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promotes autophagy-associated apoptosis and boosts proteasome inhibitor mediated cell death
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Multiple myeloma (MM) is a (epi)genetic highly heterogeneous plasma cell malignancy, which remains mostly incurable. Deregulated expression and/or genetic defects in epigenetic modifying enzymes contribute to high-risk disease and MM progression. Overexpression of the histone methyltransferase G9a was reported in several cancers, including MM, correlating with disease progression, metastasis and poor prognosis. However, the exact role of G9a and its interaction partner G9a-like protein (GLP) in MM biology and the underlying mechanisms of action remain poorly understood. Here, we report that high G9a mRNA levels are associated with a worse disease outcome both in newly diagnosed and relapsed MM patients. G9a/GLP-targeting using the specific G9a/GLP inhibitors BIX01294 and UNC0638 induces a G1phase arrest and apoptosis in MM cell lines and reduces primary MM cell viability. Mechanistic studies revealed that G9a/GLP-targeting promotes autophagy-associated apoptosis by inactivating the mTOR/4EBP1 pathway and reducing c-MYC levels. Moreover, genes deregulated by G9a/GLP-targeting are associated with repressive histone marks. G9a/GLP-targeting sensitizes MM cells to the proteasome inhibitors (PIs) bortezomib and carfilzomib, by (further) reducing mTOR signaling and c-MYC levels and activating p-38 and SAPK/JNK signaling. Therapeutic treatment of 5TGM1 mice with BIX01294 delayed in vivo MM tumor growth and co-treatment with bortezomib resulted in a further reduction in tumor burden and a significant prolonged survival. In conclusion, we provide evidence that the histone methyltransferases G9a/GLP support MM cell growth and survival by blocking basal autophagy and sustaining high c-MYC levels and G9a/GLP-targeting represents a promising strategy to improve PI-based treatment in patients with high G9a/GLP levels.

Introduction

Multiple Myeloma (MM) is a highly heterogeneous malignancy characterized by the accumulation of monoclonal plasma cells in the bone marrow (BM). [START_REF] Chesi | Advances in the pathogenesis and diagnosis of multiple myeloma[END_REF] MM comprises 10% of all hematological cancers, making it the second most common blood cancer after non-Hodgkin lymphoma. [START_REF] Kyle | Monoclonal gammopathy of undetermined significance (MGUS) and smoldering (asymptomatic) multiple myeloma: IMWG consensus perspectives risk factors for progression and guidelines for monitoring and management[END_REF] Despite significant improvements in the treatment of MM, most patients still relapse due to the development of drug resistance. Defects in epigenetic processes such as DNA methylation, histone modifications and noncoding RNAs are well-known to contribute to MM pathogenesis. Given the indisputable role of these epigenetic defects in MM pathogenesis and their reversible nature, several approaches have been pursued to target the involved chromatin modifying enzymes. [START_REF] Smedt | The Epigenome in Multiple Myeloma: Impact on Tumor Cell Plasticity and Drug Response[END_REF] The most clinically advanced epigenetic drug in MM is the histone deacetylase inhibitor (HDACi) panobinostat. This pan-HDACi was FDA/EMA approved in 2015 for the treatment of relapsed/refractory MM patients. However, panobinostat treatment comes with the cost of a high-risk for high grade toxicities, thus limiting its broad application. To circumvent this, efforts are now increasingly focusing on the role of specific histone methylation marks in MM pathogenesis. [START_REF] Smedt | The Epigenome in Multiple Myeloma: Impact on Tumor Cell Plasticity and Drug Response[END_REF] Arginine and lysine residues of the N-terminal tails of histone 3 and 4 are methylated or demethylated by histone methyltransferases (HTMs) and histone demethylases respectively, resulting in gene silencing or activation depending on the site of methylation and the number of methyl groups added. [START_REF] Smedt | The Epigenome in Multiple Myeloma: Impact on Tumor Cell Plasticity and Drug Response[END_REF][START_REF] Casciello | Functional Role of G9a Histone Methyltransferase in Cancer[END_REF] The HTM G9a, also known as EHMT2, mediates mono-and dimethylation of histone 3 lysine 9 (H3K9me, H3K9me2). In general, H3K9me and H3K9me2 are associated with heterochromatin formation and gene silencing. [START_REF] Smedt | The Epigenome in Multiple Myeloma: Impact on Tumor Cell Plasticity and Drug Response[END_REF][START_REF] Barski | High-resolution profiling of histone methylations in the human genome[END_REF] In addition, G9a acts as a scaffolding protein for other chromatin-associated molecules like heterochromatin protein 1, which in turn recruits DNA methyltransferase 1 (DNMT1) to the DNA, thus further enforcing transcriptional silencing. [START_REF] Smedt | The Epigenome in Multiple Myeloma: Impact on Tumor Cell Plasticity and Drug Response[END_REF] Recently, G9a was also shown to facilitate MYC-mediated transcriptional repression by directly interacting with MYC through the MYC box II region. [START_REF] Tu | MYC Interacts with the G9a Histone Methyltransferase to Drive Transcriptional Repression and Tumorigenesis[END_REF] An important interaction partner of G9a is the highly homologous G9a-like protein (GLP). Formation of this heterodimeric structure appears crucial for in vivo methyltransferase activity, since loss of either G9a or GLP reduces H3K9me/me2 levels. [START_REF] Smedt | The Epigenome in Multiple Myeloma: Impact on Tumor Cell Plasticity and Drug Response[END_REF][START_REF] Tachibana | G9a/GLP complexes independently mediate H3K9 and DNA methylation to silence transcription[END_REF] G9a is overexpressed in many different cancer types, including MM, resulting in the repression of tumor suppressor genes, like p53, CDH1, RUNX3 and E-cadherin. [START_REF] Smedt | The Epigenome in Multiple Myeloma: Impact on Tumor Cell Plasticity and Drug Response[END_REF][START_REF] Zhang | Frequent upregulation of G9a promotes RelBdependent proliferation and survival in multiple myeloma[END_REF] High G9a expression is often associated with poor prognosis and G9a-targeting, using shRNA or specific small molecule inhibitors, inhibits proliferation, migration and metastasis of cancer cells. [START_REF] Smedt | The Epigenome in Multiple Myeloma: Impact on Tumor Cell Plasticity and Drug Response[END_REF][START_REF] Casciello | Functional Role of G9a Histone Methyltransferase in Cancer[END_REF][START_REF] Guan | Analysis of EHMT1 expression and its correlations with clinical significance in esophageal squamous cell cancer[END_REF][START_REF] Segovia | Inhibition of a G9a/DNMT network triggers immune-mediated bladder cancer regression[END_REF] A recent study showed that simultaneous targeting of DNMTs and G9a in acute myeloid leukemia (AML), acute lymphoblastic leukemia (ALL) and diffuse large B-cell lymphoma (DLBCL) cell lines using the dual G9a/DNMTs inhibitor CM-272 inhibits proliferation and promotes apoptosis by inducing interferon-stimulated genes and immunogenic cell death. [START_REF] Jose-Eneriz | Discovery of first-in-class reversible dual small molecule inhibitors against G9a and DNMTs in hematological malignancies[END_REF] Moreover, CM-272 significant prolonged survival of AML, ALL and DLBCL xenograft mice. The authors also suggested a potential role for G9a in MM as CM-272 decreased viability of human MM cell lines (HMCLs), but they did not determine the exact contribution of G9a in the CM-272-mediated MM cell death. In MM, copy number amplifications of G9a are frequent in patient samples. [START_REF] Dupere-Richer | Epigenetic regulatory mutations and epigenetic therapy for multiple myeloma[END_REF] Moreover, only very recently, G9a was shown overexpressed in HMCLs and G9a shRNA inhibited proliferation in vitro and tumorigenesis in xenograft mice. [START_REF] Zhang | Frequent upregulation of G9a promotes RelBdependent proliferation and survival in multiple myeloma[END_REF] However, the mechanisms of action were not thoroughly investigated nor was the capacity to boost the anti-myeloma activity of proteasome inhibitors.

Moreover, to the best of our knowledge, no studies have yet investigated the expression and prognostic value of GLP in MM patients nor have they validated the therapeutic value of G9a/GLP-targeting using primary human MM samples and syngeneic, immunocompetent murine myeloma models.

Here, we investigated the expression and prognostic value of G9a and GLP in MM patients and the therapeutic potential of G9a/GLP-targeting using a large panel of cell lines, primary MM samples and the fully immunocompetent murine 5TGM1 model. In addition, we also explored the potential of G9a/GLP-targeting to boost the anti-myeloma activity of proteasome inhibitors (PIs).

Methods

Cell lines

The HMCLs AMO-1, OPM-2 and LP-1 were obtained from ATCC (Molsheim, France). These HMCLs and the murine MM cell lines 5T33MMvt and 5TGM1 were cultured in RPMI-1640 medium, supplemented with 10% FCS (Biochrom AG, Berlin, Germany) and 2mM L-glutamine. The IL-6 dependent cell lines XG-1, XG-2, XG-7, XG-11, XG-19, XG20 and XG-24 were obtained as previously described and maintained in the presence of 2ng/ml recombinant IL-6 (R&D systems, Oxon, UK), 10% FCS and 2mM L-glutamine. [START_REF] Moreaux | A high-risk signature for patients with multiple myeloma established from the molecular classification of human myeloma cell lines[END_REF] Cell line identity was regularly checked by short-tandem repeat analysis and cells were regular screened for mycoplasma contamination.

Mice

C57Bl/KaLwRij mice were purchased from Envigo (Horst, The Netherlands). Mice were housed and treated following conditions approved by the Ethical Committee for Animal Experiments, VUB (CEP 14-281-5). The 5TGM1 model originated from aging C57BL/KaLwRij mice that spontaneously developed 5T33MM. [START_REF] Maes | The genetic landscape of 5T models for multiple myeloma[END_REF] At day 0, naive C57BL/KaLwRij mice were injected with 2x10 6 5TGM1 cells containing firefly luciferase. [START_REF] Goyvaerts | Antigen-presenting cell-targeted lentiviral vectors do not support the development of productive T-cell effector responses: implications for in vivo targeted vaccine delivery[END_REF] In a first experiment, mice were treated 3 times a week with 20mg/kg BIX01294 for 2 weeks via intraperitoneal injection in a therapeutic setting; with injections starting at the moment of established disease (day 14). Tumor development was monitored by non-invasive in vivo bioluminescence imaging (BLI) measuring total photon flux at day 30 using the Biospace Lab Photo Imager. D-luciferin (Promega Corporation, Madison, USA) was administrated intravenously. When individual mice showed signs of morbidity, they were sacrificed. In a second experiment, mice with established disease were treated with BIX01294 (10mg/kg, intraperitoneal injection, 3 times per week) and/or bortezomib (0.6mg/kg, subcutaneous injection, 2 times per week). When vehicle mice showed signs of morbidity, all mice were sacrificed and the effect on BM plasmacytosis was analyzed. BM mononuclear cells were isolated and spotted onto microscope slides using a cytocentrifuge. The slides were then stained by May-Grünwald-Giemsa for manual counting of the BM plasmacytosis. Finally, in a third experiment, mice with established were treated similar as in experiment 2, but this time the effect on overall survival was analyzed.

Gene expression data

The expression and prognostic value of G9a and GLP mRNA in terms of overall survival (OS) was determined using the publicly available RNAseq data of newly diagnosed MM patients from the Multiple Myeloma Research Foundation's (MMRF) CoMMpass study (https://research.themmrf.org/, release IA12). In addition, we also performed RNAseq analysis on BM samples collected from 68 patients treated with high-dose Melphalan and autologous stem cell transplantation. BM samples were collected after patients' written informed consent in accordance with the Declaration of Helsinki and institutional research board approval from Montpellier University Hospital. MM cells were purified using anti-CD138 MACS microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany). We termed this validation cohort the Montpellier cohort. We also used Affymetrix data of relapsed MM patients subsequently treated with bortezomib (GSE9782) from the study of Mulligan et al. [START_REF] Mulligan | Gene expression profiling and correlation with outcome in clinical trials of the proteasome inhibitor bortezomib[END_REF] To determine the effect of G9a/GLP-targeting on gene expression, OPM2, XG20 and XG24 cells were cultured for 24 hours with/without 5 μM BIX01294 or UNC0638. RNA samples were collected as previously described and their gene expression profile (GEP) obtained using Affymetrix U133 plus 2.0 microarrays. [START_REF] Herviou | PRC2 targeting is a therapeutic strategy for EZ score defined high-risk multiple myeloma patients and overcome resistance to IMiDs[END_REF] 

Statistical analysis

Statistical analysis was performed using GraphPad Prism 5.0 software and Genomicscape. A Mann-Whitney and one-way ANOVA test was used to compare 2 groups or multiple groups respectively. GEP data was normalized with MAS5 algorithm and analysed with GenomicScape and R and Bioconductor programs. [START_REF] Gentleman | Bioconductor: open software development for computational biology and bioinformatics[END_REF][START_REF] Kassambara | GenomicScape: an easy-to-use web tool for gene expression data analysis. Application to investigate the molecular events in the differentiation of B cells into plasma cells[END_REF] Gene set expression analysis (GSEA) was used to identify genes and pathways differentially expressed. Difference in overall survival was assayed with a log-rank test and survival curves plotted using the Kaplan-Meier method. The prognostic value of G9a and GLP was computed using maximally selected rank test from R package Maxstat, allowing to determine the optimal cut point for continuous variables. [START_REF] Kassambara | Genes with a spike expression are clustered in chromosome (sub)bands and spike (sub)bands have a powerful prognostic value in patients with multiple myeloma[END_REF] 

Data sharing statement

Data may be requested from the corresponding authors at Elke.De.Bruyne@vub.be and jerome.moreaux@igh.cnrs.fr.

For further details and other methods, see supplemental methods.

Results

High G9a levels are associated with a worse outcome in MM patients

First we evaluated the G9a and GLP mRNA levels in newly diagnosed patients using the publicly available RNAseq data of 674 patients from the MMRF CoMMpass study. Both G9a and GLP were found heterogeneously expressed (Figure 1A). Next, we analyzed the relation between G9a and GLP mRNA levels and disease outcome using the Maxstat R algorithm. [START_REF] Hothorn | Generalized maximally selected statistics[END_REF] Patients with high G9a mRNA levels had a significant worse outcome than patients with low G9a mRNA levels (Figure 1B). These findings were validated in a second, independent cohort of newly diagnosed patients (the Montpellier cohort, n=68) and in a cohort of 188 patients treated with bortezomib monotherapy after relapse (Figure 1C-D). In contrast, no significant association between GLP expression and outcome was identified in the different cohorts (Supplementary Figure S1). Together, these findings demonstrate that G9a is an adverse prognostic factor in MM and high G9a expression is associated with MM disease progression.

G9a/GLP-targeting impairs growth and survival of MM cells

To investigate the role of G9a/GLP in MM, we first assessed the effect of the small-molecule G9a/GLP inhibitors BIX01294 and UNC0638 on MM cell viability using a panel of 10 HMCLs. G9a/GLP-targeting resulted in a clear decrease in MM cell viability in most cell lines, with IC50 values ranging between 1,2-3,39 µM and 2,71-17,4 µM for BIX01294 and UNC0638 respectively (Figure 2A). Subsequent flow cytometric analysis revealed a significant drop in the number of cells in S-phase together with a clear accumulation of cells in the G0/G1-phase in OPM-2 and XG-20 cells, when cells were treated with 5 µM of either inhibitor (Figure 2B and Supplementary Figure S2). Treatment with BIX01294 also significantly increased the percentage Ki67 negative cells associated with quiescence and the number of apoptotic cells (Figure 2C-D). Finally, BIX01294 treatment reduced viability of primary human CD138+ MM cells in most patient samples tested (n=12, Figure 2E). Patient characteristics are provided in Supplementary Table S1.

To validate the role of G9a in the anti-myeloma effects mediated by BIX01294/UNC0638, we then performed loss of functions studies. XG-7 cells were transduced with doxycycline inducible lentiviral constructs expressing 3 different shRNAs targeting G9a (ShG9a#1-3). All three ShG9a constructs strongly reduced G9a mRNA and protein levels when doxycycline was added compared to control (Figure 3A-B). Moreover, genetic depletion of G9a by ShG9a construct 1 (shG9a#1) strongly reduced MM cell growth (Figure 3C).

G9a/GLP-targeting induces autophagy-associated apoptosis in MM cells

Next, we investigated the molecular mechanisms underlying the anti-myeloma activity of G9a/GLP inhibition. To confirm the on-target effects of BIX01924, we first evaluated the effect on H3K9 methylation levels. BIX01294 strongly reduced H3K9me2 and/or H3K9me3 levels (the latter only in OPM-2 cells) while leaving H3K9me levels largely unaffected, thus confirming effective inhibition of G9a/GLP enzymatic activity under these treatments (Figure 4A). In addition, genetic inhibition of G9a (ShG9a#1-3) resulted in a similar decrease in H3K9me2 and H3K9me3 levels (Figure 4B). Since many reports have shown a clear role for G9a in negatively regulating autophagy, we next performed immunofluorescent staining for LC3B-II and α-tubulin. [START_REF] Wake | UBE2QL1 is disrupted by a constitutional translocation associated with renal tumor predisposition and is a novel candidate renal tumor suppressor gene[END_REF][START_REF] Wang | Oncogenic role of microRNA-20a in human multiple myeloma[END_REF] As expected, we observed a clear increase in LC3B-II puncta in MM cells upon treatment with either BIX01294 or UNC0638 (Figure 4C and Supplementary Figure S3). This increase in LC3B-II was also confirmed by western blot (Figure 4D-E). Western blot analysis further showed that BIX01294 blocks mTORC1-mediated autophagy inhibition and mTORC1-mediated protein translation as evidenced by decreased phosphorylation of Akt at serine residue (Ser) 473, ULK at Ser 757, mTOR at Ser2448, 4EBP1 at Thr37/46 and eIF4E at Ser209. BIX01294 treatment also strongly reduced Beclin and c-MYC levels, while increasing p21 levels (Figure 4D-E). Importantly, although BIX01294 also moderately increased the amount of active caspase3/7, addition of the pan-caspase inhibitor Q-VD-OPh did not rescue the cells from BIX01294 or UNC0638 mediated cell death as compared to melphalan-induced cell death, suggesting that the observed apoptosis is not caspase dependent (Supplementary Figure S4).

In line with the western blot data, qRT-PCR also revealed a strong reduction of c-myc mRNA levels and deregulation of genes involved in autophagy regulation, including downregulation of mTOR and eIF4E and upregulation of ATG4 (Figure 4F and Supplementary Figure S5). Finally, we found that the well-known autophagy inhibitor 3-methyladenine (3-ME) [START_REF] Kocaturk | Autophagy as a molecular target for cancer treatment[END_REF] partially protected MM cells against BIX01294 mediated apoptosis, thus further confirming the role of autophagy induction in the BIX01294/UNC0638 mediated cell death (Figure 4G).

Genes deregulated by G9a/GLP-targeting are associated with repressive marks

To analyze transcriptional programs regulated by G9a/GLP in MM cells, OPM-2, XG-20 and XG-24 cells were treated with BIX01294 or UNC0638 for 24h and the GEP was analyzed using Affymetrix microarrays. Ninety-one genes were significantly upregulated and 23 downregulated in the treated cells compared to control (Fold change ≥ 1.5, FDR ≤ 0.05, Supplementary Table S2 and Supplementary Figure S6). GSEA analysis revealed a significant enrichment in polycomb PRC2 target genes, genes associated with DNA methylation, HDAC targets and genes involved in immune response, interferon and chemokine pathways (Figure 5A). Among the upregulated genes, we validated the increased expression upon BIX-01294 treatment for CCL3, an important chemokine implicated in both immune surveillance and tolerance [START_REF] Ntanasis-Stathopoulos | CCL3 Signaling in the Tumor Microenvironment[END_REF] , using qRT-PCR (Figure 5B). Importantly, 73 of the upregulated genes were found associated with the H3K9me3 mark (Figure 5C, Supplementary Table S3). Apart from CCL3, we also identified EGR2, described as a tumor suppressor gene in MM, TRIM69 involved in autophagy, CASP1 taking part in the activation of pyroptosis and inflammasome, and UBE2QL1 involved in ubiquitination and degradation of mTOR (Supplementary Figure S7). [START_REF] Hatakeyama | TRIM Family Proteins: Roles in Autophagy, Immunity, and Carcinogenesis[END_REF][START_REF] Li | Dysregulation of the NLRP3 inflammasome complex and related cytokines in patients with multiple myeloma[END_REF][START_REF] Wake | UBE2QL1 is disrupted by a constitutional translocation associated with renal tumor predisposition and is a novel candidate renal tumor suppressor gene[END_REF][START_REF] Wang | Oncogenic role of microRNA-20a in human multiple myeloma[END_REF] 

BIX01294 delays tumor progression in vivo

Next, we wanted to validate the anti-myeloma activity of G9a/GLP-trageting in vivo using the syngeneic, immunocompetent murine 5TMM models. For this, we first confirmed the antimyeloma activity in vitro using the murine cell lines 5T33MMvt and 5TGM1 and primary murine 5T33MMvv cells. Again, BIX01294 and UNC0638 potently reduced MM cell viability and induced apoptosis (Figure 6A-B). Since BIX01294 is known to have a narrow therapeutic window [START_REF] Cao | Recent progress in histone methyltransferase (G9a) inhibitors as anticancer agents[END_REF] , we then first evaluated the effect of two weeks of BIX01294 treatment (10 and 20 mg/kg) on white blood cell, red blood cell and platelet count and hemoglobin levels in naïve mice. We observed no major changes in these hematological parameters upon treatment with BIX01294 (Supplementary Figure S8). Next, we studied the in vivo effect of BIX01294 treatment in the 5TGM1 model. Mice with established disease were treated therapeutically with BIX01294 (20 mg/kg) for 2 weeks (Figure 6C). Tumor development was monitored on day 30 post-inoculation by non-invasive in vivo BLI. BIX01294 treatment strongly reduced tumor burden compared to vehicle treated mice (Figure 6D). Moreover, BIX01294 monotherapy significantly prolonged overall survival of 5TGM1 inoculated mice compared to vehicle (Figure 6E).

G9a/GLP-targeting potentiates the anti-MM effect of proteasome inhibitors

We also investigated if BIX01294 could increase the therapeutic benefit of the PIs bortezomib and carfilzomib. Co-treatment of MM cells with bortezomib and BIX01294 strongly increased the number of apoptotic cells compared to both single agents in murine cell lines, but not in the HMCL (Supplementary Figure S9). Nevertheless, combination experiments using the second-generation PI carfilzomib did significantly and synergistically increase the percentage of apoptotic cells compared to single agent therapy and this both in murine cells and HMCL (Figure 7A and Supplementary Figure S9). Importantly, the combinatory effect was also confirmed when targeting G9a via genetic depletion using shG9a#1 in the XG-7 cells (IC50 of 0.0261 nM for DOX compared to 0.358 for control, Figure 7B) and on primary MM cells (Figure 7C, patient characteristics provided in Supplementary Table 4). In contrast, we observed only minimal (combinatory) effects of BIX01297 and/or carfilzomib on the nonmyeloma fraction of the primary BM samples (Supplementary Figure S8). Moreover, shG9a#1 did not sensitize the XG-7 cells to the immunomodulating agent lenalidomide and only minimal to pomalidomide (Supplementary Figure S9). Western blot analysis revealed that the increased sensitivity toward PIs was associated with a further reduction in mTOR signaling and c-MYC levels, and an increase in p-38 and SAPK/JNK signaling (Figure 7D).

In a proof of principle study, we then investigated the combination of BIX01294 and bortezomib in vivo. In a first experiment, 5TGM1 mice with established disease were treated with a suboptimal dose of bortezomib and/or BIX01294 in a therapeutic setting (Figure 7E) and the effect on tumor burden was evaluated. We observed a significant reduction in the BM plasmacytosis in mice treated with bortezomib (p<0.05) and the combination (p<0.001) compared to vehicle treated mice. Moreover, although not significant, we observed a clear trend for a further reduction in tumor burden in combo treated mice versus bortezomib treated mice (Figure 7E). Of note, we observed no significant weight loss upon 2 weeks of treatment with BIX1294 and/or carfilzomib (Supplementary Figure S8). Finally, in a second experiment, we also evaluated the effect on overall survival. In line with the effects on tumor burden, a suboptimal dose of BIX01294 did not change the overall survival of 5TGM1inoculated mice (Figure 7F). In contrast, and as expected, bortezomib did significantly prolong overall survival of the 5TGM1 mice, with a median survival of 41 days compared to 35 days for the vehicle treated mice. Importantly, combining bortezomib with BIX01294 further prolonged overall survival of the mice compared to treatment with either agent alone (median survival of 48 days, p<0.05), thus again confirming that BIX01294 boosts the antimyeloma activity of PIs.

Discussion

Aberrant epigenetic regulation plays a major role in cancer, including MM. The reversible nature of the epigenetic modifications has led to the development of many drugs targeting the epigenetic machinery. The classical, broad-acting DNMT inhibitors and HDACi have proven useful in MM therapy, especially the pan-HDACi panobinostat. However, these epidrugs are often associated with severe toxicity issues, thus limiting the broad application in the clinic.

Therefore, novel drugs targeting methylation of specific histone lysine residues are currently under investigation. [START_REF] Smedt | The Epigenome in Multiple Myeloma: Impact on Tumor Cell Plasticity and Drug Response[END_REF] Previous studies have shown increased expression of the HMT G9a in different cancers, associated with tumor suppressor silencing, migration and a worse outcome. [START_REF] Smedt | The Epigenome in Multiple Myeloma: Impact on Tumor Cell Plasticity and Drug Response[END_REF] Also in MM, G9a overexpression in HMCLs was recently reported and patients with high G9a levels were found to display a significant worse outcome. [START_REF] Zhang | Frequent upregulation of G9a promotes RelBdependent proliferation and survival in multiple myeloma[END_REF] In the present study, we validated the prognostic value of G9a in two independent cohorts of newly diagnosed patients and one cohort of relapsed patients.

Given the important role of G9a in cancer, a growing number of G9a/GLP inhibitors have been developed and tested in the preclinical setting. [START_REF] Cao | Recent progress in histone methyltransferase (G9a) inhibitors as anticancer agents[END_REF] These inhibitors can be divided in substrate competitive inhibitors, S-adenosyl-methionine (SAM) cofactor competitive inhibitors and inhibitors with unclear mechanisms. Substrate competitive inhibitors specifically block the substrate binding site instead of competing with SAM and are thus more selective than the SAM competitive inhibitors. In our study, we used the substrate competitive inhibitors BIX01294 and UNC0638, with UNC0638 being an improved version of BIX01294 displaying superior selectivity for G9a and GLP and a superior toxicity/function ratio. [START_REF] Cao | Recent progress in histone methyltransferase (G9a) inhibitors as anticancer agents[END_REF] Both inhibitors were extensively reported to induce potent anti-tumor activity in various cancers. [START_REF] Smedt | The Epigenome in Multiple Myeloma: Impact on Tumor Cell Plasticity and Drug Response[END_REF][START_REF] Cao | Recent progress in histone methyltransferase (G9a) inhibitors as anticancer agents[END_REF] In line with these studies, we found that BIX01294 and UNC0638 strongly reduced MM cell viability and growth and promoted apoptosis in human and murine MM cell lines. Importantly, in line with the earlier study reported by Zhang et al, genetic depletion of G9a using ShG9a also strongly reduced MM cell growth, thus confirming that the anti-myeloma effects induced by BIX01294/UNC0638 are at least partially mediated by G9a. [START_REF] Zhang | Frequent upregulation of G9a promotes RelBdependent proliferation and survival in multiple myeloma[END_REF] The potent anti-MM activity was also confirmed using primary patient samples and the syngeneic, fully immunocompetent murine 5TGM1 model. Only very recently, Zhang et al showed that G9a shRNA impairs RelB-dependent cell survival and proliferation of HMCLs and reduces MM growth in a xenograft model in a prophylactic setting. [START_REF] Zhang | Frequent upregulation of G9a promotes RelBdependent proliferation and survival in multiple myeloma[END_REF] Here, we show that simultaneous targeting of G9a/GLP for only 2 weeks in fully immunocompetent mice with established disease (a therapeutic and thus more clinically relevant setting) also resulted in a significant delay in tumor progression.

G9a and GLP contribute to tumorigenesis via diverse molecular mechanisms. [START_REF] Smedt | The Epigenome in Multiple Myeloma: Impact on Tumor Cell Plasticity and Drug Response[END_REF][START_REF] Casciello | Functional Role of G9a Histone Methyltransferase in Cancer[END_REF][START_REF] Cao | Recent progress in histone methyltransferase (G9a) inhibitors as anticancer agents[END_REF] The bestdescribed mechanism is H3K9me2-mediated transcriptional repression of tumor suppressors. [START_REF] Smedt | The Epigenome in Multiple Myeloma: Impact on Tumor Cell Plasticity and Drug Response[END_REF][START_REF] Casciello | Functional Role of G9a Histone Methyltransferase in Cancer[END_REF][START_REF] Cao | Recent progress in histone methyltransferase (G9a) inhibitors as anticancer agents[END_REF] Here, we show that G9a/GLP-targeting (using either chemical or genetic inhibition) resulted in a strong decrease in H3K9me2 levels. This is in line with reports showing that G9a/GLP complexes mainly catalyze H3K9me2. [START_REF] Tachibana | G9a/GLP complexes independently mediate H3K9 and DNA methylation to silence transcription[END_REF][START_REF] Zhang | Frequent upregulation of G9a promotes RelBdependent proliferation and survival in multiple myeloma[END_REF][START_REF] Cao | Recent progress in histone methyltransferase (G9a) inhibitors as anticancer agents[END_REF] Genes transcriptional affected by BIX01294 or UNC0638 in MM cells were significantly enriched in polycomb PRC2 target genes, genes associated with DNA methylation, HDAC targets and genes involved in immune response, interferon and chemokine pathways. These data underline that G9a/GLP target genes could comprise key MM tumor suppressors silenced through different epigenetic mechanisms, such as CASP1 and EGR2. [START_REF] Li | Dysregulation of the NLRP3 inflammasome complex and related cytokines in patients with multiple myeloma[END_REF][START_REF] Wang | Oncogenic role of microRNA-20a in human multiple myeloma[END_REF] A second well-described mechanism by which G9a contributes to cancer biology is through autophagy repression. [START_REF] De Narvajas | Epigenetic regulation of autophagy by the methyltransferase G9a[END_REF][START_REF] Ding | The histone H3 methyltransferase G9A epigenetically activates the serine-glycine synthesis pathway to sustain cancer cell survival and proliferation[END_REF][START_REF] Kim | BIX-01294 induces autophagy-associated cell death via EHMT2/G9a dysfunction and intracellular reactive oxygen species production[END_REF] Autophagy is a highly regulated catabolic process stimulated via different stress stimuli. [START_REF] Acevo-Rodriguez | Autophagy Regulation by the Translation Machinery and Its Implications in Cancer[END_REF][START_REF] Pierzynowska | Autophagy stimulation as a promising approach in treatment of neurodegenerative diseases[END_REF] Upon stimulation, cellular components are incorporated into autophagosomal vesicles, followed by fusion with lysosomes, forming autolysosomes and causing the degradation of the cellular content. The role of autophagy in cancer is still controversial, since it appears to prevent early tumor formation but is also able to promote tumor survival. [START_REF] Acevo-Rodriguez | Autophagy Regulation by the Translation Machinery and Its Implications in Cancer[END_REF][START_REF] Pierzynowska | Autophagy stimulation as a promising approach in treatment of neurodegenerative diseases[END_REF][START_REF] Bhutia | Autophagy: cancer's friend or foe? Advances in cancer research[END_REF] Under normal physiological conditions, autophagy plays an important role in maintaining cellular homeostasis. However, long-term and intensive autophagy can lead to caspase-independent cell death, called autophagy-associated apoptosis. [START_REF] Acevo-Rodriguez | Autophagy Regulation by the Translation Machinery and Its Implications in Cancer[END_REF][START_REF] Pierzynowska | Autophagy stimulation as a promising approach in treatment of neurodegenerative diseases[END_REF][START_REF] Bhutia | Autophagy: cancer's friend or foe? Advances in cancer research[END_REF] A common way to analyze autophagy is by studying the accumulation and intracellular localization of microtubule-associated protein light chain (LC3)-II. Previously, G9a/GLP-targeting using BIX01294 was shown to induce autophagy-associated apoptosis in different cancers. [START_REF] Ding | The histone H3 methyltransferase G9A epigenetically activates the serine-glycine synthesis pathway to sustain cancer cell survival and proliferation[END_REF][START_REF] Kim | BIX-01294 induces autophagy-associated cell death via EHMT2/G9a dysfunction and intracellular reactive oxygen species production[END_REF][START_REF] Ahmad | G9a inhibition induced PKM2 regulates autophagic responses[END_REF][START_REF] Li | G9a Inhibition Induces Autophagic Cell Death via AMPK/mTOR Pathway in Bladder Transitional Cell Carcinoma[END_REF][START_REF] Yin | G9a promotes cell proliferation and suppresses autophagy in gastric cancer by directly activating mTOR[END_REF] In line with these reports, we found that both BIX01294 and UNC0638 promoted autophagyassociated apoptosis in MM cells, as evidenced by a strong increase in LC3B-II levels and LC3B puncta formation together with a strong increase in caspase-independent apoptosis. Furthermore, the autophagy inhibitor 3-methyladenine partially protected against BIX01294induced apoptosis, thus further confirming the role of autophagy in the BIX01294-induced apoptosis.

The induction of autophagy is regulated via several signaling pathways, the most important being the mTOR-signaling pathway. [START_REF] Acevo-Rodriguez | Autophagy Regulation by the Translation Machinery and Its Implications in Cancer[END_REF][START_REF] Pierzynowska | Autophagy stimulation as a promising approach in treatment of neurodegenerative diseases[END_REF] The serine/threonine kinase mammalian target of rapamycin (mTOR kinase) forms the catalytic subunit of two functionally distinct multiprotein complexes, mTORC1 and mTORC2. The mTORC1-signaling pathway plays an important role in maintaining cellular homeostasis by promoting growth, survival, translation, ribosome biogenesis and lipid synthesis. [START_REF] Acevo-Rodriguez | Autophagy Regulation by the Translation Machinery and Its Implications in Cancer[END_REF][START_REF] Pierzynowska | Autophagy stimulation as a promising approach in treatment of neurodegenerative diseases[END_REF] Aberrant activation of this pathway correlates with disease progression and resistance to therapy in MM. [START_REF] Tong | Montelukast enhances cytocidal effects of carfilzomib in multiple myeloma by inhibiting mTOR pathway[END_REF] Importantly, mTOR signaling inhibits autophagy both directly and indirectly. [START_REF] Acevo-Rodriguez | Autophagy Regulation by the Translation Machinery and Its Implications in Cancer[END_REF][START_REF] Pierzynowska | Autophagy stimulation as a promising approach in treatment of neurodegenerative diseases[END_REF][START_REF] Eichner | Cross Talk Networks of Mammalian Target of Rapamycin Signaling With the Ubiquitin Proteasome System and Their Clinical Implications in Multiple Myeloma[END_REF] Under physiological conditions, mTORC1 stimulates protein translation, cell growth and survival and inhibits autophagy by phosphorylating ULK1/2 at S757 and S637 residues, blocking its catalytic activity and interaction with AMPK. Upon autophagy induction, mTOR is inactivated allowing ULK1 S757/637 dephosphorylation. As a result, ULK1 will become activated and autophagosome membrane formation is started. In our study, we observed a clear decrease in phosphorylation of Akt, mTOR and ULK1 S757/637 in the MM cells upon BIX-01294 treatment. These findings are in line with previous reports showing that G9a targeting induces autophagy through the mTOR signaling pathway in cancer cells. [START_REF] Li | G9a Inhibition Induces Autophagic Cell Death via AMPK/mTOR Pathway in Bladder Transitional Cell Carcinoma[END_REF][START_REF] Yin | G9a promotes cell proliferation and suppresses autophagy in gastric cancer by directly activating mTOR[END_REF] Moreover, G9a is also responsible for the epigenetic silencing of autophagy-related genes such as LC3B, WIPI1 and DOR in pancreatic cancer cells. [START_REF] De Narvajas | Epigenetic regulation of autophagy by the methyltransferase G9a[END_REF] In line with this, we found that BIX01294/UNC0638 deregulated the expression of several autophagy related genes, including mTOR, WIPI1, ATG4D and ATG7, in MM cells. Furthermore, BIX01294 induces upregulation of UB2QL1, which is known to participate in mTOR ubiquitination and degradation. [START_REF] Wake | UBE2QL1 is disrupted by a constitutional translocation associated with renal tumor predisposition and is a novel candidate renal tumor suppressor gene[END_REF] Importantly, we also observed a clear decrease in the phosphorylation and expression levels of the mTORC1 target 4EBP1 upon BIX01294 treatment. Previous studies have shown that 4EBP1 is inhibiting autophagy. [START_REF] Acevo-Rodriguez | Autophagy Regulation by the Translation Machinery and Its Implications in Cancer[END_REF] Importantly, hypophosophorylated 4EBPs will also block cap-dependent translation by binding with high affinity to eIF4E. [START_REF] Acevo-Rodriguez | Autophagy Regulation by the Translation Machinery and Its Implications in Cancer[END_REF][START_REF] Pierzynowska | Autophagy stimulation as a promising approach in treatment of neurodegenerative diseases[END_REF] A key MM tumor suppressor likely to be strongly affected by blocking protein synthesis is the transcription factor c-MYC; a very unstable protein with an half-life of only 20 to 30 minutes. [START_REF] Farrell | MYC degradation[END_REF] C-MYC binds to promotor regions of genes involved in cell cycle regulation and metabolism. [START_REF] Miller | c-Myc and cancer metabolism. Clinical cancer research : an official journal of the American Association for[END_REF] Overexpression of c-MYC was reported in various cancers, including MM, where deregulated MYC expression is found in 50% of the patients. [START_REF] Holien | MYC amplifications in myeloma cell lines: correlation with MYC-inhibitor efficacy[END_REF] An increase in c-MYC protein levels has been associated with MM onset and progression and an inferior overall survival. [START_REF] Tong | Montelukast enhances cytocidal effects of carfilzomib in multiple myeloma by inhibiting mTOR pathway[END_REF][START_REF] Holien | MYC amplifications in myeloma cell lines: correlation with MYC-inhibitor efficacy[END_REF][START_REF] Moller | Myc protein overexpression is a feature of progression and adverse prognosis in multiple myeloma[END_REF] In hematological cancers, c-MYC overexpression results in mTOR-mediated 4EBP1 hyperphosphorylation, thus creating a viscous cycle. Consequently, mTOR inhibition strongly decreases tumor burden in vivo in MM. [START_REF] Farrell | MYC degradation[END_REF] Other studies also demonstrated the importance of targeting the mTOR-cMYC axis in different cancers. [START_REF] Liu | A functional mammalian target of rapamycin complex 1 signaling is indispensable for c-Myc-driven hepatocarcinogenesis[END_REF][START_REF] Shin | Suppression of c-Myc induces apoptosis via an AMPK/mTOR-dependent pathway by 4-O-methyl-ascochlorin in leukemia cells[END_REF] As expected, we observed a strong decrease in c-MYC protein levels upon BIX01294 treatment, indicating that G9a/GLP inhibition also induces autophagy-associated apoptosis by targeting the mTORC1/4EBP1/c-MYC pathway in MM cells. Of note, epigenetic proteins have emerged as critical regulators of c-MYC at multiple levels in cancer. [START_REF] Poole | MYC-Master Regulator of the Cancer Epigenome and Transcriptome[END_REF] In MM, targeting the bromodomain and extraterminal (BET) family member BRD4 using the BETi JQ-1 is well-known to potently suppress MYC transcription. [START_REF] Carew | Rational cotargeting of HDAC6 and BET proteins yields synergistic antimyeloma activity[END_REF][START_REF] Delmore | BET bromodomain inhibition as a therapeutic strategy to target c-Myc[END_REF][START_REF] Shi | The mechanisms behind the therapeutic activity of BET bromodomain inhibition[END_REF] Moreover, we and others previously showed that treatment with HDACi and/or DNMTi suppresses MYC transcription and/or the MYC transcriptome. [START_REF] Carew | Rational cotargeting of HDAC6 and BET proteins yields synergistic antimyeloma activity[END_REF][START_REF] Bruyer | DNMTi/HDACi combined epigenetic targeted treatment induces reprogramming of myeloma cells in the direction of normal plasma cells[END_REF] In addition, we also showed that HDACi and/or DNMTi treatment downregulates IRF4, an essential MM survival factor that also targets MYC. [START_REF] Shaffer | IRF4 addiction in multiple myeloma[END_REF] In line with these reports, we found that G9a/GLP-targeting also suppresses MYC transcription. Of interest, it was recently also shown in breast cancer that G9a interacts with MYC to drive tumorigenesis. [START_REF] Tu | MYC Interacts with the G9a Histone Methyltransferase to Drive Transcriptional Repression and Tumorigenesis[END_REF] G9a appeared essential for MYC-mediated transcriptional repression and inhibiting G9a de-repressed expression of MYC-repressed genes resulting in suppressed MYC-driven tumor growth. Moreover, in line with our findings, the authors also observed a modest reduction in c-MYC protein levels upon G9a and/or GLP silencing when cells are cultured under normal growing conditions. Also, in human pancreatic ductal adenocarcinoma KP-4 cells it was moreover recently shown that BRD4 and G9a are working together to negatively regulate autophagy at the transcriptional level in growing conditions. [START_REF] Sakamaki | Bromodomain Protein BRD4 Is a Transcriptional Repressor of Autophagy and Lysosomal Function[END_REF] Targeting either BRD4 or G9a both enhanced autophagic flux, whereas simultaneous targeting of BRD4 and G9a did not further enhance autophagy activity, suggesting that they both act on the same pathway. Based on this, it is tempting to speculate that G9a and BRD4 are also working together to regulate the MYC transcriptome in MM. It will be interesting to investigate this further in future studies. Finally, similar to what we observed, the bivalent BETi AZD5153 was shown to repress MYC, E2F and mTOR target gene transcription in MM cells. [START_REF] Rhyasen | AZD5153: A Novel Bivalent BET Bromodomain Inhibitor Highly Active against Hematologic Malignancies[END_REF] Moreover, the authors provided evidence that MM cell lines sensitive to AZD5153 exhibited a marked decrease in the level of mTOR pathway-associated proteins (including p-p70S6K, PRAS40 and p-4EBP1) following AZD5153 treatment, whereas MYC proteins levels were decreased in both sensitive and resistant cell lines, suggesting that MYC downregulation alone was not sufficient to modulate cell survival. Together with our findings, these reports indicate that G9a is positively regulating c-MYC expression in MM cells and G9a/GLPtargeting represents a compelling strategy to disrupt the mTORC1/4EBP1/c-MYC axis in MM.

Finally, a bidirectional interplay between the mTOR pathway and the ubiquitin proteasome system has been reported. [START_REF] Eichner | Cross Talk Networks of Mammalian Target of Rapamycin Signaling With the Ubiquitin Proteasome System and Their Clinical Implications in Multiple Myeloma[END_REF] Blocking the proteasome results in the accumulation of proteins and a decrease in the pool of amino acids available for protein synthesis, thus reducing mTOR signaling and stimulating autophagy. [START_REF] Tong | Montelukast enhances cytocidal effects of carfilzomib in multiple myeloma by inhibiting mTOR pathway[END_REF] PI-based treatments are one of the cornerstones of MM therapy. The PI bortezomib is used in the first line setting, while the second-generation inhibitor carfilzomib has been approved for relapsed/refractory MM patients. Both inhibitors bind to the catalytic site of the 20S proteasome, inducing growth arrest and cell death. [START_REF] Eichner | Cross Talk Networks of Mammalian Target of Rapamycin Signaling With the Ubiquitin Proteasome System and Their Clinical Implications in Multiple Myeloma[END_REF][START_REF] Lub | Novel strategies to target the ubiquitin proteasome system in multiple myeloma[END_REF] Studies in MM showed synergistic effects when combining mTOR inhibitors and bortezomib. [START_REF] Eichner | Cross Talk Networks of Mammalian Target of Rapamycin Signaling With the Ubiquitin Proteasome System and Their Clinical Implications in Multiple Myeloma[END_REF][START_REF] Ghobrial | Weekly bortezomib in combination with temsirolimus in relapsed or relapsed and refractory multiple myeloma: a multicentre, phase 1/2, open-label, dose-escalation study[END_REF] In addition, recent studies showed that inhibition of c-MYC also sensitizes MM cells to PI therapy. [START_REF] Tong | Montelukast enhances cytocidal effects of carfilzomib in multiple myeloma by inhibiting mTOR pathway[END_REF][START_REF] Deng | Silencing c-Myc translation as a therapeutic strategy through targeting PI3Kdelta and CK1epsilon in hematological malignancies[END_REF][START_REF] Yao | Identification of a novel c-Myc inhibitor with antitumor effects on multiple myeloma cells[END_REF] In concordance, we found that BIX01294 sensitized MM cells to bortezomib and carfilzomib and this both in vitro and in vivo. The increased sensitivity towards PIs was associated with a further reduction in mTOR signaling and c-MYC levels and an increase in p-38 and JNK/c-Jun signaling. Zhao et al previously showed that autophagic cell death in non-small cell lung cancer is mediated through activation of the JNK and p38 MAPK pathways and inhibition of the mTOR signaling pathway. [START_REF] Zhao | Platycodin-D Induced Autophagy in Non-Small Cell Lung Cancer Cells via PI3K/Akt/mTOR and MAPK Signaling Pathways[END_REF] In MM patients, low c-Jun levels are correlated with an inferior survival and bortezomib resistance and overexpression of c-Jun overcomes this resistance. [START_REF] Chen | Identification of early growth response protein 1 (EGR-1) as a novel target for JUN-induced apoptosis in multiple myeloma[END_REF] Thus, activation of the JNK/c-Jun pathway upon combination treatment could also explain the observed boosting effects.

Together, our data provide evidence that G9a/GLP-targeting in MM cells induces autophagyassociated apoptosis and sensitizes MM cells to PI-based therapy by inhibiting mTOR signaling and decreasing c-MYC levels. G9a/GLP-targeting thus represents a promising new strategy to improve PI-based therapy in G9a high myeloma patients. 

9.

Figure 1 :

 1 Figure 1: Prognostic value and expression of G9a and GLP in MM. A) The expression profile of G9a and GLP was investigated in the MMRF cohort (n=674). B-D) The prognostic value of G9a in terms of overall survival (OS) was determined in newly diagnosed MM patients using the MMRF (B, n=674) and the Montpellier cohort (C, n=68) and in relapsed MM patients from the Mulligan cohort (D, n=188). Maxstat analysis was used to calculate the optimal separation of patients based on a cutoff value.

Figure 2 :

 2 Figure 2: Effect of G9a/GLP-targeting on MM cell viability, proliferation and apoptosis. A) Effect of UNC0638 or BIX01294 on cell viability. Cells were treated with increasing doses of UNC0638 and BIX01294. After 4 days, cell viability was assessed using the CellTiter-Glo Luminescent Cell viability assay. Data represent the IC50 value (in µM) calculated based on at least 3 independent experiments. B-C) Effect of UNC0638 or BIX01294 on proliferation. OPM-2 and XG-20 cells were treated with indicated concentrations of UNC0638 or BIX01294 for 48h and 72h. Using flow cytometry, cell cycle profiles based on DNA content were obtained after 72h (B) and Ki67 levels after 48h (C). Data represents mean ± SD of 3 independent experiments. D) Effect of UNC0638 or BIX01294 on apoptosis. OPM-2, XG-7 and XG-20 cells were treated with indicated doses of UNC0638 or BIX01294 for 48h. The effect on apoptosis was assessed using an annexinV-APC/7'AAD staining followed by flow cytometric analysis. The % apoptotic cells are the sum of the percentage annexinV (+) and annexinV (+)/7'AAD (+) cells. Data represent the mean ± SD of 3 independent experiments. * indicates p<0.05 compared to control. E) Effect of BIX01294 on primary human CD138+ MM cells. Mononuclear cells from 12 MM patients were treated with increasing doses of BIX01294 and cultured in the presence of IL-6 (1ng/mL). At day 4, the percentage CD138+ viable plasma cells was determined by flow cytometry. Bars represent values relative to control.

Figure 3 :

 3 Figure 3: Effect of inducible knockdown of G9a. A-B) Validation of G9a knockdown. XG-7 cells were transduced with 3 different shG9a constructs and cultured with or without doxycycline (Dox, 1 mg/ml) for 3 or 5 days after which G9a mRNA (A) and protein (B) levels were analyzed using qRT-PCR and western blot respectively. For the qRT-PCR data, data represent the mean ± SD of 3 independent experiments. For the western blot data, tubulin

Figure 4 :

 4 Figure 4: Underlying mechanisms of action of G9a/GLP-targeting in MM. A-B) Effect of G9a/GLP-targeting on H3K9me1-3 levels. A) Western blot analysis of H3K9me1, H3K9me2 and H3K9me3 levels in OPM-2 and XG-7 cells after 96h of treatment with or without BIX01294 (2 µM). B) XG-7 cells transduced with 3 different shG9a constructs were cultured with or without doxycycline (Dox, 1 mg/ml) for 7 days after which H3K9me2 and H3K9me3 levels were analyzed by western blot. Histone 3 was used as loading control and one experiment representative of 3 is shown. Quantification and normalization was performed with Image J and quantification relative to the control condition is shown. C) Effect of G9a/GLP-targeting on autophagy. Immunofluorescence staining for DAPI, LC3B and αtubulin on OPM-2 and XG-20 cells treated with or without 5µM BIX01294 or UNC0638 for 24h. Scale bar = 10 µm. Pictures shown are representative of 1 experiment, quantification data are based on 3 independent experiments. *** indicates p<0.005, **** indicates p<0.001. D-E) Western blot analysis of involved signaling pathways and downstream targets. OPM-2 (D) and XG-7 (E) cells were treated with 1,25 µM, 2,5µM and 5µM BIX01294 for 24h after which whole cell lysates were analyzed for indicated proteins. Tubulin was used as loading control and one experiment representative of 3 is shown. F) mRNA expression levels of MYC and eIF4E in OPM-2 and XG-7 cells treated with or without 5µM BIX01294 for 24h. Data represents mean ± SD of 3 independent experiments. * indicates p<0.05. G) Effect of the autophagy inhibitor 3-methyladenine on BIX01294 induced cell death. OPM-2 cells were pretreated for 4 hours with 3-methyladenine (1 & 2 mM) after which BIX01294 (2,5 µM) was added for an additional 48 hours. The effect on apoptosis was assessed using an annexinV-APC/7'AAD staining followed by flow cytometric analysis. The % apoptotic cells are the sum of the percentage annexinV (+) and annexinV (+)/7'AAD (+) cells. Data represent the mean ± SD of 3 independent experiments. * indicates p<0.05 compared to treatment with BIX01294 alone.

Figure 5 :

 5 Figure 5: Association of G9a/GLP-targeting and epigenetic repressive marks. A)Molecular signature of G9a/GLPi-target genes in three HMCLs (OPM-2, XG20 and XG24) was investigated using GSEA Database (all curated gene sets) and relevant pathways are presented (FDR q value ≤ 0.05). B) mRNA expression levels of CCL3 in OPM-2 and XG-7 cells treated with or without 5µM BIX01294 for 24h. Data represents mean ± SD of 3 independent experiments. * indicates p<0.05. C) Integrative genomics viewer (IGV) visualization of H3K9me3 enrichment on EGR2, TRIM69, UB2QL1, and CASP1 genes in XG-7 cells.

Figure 6 :

 6 Figure 6: Effect of BIX01294 treatment on tumor progression in the murine 5TGM1 model. A-B) Effect of G9a/GLP-targeting on murine MM cell viability (A) and apoptosis (B). A) The murine MM cell lines 5T33vv, 5T33vt and 5TGM1 were treated with increasing doses of UNC0638 and BIX01294. After 4 days, cell viability was assessed using CellTiter-Glo Luminescent Cell viability assay. Data represent the IC50 value (in µM) calculated based on at least 3 independent experiments. B) Effect of BIX01294 on apoptosis. 5T33vt and 5TGM1 cells were treated with indicated doses BIX01294 for 48h. The effect on apoptosis was assessed using an annexinV-APC/7'AAD staining followed by flow cytometric analysis. The % apoptotic cells are the sum of the percentage annexinV (+) and annexinV (+)/7'AAD (+) cells. Data represent the mean ± SD of 3 independent experiments. C-E) Effect of G9a/GLPtargeting on tumor burden (D) and overall survival (E) in the murine 5TGM1 model. C) Scheme depicting the experimental setup. Mice were inoculated with 5TGM1 cells and treated for 14 days with vehicle (n=11) or 10 mg/kg BIX (n=11, 3 times a week). Treatment started 14 days after tumor inoculation. D) Tumor burden was monitored at day 30 by bioluminescent imaging (BLI) measuring total photon flux. BLI images from 3 mice from each treatment group are shown. E) Effect of BIX01294 on overall survival. Difference in overall survival was assayed with a log-rank test and survival curves plotted using the Kaplan-Meier method. * indicates p<0.05.

Figure 7 :

 7 Figure 7: Effect of BIX01294 on MM cell sensitivity towards proteasome inhibitors. A-C) Effect of G9a/GLP-targeting on carfilzomib induced cell death. A) Effect of carfilzomib and/or BIX01294 treatment on human cell lines. Human OPM-2 and XG-7 cells were treated with indicated concentrations of carfilzomib (Cfz) and/or BIX01294 (BIX) for 4 days. The viability was determined by using the CellTiter-Glo assay and synergy scores were calculated
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