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Abstract

Multiple myeloma (MM) is a malignant disease caused by clonal proliferation of plasma cells that result in monoclonal gammopathy and severe end organ damage. Despite the uniform clinical signs, the disease is very diverse in terms of the nature and sequence of the underlying molecular events. Multiple cellular processes are involved in helping the malignant cells to remain viable and maintain proliferative properties in the hypoxic microenvironment of the bone marrow. Specifically, the process of angiogenesis, triggered by the interactions between the malignant MM cells and the stroma cells around them, was found to be critical for MM progression. In this review we highlight the current understanding about the epigenetic regulation of the proliferation and apoptosis of MM cells and its dependency on angiogenesis in the bone marrow that is carried out by different microRNAs.  
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Core tip: The pathogenesis of multiple myeloma (MM) requires that malignant cells remain viable and proliferate. Therefore, genes relating to the regulation of apoptosis, proliferation and angiogenesis are tightly regulated. Specifically, angiogenesis, which is driven by the interactions between the malignant cells and stroma cell surrounding them, is critical for MM progression. In this review we summarize the current knowledge about the regulation of the expression of genes related to apoptosis, proliferation and angiogenesis, through the activity of specific microRNAs.

INTRODUCTION

Multiple myeloma (MM) is an incurable B-cell neoplasm, where clonal plasma cells proliferate mostly within the bone marrow and produce high amounts of monoclonal paraprotein. Symptomatic myeloma is characterized by the presence of more than 10% clonal plasma cells on a bone marrow biopsy and the presence of end organ damage spanning hypercalcemia, renal insufficiency, anemia and bone lesions. Recently the International Myeloma Working Group added additional criteria to define the symptomatic disease[1]. The disease itself always starts as a premalignant condition termed Mono​clonal Gammopathy of Undetermined Significance (MGUS), characterized by a low number of bone marrow plasma cells, with low levels of monoclonal protein production. As the disease progresses the number of clonal plasma cells in the bone marrow increases. When the clonal plasma cells are more than 10% of the cells in the marrow with no evidence of the symptomatic disease it is termed “Smoldering Myeloma”[2]. 

Despite the homogeneity in MM appearance, symptoms and disease progression, from a molecular stand​point, MM is a group of molecularly distinct dis​eases, with similar phenotypic characteristics. The events that generate the terminal state of MM are heterogeneous and diverse, and consist of hyperdiploidy, chromosomal aberrations such as translocations (especi​ally those involving the immunoglobulin heavy chain locus at 14q32), chromosome deletions (such as in chromosome 13 or chromosome 17p), or combinations of translocation and dysregulation of at least one of the cyclin D genes. The latter is used to classify MM patients according to their translocation/cyclin (TC) status[3].  These changes have significant prognostic implications, as patients with high risk disease changes such as translocation t4;14 and deletion of 17p have dismal prognosis[4]. This diversity, of course, renders the study of the pathophysiology of the disease more difficult.  

IMPORTANCE OF ANGIOGENESIS IN THE PATHOGENESIS OF MM

Angiogenesis, as a means of supplying oxygen and nutrients to the growing number of tumor cells, exists not only in solid tumors, but also in hematological malignancies, such as MM. Indeed, increased micro​vessel densities and elevated levels of pro-angio​genic factors such as vascular endothelial growth factor (VEGF), interleukin-6 (IL-6), insulin-like growth factors-1 (IGF-1), tumor necrosis factor alpha (TNF), and granulocyte-macrophage colony stimulating factor in the bone marrow and serum of MM patients have been reported, and were associated with poor prognosis[5-7]. Specifically, VEGF is overexpressed in malignant plasma cells, and acts in a paracrine manner to enhance the proliferation and chemotaxis of endothelial cells, as well as other stroma cells[5].  

Existing therapies have anti-angiogenic properties

Existing therapeutic approaches to this disease include immunomodulatory drugs such as thalidomide, lenali​domide and pomalidomide, as well as proteosome inhibitors such as Bortezomib. These drugs target pro-angiogenic factors and have known anti-angiogenic properties, suggesting that their efficacy is at least partly due to their ability to block angiogenesis in MM development. Early experiments demonstrated the anti-angiogenic potential of Thalidomide[8]. Lenalidomide was also found to inhibit migration and invasion of endo​thelial cells in a dose-dependent manner, as well as inhibiting VEGF-induced PI3K-Akt pathway signaling[9]. Pomalidomide inhibits stromal cell adhesion and has been shown to markedly inhibit angiogenesis by decreasing concentration of VEGF and hypoxia-induce factor 1 (HIF-1)[10]. At pharmacological doses, bortezomib was found to inhibit endothelial cells proliferation, migration, and capillary formation. Bortezomib was also shown to decrease secretion of VEGF and IL-6 from myeloma cells[11]. 

Angiogenesis is driven by interactions between tumor and stroma cells 

The bone marrow microenvironment is heterogeneous, and consists of different immune cells (NK cells, B and T lymphocytes, monocytes, and dendritic cells), erythrocytes, hematopoietic stem cells, bone marrow mesenchymal stem cells, endothelial cells (ECs) and their precursors, fibroblasts, osteoblasts and osteoclasts - all closely associated with the extracellular matrix (ECM) that is primarily made of fibronectin, laminin, and collagen[7], and organized in a special three-dimensional architecture with specialized niches[12]. In MM this microenvironment also includes clonal plasma cells that depend for their survival and progression on the signals they receive from this microenvironment. MM cells that express the CXCR4 chemokine receptor, home into the bone marrow by moving along a gradient of the chemokine ligand SDF-1/CXCL12, which is secreted by the bone marrow stroma cells. Upon cell-cell interactions between the MM cells and the bone marrow stroma cells, additional cytokines are induced that promote MM cell proliferation and survival [Figure 1, e.g., IL-6, IGF, TNF, VEGF, basic fibroblast growth factor (bFGF)][13]. 

ECs also secrete matrix metalloproteinase-2 (MMP-2) and MMP-9 to help promote their migration, further assisting angiogenesis. Thus, ECs support MM tumor cell survival not only through angiogenesis, but also by promoting cells’ invasiveness and dissemination[7].  

Thus, MM progression depends greatly on the tumor microenvironment and on the interaction of the tumor cells with the bone marrow stroma cells. However, the exact nature of those interactions, and the identity of all the proteins mediating them is not yet fully elucidated.   

VEGF expression and secretion depend on the local microenvironment
VEGF is highly important to MM progression and viability, due to its critical role in angiogenesis. Many factors collaborate to induce VGEF expression and secretion from MM tumor cells: Both stroma cells and tumor cells secrete IL-6 and IGF-1 that induce VEGF expression, as well as support MM cell growth; local hypoxia contributes to the induction of VEGF via the binding of HIF-1 to its hypoxia response elements  (HRE) site in the VEGF promoter; adhesion of the tumor cells to the ECM via -integrins also contributes to VEGF induction[7]. Secreted VEGF binds to VEGFR1 on tumor cells and stroma cells to act in both autocrine and paracrine manners. It enhances angiogenesis by promoting EC proliferation and migration, and recruits monocytes and circulatory endothelial precursors to the vasculature, where they may be incorporated into the blood vessels as pericytes or alternatively-activated macrophages. VEGF also enhances the expression of MMP-9[7], that in turn may release VEGF from the ECM, resulting in a positive regulatory loop[14]. 

The binding of the MM tumor cells to ECs and the binding of VEGF and bFGF to their receptors on ECs activate signaling events that lead to enhanced secretion of chemokines such as CXCL8/IL-8, CXCL11/I-TAC, CXCL12/SDF-1 and CCL-2/MCP-1. These chemokine ligands bind to their receptors on the MM tumor cells, thereby activating and maintaining the paracrine loop between these two cell types, and sustain proliferation and growth of the tumor cells[12]. Additionally, these chemokines, as well as VEGF, are strong chemoat​tractants of monocytes and macrophages.  

The number of bone marrow macrophages incre​ases during active MM, and they can acquire EC-like properties, express EC proteins, and become incorporated into the tumor blood vessels[12]. Moreover, they are an important source of VEGF production by themselves. Involvement of specific macrophage subsets in MM progression and MM-related angiogenesis has been identified within the bone marrow micro​environ​ment. For example, osteoclasts can secrete osteopontin (OPN) and MMP-9, which together with VEGF promote angiogenesis. Myeloid-derived suppressor cells (MDSCs) which are heterologous immature myeloid cells, expand during MM, and exert immunosuppressive effects on the microenvironment, by recruiting regulatory cells (Tregs, more MDSCs and tumor-associated macrophages - TAMs), and by secreting low levels of nitric oxide and immunosuppressive cytokines, such as IL-10 and TGF[15,16].  

In both mice MM models and human patients, MDSCs expand in the bone marrow, as well as in the spleen and circulation, especially towards the end-stage of the disease, and these bone marrow-derived MDSCs were shown to suppress T cell activity in vitro[15]. Additionally, these immature cells can differentiate into macrophages and further into osteoclasts, and MDSCs from MM mice models can differentiate into fully functional osteoclasts in vitro and in vivo, in higher numbers than MDSCs obtained from naïve mice[15]. Since only MDSCs derived from the bone marrow, but not from the spleen or blood, can undergo this specific differentiation, it is assumed that some specific factor in the bone marrow microenvironment promotes this effect and leads to the generation of bone lesions generated by these osteoclasts. Furthermore, levels of EMMPRIN/CD147, a protein that has been shown to mediate interactions between tumor cells and macrophages, have recently been found to be elevated in plasma cells (PCs) from MM patients relative to normal PCs. Higher expression levels of EMMPRIN were correlated to increased proliferation of these cells, whereas silencing of the protein reduced their proliferation[17]. 

Collectively, all the above findings illustrate the importance of the interactions within the bone marrow microenvironment between the different cell types to the regulation of MM pathogenesis in general and MM-related angiogenesis in particular. MM tumor cells elicit stroma cells to produce pro-angiogenic and growth factors that they need for their survival and expansion, while reverse signaling that stroma cells initiate within the tumor cells help sustain these intricate interactions. However, the mechanisms that regulate such intera​ctions require more investigation.  

EPIGENETIC REGULATION BY MICRORNA

MicroRNA (miRNAs) are part of a family of non-coding, small (20-25 nucleotides) single-stranded RNA mole​cules that regulate mRNA translational, stability and degradation. These miRNAs recognize sequences of imperfect complementarity mostly in the 3’ untranslated regions (UTRs) of target mRNAs (but also in the 5’-UTR or coding sequences), recruit the RNA-induced silencing complex (RISC) and mediate their translational inhibition. Sometimes miRNAs recognize sequences with perfect complementarity and cause these mRNAs to be degraded[18,19]. More than one miRNA can bind to one transcript at a time, and each miRNA can target hundreds of transcripts, either by binding of their seed sequence (i.e., the 2nd to 7th nucleotides from the 5’ side of the mature miRNA) to the 3’-UTR of their target mRNA directly, or by indirectly targeting another transcript that codes for a regulator protein. The details of miRNA biosynthesis are excellently reviewed elsewhere[20-22]. More than 700 human miRNAs have been identified so far, and their role in tumorigenesis and tumor promotion is a subject of intense research. Abnormal changes in the expression of miRNA have been associated with widespread dysregulation of gene expression, inflammation and diverse cancer diseases[23]. Dysre​gulated expression of miRNA can contribute to tumori​genesis by modulating tumor suppressor genes and oncogene signaling pathways[24]. For example, critical components of key signaling pathways, such as Myc, p53, phosphatase and tensin homolog (PTEN) and NF-B, are inhibited by miRNAs, leading to the description of miRNAs function as either oncogenes or tumor suppressor genes[24,25]. 
MM represents a group of diseases that are mole​cularly distinct. Expression of miRNAs can be dysre​gulated due to different chromosomal aberrations and genetic mechanisms, or could be regulated directly by proteins involved in the biosynthesis of miRNAs. These miRNAs in turn, regulate the expression of other genes that contribute to the progression and invasiveness of the disease.  

METHODOLOGIES USED IN THE STUDY OF MIRNA

In order to associate between a specific miRNA and its target gene, several approaches may be taken. The known sequence of the suspected target gene, and its 3’-UTR in particular, can be searched using different algorithms, which predict the binding of the seed sequence of the miRNA to the target gene[26]. Algorithms, such as those supported by miRNA.org (http://www.microrna.org/microrna/home.do), TargetScan (http://www.targetscan.org), and PicTar (http://pictar.mdc-berlin.de/) are commonly used, but being only predictive tools, they do not necessarily identify real biological sites. Furthermore, these algorithms predict direct binding, but do not address the indirect effects of miRNA, which may affect protein translation through the inhibition of another protein. Therefore, direct binding of the miRNA to the target mRNA must be demonstrated, usually by transfecting tumor cell lines with a reporter construct that contains the 3’-UTR under a luciferase reporter and by measuring the chemiluminescence generated in different conditions. 

In order to demonstrate the involvement of a specific miRNA in a biological function, several additional steps are required. First, changes in the expression levels of the specific miRNA could indicate potential regulation, as inhibition of target genes is likely to be affected accordingly. These expression levels are determined by quantitative reverse transcription polymerase chain reaction, and are most commonly normalized to the expression levels of the small nuclear RNAU6 or another stable miRNA that does not change under the experimental conditions. Then the expression levels of the target protein are correlated with the expression levels of the miRNA. Finally, overexpression of the miRNA or its neutralization must be shown to result in a change in the expression of the target protein. These gain or loss of function assays can be performed by transfecting the cells in vitro with miRNA mimics or pre-miRNA, or with anti-miRNA (antagomir), respectively. Alternatively, miRNA can be depleted by transfecting the cells with “miRNA sponges”, which are plasmid constructs that contain multiple miRNA-binding sites for specific miRNAs under the regulation of a strong promoter, to ensure their high expression[27,28].

INVOLVEMENT OF SPECIFIC MIRNAS IN MM CELL PROLIFERATION AND APOPTOSIS

Dysregulation of miRNA expression, due to chromo​somal aberrations and other genetic alterations, may contribute to the dysregulated expression of target genes in MM. In fact, specific miRNA signatures were shown to be associated with specific cytogenetic subgroups in MM[3]. In the remaining parts of this review we will describe what is known so far about the involvement of miRNAs in the pathogenesis of MM, focusing specifically on those miRNA that regulate MM-related angiogenesis.  

The mechanisms that lead to the dysregulated expression of miRNAs in MM cells are not always fully elucidated. In some cases, the malignant transformation itself, i.e., translocation of chromosomal fragments or deleted chromosome segments, could lead to either reduction or complete loss of some miRNA’s expression, or to enhanced expression of other miRNAs that could down-regulate the expression of a protein needed for the transcription of another miRNA. Indeed, a correlation between deregulated miRNA expression and cytogenetic abnormalities in MM cells was recently found[29]. In other cases, DNA methylation of promoters that encode for miRNAs was found, resulting in their silenced expression[13]. Thus, different mechanisms could lead to aberrant expression of miRNAs and their involvement in MM pathogenesis.  

Many of the miRNAs that were shown to contribute to MM pathogenesis actually regulate MM cell proli​feration and/or apoptosis (summarized in Table 1). Central to these regulatory loops are miR-15a and miR-16 that are located as a cluster on chromosome 13q14, an area commonly deleted in MM. Thus, patients with deletion in chromosome 13, which make up about 50% of MM patients, also exhibited total lack of miR-15a and miR-16[30]. In patients whose chromosome 13 is not deleted, miR-15a and miR-16 expression is often reduced, and is inversely correlated with advanced stage of the disease[31]. The reduced expression levels of miR-15a and miR-16 regulate proliferation and growth of MM cells both in vitro and in vivo in the bone marrow microenvironment, by inhibiting several target proteins, such as the AKT serine/threonine protein kinase (AKT3), ribosomal-protein-S6, MAP kinases, and the NF-B activator MAP3KIP3 (TAB3)[30]. Specifically, NF-B activation plays a pivotal role in promoting growth and survival of MM cells, and is regulated by the interaction of MAP3KIP3 with TAK1. When MM cells were transfected with pre-miR-15a and pre-miR-16-1, MAP3KIP3 protein expression levels were reduced, and consequently, TNF-activation of the NF-B family of proteins p65, p50 and p52, that normally results in their recruitment into the nucleus, was inhibited, whereas phosphorylated IB was increased in the cytoplasm. Thus, MAP3KIP3 is a validated target gene of miR-15a and miR-16[30]. 

The family of miR-30-5p (including miR-30a-5p, miR-30b-5p, miR-30c-5p, miR-30d-5p, and miR-30e-5p) is down-regulated in plasma cells derived from MM patients, compared to normal cells. Since this family targets BCL9, a critical transcriptional coactivator of -catenin, its absence causes the Wnt/-catenin pathway to be over-active, and promotes MM cell proliferation, survival, migration, drug resistance, and formation of MM cancer stem cells[32]. In fact, the Wnt/-catenin pathway is constitutively active in MM, promoting tumor cell proliferation, and resistance to chemotherapy[33]. 

Involvement of wild type p53 in MM pathogenesis is also regulated by the down-regulation of miR-34a, miR-192, miR-194 and miR-215 in some MM patients and cell lines, which is caused by the hyper-methylation of their respective promoters. Reduced levels of these miRNAs that directly target MDM2, the negative regulator of the p53, disrupt the balance between MDM2 and p53, and favors MDM2 stability. In contrast, overexpressing these miRNAs in MM cells carrying the wild type TP53 results in growth arrest[34]. 

Overexpression of other miRNAs creates similar effects, and several examples illustrate the comple​mentary role they play in the regulation of cell proli​feration and apoptosis. Proliferation of MM cells is partly regulated by miR-221/222, and some MM cells, such as the TC2 and TC4 subtypes that share the t(4:14) translocation, highly express miR-221/222. The neutralization of miR-221/222 in these MM cells reduced proliferation and up-regulated the expression of their target genes p27Kip1, PUMA, PTEN, and p57Kip2[35]. In another study, overexpression of miRNA-222, miR-221, miR-382, miR-181a and miR-181b was found in MM CD138+ cells in comparison to normal cells, without assigning to them specific functions. However, their targets were predicted to be tumor suppressors, cytokine signaling suppressors (SOCS1, SOCS6), pro-apoptotic factors, NF-B suppressors, and tyrosine phosphatases[30]. In support of these results, another study found overexpression of miR-32, miR-181a, miR-181b and also miR-21 that were demonstrated to target the p300-CBP-associated factor, that positively regulates p53 by acetylation[36]. 

IL-6 is essential as a growth factor for B cells and can also up-regulate miR-21 expression through activation of STAT-3, which has two binding sites in the miR-21 promoter. Thus, ectopic overexpression of miR-21 could sustain growth of MM cells, even in the absence of IL-6[37]. Moreover, a positive feedback loop exists, as miR-21 inhibits the expression of the protein inhibitor of activated STAT3, leading to enhanced STAT3 signaling[38]. In patients or human MM cell lines that are intrinsically resistant or develop resistance over time to treatment with bortezomib, elevated levels of miR-21 can be found, whereas in responding cells or patients, bortezomib reduces miR-21 levels[39]. Thus, miR-21 may become an attractive target for enhancing treatment efficiency in MM patients. Additionally, miR-19a and miR-19b were also found to be overexpressed, and were shown to inhibit the expression of SOCS1 and of the pro-apoptotic protein BIM/BCL2L11[36]. 

Expression of the c-Myc oncogene can be dysre​gulated in many MM patients, due to chromosomal translocations or other mechanisms. Silencing of c-Myc in MM cell lines leads to reduced cell proliferation and triggers apoptosis, as well as inhibited expression of the miR-17-92 cluster, demonstrating that c-Myc positively regulates this cluster. Triggering of apoptosis in these cells was the result of strong activation of the pro-apoptotic Bim protein, whereas the anti-apoptotic Bcl2 or Bcl-XL proteins were unaffected. Overexpression of miR-17 and miR-18, that belong to this cluster, even in the absence of c-Myc, inhibited Bim expression. Thus, Bim is directly regulated by the miR-17-92 cluster, which is in turn, activated by c-Myc, and these results implicate the cluster in the process of apoptosis[40].

In MM patients and MM cell lines the expression of miR-29b is down-regulated. Overexpression of miR-29b inhibits cell growth and induces apoptosis in MM cells, partly by directly targeting the anti-apoptotic protein Mcl-1 and by activating caspase-3[41]. Additionally, the anti-proliferative and pro-apoptotic properties of miR-29b are partly exerted by its inhibitory effects on Sp1 expression. On the other hand, Sp1 regulates miR-29b transcription, generating a negative feedback loop between the two factors. The proteasome inhibitor bortezomib affects this miR-29b-Sp1 loop by decreasing Sp1 and elevating miR-29b expression. Likewise, PI3K/AKT is also involved in the regulation of this balance between the two factors, as it works as a negative regulator of miR-29b expression[42].

SPECIFIC MIRNAS TARGETING MEDIATORS OF ANGIOGENESIS IN MM

Angiogenesis plays a crucial role in the pathogenesis and progression of MM, and greatly depends on the interactions of MM cells with the stroma cells, particularly endothelial cells and macrophages. These intera​ctions may lead to changes in the expression of different miRNAs and consequently to regulation of their target gene expression (Figure 2). 

The key cells involved in angiogenesis are the endothelial cells, and to promote angiogenesis, MM tumor cells must support their proliferation and migration by releasing VEGF in a paracrine manner. VEGF mediates vascular permeability and induce endothelial cell growth and migration to allow angiogenesis, invasiveness and metastasis. It is also a chemoattractant to macrophages and a regulator of MMP-9, thus it can also indirectly enhance angiogenesis[43]. Therefore, VEGF is perhaps the most potent pro-angiogenic factor known, and its enhanced expression, along with other pro-angiogenic factors, is regulated at several check points including by miRNAs. 

First, hypoxia has been shown to induce VEGF expression by the binding of the HIF-1 transcription factor to its binding site (HRE) on the VEGF promoter, as well as to other pro-angiogenic factors such as angiopoietin-2, MMPs, and semaphoring 4D. Local and chronic hypoxia is generated in the bone marrow due to the increasing metabolic needs of proliferating MM cells. Although the bone marrow is naturally hypoxic, studies show that the oxygen tension levels in MM bone marrow are even lower[44]. This prolonged hypoxic microenvironment exerts pressure on the malignant cells, and those surviving MM cells, which become hypoxia-resistant, were shown to secrete twice the amount of miR-135b-containing exosomes. These exosomes were up-taken by endothelial cells, and their cargo of miR-135b directly targeted the factor inhibiting HIF-1, which inhibits HIF-1 activity. Thus, prolonged, but not acute hypoxia, can mediate interactions between MM tumor cells and endothelial cells to elevate angio​genesis[45]. However, it should be remembered that hypoxic exosomes may contain additional miRNAs, in additional to miR-135b, that might work cooperatively with miR-135b to regulate angiogenesis[46]. Hypoxia also works through the down-regulation of miR-199a-5p expression, which directly targets HIF-1. Thus, hypoxic MM cells up-regulate HIF-1 and through it induce the expression of several pro-angiogenic factors, such as VEGF, IL-8, bFGF, and CXCL-12/SDF-1, whereas MM cells transfected with synthetic miR-199a-5p showed reduced expre​ssion of these factors[47]. Conditioned medium obtained from such cells and incubated with human umbilical vein endothelial cells (HUVEC) caused their reduced migration and inhibited production of VEGF, VCAM-1, ICAM-1 and IL-8[47], again demonstrating the importance of tumor-stroma cells interactions for induction of angiogenesis.  

Secondly, VEGF and bFGF are predicted target genes for miR-15a and miR16. Accordingly, MM cell lines that were transfected with pre-miR-15a and pre-miR-16-1 demonstrated reduced secretion of VEGF[30,31], and conditioned medium from these cells reduced the activation of the ERK or AKT pathways in endothelial cells, resulting in their reduced ability to form tube-like formations in vitro[30].

Enzymes that are involved in the biosynthesis of miRNAs also indirectly regulate angiogenesis, by affecting specific miRNAs expression. For example, argonaute 2 (Ago2) is a core component of the RISC. Supernatants from Ago2-overexpressing MM cell lines induced HUVEC migration and accelerated tube formation, whereas supernatants from Ago2-knockdown MM cell lines suppressed HUVEC cell migration and tube formation[48]. This effect was mediated through Ago2-driven up-regulation of 25 miRNAs (including members of the let 7 family and the miR-17/92 cluster) and down-regulation of 7 miRNAs (including miR-145 and miR-361). The 17/92 cluster includes miR-92-1, which was up-regulated by Ago2, targeted the angiopoietin-like protein 1 (ANGPTL1, an anti-angiogenic protein with tumor-inhibiting properties), and down-regulated its expression[48]. Overexpression of Ago2 in MM cells also resulted in the down-regulation of miR-145, which directly targets VEGF, and therefore, increased VEGF expression[48] (Table 2).

Lastly, in  MM cells, miR-21 is upregulated, in reverse correlation to the down-regulated expression of reversion-inducing-cysteine rich protein with kazal motifs (RECK), a protein inhibitor of MMP-2 and MMP-9[49]. Hypoxic MM cells show increased levels of MMP-2 expression, whereas enforced expression of miR-199a-5p in these cells reduced MMP-2 levels[47]. 

USING MIRNAS AS BIOMARKERS OF MM AND AS POTENTIAL THERAPY FOR MM

Attempts have been made to use miRNA expression profiles as biomarkers for MM progression, or for classification of the MM cells into specific cytogenetic subtypes. Some miRNA arrays have been used to identify specific signatures or miRNA profiles that characterize different stages of MM progression and differentiate between MGUS and symptomatic MM[3,36]. Since miRNAs are involved in MM pathogenesis and regulate many of the molecular processes that dictate the course of the disease, it is reasonable to assume that miRNA profiling or determination of expression of specific miRNA may have diagnostic and/or prognostic value. Given their reported stability in serum[50], miRNA expression may represent novel non-invasive bio​markers of MM. This seems a promising direction for further study.

Furthermore, the dysregulated expression of miRNAs places them as novel candidate therapeutic targets. Because miRNAs simultaneously target the expression of several genes and regulate key signaling pathways, targeting them is likely to be more beneficial than conventional approaches targeting a single protein with a single drug[51]. The problem of delivering small RNA molecules to tumor cells within the bone marrow without using viral vectors, and then making sure that the miRNAs or antagomirs are taken up specifically by the tumor cells has been addressed by developing lipid-based or polymer-based delivery systems[51]. Another possible advantage of using miRNA for therapy is the relative ease of detecting aberrant expression of specific miRNAs in the serum of MM patients or even in their bone marrow, and the ability to closely follow up on changes of miRNAs expression in response to treatment. Collectively, these advantages may promote, in the future, a personalized medicine approach, where patients will be specifically-tailored with antagomirs or miRNA mimics according to their personal miRNA expression profile, hopefully increasing the success of the treatment.

Currently, there are only a limited number of studies demonstrating the efficiency of targeting miRNAs as therapeutic means in MM, mostly carried out as pre-clinical trials using immunocompromised mice. One study introduced a mix of miRNAs from the miR-30 family, or just miR-30c, into MM cells, and observed reduction in tumor burden and in metastases in three human MM xenograft models, without adverse effects such as bone lesion. This effect was attributed to the ability of the miR-mimics to reduce and keep in check the expression of BCL9, the transcriptional coactivator of the Wnt signaling pathway[32]. Overexpression of miR-199a-5p in human MM NCl-H929 xenograft in NOD/SCID mice was achieved by six intra-tumoral injections, every 3 d, of 20 g each encased in neutral lipid emulsion. This treatment reduced tumor growth and prolonged survival of the treated mice in comparison to the control mice[47]. The only example so far, to the best of our knowledge, which targets MM-related angiogenesis is the injection of miR-15a and miR-16 to the tail vein of mice bearing s.c. human MM xenografts, where reduced tumor size was observed due to reduced angiogenesis[31].

CONCLUSION

MiRNA have a key role in MM, regulating cellular processes that are essential to disease initiation and progression. Most studies in the field focus on the involvement of miRNA in the regulation of tumor cell proliferation, survival, and apoptosis. Only a limited number of studies investigate the involvement of miRNAs in the regulation of angiogenesis, a process that is critical to disease progression and especially to the malignant transformation from MGUS to MM. Thus, manipulation of this process represents a promise to attenuate the progression of the tumor to the malignant stage. Furthermore, the novel drugs, such as thalidomide, lenalidomide and bortezomib have been shown to exert an anti-angiogenic effect in MM patients. Understanding how they regulate miRNAs may lead to better treatment approaches by fine-tuning the drugs’ properties to manipulate specific miRNAs expression. We therefore anticipate and hope that the following years will lead to exciting new investigations into the involvement of miRNA in MM pathogenesis, and specifically in MM-related angiogenesis, studies that will hopefully be implemented in treatment of this still incurable disease.  
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Figure 1  Cell-cell interactions that mediate angiogenesis (in a hypoxic microenvironment). Interactions between multiple myeloma plasma cells, endothelial cells and different myeloid cells (including infiltrating monocytes, immature myeloid cells such as myeloid-derived suppressor cells, and osteoclasts) stimulate secretion of pro-angiogenic factors. MMP: Matrix metalloproteinase; MM: Multiple myeloma; IL: Interleukin; I-TAC: Interferon-inducible T-cell alpha chemoattractant; SDF-1: Stromal cell-derived factor 1; IGF: Insulin-like growth factor; TGF: Transforming growth factor beta; VEGF: Vascular endothelial growth factor; bFGF: Basic fibroblast growth factor.
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Figure 2  Key mediators of angiogenesis in multiple myeloma and their regulation by miRNAs. Pro-angiogenic factors are subject to regulation by hypoxia that triggers hypoxia-induce factor 1, and by other signals (e.g., TGF, TNF), and are fine-tuned by different microRNAs. Green arrows, increased expression levels; red arrows, decreased expression levels. RECK: Reversion-inducing-cysteine-rich protein with kazal motifs; MMP: Matrix metalloproteinase; FIH-1: Factor inhibiting HIF-1; HIF-1: Hypoxia-inducible factor 1-alpha; VEGF: Vascular endothelial growth factor; bFGF: Basic fibroblast growth factor.  
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Table 1  Involvement of microRNAs in multiple myeloma cell proliferation and apoptosis


  Activator


�
miRNA  reduced


�
miRNA  overexpressed


�
Target increased


�
Target decreased


�
Effect


�
Ref.


�
�
  Deletion, 


  other�
miR-15a, miR-16


�
�
AKT, S6, MAPK, MAP3KIP3 (TAB3)


�
�
Increased proliferation and survival


�
[30]


�
�
�
miR-30-5p family


�
�
BCL9


�
�
Increased Wnt/-catenin activation


�
[32]


�
�
  c-Myc 


  (reduced)�
miR-17/92 cluster


�
�
Bim


�
�
Increased apoptosis


�
[36,40]


�
�
  Sp-1 


  (increased)�
miR-29b


�
�
Sp-1, CDK6, Mcl-1, caspase-3, Rb phosphorylation


�
�
�
[41,42]


�
�
�
miR-34a, miR-192, miR-194, miR-215


�
�
MDM2, IGF-1


�
�
Cell proliferation


�
[34]


�
�
�
�
miR-19a/b 


�
�
SOCS1, Bim


�
Reduced apoptosis


�
[36]


�
�
�
�
miR-181a/b, miR-32


�
�
PCAF


�
Reduced p53 acetylation 


�
[36]


�
�
�
�
miR-221, miR-222


�
�
P27Kip1, p57Kip2, PUMA, PTEN


�
Increased proliferation


�
[35]


�
�
  IL-6


�
�
miR-21


�
�
STAT-3


�
�
[37,38]


�
�
AKT: Protein kinase B; MAPK: Mitogen-activated protein kinases; MAP3KIP3: Mitogen-activated protein 3 kinase interacting protein 3; BCL9: B-cell lymphoma 9 protein; MDM2: Mouse double minute 2; IGF-1: Insulin-like growth factor 1; SOCS1: Suppressor of cytokine signaling 1; PCAF: P300/CBP-associated factor; PTEN: Phosphatase and tensin homolog; STAT-3: Signal transducer and activator of transcription 3; PUMA: p53 upregulated modulator of apoptosis; IL-6: Interleukin 6. 





Table 2  Involvement of microRNAs in the regulation of multiple myeloma-related angiogenesis


  


�
Target increased


�
Target reduced


�
Effect (anti-angiogenic)


�
Effect (pro-angiogenic)


�
Ref.


�
�
  miRNA reduced


�
�
�
�
�
�
�
     miR-15a, miR-16, 


     miR-145�
VEGF, ERK pathway, AKT pathway


�
�
Reduced EC growth, reduced ability to form capillary structures


�
�
[30,31,48]


�
�
     miR-199a-5p


�
HIF-1, SIRT-1


�
�
Increased expression of VEGF, IL-8, bFGF, CXCL12, MMP-2 


�
�
[47]


�
�
  miRNA increased


�
�
     Let 7 family


�
�
Thrombospondin-1, TIMP-1


�
�
Inhibiting anti-angiogenic factors


�
[48]


�
�
     miR-92-1


�
�
Angiopoietin-like protein 1 


�
�
Inhibit anti-angiogenic protein


�
[48]


�
�
     miR-135b


�
�
FIH-1


�
�
Alleviate HIF-1 inhibition 


�
[45]


�
�
VEGF: Vascular endotelial growth factor; ERK: Extracellular signal-regulated kinase; HIF-1: Hypoxia inducible factor 1 alpha; SIRT-1: Sirtuin 1; FIH-1: Factor inhibiting HIF-1; IL-8: Interleukin-8; bFGF: Basic fibroblast growth factor; MMP: Matrix metalloproteinase.
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