopathies and the monitoring of the therapeutic response (Figure 2).




6. Conclusions


In summary, we have reported and discussed evidence indicating that ncRNAs contribute to the pathogenetic activity of EVs in MM. In particular, the involvement of ncRNAs contained in EVs in the proliferation of tumor and microenvironmental cells, drug resistance, increased angiogenesis, and bone disease associated with MM is nowadays clear.



However, it has to be underlined that, although many works confirmed a lower abundance of miRNAs in EVs respect to other ncRNAs [107,108,109], most of the functional studies about the EV-mediated transfer of non-coding RNAs, some of which are reviewed above, focus on miRNAs. Further in-depth characterization of the ncRNA cargo of vesicles is therefore necessary and will allow us to identify new possible therapeutic targets as well as to develop diagnostic and prognostic tools. Furthermore, additional validation studies of the identified EV-ncRNAs are needed before translation into the clinical setting.



The tables reported below summarize major findings on the biological (Table 1) and clinical (Table 2) impact of EV-ncRNAs in MM.
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	EVs
	Extracellular vesicles



	MM
	Multiple myeloma



	MGUS
	Monoclonal gammopathy of undetermined significance



	SMM
	Smoldering multiple myeloma



	BM
	Bone marrow



	BMSCc
	Bone marrow stromal cells



	ncRNAs
	Non-coding RNAs



	miRNA
	MicroRNAs



	lncRNA
	Long non-coding RNA



	lincRNA
	Long intergenic non-coding RNAs



	piRNA
	Piwi-interacting RNA
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	Mesenchymal stem cells







References


	



Kumar, S.K.; Rajkumar, V.; Kyle, R.A.; van Duin, M.; Sonneveld, P.; Mateos, M.V.; Gay, F.; Anderson, K.C. Multiple myeloma. Nat. Rev. Dis. Primers 2017, 3, 17046. [Google Scholar] [CrossRef]

	



Blum, A.; Bazou, D.; O’Gorman, P. Smoldering multiple myeloma: Prevalence and current evidence guiding treatment decisions. Blood Lymphat. Cancer 2018, 8, 21–31. [Google Scholar] [CrossRef]

	



Mateos, M.V.; Landgren, O. Mgus and smoldering multiple myeloma: Diagnosis and epidemiology. Cancer Treat. Res. 2016, 169, 3–12. [Google Scholar] [PubMed]

	



Durie, B.G.M.; Hoering, A.; Abidi, M.H.; Rajkumar, S.V.; Epstein, J.; Kahanic, S.P.; Thakuri, M.; Reu, F.; Reynolds, C.M.; Sexton, R.; et al. Bortezomib with lenalidomide and dexamethasone versus lenalidomide and dexamethasone alone in patients with newly diagnosed myeloma without intent for immediate autologous stem-cell transplant (swog s0777): A randomised, open-label, phase 3 trial. Lancet 2017, 389, 519–527. [Google Scholar] [CrossRef]

	



Raje, N.; Terpos, E.; Willenbacher, W.; Shimizu, K.; Garcia-Sanz, R.; Durie, B.; Legiec, W.; Krejci, M.; Laribi, K.; Zhu, L.; et al. Denosumab versus zoledronic acid in bone disease treatment of newly diagnosed multiple myeloma: An international, double-blind, double-dummy, randomised, controlled, phase 3 study. Lancet Oncol. 2018, 19, 370–381. [Google Scholar] [CrossRef]

	



Gavriatopoulou, M.; Dimopoulos, M.A.; Kastritis, E.; Terpos, E. Emerging treatment approaches for myeloma-related bone disease. Expert. Rev. Hematol. 2017, 10, 217–228. [Google Scholar] [CrossRef]

	



Friese, C.R.; Abel, G.A.; Magazu, L.S.; Neville, B.A.; Richardson, L.C.; Earle, C.C. Diagnostic delay and complications for older adults with multiple myeloma. Leuk Lymphoma 2009, 50, 392–400. [Google Scholar] [CrossRef]

	



Kariyawasan, C.C.; Hughes, D.A.; Jayatillake, M.M.; Mehta, A.B. Multiple myeloma: Causes and consequences of delay in diagnosis. QJM 2007, 100, 635–640. [Google Scholar] [CrossRef]

	



Robak, P.; Drozdz, I.; Szemraj, J.; Robak, T. Drug resistance in multiple myeloma. Cancer Treat. Rev. 2018, 70, 199–208. [Google Scholar] [CrossRef]

	



Colombo, M.; Garavelli, S.; Mazzola, M.; Platonova, N.; Giannandrea, D.; Colella, R.; Apicella, L.; Lancellotti, M.; Lesma, E.; Ancona, S.; et al. Multiple myeloma exploits jagged1 and jagged2 to promote intrinsic and bone marrow-dependent drug resistance. Haematologica 2019. [Google Scholar] [CrossRef]

	



Leone, P.; Di Lernia, G.; Solimando, A.G.; Cicco, S.; Saltarella, I.; Lamanuzzi, A.; Ria, R.; Frassanito, M.A.; Ponzoni, M.; Ditonno, P.; et al. Bone marrow endothelial cells sustain a tumor-specific cd8(+) t cell subset with suppressive function in myeloma patients. Oncoimmunology 2019, 8, e1486949. [Google Scholar] [CrossRef] [PubMed]

	



Jung, O.; Trapp-Stamborski, V.; Purushothaman, A.; Jin, H.; Wang, H.; Sanderson, R.D.; Rapraeger, A.C. Heparanase-induced shedding of syndecan-1/cd138 in myeloma and endothelial cells activates vegfr2 and an invasive phenotype: Prevention by novel synstatins. Oncogenesis 2016, 5, e202. [Google Scholar] [CrossRef] [PubMed]

	



Fan, F.Y.; Deng, R.; Lai, S.H.; Wen, Q.; Zeng, Y.; Gao, L.; Liu, Y.; Kong, P.; Zhong, J.; Su, Y.; et al. Inhibition of microrna-221-5p induces osteogenic differentiation by directly targeting smad3 in myeloma bone disease mesenchymal stem cells. Oncol. Lett. 2019, 18, 6536–6544. [Google Scholar] [CrossRef] [PubMed]

	



Dabbah, M.; Jarchowsky-Dolberg, O.; Attar-Schneider, O.; Tartakover Matalon, S.; Pasmanik-Chor, M.; Drucker, L.; Lishner, M. Multiple myeloma bm-mscs increase the tumorigenicity of mm cells via transfer of vla4-enriched microvesicles. Carcinogenesis 2020, 41, 100–110. [Google Scholar] [CrossRef] [PubMed]

	



Xu, X.; Zhang, C.; Trotter, T.N.; Gowda, P.S.; Lu, Y.; Ponnazhagan, S.; Javed, A.; Li, J.; Yang, Y. Runx2 deficiency in osteoblasts promotes myeloma progression by altering the bone microenvironment at new bone sites. Cancer Res. 2020, 80, 1036–1048. [Google Scholar] [CrossRef]

	



Wei, X.F.; Chen, Q.L.; Fu, Y.; Zhang, Q.K. Wnt and bmp signaling pathways co-operatively induce the differentiation of multiple myeloma mesenchymal stem cells into osteoblasts by upregulating emx2. J. Cell Biochem. 2019, 120, 6515–6527. [Google Scholar] [CrossRef]

	



Kim, H.J.; Choi, Y.; Bae, M.K.; Hwang, D.S.; Shin, S.H.; Lee, J.Y. Zoledronate enhances osteocyte-mediated osteoclast differentiation by il-6/rankl axis. Int. J. Mol. Sci. 2019, 20, 1467. [Google Scholar] [CrossRef]

	



Bai, H.; Zhu, H.; Yan, Q.; Shen, X.; Lu, X.; Wang, J.; Li, J.; Chen, L. Trpv2-induced ca(2+)-calcineurin-nfat signaling regulates differentiation of osteoclast in multiple myeloma. Cell Commun. Signal. 2018, 16, 68. [Google Scholar] [CrossRef]

	



Tai, Y.T.; Lin, L.; Xing, L.; Cho, S.F.; Yu, T.; Acharya, C.; Wen, K.; Hsieh, P.A.; Dulos, J.; van Elsas, A.; et al. April signaling via taci mediates immunosuppression by t regulatory cells in multiple myeloma: Therapeutic implications. Leukemia 2019, 33, 426–438. [Google Scholar] [CrossRef]

	



Bolzoni, M.; Toscani, D.; Costa, F.; Vicario, E.; Aversa, F.; Giuliani, N. The link between bone microenvironment and immune cells in multiple myeloma: Emerging role of cd38. Immunol. Lett. 2019, 205, 65–70. [Google Scholar] [CrossRef]

	



Ishibashi, M.; Tamura, H.; Sunakawa, M.; Kondo-Onodera, A.; Okuyama, N.; Hamada, Y.; Moriya, K.; Choi, I.; Tamada, K.; Inokuchi, K. Myeloma drug resistance induced by binding of myeloma b7-h1 (pd-l1) to pd-1. Cancer Immunol. Res. 2016, 4, 779–788. [Google Scholar] [CrossRef] [PubMed]

	



van Niel, G.; D’Angelo, G.; Raposo, G. Shedding light on the cell biology of extracellular vesicles. Nat. Rev. Mol. Cell Biol. 2018, 19, 213–228. [Google Scholar] [CrossRef] [PubMed]

	



Thery, C.; Witwer, K.W.; Aikawa, E.; Alcaraz, M.J.; Anderson, J.D.; Andriantsitohaina, R.; Antoniou, A.; Arab, T.; Archer, F.; Atkin-Smith, G.K.; et al. Minimal information for studies of extracellular vesicles 2018 (misev2018): A position statement of the international society for extracellular vesicles and update of the misev2014 guidelines. J. Extracell. Vesicles 2018, 7, 1535750. [Google Scholar] [CrossRef] [PubMed]

	



Johnstone, R.M.; Adam, M.; Hammond, J.R.; Orr, L.; Turbide, C. Vesicle formation during reticulocyte maturation. Association of plasma membrane activities with released vesicles (exosomes). J. Biol. Chem. 1987, 262, 9412–9420. [Google Scholar]

	



Valadi, H.; Ekstrom, K.; Bossios, A.; Sjostrand, M.; Lee, J.J.; Lotvall, J.O. Exosome-mediated transfer of mrnas and micrornas is a novel mechanism of genetic exchange between cells. Nat. Cell Biol. 2007, 9, 654–659. [Google Scholar] [CrossRef]

	



Lazaro-Ibanez, E.; Lasser, C.; Shelke, G.V.; Crescitelli, R.; Jang, S.C.; Cvjetkovic, A.; Garcia-Rodriguez, A.; Lotvall, J. DNA analysis of low- and high-density fractions defines heterogeneous subpopulations of small extracellular vesicles based on their DNA cargo and topology. J. Extracell. Vesicles 2019, 8, 1656993. [Google Scholar]

	



Li, M.; Zeringer, E.; Barta, T.; Schageman, J.; Cheng, A.; Vlassov, A.V. Analysis of the rna content of the exosomes derived from blood serum and urine and its potential as biomarkers. Philos. Trans. R Soc. Lond. B Biol. Sci. 2014, 369. [Google Scholar] [CrossRef]

	



Lasser, C.; Shelke, G.V.; Yeri, A.; Kim, D.K.; Crescitelli, R.; Raimondo, S.; Sjostrand, M.; Gho, Y.S.; Van Keuren Jensen, K.; Lotvall, J. Two distinct extracellular rna signatures released by a single cell type identified by microarray and next-generation sequencing. RNA Biol. 2017, 14, 58–72. [Google Scholar] [CrossRef]

	



Villarroya-Beltri, C.; Gutierrez-Vazquez, C.; Sanchez-Cabo, F.; Perez-Hernandez, D.; Vazquez, J.; Martin-Cofreces, N.; Martinez-Herrera, D.J.; Pascual-Montano, A.; Mittelbrunn, M.; Sanchez-Madrid, F. Sumoylated hnrnpa2b1 controls the sorting of mirnas into exosomes through binding to specific motifs. Nat. Commun. 2013, 4, 2980. [Google Scholar] [CrossRef]

	



Santangelo, L.; Giurato, G.; Cicchini, C.; Montaldo, C.; Mancone, C.; Tarallo, R.; Battistelli, C.; Alonzi, T.; Weisz, A.; Tripodi, M. The rna-binding protein syncrip is a component of the hepatocyte exosomal machinery controlling microrna sorting. Cell Rep. 2016, 17, 799–808. [Google Scholar] [CrossRef]

	



Amodio, N.; D’Aquila, P.; Passarino, G.; Tassone, P.; Bellizzi, D. Epigenetic modifications in multiple myeloma: Recent advances on the role of DNA and histone methylation. Expert. Opin. Targets 2017, 21, 91–101. [Google Scholar] [CrossRef] [PubMed]

	



Morelli, E.; Gulla, A.; Rocca, R.; Federico, C.; Raimondi, L.; Malvestiti, S.; Agosti, V.; Rossi, M.; Costa, G.; Giavaresi, G.; et al. The non-coding rna landscape of plasma cell dyscrasias. Cancers 2020, 12, 320. [Google Scholar] [CrossRef] [PubMed]

	



Treiber, T.; Treiber, N.; Plessmann, U.; Harlander, S.; Daiss, J.L.; Eichner, N.; Lehmann, G.; Schall, K.; Urlaub, H.; Meister, G. A compendium of rna-binding proteins that regulate microrna biogenesis. Mol. Cell 2017, 66, 270–284. [Google Scholar] [CrossRef] [PubMed]

	



Calura, E.; Bisognin, A.; Manzoni, M.; Todoerti, K.; Taiana, E.; Sales, G.; Morgan, G.J.; Tonon, G.; Amodio, N.; Tassone, P.; et al. Disentangling the microrna regulatory milieu in multiple myeloma: Integrative genomics analysis outlines mixed mirna-tf circuits and pathway-derived networks modulated in t(4;14) patients. Oncotarget 2016, 7, 2367–2378. [Google Scholar] [CrossRef]

	



Creamer, K.M.; Lawrence, J.B. Xist rna: A window into the broader role of rna in nuclear chromosome architecture. Philos. Trans. R. Soc. Lond. B Biol. Sci. 2017, 372, 20160360. [Google Scholar] [CrossRef]

	



Achour, C.; Aguilo, F. Long non-coding rna and polycomb: An intricate partnership in cancer biology. Front. Biosci. 2018, 23, 2106–2132. [Google Scholar]

	



Postepska-Igielska, A.; Giwojna, A.; Gasri-Plotnitsky, L.; Schmitt, N.; Dold, A.; Ginsberg, D.; Grummt, I. Lncrna khps1 regulates expression of the proto-oncogene sphk1 via triplex-mediated changes in chromatin structure. Mol. Cell 2015, 60, 626–636. [Google Scholar] [CrossRef]

	



Li, Y.; Syed, J.; Sugiyama, H. Rna-DNA triplex formation by long noncoding rnas. Cell Chem. Biol. 2016, 23, 1325–1333. [Google Scholar] [CrossRef]

	



Yamazaki, T.; Nakagawa, S.; Hirose, T. Architectural rnas for membraneless nuclear body formation. Cold Spring Harb. Symp. Quant. Biol. 2019, 84, 227–237. [Google Scholar] [CrossRef]

	



Porto, F.W.; Daulatabad, S.V.; Janga, S.C. Long non-coding rna expression levels modulate cell-type-specific splicing patterns by altering their interaction landscape with rna-binding proteins. Genes 2019, 10, 593. [Google Scholar] [CrossRef]

	



Ye, Y.; Shen, A.; Liu, A. Long non-coding rna h19 and cancer: A competing endogenous rna. Bull. Cancer 2019, 106, 1152–1159. [Google Scholar] [CrossRef] [PubMed]

	



Prinz, F.; Kapeller, A.; Pichler, M.; Klec, C. The implications of the long non-coding rna neat1 in non-cancerous diseases. Int. J. Mol. Sci. 2019, 20, 627. [Google Scholar] [CrossRef] [PubMed]

	



Dong, N. Long noncoding rna malat1 acts as a competing endogenous rna to regulate tgf-beta2 induced epithelial-mesenchymal transition of lens epithelial cells by a microrna-26a-dependent mechanism. Biomed. Res. Int. 2019, 2019, 1569638. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Zhang, Y.; Yang, T.; Zhao, W.; Wang, N.; Li, P.; Zeng, X.; Zhang, W. Long non-coding rna malat1 for promoting metastasis and proliferation by acting as a cerna of mir-144-3p in osteosarcoma cells. Oncotarget 2017, 8, 59417–59434. [Google Scholar] [CrossRef] [PubMed]

	



Yu, G.J.; Sun, Y.; Zhang, D.W.; Zhang, P. Long non-coding rna hotair functions as a competitive endogenous rna to regulate praf2 expression by sponging mir-326 in cutaneous squamous cell carcinoma. Cancer Cell Int. 2019, 19, 270. [Google Scholar] [CrossRef] [PubMed]

	



Amodio, N.; Raimondi, L.; Juli, G.; Stamato, M.A.; Caracciolo, D.; Tagliaferri, P.; Tassone, P. Malat1: A druggable long non-coding rna for targeted anti-cancer approaches. J. Hematol. Oncol. 2018, 11, 63. [Google Scholar] [CrossRef]

	



Wang, Y.; Liu, J.; Ma, J.; Sun, T.; Zhou, Q.; Wang, W.; Wang, G.; Wu, P.; Wang, H.; Jiang, L.; et al. Exosomal circrnas: Biogenesis, effect and application in human diseases. Mol. Cancer 2019, 18, 116. [Google Scholar] [CrossRef]

	



Murillo, O.D.; Thistlethwaite, W.; Rozowsky, J.; Subramanian, S.L.; Lucero, R.; Shah, N.; Jackson, A.R.; Srinivasan, S.; Chung, A.; Laurent, C.D.; et al. Exrna atlas analysis reveals distinct extracellular rna cargo types and their carriers present across human biofluids. Cell 2019, 177, 463–477. [Google Scholar] [CrossRef]

	



Li, S.; Li, Y.; Chen, B.; Zhao, J.; Yu, S.; Tang, Y.; Zheng, Q.; Wang, P.; He, X.; Huang, S. Exorbase: A database of circrna, lncrna and mrna in human blood exosomes. Nucleic Acids Res. 2018, 46, D106–D112. [Google Scholar] [CrossRef]

	



Liu, T.; Zhang, Q.; Zhang, J.; Li, C.; Miao, Y.R.; Lei, Q.; Li, Q.; Guo, A.Y. Evmirna: A database of mirna profiling in extracellular vesicles. Nucleic Acids Res. 2019, 47, D89–D93. [Google Scholar] [CrossRef]

	



Nolte-’t Hoen, E.N.; Buermans, H.P.; Waasdorp, M.; Stoorvogel, W.; Wauben, M.H.; t Hoen, P.A. Deep sequencing of rna from immune cell-derived vesicles uncovers the selective incorporation of small non-coding rna biotypes with potential regulatory functions. Nucleic Acids Res. 2012, 40, 9272–9285. [Google Scholar] [CrossRef] [PubMed]

	



Nabet, B.Y.; Qiu, Y.; Shabason, J.E.; Wu, T.J.; Yoon, T.; Kim, B.C.; Benci, J.L.; DeMichele, A.M.; Tchou, J.; Marcotrigiano, J.; et al. Exosome rna unshielding couples stromal activation to pattern recognition receptor signaling in cancer. Cell 2017, 170, 352–366 e313. [Google Scholar] [CrossRef] [PubMed]

	



Gouin, K.; Peck, K.; Antes, T.; Johnson, J.L.; Li, C.; Vaturi, S.D.; Middleton, R.; de Couto, G.; Walravens, A.S.; Rodriguez-Borlado, L.; et al. A comprehensive method for identification of suitable reference genes in extracellular vesicles. J. Extracell. Vesicles 2017, 6, 1347019. [Google Scholar] [CrossRef] [PubMed]

	



De Luca, L.; Laurenzana, I.; Trino, S.; Lamorte, D.; Caivano, A.; Musto, P. An update on extracellular vesicles in multiple myeloma: A focus on their role in cell-to-cell cross-talk and as potential liquid biopsy biomarkers. Expert Rev. Mol. Diagn. 2019, 19, 249–258. [Google Scholar] [CrossRef] [PubMed]

	



Moloudizargari, M.; Abdollahi, M.; Asghari, M.H.; Zimta, A.A.; Neagoe, I.B.; Nabavi, S.M. The emerging role of exosomes in multiple myeloma. Blood Rev. 2019, 38, 100595. [Google Scholar] [CrossRef] [PubMed]

	



Roccaro, A.M.; Sacco, A.; Maiso, P.; Azab, A.K.; Tai, Y.T.; Reagan, M.; Azab, F.; Flores, L.M.; Campigotto, F.; Weller, E.; et al. Bm mesenchymal stromal cell-derived exosomes facilitate multiple myeloma progression. J. Clin. Invest. 2013, 123, 1542–1555. [Google Scholar] [CrossRef]

	



Raimondi, L.; De Luca, A.; Morelli, E.; Giavaresi, G.; Tagliaferri, P.; Tassone, P.; Amodio, N. Micrornas: Novel crossroads between myeloma cells and the bone marrow microenvironment. Biomed. Res. Int. 2016, 2016, 6504593. [Google Scholar] [CrossRef]

	



Cheng, Q.; Li, X.; Liu, J.; Ye, Q.; Chen, Y.; Tan, S. Multiple myeloma-derived exosomes regulate the functions of mesenchymal stem cells partially via modulating mir-21 and mir-146a. Stem Cells Int. 2017, 2017, 9012152. [Google Scholar] [CrossRef]

	



Ma, J.; Liu, S.; Wang, Y. Microrna-21 and multiple myeloma: Small molecule and big function. Med. Oncol. 2014, 31, 94. [Google Scholar] [CrossRef]

	



Labbaye, C.; Testa, U. The emerging role of mir-146a in the control of hematopoiesis, immune function and cancer. J. Hematol. Oncol. 2012, 5, 13. [Google Scholar] [CrossRef]

	



De Veirman, K.; Wang, J.; Xu, S.; Leleu, X.; Himpe, E.; Maes, K.; De Bruyne, E.; Van Valckenborgh, E.; Vanderkerken, K.; Menu, E.; et al. Induction of mir-146a by multiple myeloma cells in mesenchymal stromal cells stimulates their pro-tumoral activity. Cancer Lett. 2016, 377, 17–24. [Google Scholar] [CrossRef] [PubMed]

	



Umezu, T.; Imanishi, S.; Yoshizawa, S.; Kawana, C.; Ohyashiki, J.H.; Ohyashiki, K. Induction of multiple myeloma bone marrow stromal cell apoptosis by inhibiting extracellular vesicle mir-10a secretion. Blood Adv. 2019, 3, 3228–3240. [Google Scholar] [CrossRef] [PubMed]

	



Roccaro, A.M.; Sacco, A.; Thompson, B.; Leleu, X.; Azab, A.K.; Azab, F.; Runnels, J.; Jia, X.; Ngo, H.T.; Melhem, M.R.; et al. Micrornas 15a and 16 regulate tumor proliferation in multiple myeloma. Blood 2009, 113, 6669–6680. [Google Scholar] [CrossRef] [PubMed]

	



Deng, M.; Yuan, H.; Liu, S.; Hu, Z.; Xiao, H. Exosome-transmitted linc00461 promotes multiple myeloma cell proliferation and suppresses apoptosis by modulating microrna/bcl-2 expression. Cytotherapy 2019, 21, 96–106. [Google Scholar] [CrossRef] [PubMed]

	



Wang, J.; De Veirman, K.; Faict, S.; Frassanito, M.A.; Ribatti, D.; Vacca, A.; Menu, E. Multiple myeloma exosomes establish a favourable bone marrow microenvironment with enhanced angiogenesis and immunosuppression. J. Pathol. 2016, 239, 162–173. [Google Scholar] [CrossRef]

	



Di Noto, G.; Chiarini, M.; Paolini, L.; Mazzoldi, E.L.; Giustini, V.; Radeghieri, A.; Caimi, L.; Ricotta, D. Immunoglobulin free light chains and gags mediate multiple myeloma extracellular vesicles uptake and secondary nfkappab nuclear translocation. Front. Immunol. 2014, 5, 517. [Google Scholar] [CrossRef]

	



Liu, Y.; Zhu, X.J.; Zeng, C.; Wu, P.H.; Wang, H.X.; Chen, Z.C.; Li, Q.B. Microvesicles secreted from human multiple myeloma cells promote angiogenesis. Acta Pharm. Sin. 2014, 35, 230–238. [Google Scholar] [CrossRef]

	



Umezu, T.; Tadokoro, H.; Azuma, K.; Yoshizawa, S.; Ohyashiki, K.; Ohyashiki, J.H. Exosomal mir-135b shed from hypoxic multiple myeloma cells enhances angiogenesis by targeting factor-inhibiting hif-1. Blood 2014, 124, 3748–3757. [Google Scholar] [CrossRef]

	



Yan, H.; Wu, Q.L.; Sun, C.Y.; Ai, L.S.; Deng, J.; Zhang, L.; Chen, L.; Chu, Z.B.; Tang, B.; Wang, K.; et al. Pirna-823 contributes to tumorigenesis by regulating de novo DNA methylation and angiogenesis in multiple myeloma. Leukemia 2015, 29, 196–206. [Google Scholar] [CrossRef]

	



Li, B.; Hong, J.; Hong, M.; Wang, Y.; Yu, T.; Zang, S.; Wu, Q. Pirna-823 delivered by multiple myeloma-derived extracellular vesicles promoted tumorigenesis through re-educating endothelial cells in the tumor environment. Oncogene 2019, 38, 5227–5238. [Google Scholar] [CrossRef]

	



Silbermann, R.; Roodman, G.D. Myeloma bone disease: Pathophysiology and management. J. Bone Oncol. 2013, 2, 59–69. [Google Scholar] [CrossRef] [PubMed]

	



Panaroni, C.; Yee, A.J.; Raje, N.S. Myeloma and bone disease. Curr. Osteoporos. Rep. 2017, 15, 483–498. [Google Scholar] [CrossRef] [PubMed]

	



Ring, E.S.; Lawson, M.A.; Snowden, J.A.; Jolley, I.; Chantry, A.D. New agents in the treatment of myeloma bone disease. Calcif. Tissue Int. 2018, 102, 196–209. [Google Scholar] [CrossRef]

	



Raje, N.; Roodman, G.D. Advances in the biology and treatment of bone disease in multiple myeloma. Clin. Cancer Res. 2011, 17, 1278–1286. [Google Scholar] [CrossRef] [PubMed]

	



Raimondi, L.; De Luca, A.; Amodio, N.; Manno, M.; Raccosta, S.; Taverna, S.; Bellavia, D.; Naselli, F.; Fontana, S.; Schillaci, O.; et al. Involvement of multiple myeloma cell-derived exosomes in osteoclast differentiation. Oncotarget 2015, 6, 13772–13789. [Google Scholar] [CrossRef] [PubMed]

	



Raimondo, S.; Saieva, L.; Vicario, E.; Pucci, M.; Toscani, D.; Manno, M.; Raccosta, S.; Giuliani, N.; Alessandro, R. Multiple myeloma-derived exosomes are enriched of amphiregulin (areg) and activate the epidermal growth factor pathway in the bone microenvironment leading to osteoclastogenesis. J. Hematol. Oncol. 2019, 12, 2. [Google Scholar] [CrossRef] [PubMed]

	



Li, B.; Xu, H.; Han, H.; Song, S.; Zhang, X.; Ouyang, L.; Qian, C.; Hong, Y.; Qiu, Y.; Zhou, W.; et al. Exosome-mediated transfer of lncrunx2-as1 from multiple myeloma cells to mscs contributes to osteogenesis. Oncogene 2018, 37, 5508–5519. [Google Scholar] [CrossRef]

	



Zhang, L.; Lei, Q.; Wang, H.; Xu, C.; Liu, T.; Kong, F.; Yang, C.; Yan, G.; Sun, L.; Zhao, A.; et al. Tumor-derived extracellular vesicles inhibit osteogenesis and exacerbate myeloma bone disease. Theranostics 2019, 9, 196–209. [Google Scholar] [CrossRef]

	



Raimondo, S.; Urzi, O.; Conigliaro, A.; Bosco, G.L.; Parisi, S.; Carlisi, M.; Siragusa, S.; Raimondi, L.; Luca, A.; Giavaresi, G.; et al. Extracellular vesicle micrornas contribute to the osteogenic inhibition of mesenchymal stem cells in multiple myeloma. Cancers 2020, 12, 449. [Google Scholar] [CrossRef]

	



Zuo, B.; Zhu, J.; Li, J.; Wang, C.; Zhao, X.; Cai, G.; Li, Z.; Peng, J.; Wang, P.; Shen, C.; et al. Microrna-103a functions as a mechanosensitive microrna to inhibit bone formation through targeting runx2. J. Bone Min. Res. 2015, 30, 330–345. [Google Scholar] [CrossRef]

	



Yang, W.; Pan, Y.; Guan, P.; Li, X.; You, C. Bioinformatics analysis of CoL1A1 regulated by mir-129-5p as a potential therapeutic target for gastric cancer. Nan Fang Yi Ke Da Xue Xue Bao 2019, 39, 540–546. [Google Scholar] [CrossRef] [PubMed]

	



Chen, Y.; Ou, Y.; Dong, J.; Yang, G.; Zeng, Z.; Liu, Y.; Liu, B.; Li, W.; He, X.; Lan, T. Osteopontin promotes collagen i synthesis in hepatic stellate cells by mirna-129-5p inhibition. Exp. Cell Res. 2018, 362, 343–348. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Q.; Yu, J. Mir-129-5p suppresses gastric cancer cell invasion and proliferation by inhibiting col1a1. Biochem Cell Biol. 2018, 96, 19–25. [Google Scholar] [CrossRef]

	



Musolino, C.; Oteri, G.; Allegra, A.; Mania, M.; D’Ascola, A.; Avenoso, A.; Innao, V.; Allegra, A.G.; Campo, S. Altered microrna expression profile in the peripheral lymphoid compartment of multiple myeloma patients with bisphosphonate-induced osteonecrosis of the jaw. Ann. Hematol 2018, 97, 1259–1269. [Google Scholar] [CrossRef] [PubMed]

	



Fulciniti, M.; Amodio, N.; Bandi, R.L.; Cagnetta, A.; Samur, M.K.; Acharya, C.; Prabhala, R.; D’Aquila, P.; Bellizzi, D.; Passarino, G.; et al. Mir-23b/sp1/c-myc forms a feed-forward loop supporting multiple myeloma cell growth. Blood Cancer J. 2016, 6, e380. [Google Scholar] [CrossRef] [PubMed]

	



Pinto, V.; Bergantim, R.; Caires, H.R.; Seca, H.; Guimaraes, J.E.; Vasconcelos, M.H. Multiple myeloma: Available therapies and causes of drug resistance. Cancers 2020, 12, 407. [Google Scholar] [CrossRef] [PubMed]

	



Wang, J.; Hendrix, A.; Hernot, S.; Lemaire, M.; De Bruyne, E.; Van Valckenborgh, E.; Lahoutte, T.; De Wever, O.; Vanderkerken, K.; Menu, E. Bone marrow stromal cell-derived exosomes as communicators in drug resistance in multiple myeloma cells. Blood 2014, 124, 555–566. [Google Scholar] [CrossRef]

	



Faict, S.; Oudaert, I.; D’Auria, L.; Dehairs, J.; Maes, K.; Vlummens, P.; De Veirman, K.; De Bruyne, E.; Fostier, K.; Vande Broek, I.; et al. The transfer of sphingomyelinase contributes to drug resistance in multiple myeloma. Cancers 2019, 11, 1823. [Google Scholar] [CrossRef]

	



Zhang, L.; Pan, L.; Xiang, B.; Zhu, H.; Wu, Y.; Chen, M.; Guan, P.; Zou, X.; Valencia, C.A.; Dong, B.; et al. Potential role of exosome-associated microrna panels and in vivo environment to predict drug resistance for patients with multiple myeloma. Oncotarget 2016, 7, 30876–30891. [Google Scholar] [CrossRef]

	



Xu, H.; Han, H.; Song, S.; Yi, N.; Qian, C.; Qiu, Y.; Zhou, W.; Hong, Y.; Zhuang, W.; Li, Z.; et al. Exosome-transmitted psma3 and psma3-as1 promote proteasome inhibitor resistance in multiple myeloma. Clin. Cancer Res. 2019, 25, 1923–1935. [Google Scholar] [CrossRef]

	



Ria, R.; Vacca, A. Bone marrow stromal cells-induced drug resistance in multiple myeloma. Int. J. Mol. Sci. 2020, 21, 613. [Google Scholar] [CrossRef] [PubMed]

	



McDonald, M.M.; Fairfield, H.; Falank, C.; Reagan, M.R. Adipose, bone, and myeloma: Contributions from the microenvironment. Calcif Tissue Int. 2017, 100, 433–448. [Google Scholar] [CrossRef] [PubMed]

	



Ibraheem, A.; Attar-Schneider, O.; Dabbah, M.; Dolberg Jarchowsky, O.; Tartakover Matalon, S.; Lishner, M.; Drucker, L. Bm-mscs-derived ecm modifies multiple myeloma phenotype and drug response in a source-dependent manner. Transl. Res. 2019, 207, 83–95. [Google Scholar] [CrossRef] [PubMed]

	



Brehm, A.; Liu, Y.; Sheikh, A.; Marrero, B.; Omoyinmi, E.; Zhou, Q.; Montealegre, G.; Biancotto, A.; Reinhardt, A.; Almeida de Jesus, A.; et al. Additive loss-of-function proteasome subunit mutations in candle/praas patients promote type i ifn production. J. Clin. Investig. 2015, 125, 4196–4211. [Google Scholar] [CrossRef] [PubMed]

	



Bartel, D.P. Micrornas: Genomics, biogenesis, mechanism, and function. Cell 2004, 116, 281–297. [Google Scholar] [CrossRef]

	



Kibel, A.S. Commentary on circulating micrornas as stable blood-based markers for cancer detection: Mitchell ps, parkin rk, kroh em, fritz br, wyman sk, pogosova-agadjanyan el, peterson a, noteboom j, o’briant kc, allen a, lin dw, urban n, drescher cw, knudsen, stirewalt dl, gentleman r, vessella rl, nelson ps, martin db, tewari m, divisions of human biology, clinical research, and public health services, fred hutchinson cancer research center, seattle, wa. Urol. Oncol. 2009, 27, 461. [Google Scholar] [CrossRef]

	



Jones, C.I.; Zabolotskaya, M.V.; King, A.J.; Stewart, H.J.; Horne, G.A.; Chevassut, T.J.; Newbury, S.F. Identification of circulating micrornas as diagnostic biomarkers for use in multiple myeloma. Br. J. Cancer 2012, 107, 1987–1996. [Google Scholar] [CrossRef]

	



Yoshizawa, S.; Ohyashiki, J.H.; Ohyashiki, M.; Umezu, T.; Suzuki, K.; Inagaki, A.; Iida, S.; Ohyashiki, K. Downregulated plasma mir-92a levels have clinical impact on multiple myeloma and related disorders. Blood Cancer J. 2012, 2, e53. [Google Scholar] [CrossRef]

	



Hao, M.; Zang, M.; Zhao, L.; Deng, S.; Xu, Y.; Qi, F.; An, G.; Qin, Y.; Sui, W.; Li, F.; et al. Serum high expression of mir-214 and mir-135b as novel predictor for myeloma bone disease development and prognosis. Oncotarget 2016, 7, 19589–19600. [Google Scholar] [CrossRef]

	



Chen, M.; Mithraprabhu, S.; Ramachandran, M.; Choi, K.; Khong, T.; Spencer, A. Utility of circulating cell-free rna analysis for the characterization of global transcriptome profiles of multiple myeloma patients. Cancers 2019, 11, 887. [Google Scholar] [CrossRef]

	



Jung, S.H.; Lee, S.E.; Lee, M.; Kim, S.H.; Yim, S.H.; Kim, T.W.; Min, C.K.; Chung, Y.J. Circulating microrna expressions can predict the outcome of lenalidomide plus low-dose dexamethasone treatment in patients with refractory/relapsed multiple myeloma. Haematologica 2017, 102, e456–e459. [Google Scholar] [CrossRef] [PubMed]

	



Rossi, G.; Ignatiadis, M. Promises and pitfalls of using liquid biopsy for precision medicine. Cancer Res. 2019, 79, 2798–2804. [Google Scholar] [CrossRef] [PubMed]

	



Ilie, M.; Hofman, V.; Long, E.; Bordone, O.; Selva, E.; Washetine, K.; Marquette, C.H.; Hofman, P. Current challenges for detection of circulating tumor cells and cell-free circulating nucleic acids, and their characterization in non-small cell lung carcinoma patients. What is the best blood substrate for personalized medicine? Ann. Transl. Med. 2014, 2, 107. [Google Scholar]

	



Zhang, Z.Y.; Li, Y.C.; Geng, C.Y.; Zhou, H.X.; Gao, W.; Chen, W.M. Serum exosomal micrornas as novel biomarkers for multiple myeloma. Hematol. Oncol. 2019, 37, 409–417. [Google Scholar] [CrossRef] [PubMed]

	



Manier, S.; Liu, C.J.; Avet-Loiseau, H.; Park, J.; Shi, J.; Campigotto, F.; Salem, K.Z.; Huynh, D.; Glavey, S.V.; Rivotto, B.; et al. Prognostic role of circulating exosomal mirnas in multiple myeloma. Blood 2017, 129, 2429–2436. [Google Scholar] [CrossRef]

	



Sedlarikova, L.; Bollova, B.; Radova, L.; Brozova, L.; Jarkovsky, J.; Almasi, M.; Penka, M.; Kuglik, P.; Sandecka, V.; Stork, M.; et al. Circulating exosomal long noncoding rna prins-first findings in monoclonal gammopathies. Hematol. Oncol. 2018, 36, 786–791. [Google Scholar] [CrossRef]

	



Baglio, S.R.; Rooijers, K.; Koppers-Lalic, D.; Verweij, F.J.; Perez Lanzon, M.; Zini, N.; Naaijkens, B.; Perut, F.; Niessen, H.W.; Baldini, N.; et al. Human bone marrow- and adipose-mesenchymal stem cells secrete exosomes enriched in distinctive mirna and trna species. Stem Cell Res. 2015, 6, 127. [Google Scholar] [CrossRef]

	



Sork, H.; Corso, G.; Krjutskov, K.; Johansson, H.J.; Nordin, J.Z.; Wiklander, O.P.B.; Lee, Y.X.F.; Westholm, J.O.; Lehtio, J.; Wood, M.J.A.; et al. Heterogeneity and interplay of the extracellular vesicle small rna transcriptome and proteome. Sci. Rep. 2018, 8, 10813. [Google Scholar] [CrossRef]

	



Chevillet, J.R.; Kang, Q.; Ruf, I.K.; Briggs, H.A.; Vojtech, L.N.; Hughes, S.M.; Cheng, H.H.; Arroyo, J.D.; Meredith, E.K.; Gallichotte, E.N.; et al. Quantitative and stoichiometric analysis of the microrna content of exosomes. Proc. Natl. Acad. Sci. USA 2014, 111, 14888–14893. [Google Scholar] [CrossRef]








[image: Ncrna 06 00030 g001 550] 





Figure 1. EV-associated ncRNAs are involved in MM biological functions. The non-coding RNA content of MM-EVs is involved in the enhanced tumor cell proliferation and migration (purple corner), in MSC proliferation, and CAF transformation (light-blue corner); additionally, by delivering ncRNAs, MM-EVs induce angiogenesis, promoting endothelial cell proliferation and the release of angiogenic factors (green corner). Finally, EVs regulate MM bone disease by altering osteoclast and osteoblast functions (yellow corner). 
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Figure 2. Schematic representation of the clinical value of EV-associated ncRNAs: EVs can be isolated from the peripheral blood or the bone marrow aspirates of patients with different gammopathies. EV-ncRNAs may serve as biomarkers for the differential diagnosis, prognosis, or prediction of therapeutic response. 
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Table 1. Effects of EV-ncRNAs on MM pathobiology.
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EV Source

	
EV-ncRNA Species

	
Target Cells

	
Biological Function

	
Reference






	
Tumor Proliferation

	




	
MM cells

	
miR-21

	
MSCs

	
MSC proliferation; increase in SDF-1, FAP, and α-SMA expression levels; CAF transformation.

	
[58]




	
MM cells

	
miR-146

	
MSCs

	
MSC proliferation; IL6, CXCL1, IP-10, and CCL5 release through Notch signaling.

	
[58,61]




	
BMSCs from MM patients

	
miR-10a, miR-346, miR-135b

	
MM cells

	
miR-10a transfer leads to MM cell proliferation.

	
[62]




	
BMSCs from healthy donors and MM patients

	
miR-15a

	
MM cells

	
miR-15a is enriched in EVs from healthy donors and exerts anti-proliferative functions in MM.

	
[56]




	
MSCs

	
LINC00461

	
MM cells

	
Inhibition of miR-15a and miR-16-mediated BCL2 reduction; MM cell proliferation.

	
[64]




	
Tumor Angiogenesis

	




	
MM cells under hypoxic condition

	
miR-135b

	
Endothelial cells

	
In vitro and in vivo increase in angiogenesis by FIH-1 inhibition.

	
[68]




	
MM cells

	
piRNA-823

	
Endothelial cells

	
Enhanced endothelial cell proliferation by apoptotic proteins and ROS production inhibition; increase in IL6, VEGF, ICAM-1, and CXCR4.

	
[70]




	
Bone Disease

	




	
MM cells

	
lncRUNX2-AS1

	
MSCs

	
Inhibition of MSC osteogenic differentiation by RUNX2 reduction.

	
[77]




	
MM cells

	
miR-103a-3p

	
BM-MSCs

	
Inhibition of MSC osteogenic differentiation.

	
[78]




	
MM cells and MM BM plasma

	
miR-129-5p

	
MSCs

	
Inhibition of MSC osteogenic differentiation by ALPL reduction.

	
[79]
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Table 2. Diagnostic and prognostic values of EV-ncRNAs.
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	EV Source
	EV-ncRNA Species
	Diagnostic/Prognostic Finding
	Number of Patients Enrolled
	Reference





	Bz-resistant and Bz-responder MM patients
	miR-16-5p, miR-15a-5p, miR-20a-5p, miR-17-5p
	miRNAs reduced in the EVs from patients resistant to the treatment
	Bz-resistant: 3

Bz-responder: 3
	[89]



	MSCs from Bz-resistant MM patients
	PSMA3-AS1
	Enhanced proteasome activity leading to resistance to proteasome inhibitors.
	Bz-resistant: 45 Bz-sensitive: 12
	[90]



	SMM, MM patients, and healthy donors
	let-7c-5p, miR-20a-5p, miR-103a-3p, miR-140-3p, miR-185-5p, miR-4505, miR-4741
	let-7c-5p, miR-20a-5p, miR-103a-3p, miR-140-3p, and miR-185-5p levels were reduced, while miR-4505 and miR-4741 were increased, in MM with respect to SMM patients.
	Healthy individuals: 16 SMM patients: 20 MM patients: 20
	[104]



	MM patients
	let-7b and miR-18a
	let-7b and miR-18a low levels were associated with reduced OS.
	MM patients: 156
	[105]



	MGUS, MM patients, and healthy donors
	PRINS
	PRINS levels discriminate patients with monoclonal gammopathies from healthy subjects.
	Healthy donors: 30 MGUS patients: 49 MM patients: 50
	[106]
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