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Abstract

:

Multiple myeloma (MM) is a common hematological malignancy arising from terminally differentiated plasma cells. In the majority of cases, symptomatic disease is characterized by the presence of bone disease. Multiple myeloma bone disease (MMBD) is a result of an imbalance in the bone-remodeling process that leads to increased osteoclast activity and decreased osteoblast activity. The molecular background of MMBD appears intriguingly complex, as several signaling pathways and cell-to-cell interactions are implicated in the pathophysiology of MMBD. MicroRNAs (miRNAs) are small non-coding RNA molecules that regulate the expression of their target mRNAs. Numerous miRNAs have been witnessed to be involved in cancer and hematological malignancies and their role has been characterized either as oncogenic or oncosuppressive. Recently, scientific research turned towards miRNAs as regulators of MMBD. Scientific data support that miRNAs finely regulate the majority of the signaling pathways implicated in MMBD. In this review, we provide concise information regarding the molecular pathways with a significant role in MMBD and the miRNAs implicated in their regulation. Moreover, we discuss their utility as molecular biomarkers and highlight the putative usage of miRNAs as novel molecular targets for targeted therapy in MMBD.
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1. Introduction


Multiple myeloma (MM) is a malignancy arising from terminally differentiated plasma cells that reside in the bone marrow and represents the second most common hematological cancer following non-Hodgkin lymphomas [1]. In the majority of cases, the symptomatic disease is characterized by the presence of end-organ damage as summarized by the acronym CRAB, where “B” stands for bone disease [2]. Whole-body low-dose computed tomography (WBLDCT) is currently considered the standard imaging method for detecting MM bone disease (MMBD) [3,4]. MMBD arises from an imbalance in normal bone remodeling caused by increased osteoclast and decreased osteoblast activity [5]. The bone marrow microenvironment consists of mineralized extracellular matrix and cellular components which are besides osteocytes, osteoclasts, and osteoblasts also stromal cells, and immune cells. In MMBD, molecules produced by the cellular components of the bone marrow microenvironment trigger an imbalance between bone destruction and bone formation. The molecular background of MMBD appears intriguingly complex, as several signaling pathways and cell-to-cell interactions are implicated in the pathophysiology of MMBD [6,7,8]. A brief description of the molecular background of MMBD is illustrated in Figure 1. About 70–80% of newly diagnosed MM patients present with bone involvement in the form of osteolysis and are at increased risk of presenting skeletal-related events (SREs). SREs are namely: spinal cord compression, pathologic fracture, need for palliative radiotherapy or need for surgical intervention. SREs are responsible for the poor quality of life and worse survival of MM patients [9,10]. Regarding the management of MMBD, the approach is multidisciplinary, ranging from bisphosphonates and targeted MM therapies (i.e., denosumab) to radiation and orthopedic surgery [11]. In today’s clinical practice bisphosphonate treatment is indicated in all newly diagnosed MM patients receiving frontline treatment regardless of the presence of bone lesions in conventional radiography. Among bisphosphonates, zoledronic acid is preferred, since it is associated with improved progression-free (PFS) and overall survival (OS) in patients with newly diagnosed MM and MMBD, while denosumab is suitable for all patients with MMBD, especially in those with renal impairment [11]. Furthermore, denosumab seems to increase PFS in subpopulations of myeloma patients compared to zoledronic acid [12,13]. However, side effects such as osteonecrosis of the jaw enhanced by both bisphosphonates and denosumab [12,14], as well as the need for new agents able to promote osteoblast-induced bone formation in MM, necessitate the proper understanding of the molecular background of MMBD and the detection of new molecular targets with possible therapeutic value [15,16].



MicroRNAs (miRNAs) constitute a class of small non-coding RNAs, bearing regulatory potency. They are small single-stranded molecules, about 21 nucleotides long that are transcribed as large primary RNA transcripts and are afterward processed through a two-step procedure by the RNases DROSHA and DICER. miRNAs regulate translation through RNA interference. A mature miRNA targets specific mRNAs through binding to regions of homology found most frequently in the 3′ untranslated region (UTR) of the target mRNA, but also the 5′ UTR and the coding region. Following binding in the 3′ UTR, translation is negatively regulated through inhibition of translation of the target mRNA or its degradation. However, enhancing the translation has been also reported upon binding to the 5′ UTR [17]. A single miRNA displays multiple mRNA targets [18]. miRNA expression is deregulated in a variety of cancers [19], and hematological malignancies [20], including multiple myeloma [21]. Their role can be characterized as either oncogenic or oncosuppressive. In human malignancies, deregulation of miRNA expression can be a result of several mechanisms including gene amplification or deletion, impaired biogenesis, or epigenetic changes. miRNAs in malignant cells have been witnessed to target pathways related to proliferation and apoptosis and also promote metastasis and induce angiogenesis, providing them with a survival benefit [22]. Moreover, miRNAs seem to be implicated in bone metabolism and bone disease by regulating the major pathways of the bone-remodeling process. Some of them have been witnessed to play even a dual role in bone disease, by affecting both osteoblast, and osteoclast function [23,24]. Based on such observations, scientific research focused on investigating miRNAs implicated in normal bone remodeling, assuming that their impaired expression may play a role in MMBD In this review, we provide concise information regarding the molecular pathways with a significant role in MMBD and the miRNAs implicated in their regulation. Moreover, we discuss their utility as molecular biomarkers and highlight the putative usage of miRNAs as novel molecular targets for targeted therapy in MMBD.




2. miRNAs Interacting with the Pro-Inflammatory Microenvironment of the MM Bone Marrow Niche Responsible for MMBD


Interactions between malignant MM cells and other components of the bone marrow microenvironment are crucial for MM development. An inflammatory immune-suppressive bone marrow microenvironment is responsible for disease progression, drug resistance, and bone disease [25,26]. Several cytokines seem to play an important role in MMBD. In MM bone marrow, marrow infiltrating lymphocytes possess a Th17 phenotype, which are CD4+ T cells that secrete IL-17. More specifically, in the MM microenvironment, IL6 and TGF-β produced by MM cells promote Th17 polarization, while IL-17 (also known as IL17A) produced by Th17 cells promotes tumor progression and MMBD [27]. Preclinical MM models demonstrated a significant role of IL-17 in osteoclast activation and lytic bone lesions formation. It is important to mention that when marrow infiltrating lymphocytes were shifted towards Th1 differentiation a significantly reduced formation of mature osteoclasts was observed [28]. Given those facts, an anti-IL-17A monoclonal antibody was used in MM mouse models and led to reduced growth and survival of MM cells and reduced bone destruction [29]. miR-21-5p promotes Th17 differentiation by inhibiting PIAS3 [30], as well as by targeting and downregulating SMAD7 [31]; PIAS3 is responsible for inhibiting STAT3 signaling, thus its inhibition leads to sustained STAT3 signaling, which is critical for Th17 differentiation [30]. Th17 cells from MM patients express higher levels of miR-21-5p than those from normal controls. Moreover, miR-21-5p levels in Th17 cells from MM patients with active MMBD are higher than those in Th17 cells from MM patients without MMBD. Inhibition of miR-21-5p in naïve T-cells in vitro negatively regulated Th17 differentiation. In vivo, inhibition of miR-21-5p attenuated MM cell growth and osteoclast action. Integrated RNA sequencing and proteomics/phospho-proteomics analysis revealed that early inhibition of miR-21-5p in Th cells under Th17 polarizing conditions leads to a switch in Th1/2 like polarized cells, which are effector T cells mediating cell-mediated and humoral immune responses respectively [32].



MM cells secrete cytokines that promote bone resorption by osteoclasts [33]. CCL3, also known as MIP1A, is a chemokine secreted by MM cells [34]; high levels of MIP1A in MM cells and the serum of MM patients correlate with the severity of bone disease as well as with worse prognosis [35]. CCL3 promotes osteoclastogenesis by augmenting the effects of RANKL and IL6 in mature osteoclast formation, while it also inhibits bone formation by osteoblasts through downregulation of RUNX2, a transcription factor regulating the expression of genes with an important role in osteoblastogenesis [36], and osterix, a transcription factor highly abundant in osteoblasts and required for bone formation [37,38]. As proposed by a recent study, miR-29b-3p is downregulated in dendritic cells exposed to MM plasma cells, and this deregulation is linked to MM progression. CCL3 and its downstream targets were hindered upon miR-29b-3p overexpression, similarly to other molecules participating in pro-inflammatory pathways in tumor-associated dendritic cells, such as NF-κB and STAT3 [39]. NFKB1 promotes MM survival by upregulating antiapoptotic proteins such as BCL2 and MCL1 and simultaneously by downregulating pro-apoptotic proteins such as NOXA (also known as PMAIP1) and BBC3 (also known as Puma) [33]. Additionally, NF-κB signaling has been associated with increased bone resorption [40] and has been found to promote MM cell survival, by acting synergistically with STAT3. Moreover, miR-29b-3p enforced overexpression led to a decrease in IL-23 (also known as IL23A) levels and prohibited Th-17 polarization by dendritic cells in vitro and in vivo, leading to reduced cell growth and osteoclast-dependent bone destruction [39].




3. miRNAs as Signaling Pathway Regulators in MMBD


3.1. miRNAs Implicated in the Regulation of the RANK/RANKL Signaling Pathway


The RANK/RANKL pathway plays a major role in osteoclastogenesis and is also implicated in MMBD. RANK receptor (also known as TNFRSF11A) is a member of the TNF superfamily and is expressed on the surface of pre-osteoclasts. RANKL (also known as TNFSF11) is a cytokine expressed mainly in osteocytes, as well as in bone marrow stromal cells (BMSCs) and activated lymphocytes. Binding of RANKL to RANK leads to fusion of pre-osteoclasts and subsequently to the formation of mature osteoclasts, capable of initiating bone resorption. Osteoprotegerin (OPG; also known as TNFRSF11B) is also a member of the TNF superfamily that is secreted by osteoblasts and serves as a decoy receptor for RANKL. This means that OPG can bind RANKL and consequently inhibit RANKL binding to RANK. The balance between RANKL and OPG regulates osteoclast activity [41].



In MM the RANK/RANKL pathway is deregulated, leading to increased bone resorption [42]. In the MM bone marrow microenvironment, the balance between RANKL and OPG is disturbed; thus OPG is downregulated, while RANKL is overexpressed [43]. In brief, MM cells express transmembrane and soluble RANKL, thus promoting osteoclast differentiation and bone destruction [44]. Malignant plasma cells also promote RANKL production by osteoblasts and BMSCs by secreting PTHrP (also known as PTHLH), which acts in a paracrine way in the bone marrow niche. Additionally, ΜΜ cells secrete DKK1, an inhibitor of the WNT signaling pathway, leading to a decrease in OPG expression, as OPG regulation is mediated through the WNT pathway [45,46]. In addition to that, ΜΜ cells reduce OPG levels by producing SDC1, a transmembrane proteoglycan that binds to OPG and leads to its degradation by MM cells [47].



This imbalance in RANKL/OPG ratio is also a result of miR-21-5p function; miR-21-5p, whose oncogenic role has been variously described, was found to be upregulated in mesenchymal stem cells from MM patients (MM-MSCs) compared to normal mesenchymal stem cells (MSCs). Experimental data supported that miR-21-5p is implicated in MMBD, and its inhibition restores the RANKL/OPG balance in MM-MSCs, resulting in increased OPG secretion and reduced bone resorption by mature osteoclasts. This is explained by the fact that OPG is a direct target of miR-21-5p [30]. Moreover, miR-21-5p inhibits PIAS3, which negatively regulates RANKL [48], leading to further RANKL upregulation and subsequently imbalance in RANKL/OPG ratio [30]. This information is graphically illustrated in Figure 2a.



Another miRNA affecting the RANK receptor pathway is miR-29b-3p. Normally, miR-29b-3p is downregulated during osteoclast differentiation, similarly to MM-associated dendritic cells [39]. Its overexpression during osteoclastogenesis led to reduced osteoclast-dependent bone destruction, due to reduced RANK expression on osteoclast surface and subsequent limited osteoclast response to RANKL. Regarding the mechanistic action of miR-29b-3p, it exerts its function by directly targeting the transcription factor FOS and MMP2 metalloproteinase. MMP2 metalloproteinase is overexpressed in the bone marrow of MM patients and is associated with MM progression [49]. FOS represents a vital transcription factor in osteoclastic differentiation and forms a regulatory positive feedback loop with RANK and NFKB1 [50]. Moreover, FOS induces the expression of major transcription factors for osteoclasts that regulate the expression of osteoclast key genes, such as CTSK, MMP9, and ACP5 (also known as TRAcP) [51]. These data explain the lower intracellular levels of all these vital enzymes for osteoclast function. Intriguingly, miR-29b-3p overexpressing osteoclasts retained their impaired activity, even when co-cultured with MM cells, despite the strong pro-osteoclastic stimuli provided by them, indicating the power of its effect. These data, along with the analytically described function of miR-29b-3p in dendritic cells [39], enhance the hypothesis that miR-29b-3p has a strong therapeutic potency.




3.2. miRNAs Implicated in the Regulation of the WNT Signaling Pathway


WΝΤ signaling pathway is implicated in a variety of malignancies, as well as in the bone formation and bone disease. WΝΤ signaling pathway is stimulated by binding of a WΝΤ canonical ligand to a receptor complex constituted by a Frizzled receptor and a WNT co-receptor lipoprotein (LRP5 or LRP6). In the inactivated state, cytoplasmic β-catenin (also known as CTNNB1) is bound to a “destruction complex” constituted by APC, AXIN2 (also known as CSNK1A1), and GSK3Β serine-threonine kinase, that leads to phosphorylation of β-catenin and as result ubiquitination and proteasomal degradation of the molecule. When a canonical WNT ligand binds to the receptor complex, AXIN2 interacts with DVL and is translocated to LRP5/6 at the membrane, where a complex is formed. As a result, phosphorylation of β-catenin by GSK3B is blocked. Cytoplasmic β-catenin levels increase and the molecule is translocated to the nucleus, where it displaces TLE1 (also known as Groucho) and interacts with TCF and LEF transcription factors, thus increasing transcription of their target genes and promoting bone formation. Regarding the non-canonical WNT signaling, it is β-catenin independent [52,53]. In bone metabolism, WNT signaling promotes differentiation of MSCs to osteoblasts and supports the survival of osteoblasts [54,55].



The WNT signaling pathway is implicated in MMBD. MM cells and osteocytes express molecules that act as WNT inhibitors, thus leading to decreased bone formation and increased bone resorption. These molecules are sclerostin (also known as SOST), DKK1, and secreted proteins SFRP2 and FRZB [56]. DKK1, a key molecule in MMBD, binds to the co-receptor LRP5/6 in conjunction with the transmembrane proteins KREMEN1 and KREMEN2 leading to internalization of LRPs and inactivation of WNT signaling [57]. Additionally, DKK1 inhibits osteoblastogenesis by inhibiting autocrine WNT signaling, which is necessary for differentiation of the osteoblast lineage, and as a result, undifferentiated MSCs produce IL6, which in turn promotes the proliferation of MM cells that secrete more DKK1 [58]. Moreover, DKK1 indirectly promotes osteoclastogenesis by increasing the RANKL/OPG ratio, since RANKL and OPG production in osteoblasts is regulated by the WNT signaling pathway [46], and so does sclerostin [59]. Sclerostin is produced by osteocytes and is a cysteine-knot containing protein that binds to LRP5/6 and inhibits WNT signaling activation in osteoblast lineage cells. Sclerostin promotes apoptosis of mature osteoblasts by activating the caspase pathway and inhibits BMP-mediated mineralization in osteoblasts by preventing BMPs, which are TGF-β superfamily ligands that participate in bone formation, from binding to their receptors [60,61] The role of BMP-mediated signaling will be analytically discussed in the respective section. MM cells secrete sclerostin and elevated circulating levels of this molecule correlate with adverse prognosis of MM patients [62,63].



A miRNA implicated in the regulation of the canonical WNT pathway is miR-203a-3p. miR-203a-3p is implicated in the regulation of osteogenesis possibly through inhibition of the WNT3A/β-catenin pathway. In MM-MSCs its expression levels were downregulated compared to normal MSCs. Upon osteogenic induction, miR-203a-3p was downregulated in normal MSCs, while no change was observed in MM-MSCs. Inhibition of miR-203a-3p led to increased expression levels of WNT3A, β-catenin, and GSK3B, genes implicated in the WNT/β-catenin pathway and as a result to increased osteoblast differentiation. This means that miR-203a-3p inhibition may induce osteogenesis by activating the canonical WNT signaling pathway [64].



Regarding the non-canonical WNT signaling pathway, most studies focus on the aforementioned RUNX2 [36]. MM cells inhibit osteoblast differentiation by blocking RUNX2 activity in MM-MSCs, although CYR61 upregulates RUNX2 in MM models, promoting osteogenic differentiation [65]. In vivo, RUNX2 expression levels were lower in the bone marrow biopsies from MM patients with bone disease compared to those without bone disease [66]. However, high levels of RUNX2 expressed by MM cells were correlated with advanced disease characteristics and poor prognosis [67]. This comes in line with the fact that RUNX2 facilitated both osteoblastogenesis and osteoclastogenetic signals in mesenchymal progenitor cells [68].



Gowda et al. showed that miR-342-3p and miR-363-5p regulate MM progression and also have a role in MMBD by targeting individually or synergistically and regulating RUNX2 expression. Those two molecules were downregulated in MM plasma cells compared to plasma cells from healthy donors, while RUNX2 levels were upregulated. miR-342-3p and miR-363-5p upregulation in MM cells resulted in lower RUNX2 expression and subsequent lower expression of RUNX2 target genes, such as RANKL and DKK1, which promote MM proliferation and MMBD, as shown in Figure 2b. Moreover, RUNX2 downstream AKT/β-catenin/Survivin (also known as BIRC5) signaling pathway was suppressed, leading to deregulation of bone formation-related TCF and LEF transcription factors and consequently tumor suppression [52,69]. MM cells overexpressing miR-342-3p and miR-363-5p injected in mice resulted in decreased MM cell growth and led to a decreased number of osteoclasts and increased number of osteoblasts, as well as increased antitumor immunity in an in vivo model [69], enhancing the hypothesis that they are able to suppress MMBD.




3.3. miRNAs Implicated in the Regulation of the TGF-β/SMAD and BMP/SMAD Signaling Pathways


SMAD family proteins are intracellular signal transducers of TGF-β superfamily receptors. TGF-β family receptors consist of a complex of two type I and two type II receptors with serine/threonine kinase activity. Following ligand activation, type I receptors activate SMADS by phosphorylating their two C-terminal serine residues. In mammals, 8 types of SMAD proteins are detected. These are the receptor-activated SMADS (R-SMADS; SMAD1,2,3,5,8), the common-mediator SMAD (SMAD4), and the inhibitory SMADS (I-SMADS; SMAD 6,7). After activation, R-SMADS form complexes with SMAD4 and insert the nucleus, where they interact with transcription factors and regulate target genes. I-SMADS act by blocking R-SMADS activation or formation of the I-SMAD/SMAD4 complex [70].



The role of TGF-β signaling in osteogenesis is rather controversial, as it has been shown to both facilitate and inhibit osteoclast differentiation [71]; Regarding osteoblasts, TGF-β-mediated signaling is vital for the differentiation of the osteoblast progenitors, but on the contrary, inhibits osteoblast maturation [72]. TGF-β has been reported to suppress osteoblast differentiation of MM-MSCs by inhibiting BMP2 signaling and suppressing the canonical WNT pathway [73]. Specifically, TGF-β is produced by osteoblasts and osteocytes and is found in the bone matrix in an inactive form. Bone resorption by osteoclasts releases activated TGF-β. However, SMAD3, which is a downstream component of the TGF-β signaling [74], is required for osteoblast differentiation, as its deficiency leads to impaired bone formation [75]. Additionally, SMAD3-deficient mice displayed abnormal skeletal development [76]. miR-221-5p is a miRNA that contributes to the reduced osteogenic capacity of MM-MSCs by regulating osteogenesis through interacting with SMAD3. Following osteoblast induction, miR-221-5p levels are lower in normal donor MSCs, compared to MM-MSCs. Inhibition of miR-221-5p expression resulted in the promotion of osteoblast differentiation of MM-MSCs by upregulation of SMAD3, which is a direct target of miR-221-5p [77]. As SMAD3 possesses an important role in osteogenesis as already explained, its downregulation due to miR-221-5p action causes reduced bone formation and osteopenia by dysregulation of osteoblast differentiation [75]. Additionally, inhibition of miR-221-5p led to the activation of the PI3K/AKT/mTOR signaling pathway, which is implicated in the survival, proliferation, and migration, thus stimulating osteogenic differentiation of MM-MSCs [77].



BMPs, which are members of the TGF-β superfamily and have been shown to play an also controversial role in MMBD [70]. More specifically, transcriptomic profiling experiments showed that BMP-mediated signaling inhibition suppressed MMBD [78]. However, another study showed that BMP2 promotes osteoblastogenesis [79], while MM cells secrete hepatocyte growth factor, which in turn inhibits BMP-induced osteoblast differentiation [80]. Furthermore, the downstream mediators of BMP signaling, namely SMAD1, SMAD5, and SMAD8 (also known as SMAD9) are essential for bone formation, as their deficiency in mice leads to lethal chondrodysplasia [81]. miR-135b-5p was found to participate in this network, as it directly targets and downregulates SMAD5, leading to impaired osteogenic potential, by causing reduced ALPL activity and decreased expression of the osteogenic markers BSP, COLA1, and OPN. MM-MSCs show higher miR-135b-5p levels in comparison with MSCs from normal donors. Co-culture of normal donor MSCs with MM cells resulted in overexpression of miR-135b-5p in normal donor cells, indicating that MM cells secrete soluble factors capable to upregulate miR-135b-5p expression in normal MSCs. This interaction could be mediated by extracellular vehicles; this aspect will be analytically described in the respective section. Treatment of MM-MSCs with a miR-135b-5p inhibitor improved their osteogenic potential indicating a possible new molecular therapeutic approach for MM-related bone disease [82]. Another miRNA that directly targets a SMAD protein is the aforementioned miR-203a-3p, which regulates osteogenic differentiation of MM-MSCs not only via regulation of the canonical WNT pathway but also by targeting SMAD9. Although miR-203a-3p levels are lower in MM-MSCs compared to normal donor MSCs, a decrease in the expression levels of miR-203a-3p was observed upon osteogenic induction in normal MSCs, while no significant change was observed in MM-MSCs. Downregulation of miR-203a-3p in MM-MSCs led to the promotion of osteogenesis by upregulation of SMAD8, followed by an increase in the mRNA expression levels of osteoblastic differentiation markers such as ALPL, OC, OPN [64]. Interestingly, crosstalk between TGF-β/SMAD and WNT pathways has been reported [83]; a study suggested that these pathways cooperatively regulate TCF and LEF transcription factors [84], both implicated in bone formation [52]. Therefore, it is possible that miR-203a-3p exerts its function in MMBD by affecting both pathways.



Last, miR-34a-5p, a miRNA with an established oncosuppressive role, is also implicated in MMBD through the regulation of SMAD proteins. Its upregulation in MM stem cells leads to decreased cell proliferation in vitro, as well as reduced tumor growth and fewer osteolytic lesions in vivo. miR-34a-5p exerts its tumor-suppressive action by targeting and downregulating TGIF2 [85]; TG1F2 constitutes a transcriptional regulator that either binds directly to SMAD genes, recruiting histone deacetylases, or interacts with TGF-β-activated SMADs, repressing SMAD-mediated signaling [86]. In this way, miR-34a-5p promotes the functional SMAD formation and advocates their efficient function, consequently suppressing the formation of osteolytic lesions [85]. Further investigation regarding the SMAD-mediated signaling is required, in order to uncover its role in the development of MMBD. The elucidation of additional miRNAs implicated in this pathway could facilitate the deciphering of the interactions within this pathway and shed light on its implication in osteoblastogenesis and osteoclastogenesis.




3.4. miRNAs Implicated in the NOTCH Signaling Pathway


The NOTCH pathway consists of 4 transmembrane receptors (NOTCH1-4) and 2 types of ligands, the jagged ligands (JAG1, JAG2) and the delta-like ligands (DLL1, DLL3, DLL4). NOTCH receptors from the receiving cells bind to their ligands expressed on the membrane of the adjacent sending cells. Upon binding of a ligand to a NOTCH receptor, protease ADAM cleaves the extracellular domain of the NOTCH receptor, while the γ-secretase complex cleaves and releases in the cytoplasm the intracellular domain of NOTCH (ICN). ICN is translocated to the nucleus and promotes transcription of the target genes HES and HEY. NOTCH signaling is implicated in osteoclastogenesis induced by MM cells. MM cells express NOTCH1,2,3 receptors that bind to their ligands on the same cell, forming a homotypical interaction, or on adjacent cells in the bone marrow microenvironment, forming a heterotypical interaction. NOTCH activation leads to increased expression of RANKL by MM cells. Moreover, MSCs also express NOTCH receptors and can interact with MM cells resulting in increased expression of RANKL [87].



miR-223-3p has been shown to exert several regulatory roles in bone metabolism, mainly by regulating molecules with a critical role in the differentiation of both osteoclasts and osteoblasts [88], and has been associated with NOTCH pathway. miR-223-3p expression in MM-MSCs co-cultured with MM cells was reduced in a cell-adhesion-dependent way. Additionally, miR-223-3p expression levels were decreased upon JAG2 upregulation. miR-223-3p repression led to increased expression of tumor supportive cytokines VEGF and IL6 and inhibition of the osteogenic potential of MM-MSCs, as indicated by reduced expression of RUNX2 and OPN, as well as reduced calcification and ALPL activity [89]. Notch signaling inhibition in MM-MSCs led to an increase in miR-223-3p levels and a decrease in VEGF and IL6. These data imply a Notch-dependent expression and function of miR-223-3p in MM-MSCs; however, the exact mechanism has not been deciphered yet.



The main miRNAs implicated in pathways related to MMBD are summarized in Table 1.




3.5. miRNAs Regulating the Expression of Other Genes Involved in Osteochondrogenesis


miR-138-5p is a molecule, whose role in osteogenic differentiation and MMBD has been extensively studied. miR-138-5p is upregulated in MM-MSCs and in MM cells compared to MSCs from normal donors and normal plasma cells respectively. There is a possible interplay between MM cells and MSCs at the bone marrow microenvironment since the co-culture of MSCs from normal donors with MM cells led to overexpression of miR-138-5p in MSCs. Inhibition of miR-138-5p promotes osteogenic differentiation of MM-MSCs in vitro. Moreover, the total number of endosteal osteoblastic lineage cells and bone formation rate were increased in in vivo models upon miR-138-5p inhibition. miR-138-5p exerts its role in osteogenic differentiation of MM-MSCs through targeting and downregulating three target genes: ROCK2, TRPS1, and SULF2 [90]. All those three genes are involved in osteochondrogenesis. ROCK kinases are kinases activated by the Rho family of small GTPases. Activation of the RhoA-ROCK pathway in MSCs promotes osteoblast differentiation [91,92]. TRPS1 gene encodes a GATA-transcription factor that regulates transcription of genes involved in proliferation, differentiation, and apoptosis of chondrocytes. TRPS1 has been also identified as a target of a series of miRNAs that regulate osteogenesis [93,94]. Extracellular sulfatase SULF2 is an enzyme implicated in the differentiation of many tissues. SULF2 is overexpressed in bone-forming osteoblasts, as well as in hypertrophic chondrocytes during development and bone fracture healing [95]. It is obvious that miR-138-5p upregulation in MM-MSCs leads to impaired osteogenesis as a result of the downregulation of key genes implicated in that process.





4. Extracellular Vesicle-Associated miRNAs Implicated in MMBD


Extracellular vesicles (EVs) are a heterogeneous group of membranous vesicles produced by various cell types. They are divided into two categories depending on size and origin: exosomes (50–150 nm), which derive from the endosomal system, and microvesicles (50 nm–1 μm), which arise from the budding of the plasma membrane. EVs contain lipids, proteins, DNA, coding, and non-coding RNA and they represent a mechanism of intercellular communication [96]. EVs play an important role in the bone marrow microenvironment in MM, supporting communication between plasma cells and other cell types such as stromal, endothelial, immune cells, and MSCs, thus promoting MM progression [97,98,99,100]. Many studies show that MM-derived EVs play an important role in MMBD causing an imbalance between osteoclast-induced bone resorption and osteoblast mediated bone formation. MM cells secrete EVs that are internalized by primary osteoclasts leading to expression of osteoclast markers. Treatment of pre-osteoclasts with MM-derived EVs, led to their differentiation in mature multinuclear osteoclasts with strong resorptive ability [101]. Further studies revealed that the EGFR ligand AREG, which was highly expressed in MM EVs, led to the activation of the EGFR pathway, a key pathway implicated in growth, survival, and proliferation, in pre-osteoclasts, thus inducing osteoclast differentiation [102]. Apart from their effect on osteoclast differentiation, MM EVs also exert an inhibitory role in osteoblast formation. One of the possible mechanisms is by reducing the expression of RUNX2, osterix, and OCN and increasing APE1 and NFKB1. Another study proposed that MM-EVs transfer DKK1 to osteoblasts leading to reduced RUNX2 and osterix [102,103,104,105].



Increasing evidence indicates miRNAs as the cargo of EVs responsible for their impact on target cells. miRNAs contained in EVs seem to regulate gene expression on the recipient cells [106,107]. miRNAs most frequently incorporated in EVs share an extra-seed sequence, the hEXO motif. The RNA binding protein SYNCRIP binds to the hEXO motif sorting those miRNAs into EVs [108]. Several studies have demonstrated that miRNAs are contained in MM-derived EVs [97,109,110].This mechanism could also explain the overexpression of miR-138-5p and miR-135b-5p in normal donor MSCs upon their co-culture with MM cells [82,90]. In this context, studies revealed that miRNAs implicated in MMBD are found in MM-EVs. miR-129-5p abundance is significantly higher in EVs from MM patients compared to those deriving from smoldering MM (sMM) patients implying its putative role as a miRNA responsible for EV-mediated MMBD. MM-EV-derived miR-129-5p targets and downregulates SPI1, a transcriptional factor that promotes osteoblast differentiation by enhancing transcription of ALPL, a marker of osteogenic differentiation. MSCs treated with MM-EVs internalized them, and as a result, miR-129-5p levels in MSCs were upregulated, and consequently osteogenic differentiation was blocked [111]. Another miRNA showing a such function is miR-103a-3p; this miRNA has been shown to be significantly upregulated in serum exosomes of MM patients compared to exosomes of sMM patients and healthy individuals [112]. Within this framework, another study showed that miR-103a-3p was upregulated in MSCs transfected with MM-EVs and resulted in impaired osteogenesis in vitro, as well as severe MMBD in vivo. Interestingly, the same study revealed that the levels of CD138+ EVs in the peripheral blood of newly-diagnosed MM patients correlated positively with the number of bone lesions [105]. The expression of miR-103a-3p has been reported to be regulated by the receptor of PTHrP, namely PTHR1; in osteosarcoma, miR-103a-3p inhibits AXIN2 [113], a key component of the WNT signaling pathway, as analytically explained in the respective section. It is possible that EV-derived miR-103a-3p exerts this function in MM-MSCs, leading to severe MMBD. These data are graphically described in Figure 3.




5. miRNAs as Biomarkers in MMBD


The availability in patients’ body fluids, the small size, and the ability of easy detection have advocated the consolidation of small non-coding RNAs as putative molecular biomarkers for various diseases, including hematological malignancies [20,114,115,116,117]. Due to their implication in the molecular background of MMBD, some studies have attempted to propose specific miRNAs as candidate biomarkers in MMBD.



In a large cohort of MM patients, serum miR-214-3p levels were higher in patients with bone disease compared to those without MMBD. Furthermore, circulating miR-214-3p levels in the serum of patients correlated with the extent of bone disease. miR-214-3p levels have also been correlated with adverse prognosis in the same study. When these patients were treated with bisphosphonates, a significant increase in progression-free survival and OS was observed [118]. The severe bone disease observed upon miR-214-3p overexpression can be explained by the fact that miR-214-3p derived by MM exosomes has been shown to target PTEN [109]. PTEN phosphatase is a key component of the PI3K/AKT signaling pathway, which stimulates osteogenic differentiation, as already explained [77]. The aforementioned results indicate that miR-214-3p can serve as a biomarker able to detect MM bone disease, as well as a prognostic marker for MM patients, able to guide therapeutic approaches.



As miR-135b-5p played a significant role in MMBD by being implicated in the BMP/SMAD pathway [82], the same study attempted to propose miR-135b-5p as a putative biomarker able to distinguish MM patients with bone disease from those without bone disease. miR-135b-5p expression levels were higher in patients with MMBD compared to those without. Furthermore, miR-135b-5p levels also correlated with the severity of MMBD [118].



Last, a recent study investigated the expression of miR-181a-5p in MM patients and its correlation with clinical characteristics of the disease. miR-181a-5p levels were evaluated in peripheral blood (serum) and bone marrow mononuclear cells from MM patients. A positive correlation was observed between miR-181a-5p expression and bone injury in MM patients [119]. This correlation can be explained by the fact that miR-181a-5p has been shown to promote MM progression, by contributing to the downregulation of cyclin D1 (CCND1) [120], which is also negatively regulated in MMBD due to the deregulation of the WNT signaling pathway [121].




6. Conclusions and Future Perspectives


MMBD is a result of deregulation in multiple signaling pathways. Preclinical studies indicate that miRNA regulation is implicated in the majority of them. These data present a novel perspective regarding targeted treatment in MMBD. Although well-established anti-myeloma regimens may improve bone metabolism [122,123,124,125], bone-targeted therapies are essential components of the therapeutic strategy [11]. Denosumab, a fully human IgG2 monoclonal antibody that targets RANKL is a typical paradigm of targeted treatment in MMBD [126]. Following denosumab, the scientific community turned towards targeting key molecules implicated in bone disease. This tendency is forced by the unmet need to find therapeutic targets able to promote osteoblast-induced bone formation in MM patients. It is true, that although many effective therapeutic options able to reduce osteoclast activity are available for the management of MMBD, molecules able to induce osteoblast activity in MM are still not available in clinical practice. One such example is anti-sclerostin antibodies. Sclerostin is a regulator of osteoblastic activity that inhibits the WNT/β-catenin pathway. Anti-sclerostin antibodies tested in xenograft MM models exhibited promising results [127,128]. Another example of targeted treatment with a positive effect on osteoblast function is DKK1 antagonists. As already mentioned above, DKK1 is an important molecule causing dysfunction of osteoblasts in MMBD. Based on data coming from preclinical studies researchers evaluated a monoclonal anti-DKK1 antibody, BHQ880 in combination with zoledronic acid in the relapsed and refractory setting in a phase I/II clinical trial. The combination exhibited increased bone strength at the hip and spine [129]. Recently, the scientific community shows increasing interest in miRNAs as therapeutic targets. Regarding malignancy, miRNA-targeted therapy consists of inhibition of oncomiRs and upregulation of tumor-suppressor miRNAs. Inhibition of oncogenic miRNAs can be achieved by antagomiRs, which are antisense miRNA molecules, or by miRNA-sponges (e.g., circular RNAs [130]) that are molecules that act as competing endogenous RNAs and thus are able to bind the miRNA and prevent it from binding to the target mRNA. Tumor-suppressor miRNAs can be therapeutically replaced by using viral and non-viral vectors and miRNA mimics [21]. Regarding MMBD there are many promising molecules that can serve as targets for miRNA targeted therapy. For example, MM-MSCs treated with a miR-135b-5p inhibitor in vitro regained their osteogenic potential, proposing miR-135b-5p as a possible new targeted therapy [82]. Moreover, scientific data support that miR-29b-3p regulates both the RANKL pathway and the pro-inflammatory MM bone marrow milieu, thus constituting an attractive candidate for targeted therapy for MM and the associated bone disease [39,51]. Unfortunately, there are still some limitations that make miRNA-targeted treatment challenging. Some of them are impaired stability of those molecules in the human body, poor tissue penetration, off-target effects, and severe immune-related responses [131]. miR-34a-5p is an established tumor suppressor microRNA. The first clinical trial using a miRNA-based treatment for malignancy used liposomes containing miR-34a-5p as a therapeutic molecule for patients with advanced solid cancers. Although the trial was primarily terminated due to serious immunologic reactions, a dose-dependent regulation of miR-34a-5p target genes was observed, indicating that miRNA based target therapy is possibly an effective treatment option, given that the limitations mentioned above will be overcome [132]. It is obvious that miRNA-based treatment for malignancy is the future of targeted therapies. As extensively described above, a great number of miRNAs are implicated in MMBD and can serve as target molecules for new treatments that could be able not only to prevent osteoclast-induced bone destruction but also to enhance bone formation and give MM patients quality of life benefit.
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Figure 1. A brief description of the molecular background of multiple myeloma bone disease (MMBD), showing molecules and pathways affecting osteoblast and osteoclast activity, as well as the main microRNAs (miRNAs) playing a role in MMBD. 
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Figure 2. Two typical examples of miRNAs implicated in MMBD through the regulation of specific pathways. (a) miRNA action leads to an increase of the RANKL/OPG ratio and promotes MMBD through inhibiting OPG and PIAS3, a RANKL inhibitor; (b) miRNA action leads to the decrease of this ratio through inhibiting RUNX2, and its downstream targets, RANKL and DDK1, which is an OPG inhibitor. Abbreviation: MM-MSC, multiple myeloma mesenchymal stem cell. 
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Figure 3. MM-derived extracellular vesicles (EVs) containing miRNAs can be internalized from MSCs, leading to diminished osteogenic potential. 
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Table 1. MicroRNAs (miRNAs) implicated in pathways affecting multiple myeloma bone disease (MMBD).
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miRNA

	
Pathway

	
Target

	
Effect on Bone Metabolism

	
Reference






	
miR-21-5p

	
RANK/RANKL

	
OPG; PIAS3

	
Regulation of the RANKL/OPG balance

	
[30]




	
miR-29b-3p

	
FOS; MMP2

	
Reduction of osteoclast-dependent bone destruction

	
[51]




	
miR-221-5p

	
TGF-β/SMAD

	
SMAD3

	
Dysregulation of osteoblast differentiation

	
[77]




	
miR-34a-5p

	
BMP/SMAD

	
TGIF2

	
Reduction of tumorigenesis and lytic bone lesions

	
[85]




	
miR-135b-5p

	
SMAD5

	
Impairment of the osteogenic potential of MSCs

	
[82]




	
miR-203a-3p

	
BMP/SMAD

	
SMAD8

	
[64]




	
WNT/β-catenin

	
–




	
miR-342-3p;

miR-363-5p

	
Non-canonical WΝΤ

	
RUNX2

	
Increase of osteoclast and reduction of osteoblast activity

	
[69]




	
miR-223-3p

	
NOTCH

	
–

	
Impairment of the osteogenic potential of MSCs

	
[89]








Abbreviation: MSC, mesenchymal stem cell.
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