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Abstract

:

Simple Summary


Despite advances made in the last two decades, multiple myeloma (MM) is still an incurable disease. The genetic complexity of MM and the presence of intra-clonal heterogeneity are major contributors to disease relapse and the development of treatment resistance. Additionally, the bone marrow microenvironment is known to play a pivotal role in MM disease progression. Together with genetic modifications, epigenetic changes have been shown to influence MM development and progression. However, epigenetic treatments for MM are still lacking. This is mainly due to the high rate of adverse events of epigenetic drugs in clinical practice. In this review, we will focus on the role of epigenetic modifications in MM disease progression and the development of drug resistance, as well as their role in shaping the interplay between bone marrow stromal cells and MM cells. The current and future treatment strategies involving epigenetic drugs will also be addressed.




Abstract


Multiple Myeloma (MM) is a malignancy of plasma cells infiltrating the bone marrow (BM). Many studies have demonstrated the crucial involvement of bone marrow stromal cells in MM progression and drug resistance. Together with the BM microenvironment (BMME), epigenetics also plays a crucial role in MM development. A variety of epigenetic regulators, including histone acetyltransferases (HATs), histone methyltransferases (HMTs) and lysine demethylases (KDMs), are altered in MM, contributing to the disease progression and prognosis. In addition to histone modifications, DNA methylation also plays a crucial role. Among others, aberrant epigenetics involves processes associated with the BMME, like bone homeostasis, ECM remodeling or the development of treatment resistance. In this review, we will highlight the importance of the interplay of MM cells with the BMME in the development of treatment resistance. Additionally, we will focus on the epigenetic aberrations in MM and their role in disease evolution, interaction with the BMME, disease progression and development of drug resistance. We will also briefly touch on the epigenetic treatments currently available or currently under investigation to overcome BMME-driven treatment resistance.
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1. Multiple Myeloma and Its Microenvironment


Multiple myeloma (MM) is the second-most frequent hematologic malignancy. It is characterized by the clonal expansion of monoclonal plasma cells [1]. In the last years, many novel targets for specific MM treatment have been identified. A better understanding of MM biology translated in the widespread use of drugs with novel mechanisms of action, such as immunomodulatory drugs (IMiDs, namely thalidomide, lenalidomide and pomalidomide) and proteasome inhibitors (PIs, namely bortezomib, carfilzomib and ixazomib). These compounds, together with the most recent implementation in the clinical praxis of the anti-CD38 monoclonal antibodies (MoAbs) daratumumab and isatuximab, and the anti-SLAMF7 MoAb elotuzumab, have significantly improved both the progression-free survival (PFS) and overall survival (OS), with a median OS that, in some studies, is now approaching 10 years [2,3,4,5,6,7,8,9,10]. Nevertheless, despite the progresses made, MM is still an incurable malignancy, and patients will eventually develop treatment resistance and succumb to their disease [11]. The bone marrow microenvironment (BMME) plays a pivotal role in myeloma progression and in the development of disease resistance. In MM, the bone marrow is posing as a niche consisting of microenvironmental cellular components (stromal cells, osteoblasts, osteoclasts, adipocytes, endothelial cells, T cells and natural killer cells), the extracellular matrix (ECM, laminins and fibronectin) and adhesion molecules (e.g., syndecan-1, VCAM1 and VLA4). Cytokines and growth factors (e.g., IL-6, TNF-α, HGF and IGF) are released within the bone marrow niche by both stromal and plasma cells, providing ideal conditions for MM cell survival, growth and the development of drug resistance [12,13].



MM development is a multistep process. During this process, not only the genetic complexity of the disease increases [14] but, also, the complexity of its microenvironment. An increased activation of osteoclasts; an increase in angiogenesis and an altered expression of growth factors, cytokines and adhesion molecules are all hallmarks of MM disease progression [15]. Drug resistance is also widely attributed to the interplay between MM cells and the BMME [16].



There exist three essential mechanisms of how the BMME promotes the growth, expansion and survival of MM cells: (1) the release of soluble factors, (2) direct cell-cell contacts (3) and the production of extracellular vesicles/exosomes [16,17].



The release of exosomes by both MM bone marrow mesenchymal stromal cells (BM-MSC) and MM cells has been shown to induce MM cell growth. Exosomes derived from the BM-MSC of MM patients contain oncogenic proteins, adhesion molecules and cytokines (such as IL-6 and CCL2) important for the expansion of MM cells. These exosomes also lack the tumor-suppressive microRNA 15a (miR-15a), further promoting MM cell growth. Interestingly, exosomes derived from normal BM-MSC have an inhibitory effect on MM cells, supporting the notion that, in MM, the BMME is also, in some form, affected by the hematologic disease [18].



A major soluble player contributing to the protective effect of the BMME on MM cells is IL-6. IL-6 can mediate the upregulation of telomerase activity via PI3K/Akt/NF-κB [19]. Additionally, IL-6 stimulates osteoclastogenesis and inhibits osteoblastogenesis [20], thus interfering with bone homeostasis and fostering the development of MM bone disease. The interplay of MM cells with bone homeostasis is regulated via many factors, including osteoclast stimulating factors (MIP-1α, RANKL, VEGF, TNF-α, IL-1β, HGF and IL-6) and osteoblast inhibitory factors (IL-3, IL-7 and the Wnt pathway inhibitor DKK1) [13,21]. The adhesion of MM cells to the stroma promotes the secretion of the above-mentioned factors, thus increasing MM cell survival and fostering the development of MM bone disease [12].



Drug resistance can be caused by the adhesion of MM cells to stroma cells and to the extracellular matrix, the so-called cell adhesion-mediated drug resistance (CAM-DR), or can be mediated via the release of cytokines and chemokines, the so-called soluble factor-mediated drug resistance (SFM-DR) [22]. Both mechanisms have been extensively studied. In CAM-DR, the adhesion molecule VLA4 plays a major role in the homing to the BMME, as well as in the development of chemoresistance [12]. In addition, PSGL-1 has been shown to be crucial for the adhesion and homing of MM cells to the bone marrow microenvironment [23]. The adhesion of MM cells to the cells of the bone marrow downregulates Fas and upregulates 3-survivin (a caspase-3 inhibitor), leading to the induction of a cell adhesion-mediated immune resistance against T-cell cytotoxicity [24]. Another important player in CAM-DR are macrophages that, by inhibiting BCL-xL-dependent caspase activation, prevent drug-induced apoptosis [25].



SFM-DR can be mediated by the AP-1 family member JunB. The interaction of MM with the BMME upregulates JunB through the release of IL-6, even in the absence of direct cell–cell contact. JunB regulates the genes involved in apoptosis, DNA replication and metabolism, thus inducing drug resistance [26]. Additionally, the paracrine release of sonic hedgehog by MM cells induces an upregulation of CYP26 and reduces retinoid signaling within the BMME, subsequently inducing a protective effect by establishing a B-cell-like, bortezomib-resistant phenotype [27].




2. Multiple Myeloma Epigenetics


2.1. DNA Methylation


As stated, MM is defined by its clonal diversity, which complicates the application of genetically targeted therapy [28]. What is more, not only genetic modifications but, also, changes in the epigenome correlate with cancer development [29,30]. As in many other cancers, such epigenetic modifications also arise in MM [31] and can be roughly divided into modifications that occur at the DNA level and histone modifications.



DNA methylation is defined by the addition of a methyl group to the carbon-5 position of a cytosine in a cytosine-phosphate-guanine dinucleotide (CpG) and is traditionally associated with gene repression [32]. However, as many other processes in cell homeostasis, DNA methylation is not an irreversible event but, rather, a dynamic process [32,33].



Whole-exome analysis revealed DNA methylation modifiers, such as TET1/2/3, IDH1/2 and DNMT1/3A/B, to be frequently altered [34]. Furthermore, increases in DNMT1 and reductions in DNMT3a expression have also been reported in MM [35]. It is therefore not surprising that aberrant methylation is a hallmark of MM. MM is characterized by global hypomethylation and gene-specific hypermethylation.



2.1.1. Global Hypomethylation


Importantly, changes in the global methylation pattern are associated with different stages of the disease [36]. Global hypomethylation is occurring already in the premalignant phase of monoclonal gammopathy of undetermined significance (MGUS). Hypomethylation increases during disease progression to symptomatic MM, leading to a greater genome instability via modified DNA methyltransferase (DNMT) activity, alterations in the chromatin structure, loss of imprinting and the increasing accumulation of copy number alterations [36,37]. Often, repetitive elements such as Alu, LINE-1 or SAT-α are demethylated in MM [35,38]. Interestingly, pathway analyses of the genes hypomethylated in myelomagenesis indicate an important involvement of ECM remodeling, leading to the invasive and adhesive properties of cells. This strengthens the concept that epigenetic modifications are also important in the interaction of MM plasma cells with the BMME [37]. General hypomethylation is accompanied by specific hypomethylation and the consequent gene activation in MM. Houde and colleagues described an overexpression of the NOTCH ligand JAG2 due to the hypomethylation of its promoter in cells from MGUS and MM patients but not in healthy individuals. JAG2 induces the secretion of IL-6, VEGF and IGF-1 in stromal cells, thereby showing its putative importance not only in the early development of MM but, also, in its relationship with the BMME [39].




2.1.2. Gene-Specific Hypermethylation


In contrast to hypomethylation, which predominantly occurs globally in MM, hypermethylation mainly occurs on selected tumor-suppressor genes. Various studies have shown that the occurrence of specific hypermethylation is already present in the early stages of myeloma development, suggesting a role in disease progression. The hypermethylation of the proapoptotic factor DAPK; of the estrogen receptor (ER) [40]; of p15, p16, p53 and p73; of ARF and of RASSF1A [41,42], as well as the methylation of the MIR203 promoter [43] and the Wnt pathway modulators SFRP 1 and 2 [44], have all been reported. Some of these changes are already present from the stage of MGUS. The pathways affected by these genes are involved in cell death, cell cycle progression and bone homeostasis, stressing again the concept that methylation changes might influence not only the malignant potential of plasma cells but, also, their interactions with the bone and the BMME [45]. Although many studies have investigated methylation changes in MM and its precursors, in many cases, it is still unclear how these changes trigger disease progression and what impact they have on disease prognosis. Additionally, methylation changes of a specific gene might not have a causal effect per se but are rather a marker of more widespread changes in the whole genome. In this respect, Gonzalez-Paz and colleagues could demonstrate that the methylation of p16 had no effect on plasma cell proliferation, as well as no impact on patients’ survival. These results led the authors to postulate that the methylation of the p16 gene might serve as an overall marker for epigenetic changes rather than having a causal and prognostic effect on its own [46]. Others found that methylation and the subsequent gene silencing of p16, DAPK1, E-CAD, RBP1 and BNIP3 was associated with a poor prognosis [47,48,49]. Another gene, whose silencing through promoter hypermethylation was found to be associated with disease progression and a worse outcome, is RASSF4 [50]. De Smedt and colleagues demonstrated that RASSF4 suppression increases the pro-mitogenic activity of RAS and that the restoration of RASSF4 expression increases the effect of the MEK1/2 inhibitor trametinib, suggesting a possible strategy to more effectively target the RAS pathway in clinical practice [50].



As previously stated, methylation changes are one of the hallmarks of MM disease progression. Walker and colleagues showed that, during the progression from MGUS to MM, hypermethylation occurs in many promoters of genes involved in gene regulation (ACVR1, ARID3A, BRCA2, C19orf33, CALCA, CBX4, FOXD2, GATA4, HIPK3, HOXB8, HOXD11, ID4, IRF7, LDB1, NCOR2, ONECUT2, RAB37, RUNX2, ZIC1, ZNF385 and ZNF560) or in regulators of the cell cycle (AIF1, BCL2, CDKN2B, GAS2L1, ID4, MPHOSPH9 and PKMYT1) [36]. Other genes such as CPEB1, CD9, GJA1, BCL7, AKAP12 and BNIP have also been reported to increase their methylation status during the progression from MGUS to MM [51].



Other important genes that are often hypermethylated in MM are genes involved with Wnt signaling [44,51,52,53,54] or genes like GPX3, RBP1, SPARC and TGFBI that can modulate the myeloma development by suppressing the stimuli from the tumor microenvironment [48].



An important pathway for MM cell survival is the Jak/STAT pathway. The hypermethylation of SHP1 and SOCS-1 activates Jak/STAT, increasing MM cell survival, likely due to an increased response to cytokines like IL-6 [40,55,56].



MEG3, a gene with tumor suppression functions linked to the p53 pathway, was shown to be differentially hypermethylated in MM patients, with the highest level of methylation seen in patients with a higher tumor burden, evaluated using the Durie and Salmon Staging System. The patient population enrolled in this study was, however, very small (only 21 patients), so that no definitive conclusion on the role of MEG3 in tumor pathogenesis can be drawn [57].



Overall, the more frequently hypermethylated genes in MM are PTGS2 (100%), SFN (100%), CDKN2B (90.2%), CDH1 (88.2%), ESR1 (72.5%), HIC1 (70.5%), CCND2 (62.7%), DCC (45.1%) and TGFβR2 (39.2%), whereas RARβ (16.6%), MGMT (12.5%), AIM1 (12.5%), CDKN2A (8.3%), SOCS-1 (8.3%), CCNA1 (8.3%) and THBS1 (4.1%) are rarely found to be hypermethylated [58].



Moreover, methylation changes are involved in the progression from MM to the end-stage disease of plasma cell leukemia (PCL). Interestingly, in this case, the driving factor is not the changes in the hypomethylation pattern but in the hypermethylation of the cytokine-cytokine receptor interaction genes, Janus kinase/signal transducers and activators of transcription signaling pathways and the genes especially involved in cell–cell signaling, cell development, cell differentiation and cell adhesion. These genes are the same genes that are hypomethylated in the transition from MGUS to MM, leading to a so-called genome re-methylation at the time of disease progression [36]. Not only methylation changes in genes but, also, in noncoding RNAs such as microRNAs or long noncoding RNAs (lncRNAs) play a crucial role in MM pathogenesis. The promoter methylation of different miRNAs, usually functioning as tumor suppressors such as miR-155, miR-152, miR-10b-5p, miR-34c-3p, miR-194, miR-192 and miR-215, have been associated with oncogenic properties such as the inhibition of apoptosis and induction of proliferation. These effects are caused by the loss of the inhibitory effects of those miRNAs on the known oncogenes like DNMT1, E2F3, BTRC and MYCB or the loss of their activating effect on the known tumor suppressors such as the p53/MDM2 axis [59,60,61]. Pichiorri and colleagues reported that miR-194, miR-192 and miR-215, TP53-inducible miRNAs, were downregulated in a subset of newly diagnosed MM patients. Subsequent in vitro experiments using MM cell lines showed that the downregulation of these miRNAs is due to the hypermethylation of their promoter regions and that their re-expression was able to enhance the cell sensitivity to TP53 and to block the MM invasion and migration in vivo and in vitro [60].



Beside miRNAs, lncRNAs also play a crucial role in MM pathogenesis by regulating gene expression via epigenetic modifications. A vast variety of lncRNAs have been identified to be aberrantly expressed in MM. The epigenetic rewiring of lncRNAs in MM occurs either by further epigenetic activation of already partly activated loci or by de novo epigenetic activation. One example of the latter is SMILO (specific myeloma intergenic long noncoding RNA), which, due to loss of DNA methylation, becomes epigenetically activated. The activation of SMILO results in its overexpression and promotes MM cell survival via the changing expression of the genes involved in nucleosome assembly, nonsense-mediated decay, chromatin silencing and cell adhesion [62]. Overall, SMILO overexpression in MM has antiapoptotic and pro-proliferative effects due to the suppression of several interferon-stimulated genes (ISGs-ISG15, IFI27 and MX1). Targeting SMILO directly or interfering with molecules of the interferon pathway such as IFNα has shown to reduce proliferation and induce apoptosis in MM cells and could be a promising strategy to treat MM. Not only the epigenetic activation but, also, the epigenetic silencing of lncRNAs plays an important role in MM pathogenesis. It has been shown that the tumor-suppressive lncRNA BM742401 is silenced via methylation of its promoter in MM, thus interfering with plasma cell homing, metastasis, and disease progression. Interestingly, the silencing of BM742401 shows an adverse effect on the overall survival in MM patients [63]. LncRNA might also be potential targets for novel therapeutic options. For example, the oncogenic lncRNA MALAT has been proposed to regulate the proteasome machinery in MM. Targeting MALAT1 using the LNA-gapmeR antisense oligonucleotide induces anti-multiple myeloma activity, inhibiting proliferation and inducing apoptosis [64]. The therapeutic effect of LNA-gapmeR is regulated via MALAT1 and EZH2 cooperation, which upregulates KEAP1. KEAP1 is a negative regulator of NRF1 and NRF2, and NRF1/NRF2 downregulation leads to a reduced expression of antioxidant genes and increased ROS levels, triggering anti-MM activity [64].





2.2. Histone Modifications


In addition to changes in the DNA methylation patterns, alterations in the epigenetic regulators such as histone acetyltransferases (HATs), histone methyltransferases (HMTs) and lysine demethylases (KDMs) also contribute to disease progression. For example, in a large study on more than 400 patients, Pawlyn and colleagues identified mutations in the genes coding for the histone 1 linker protein HIST1H1E, the histone acetyltransferase (HAT) EP300 and chromatin remodelers like CHD4, ARID1A and ARID2 [34].



2.2.1. Histone Methyltransferases (HMTs) in MM


The most studied epigenetic modifier in MM is the histone methyltransferase MMSET. MMSET is linked to the translocation t(4;14), which occurs in about 20% of patients with MM and is associated with a poor prognosis [64,65,66]. MMSET overexpression increases H3K36 di- and trimethylation (H3K36me2/3), decreases H3K27me2/3 and increases H3K27 acetylation (H3K27ac), thereby promoting cell proliferation, survival and the development of resistance to chemotherapeutic agents. Additionally, MMSET overexpression increases DNA repair through the recruitment of DNA damage response (DDR) to a double-strand break (DSB), thus further fostering treatment resistance [67,68]. Another study showed that MMSET contributes to myelomagenesis via increased H3K27me3 through the recruitment of EZH2 at specific loci [69]. MMSET promotes cell proliferation and survival by functioning as a coactivator of NF-κB, binding to IRF4 and increasing the expression of IRF4 [70]. Additionally, MMSET methylates AURKA on lysin 14 and 117 (K14 and K117). The methylation of K14 and K117 activates the kinase through an induction of self-phosphorylation, leading to the polyubiquitination of p53, p53 degradation and an increase in the oncogenic potential of MM cells [71]. Another important mechanism of action of MMSET is through the modulation of c-MYC via the repression of miR-126 due to an enrichment of H3K9me3 and reduction in H3ac [72]. Furthermore, H3K4 and H4K20 are also MMSET substrates [73,74]. The methylation of H3K4 and H4K20 via MMSET promotes MM cell survival [73,74]. Based on these data, Marango and colleagues postulated the role of MMSET as a transcriptional corepressor in a complex with HDAC1 and 2, mSin3a and lysine-specific demethylase 1 (LSD1/KDM1A) [73]. The methylation of H4K20 is also linked to DNA repair via the recruitment of p53-binding proteins [74]. Myeloma cells with a high MMSET expression are able to repair chemotherapy-induced DNA damage faster, and MMSET silencing was shown to increase melphalan sensitivity in vivo [67]. Furthermore, the overexpression of MMSET increases the expression of genes promoting cell cycle progression, such as CCND2, CCNG1, BRCA1, GAS1, LOH11CR2A and CHECK1; cell proliferation, such as MYBL1, LIFR and PBX1; cell adhesion, such as ADAM9 and DSG2; chromatin structure and DNA packaging, such as HMGB1, SATB1, HIST3H2A, HIST1H3A, HIST1H4A and WHSC1 [75]. MMSET overexpression also induces an increase in the activation mark H3K36me2. In MM cells harboring a t(4;14) translocation, the normal distribution of H3K36me2 is obliterated, creating a favorable transcription profile for myelomagenesis [76].



The other methyltransferases, whose expression has been shown to be increased in MM, are the histone methyltransferase PHF19 [77] and PRMT5 [78].



HMT dysfunction, reducing the H3K27me3 levels, can also lead to the overexpression of HOXA9 in MM [79]. HOX genes are involved in hematopoiesis and are suggested to have a role in leukemogenesis and myeloma development. Interestingly, although Chapman et al. reported an overexpression of HOXA9 both in MM cell lines and in primary patient samples [79], Garcia-Gomez and colleagues demonstrated an increase of HOXA4 but a decrease in HOXA9 in mesenchymal stromal cells derived from MM patients [80]. These data suggest that methylation patterns do differ and can have different pathogenic implications in the different cells involved in MM disease development and progression.



Another methyltransferase known to be important for MM disease progression and prognosis is EZH2. EZH2 is a subunit of polycomb repressor complex 2 (PRC2). Its main substrate is H3K27 [81]. EZH2 is overexpressed in MM and influences cell growth via deregulation of the cell cycle control, stimulation of IL-6R and activation of c-MYC [82,83,84]. The dual inhibition of EZH2 (acting on H3K27) and G9 (acting on H3K9) has been shown to effectively repress MM cell proliferation in vitro via the induction of cell cycle arrest and apoptosis and to repress xenograft formation in vivo. The inhibition of EZH2 and G9 reduces methylation at H3K27/H3K9, which, in turn, upregulates genes associated with the interferon and immune responses (such as OAS3, IFI6, IRF9, IFIT1 and ISG15) and suppresses genes important for MM survival, such as IRF4, MYC, KLF2 and PRDM1 [85].



DOT1L, a methyltransferase responsible for the methylation of H3K79, was also found to be crucial for the survival of myeloma cells. Higher expression levels of DOT1L were detected, especially in the early stages of multiple myeloma, MGUS and smoldering multiple myeloma (SMM). The inhibition of DOT1L was able to block the proliferation of myeloma cells in in vitro models [86,87].




2.2.2. Lysine Demethylases (KDMs) in MM


Histone (H) demethylation is usually due to the demethylation of lysine (K) residues via lysine demethylases (KDMs). The reduced expression of the H3K4 demethylase KDM1A due to a germline mutation in MGUS and MM was shown to drive proliferation via MYC activation. Interestingly, transcriptomes from patients with KDM1A mutations showed enrichment in the pathways associated with both intrinsic MM pathogenesis and MM-BMME interactions in comparison with KDM1A wild-type patients, again suggesting the importance of epigenetic modifications in the interaction between MM plasma cells and the BMME [88].



Opposite to what was seen with KDM1A, another member of the lysine-specific demethylases, KDM6B, was found to be overexpressed in MM. KDM6B is a demethylase of H3K27 and is regulated by NF-kB signaling [89]. KDM6B knockdown was shown to abrogate MM cell growth and survival, whilst TNF-α and culture media previously conditioned with bone marrow stromal cells (BMSC) were able to induce KDM6B. Interestingly, the pro-proliferative effect of KDM6B in MM cells is independent of its demethylase activity, suggesting that the role of demethylases in MM might be independent of histone modifications [89]. Controversially, the loss of another H3K27 demethylase, KDM6A, was found to be associated with MM cell proliferation, clonogeneity, adhesion and tumorigenicity. KDM6A mutant cells showed decreased levels of IRF4 and c-MYC and were more sensitive to the inhibition of the histone methyltransferase EZH2 in vitro, suggesting a potential therapeutic role of EZH2 inhibitors in KDM6A-mutated MM [90].



The other lysin demethylases known to be overexpressed in MM are KDM3A, a demethylase of H3K9, and KDM5B, a demethylase of H3K4 [91,92].



H3K4 and H3K27 seem to play a pivotal role in MM. The activating mark H3K4me3 and the repressing polycomb chromatin mark H3K27me3 are enriched in MM [93], and especially, H3K27me3 is associated with the under-expression of PRC2 target genes (CXCL12, GATA2, CDH6, CIITA and ICSBP/IRF8) in most cases of MM, thereby influencing cell growth [94].




2.2.3. Histone Acetyltransferases (HATs) in MM


Although alterations involving histone methylation and lysin demethylation are more prominent in MM, mutations and alterations involving HAT have also been reported. In an analysis on more than 1000 MM patients, Walker and colleagues identified, among others, mutations on the CREB-binding protein (CREBBP) and on p300 [95]. CREBBP has an intrinsic histone acetyltransferase activity, able to acetylate both histone and nonhistone proteins. p300 is another HAT that shares regions with very high sequence similarities with CREBBP. p300 interacts with phosphorylated CREB, mediating cAMP gene regulation [96]. Both CREB and p300 have been implicated in the development of hematologic cancers [97].



Acetylated histones can be recognized by proteins containing a bromodomain (BRD) [98]. These BRD-containing proteins initiate the recruitment of transcriptional activators, positively regulating gene expressions [99]. One of these activators, NSD3, has been shown to act on the chromatin microenvironment at BRD4 target genes, thereby altering the gene transcription and favoring MM pathogenesis [100]. The specific targeting of BRD-containing proteins has an antimyeloma effect. In particular, JQ1, a small inhibitor of acetyl-lysine recognition motifs, has been found to competitively bind to bromodomains [101]. JQ1 exerts its action by competing over the binding to the acetyl-lysine recognition motif, thereby displacing the bromodomains from chromatin [102]. The specific inhibition of BRD4 using JQ1 induces the downregulation of MYC transcription and, subsequently, of MYC-dependent target genes, ultimately inducing cell cycle arrest and cellular senescence in MM [103]. Targeting bromodomains to inhibit the MYC transcriptional machinery could be a way to counteract MM progression [104].





2.3. Epigenetic Changes and Prognosis


Global methylation changes enable the differentiation between nonmalignant and malignant cells, thereby linking methylation to the clinical outcome [36,49,105]. It has been shown that LINE-1 hypomethylation is associated with a poorer prognosis, presumably via frequent copy number losses [38]. Aoki and colleagues showed that the level of LINE-1 methylation was strongly associated with genomic breaks and with the degree of copy number losses. In analogy with what is seen in other cancers [106,107], these results made the authors postulate that LINE-1 might have a greater potential to induce genomic alterations compared to the other repetitive elements [38]. The methylation of the SOC3 gene is associated with a shortened OS, likely due to its positive effect on MM cell survival [108]. Another important prognostic factor for survival is the hypermethylation of CD9, whose downregulation outplays the immune system by making the cells less susceptible to the effects of natural killer (NK) cells [109]. Other studies have linked the hypermethylation of p16, DAPK and RARb to a more aggressive disease phenotype, a poor prognosis and a shorter OS. Patients with DCC and TGFbR2 hypermethylation have poor outcomes, bringing the authors to suggest the use of TGFbR2 hypermethylation as a prognostic factor for a reduced survival [58].



Several epigenetic modifiers have been linked to disease prognosis. Patients presenting with the translocation t(4;14), which causes the aberrant expression of FGFR3 and MMSET, have a significantly worse prognosis [75]. EZH2 overexpression has also been associated with a reduced PFS and OS [83]. In contrast with MMSET, whose poor prognostic effect can be partly overcome by treatment with proteasome inhibitors [110], the negative prognostic effect of EZH2 seems to be independent from the treatment received [111].



Aberrations in genes such as the KDMs KDM5B and KDM6A; PRMT5; DNA methylation modifiers like TET1/2/3; IDH1/2 and DNMT1/3A/B have all been shown to correlate with a poor prognosis and shorter OS [79,83,93]. The overexpression of histone deacetylases (HDAC) of class I, such as HDAC1, have also been correlated with a poor prognosis [112].



The major epigenetic modifications occurring in MM, as well as their prognostic effect and druggability, is summarized in Figure 1.





3. The Role of Epigenetic Modifications in the Bone Marrow Microenvironment (BMME) and Their Role in the Development of Microenvironment-Related Drug Resistance


The most-studied epigenetic alterations in the BMME refer to MM-related symptoms, mainly bone disease. The bone homeostasis of MM patients has been widely studied, and it is clear that, among others, it is influenced by epigenetic regulators [113]. A recent study has shown that BMSCs from MM patients in different disease stages show different methylation patterns, identifying patients with SMM as those with the largest number of altered CpGs in comparison to healthy donors. Similarly, BMSC derived from patients with MGUS have the highest number of differentially variable CpG positions, followed by patients with SMM and MM, suggesting that these methylation changes affect not only the neoplastic population but, also, the BMME and might be essential for disease progression. Interestingly, coculture with MM cells was able to change the methylation profiles of BMSC derived from healthy donors to one resembling the methylation profile of MM patients. The genes mainly affected by these methylation changes are genes important for bone homeostasis, such as RUNX2 and NRP2 (hypermethylated) or SFRP2 and NFATC2 (hypomethylated). Furthermore, myeloma-induced methylation changes lead to a differential expression of numerous Homeobox genes in mesenchymal stromal cells due to an increase (HOXA9, ACVR2A and EBF2) or decrease (HOXA2, HOXA3 and HOXC5) in DNA methylation. The dual targeting of DNMTs and of the histone methyltransferase G9a was able to revert the expression of hypermethylated osteogenic regulators and prevent tumor-associated bone loss, as well as reduce the tumor burden, in a murine model [81].



The importance of RUNX2 in MM bone disease was also confirmed by others. Adamik and colleagues could show that the binding of GFI1 to the Runx2 promoter in BMSCs initiates the recruitment of HDAC1 and EZH2, thereby enhancing the level of the Runx2 repressive chromatin mark H3K27me3, ultimately preventing osteoblast differentiation and promoting MM bone disease. This observed effect on osteoblast differentiation could be reversed by inhibiting the activity of the epigenetic modifiers EZH2 and HDAC1 [114]. The prevention of deacetylation of the Runx2 chromatin promoter improves myeloma osteogenesis in vitro and in vivo [115,116].



Data on the effects of epigenetic modifications in the development of bone marrow-related treatment resistance are rare. As stated, methylation in MM has been linked to ECM remodeling [37,44], suggesting a role of epigenetic modification not only in disease progression and the development of MM-related symptoms but, also, in the development of drug resistance.



Additionally, epigenetic modifications are important in MM cell homing and adhesion to the bone marrow. Ohughi and colleagues were able to show that KDM3A overexpression interferes with MM cells homing in the bone marrow and survival via the demethylation of H3K9 and subsequent activation of KLF2 and IRF4 [92].



The development of drug resistance can be triggered by the BMME via the modification of epigenetic markers such as H3K27. Kikuchi and colleagues showed that MM cell adhesion with the BMME induces the phosphorylation of EZH2. Phosphorylated EZH2 is inactive, and its inactivation reverses drug-induced hypermethylation at H3K27. The demethylation of H3K27 leads to the activation of antiapoptotic genes like IGF1, BCL2 and HIF1α and restores CAM-DR. These data suggest that epigenetic drugs inhibiting the IGF-1R/PI3K/Akt pathway might be promising agents to overcome the treatment resistance by promoting EZH2 dephosphorylation and H3K27 hypermethylation [117]. The BMME can also initiate drug resistance by regulating miRNAs. The stroma-mediated downregulation of miR-101-3p and consequent upregulation of survivin has been shown to protect MM cells against antimyeloma drugs [118]. Targeting the miR-101-3p/survivin axis in MM by either the overexpression of miR-101-3p or by the silencing of survivin induces apoptosis even in the presence of BMSCs, thus overcoming the microenvironment-induced drug resistance [118].



The targeting of epigenetic modifiers can be beneficial in MM, as they interfere with proliferation and apoptosis. Coculture of MM cells with BMSCs induces the expression of HDAC3 in the latter, leading to an increased MM cell proliferation. Ho and colleagues showed that the knockdown of HDAC3 inhibits IL-6 trans-signaling, decreasing MM cell proliferation. Furthermore, HDAC3 knockdown leads to a change in the exosome quantity and quality, downregulating the pro-survival of miR380, -383, -15b, -9986 and -5191 and inducing cell growth arrest [119].



These data are in line with the evidence showing that a treatment with epi-drugs can overcome bone marrow microenvironment-mediated drug resistance [120]. Different studies have shown that HDAC inhibitors can downregulate the soluble factors important for SM-DR, such as IGF-1, IGF-1R and IL-6 [121,122]. HDAC inhibition was shown to reduce not only SM-DR but, also, CAM-DR. Preclinical data indicate that cocultures with BMSCs were not able to revert apoptosis induced by HDAC inhibition, suggesting that epigenetic treatments might be able to overcome the protective effect of the BMME on MM cells.



Not only HDACs but, also, HATs are important in the relationship between the BMME and MM cells. Loss of the functional HAT CREB has been shown to be implicated in the disruption of the hematopoietic microenvironment [123], suggesting that modifications in HAT might play a relevant role in the interactions between MM cells and their normal counterparts.



Therefore, epigenetic interventions can not only be active on MM cells themselves but, in addition, can exert a beneficial impact by overcoming the protective influence of the BMME on MM cell survival, proliferation and chemoresistance.




4. Therapeutic Strategies Addressing Aberrant Epigenetics in Multiple Myeloma


Epigenetic modifications are reversible and, therefore, display a promising target for cancer treatment [124]. Various drugs have been designed that target enzymes to reverse aberrant epigenetics. Some of these treatments have proven to be beneficial in various types of cancers and are part of the common clinical practice in some hematological malignancies, such as myelodysplastic syndrome and acute myeloid leukemia [29,124]. Similarly to what is seen in myeloid malignancies, a lot of research has been done to identify possible targets in the epigenome that display promising effects against MM plasma cells.



Despite very active preclinical research, so far, epigenetic treatments have shown limited efficacy in MM. To date, the only epigenetic drug approved for MM treatment is the pan-HDAC inhibitor panobinostat. Panobinostat acts, among others, on HDAC6 and, therefore, interferes with the chaperone function of HSP90, leading to the degradation of PPP3CA and, subsequently, reducing the cell growth [125]. Panobinostat showed moderate single agent activity [126] but can act synergistically with proteasome inhibitors [127,128] and was approved in 2015 by the FDA [129] and EMA [130] in combination with bortezomib and dexamethasone based on the data of the phase III PANORAMA-1 trial [131].



The PANORAMA-1 trial was a multicenter, randomized, placebo-controlled, double-blinded phase III trial of patients with relapsed or refractory MM, who had received one to three prior lines of treatment. The trial included 768 patients that were randomly assigned to bortezomib and dexamethasone in combination with panobinostat or placebo. Patients that were refractory to bortezomib were excluded. Overall, patients receiving panobinostat showed a better outcome compared to patients in the placebo arm, with a higher rate of high-quality responses (at least a near-complete response 27.6% vs. 15.7% for panobinostat and placebo, respectively, p = 0.00006) and a longer PFS (12 vs. 8.1 months for panobinostat and placebo, respectively, p < 0.0001) [131]. The benefit of panobinostat was more evident in patients that had received prior treatment with both bortezomib and an IMiD (median PFS 10.6 vs. 5.8 months for panobinostat and the placebo, respectively, p = 0.0011) [132]. Unfortunately, panobinostat did not significantly improve the overall survival [133]. Additionally, the treatment with panobinostat was affected by a relatively high toxicity. In the PANORAMA-1 trial, 36% of patients receiving panobinostat were not able to complete the study due to adverse events, compared with only 17% in the placebo arm. The major adverse events of panobinostat, associated with its nonspecific mode of action, are gastrointestinal events such as diarrhea and cardiovascular events such as the occurrence of arrhythmias [134]. To improve its tolerability, the ongoing PANORAMA-3 trial is currently investigating reduced doses of panobinostat in combination with subcutaneous bortezomib and dexamethasone (NCT02654490). The initial results of the trial show an improved tolerability with the subcutaneous administration of bortezomib. Despite the responses being higher in patients treated with 20 mg of panobinostat, the best-tolerated schedule is the administration of panobinostat 10 mg three times a week [135]. Other studies planned to evaluate combinations of panobinostat with the IMiD lenalidomide [136] or with the second-generation PI carfilzomib [137]. The majority of these studies were discontinued due to poor accrual. The clinical trials involving panobinostat are summarized in Table 1.



Beside the approved panobinostat, other HDAC inhibitors have been evaluated in multiple myeloma. Based on promising in vitro activity alone and in combination [122,143,144,145], vorinostat, a pan-HDAC inhibitor approved for the treatment of cutaneous T-cell lymphoma, was also studied in MM patients. Studies on vorinostat have included combination therapy with bortezomib [146,147] in relapsed and refractory patients; combinations with bortezomib, lenalidomide and dexamethasone in newly diagnosed MM patients [138] and maintenance treatment in combinations with lenalidomide [148] or bortezomib [149]. Overall, despite showing some degree of responses, with ORR ranging from 96% to 56% according to the different population of patients included in the studies, these trials confirmed an increased toxicity of pan-HDAC inhibitors, and vorinostat has, so far, not been approved for MM treatment.



The same problem of arising toxicities and insufficient effects when applied as a monotherapy was observed in other clinical trials of HDAC inhibitors in relapsed MM patients. For example, the HDAC inhibitor romidepsin has been investigated in a phase II trial, where it was reported to induce some biological effects such as the stabilization of M-protein production or the resolution of hypercalcemia and improvement of bone pain; yet, no significant benefit was observed, as it did not induce tumor regression [150]. The HDAC inhibitor ITF2357 also failed to prevent disease progression and, in addition, induced severe adverse effects like thrombocytopenia, neutropenia and pneumonia, as well as gastrointestinal toxicities and cardiovascular events [151].



To reduce HDAC treatment toxicities, attempts have been made to develop more specific HDAC inhibitors, such as the HDAC6 inhibitor ricolinostat (ACY-1215) [152]. Ricolinostat showed no single agent activity but was active in combination with bortezomib. Nevertheless, despite the more selective HDAC inhibition compared to panobinostat and vorinostat, gastrointestinal toxicity remains a clinically relevant problem. Another limiting aspect of the clinical development of ricolinostat is the challenge in deriving a solid dose formulation and the observed exposure plateau [153].



The compound ACY-241 is very similar in structure to ricolinostat, without showing the same exposure plateau, and is also available as an oral formulation. ACY-241 is currently being tested in a phase I trial in combination with pomalidomide and dexamethasone (NCT02400242) [154].



A452, another selective HDAC6 inhibitor, has shown in vitro efficacy in combination with IMiDs and dexamethasone [155].



Not only HDAC inhibitors but, also, other targets are being investigated as potential therapeutic strategies to treat MM. The perhaps most-promising target identified is the oncogene EZH2. The inhibition of EZH2 has been shown to decrease the levels of H3K27 trimethylation (H3K27me3), an effect that was potentiated by the concomitant loss of KDM6 [91]. The reduction of H3K27me3 can induce cell death and apoptosis. H3K27me3 is essential for the suppression of miR-29b. If H3K27me3 is inhibited, miR-29b is upregulated, leading to a decrease in the levels of pro-survival proteins like SP1, MCL-1 and CDK6 [94,156]. The upregulation of miR-29b is not the only mode of action of EZH2 inhibition. The downregulation of oncogenes such as IRF-4, XBP-1, PRDM1/BLIMP-1 and c-MYC, as well as the upregulation of tumor-suppressive microRNAs like miR-125a-3p and miR-320c, have also been shown [85].



Other promising targets, whose synergistic inhibition shows antimyeloma effects, are DNMT1 and HDAC3, due to downregulation of c-MYC [157]. Another potential target is PRMT5, as its inhibition was shown to reduce MM cell survival via the p53 axis [79].



Targeting the epigenetic aberrations in MM is able to reduce MM cell survival in vitro. One example is the polyphenol Oleacein, which has HDAC inhibitory properties and leads to cell cycle arrest and apoptosis via caspase-8 activation and the downregulation of Sp1 [158]. Another compound that reduces MM cell viability is Scriptaid, which induces cell cycle arrest at the G2/M phase and apoptosis via p21 regulation through the alteration of H3 acetylation [159]. The inhibition of KDM5B using the selective inhibitor KDOAM-25 leads to an enrichment of H3K4 methylation, inducing cell cycle arrest and preventing cell proliferation [93].



Interestingly, some compounds do not only show single agent activity but are able to reverse drug resistances in vitro. This phenomenon is very important, as MM is still an incurable disease, and drug resistances is a common and frequent event in MM patients. The occurrence of drug resistance in MM is linked, among others, to epigenetic dysregulation. For example, chemotherapeutic agents like topotecan, doxorubicin and VP-16 trigger drug resistance via an increase in ABCG2 expression via promoter demethylation [160]. Another study reported a connection between IMiDs resistance and epigenetic alterations at the chromatin and DNA levels, which could be restored using EZH2 inhibitors in combination with targeting DNA methylation [161]. Sensitization to the histone deacetylase (HDAC) inhibitor panobinostat could be achieved by pretreatment with the EZH2 inhibitors EPZ-6438 and GSK-126 in a synergistic manner [162]. GSK-126 is believed to act through the involvement of the mitochondrial pathway via MCL-1 cleavage of caspase-3 and induction of apoptosis [163]. One other compound with a sensitizing effect is the HDAC inhibitor chidamide, which reverses resistance to the PI bortezomib. Chidamide inhibits type I HDACs, thereby promoting H3 and H4 acetylation. The acetylation of H3 and H4 leads to a reduction in the expression levels of cyclin D1 and c-MYC and enrichment of the expression levels of p53 and p21, with a consequent cell cycle arrest from G0 to G1. Additionally, chidamide can induce apoptosis through interference in the Bax/BCL-2 ratio [164]. The hypoxia-selective epigenetic agent RRx-001, which has shown in vivo antimyeloma effects in mouse models, can sensitize in vitro cells to conventional therapies such as bortezomib, pomalidomide and the HDAC inhibitor SAHA via the downregulation of DNMTs and subsequent inhibition of DNA methylation [165]. The DNA methyltransferase inhibitor 5-azacytidine, functioning via DNA repair and proapoptotic pathways, is able to re-sensitize MM cells to doxorubicin [166]. The 5-azacytidine derivate 5-aza-2-deoxycytidine (decitabine) is able to restore in vitro the function of tumor-suppressor genes [48] and can revert the methylation-induced inactivation of RASD1, thus overcoming dexamethasone resistance [167].




5. Conclusions and Future Perspective


Although research has revealed various dysregulations of the epigenome in MM, only one epigenetic treatment has been approved for this disease so far. Yet, the preclinical data summarized in this review clearly show that epigenetic treatments might be beneficial in reducing the cell viability, in interfering with the protective effect of the BMME and in sensitizing cells to conventionally applied medications. Importantly, epigenetic modifiers, such as HDACs or DNMTs, alter not only histones and DNA but might also affect the post-transcriptional modifications (PTMs) of other proteins. For example, HDAC inhibitors have been shown to disrupt proteostasis by targeting the unfolded protein response (UPR) pathway [168] and may alter other proteins important for MM pathogenesis, such as p53, Hsp90 and the aggresome [169]. Extremely intriguing is the increasing evidence that epigenetic dysregulation affects not only MM cells, but, also, the BMME, being responsible for disease progression and the development of MM-associated events such as osteolysis and the acquisition of treatment resistance. Whether the so-called “off-target effects” of epigenome regulators also play a role in the interactions between the plasma cells and the microenvironment has yet to be demonstrated, but is plausible. Interfering with the epigenome to inhibit the interactions between malignant plasma cells and the bone marrow microenvironment might still be a promising strategy in the future. When the aim is not an effect on the MM cells but, rather, a re-sensitizing approach, the use of low doses of epigenetic drugs in combination with known anti-MM treatments might be able to overcome the microenvironment-induced treatment resistance and reduce MM-related events with acceptable toxicities. Additional research in this field is warranted, as only with a better understanding of MM biology and of the complex interplay within the BMME we can hope to further improve the treatments of this still incurable disease.
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Figure 1. Schematic representation of the most-known epigenetic aberrations in MM and their interplay with the bone marrow microenvironment. The DNA methylation changes are categorized according to the main cellular pathway that they dysregulate. The epigenetic modifiers reported to be mutated and hypermethylated genes associated with shortened survival are indicated separately. * Identifies potential pharmacological targets. Approved compounds are signaled in bold. MM cell: multiple myeloma plasma cells, OC: osteoclasts, OB: osteoblasts and BMSC: bone marrow stromal cells. 
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Table 1. The main trials with panobinostat in multiple myeloma.
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Treatment

	
Phase

	
Number of

Patients

	
Patient

Cohorts

	
Median Follow-Up

	
Results

	
Other Information

	
Reference

	
Trial ID




	
ORR

	
Survival




	
PFS

	
OS






	
panobinostat + bortezomib

	
Ib

	
47

(dose escalation)

15

(dose expansion)

	
RRMM

	
NR

	
73.3% (expansion phase);

52.9% (escalation phase); among bortezomib-

refractory patients: 26.3%

	
NA

	
NA

	
42.1% of patients reached MR or better

	
[131]

	
NCT00532389




	
panobinostat + carfilzomib

	
I

	
32

	
RRMM

	
27 months

	
ORR in all patients 57%, ORR among patients treated with MTD 63%,

no differences

between

bortezomib-

refractory and bortezomib-

sensitive patients (57% vs. 55%, p = 1)

	
8 months (95% CI: 5–11 months)

	
23 months (95% CI: 16-NA months)

	
CBF 68%; no

differences between bortezomib refractory and

sensitive patients in median PFS and OS

	
[138]

	
NCT01549431




	
panobinostat + lenalidomide + bortezomib + dexamethasone

	
I

	
55 (45 evaluable patients treated at MTD)

	
NDMM

	
for all patients:

40 months (95% CI: 6.3–61.7 months), for patients treated with MTD:

39 months (95% CI: 6.3–61.7 months)

	
ORR among patients treated with MTD: 96%

	
not reached

	
not reached

	

	
[139]

	
NCT01440582




	
panobinostat + bortezomib

	
I

	
NR

	
RRMM

	

	

	

	

	
terminated (study drug unavailable)

no results available

	

	
NCT00891033




	
panobinostat + lenalidomide + dexamethasone

	
I

	
46

	
RRMM

	

	

	

	

	
no results available

	

	
NCT00532675




	
panobinostat + everolimus

	
I

	
11

	
RRMM

	

	

	

	

	
no results available

	

	
NCT00962507




	
panobinostat + Melphalan

	
I/II

	
40

	
RRMM

	
NA

	
7.5%

	
TTP: 1.6 months (95% CI: 0.6–2.7)

	
not reached

	

	
[140]

	
NCT00743288




	
panobinostat + lenalidomide + carfilzomib + dexamethasone

	
I/II

	
NR

	
NDMM

	

	

	

	

	
withdrawn study drug unavailable

no results available

	

	
NCT0280216




	
panobinostat + ixazomib

(DL1: 3 mg; DL2: 4 mg) + dexamethasone

	
I/II

	
16

	
RRMM

	
NA

	
NA

	
DL1: 1.2 months (95% CI 0.7–6)

DL2: 3.5 months (95% CI 0.9–7.4)

	
DL1: 12.8 months (95% CI 1.7–30.4) DL2: 17.6 months (95% CI 11.9–22.9)

	

	

	
NCT02057640




	
panobinostat + everolimus

	
I/II

	
124

	
RRMM or lymphoma

	

	

	

	

	
no results available

	

	
NCT00918333




	
panobinostat + carfilzomib

	
I/II

	
66

	
RRMM

	
26.1 months (95% CI: 0–72.5 months)

	
84.4%

	
10.3 months (95% CI 6.1–13.9)

	
44.6 months (95% CI: 20.8–NA months)

	
CBF: 90.6%

	
[137]

	
NCT01496118




	
panobinostat + lenalidomide + dexamethasone

	
II

	
27

	
RRMM

	
NA

	
40.7% (36.4% in

lenalidomide

refractory patients)

	
7.1 months for all

patients (6.5 months for

refractory patients)

	
not reached

	
CBF: 74%,

DCR: 96%

	
[136]

	
NCT01651039




	
panobinostat

	
II

	
38

	
RRMM

	

	

	

	

	
terminated

no results available

	

	
NCT00445068




	
panobinostat + bortezomib + dexamethasone

(PANORAMA-2)

	
II

	
55

	
RRMM

	
8.3 months

	
34.5% (1 nCR, 18 PR, 10 MR)

	
5.4 months (95% CI 2.6–6.7 months)

	
not reached after

median follow-up of 8.3 months

	

	
[141]

	
NCT0108360




	
panobinostat + lenalidomide + bortezomib + dexamethasone

(PANORAMA-4)

	
II

	
6

	
new diagnose

	

	

	

	

	
terminated (due to low enrollment)

	

	
NCT02720510




	
panobinostat + carfilzomib + dexamethasone

(PANORAMA-5)

	
II

	
0

	
RRMM

	

	

	

	

	
withdrawn

	

	
NCT02756663




	
panobinostat + bortezomib + dexamethasone

	
II

	
31

	
RRMM

	
NA

	
80.6%

(95% CI 62.5–92.5 months)

	
15.3 months (95% CI 10.4–31.4 months)

	
not

estimable

	
CR + nCR 48.4%

(90% CI: 33.6–63.2)

	
[142]

	
NCT02290431




	
panobinostat + bortezomib + dexamethasone

(PANORAMA-1)

	
III

	
767

	
relapsed MM

	
NA

	
60.7% vs. 54.6%

	
11.99 m vs.

8.08 m (HR 0.63, 95% CI 0.52–0.76; p < 0.0001)

	
33.64 m vs.

30.39 m (HR 0.87, 95% CI 0.69–1.10; p = 0.26)

	
CR or nCR 27.6% vs. 15.7%

(p = 0.00006)

	
[131]

	
NCT01023308




	
panobinostat

	
II

	
30

	
maintenance after ASCT

	

	

	

	

	
not yet available

	

	
NCT02722941




	
panobinostat + bortezomib +

dexamethasone (PANORAMA-3)

	
II

	
249

	
RRMM,

previously

exposed to IMiDs

	
14.7 months (95% CI 7.8–24.1 months)

	
20-mg panobinostat

Thrice-weekly: 62.2%

(95% CI 50.8–72.7);

20-mg panobinostat

Twice-weekly: 65.1%

(53.8–75.2); 10-mg panobinostat

Thrice-weekly: 50.6% (39.4–61.8)

	
not reached

	
not reached

	

	
[135]

	
NCT02654990




	
panobinostat + gemcitabine +

hydrochloride + busulfan + melphalan

	
II

	
80

	
RRMM, before ASCT

	
NA

	
NA

	
NA

	
NA

	
not yet available

	

	
NCT02506959




	
panobinostat + carfilzomib +

dexamethasone

	
II

	
9

	
RRMM

	

	

	

	

	
terminated (loss of funding)

	

	
NCT03256045








ORR: overall response rate, PFS: progression-free survival, OS: overall survival, RRMM: relapsed refractory multiple myeloma, NDMM: newly diagnosed multiple myeloma, CR: complete response, VGPR: very good partial response, PR: partial response, NA: not available, NR: not reported, ASCT: autologous stem cell transplantation, CBF: clinical benefit rate, DCR: disease control rate (SD or greater for >2 months) and TTP: time to progression.
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