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Abstract

:

Plasma cells (PC) are the main effectors of adaptive immunity, responsible for producing antibodies to defend the body against pathogens. They are the result of a complex highly regulated cell differentiation process, taking place in several anatomical locations and involving unique genetic events. Pathologically, PC can undergo tumorigenesis and cause a group of diseases known as plasma cell dyscrasias, including multiple myeloma (MM). MM is a severe disease with poor prognosis that is characterized by the accumulation of malignant PC within the bone marrow, as well as high clinical and molecular heterogeneity. MM patients frequently develop resistance to treatment, leading to relapse. Polycomb group (PcG) proteins are epigenetic regulators involved in cell fate and carcinogenesis. The emerging roles of PcG in PC differentiation and myelomagenesis position them as potential therapeutic targets in MM. Here, we focus on the roles of PcG proteins in normal and malignant plasma cells, as well as their therapeutic implications.
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1. Introduction


Since the end of the 19th century, plasma cells (PC) have been a major topic of research in order to understand their function and origin [1]. The hypothesis of PC lymphocytic genesis was first formulated in 1902 by Alexander Maximow in his unitarian theory of hematopoiesis [2]. Then, in 1947, Astrid Fagraeus demonstrated in vitro that PC are the antibody-secreting cells [3]. However, it was not until 1965 that Max Cooper and Robert Good demonstrated that PC derived from lymphocytes in the bursa of Fabricius (by definition B lymphocytes), found in all modern birds (Neorthis) [4].



It is now established that PC constitute the terminal stage of B lymphocyte differentiation and are the major players of the humoral immune response. Under pathological conditions, PC are at the center of allergic and autoimmune hypersensitivity reactions. Moreover, multiple myeloma (MM), a frequent hematologic cancer that in most cases remains untreated, is caused by malignant PC transformation and accumulation in the bone marrow [5]. In this context, many groups are investigating the modulation of the physiological differentiation of PC by epigenetic factors as well as their tumoral transformation.



Polycomb group (PcG) proteins are major epigenetic regulators of gene expression during development and cell fate choice. The first PcG component, the Polycomb gene, was discovered by Pamela Lewis in Drosophila melanogaster in 1947 [6]. A paradigm establishes that PcGs act as transcriptional repressors, although more recent observations have suggested that PcG might potentiate transcription. The two main PcG complexes are named polycomb repressive complex 1 (PRC1) and polycomb repressive complex 2 (PRC2), and function as multiprotein complexes that display strong evolutionary conservation [7].



In this review, we summarize the current knowledge on PcG protein implication in PC differentiation, myelomagenesis, and MM pathophysiology. Then, we discuss potential therapeutic options for patients with MM on the basis of these data.




2. PcG Complexes


PRC1 is composed of a core that includes the E3 ubiquitin ligase enzymes RING1A or RING1B, and one of the PCGF1-6 subunits. RING1 is the catalytic subunit that catalyzes the monoubiquitylation of lysine 119 of histone H2A (H2AK119ub1) on chromatin and interacts in a mutually exclusive manner with a chromobox protein (CBX 2, 4, 6–8) or RYBP (or its close homolog YAF2). On this basis, mammalian PRC1 complexes comporting a CBX subunit have been classified as canonical PRC1 (cPRC1), and PRC1 complexes containing RYBP or YAF2 have been classified as non-canonical PRC1 (ncPRC) [7]. Moreover, depending on the PCGF subunit associated with RING1A/B, eight different PRC1 complexes have been described and divided into canonical and non-canonical groups (also known as variants) [8] (Figure 1).



The canonical PRC1s (cPRC1s) are cPRC1.2 and cPRC1.4. In addition to RING1A or RING1B, their core contains MEL18 (PCGF2) and BMI-1 (PCGF4), respectively; one of the CBX2/4/6–8 proteins, which harbor the chromodomain allowing cPRC1 to recognize tri-methylation of lysine 27 of histone H3 (H3K27me3); and one of the three proteins PHC1-3 [9]. cPRC1 also includes the following accessory non-stoichiometric members: SCMH1, and SCMHL1/2 [10].



The non-canonical PRC1s (ncPRC1s) are ncPRC1.1, ncPRC1.2/4, ncPRC1.3/5, and ncPRC1.6. In addition to RING1 subunit, their cores include NSPC1 (PCGF1), PCGF2/4, PCGF3/5, and MBLR (PCGF6), respectively, and RYBP or YAF2. The ncPRC1 group includes many accessory members, particularly KDM2B and BCOR for ncPRC1.1; AUTS2 for PRC1.3/5; and HDAC1/2, E2F6, MAX and MGA for PRC1.6 [10].



PRC2 is composed of a core that includes the histone methyl transferases EZH1 or EZH2, which catalyze methylation of histone H3 at lysine 27 (H3K27me3) on chromatin via its SET domain, as well as its partners EED, SUZ12, and RBBP4/7, which are essential for its function. Depending on the members associated with this core, there are two main PRC2s: PRC2.1 (which includes EPOP, PALI1/2, and PCL1-3) and PRC2.2 (which includes AEBP2 and JARID2) [11].



One of the important points in the biology of PcG proteins is that none of the core members of PRC1 or PRC2 can recognize specific DNA sequences on their own, and therefore they all need to be recruited by partners to regulate the specific expression of their target genes [8]. These partners include accessory proteins that bind unmethylated CG-rich sequences, histone marks, transcription factors, and RNAs, and much remains to be learnt about the precise mechanisms, cell type, and time-specificity of PcG recruitment at their targets [10,12,13] (Figure 2).



The historical hierarchical model described by Wang et al. in 2004 postulates that PRC2 is first recruited to chromatin and deposits H3K27me3. This epigenetic mark is then recognized by the chromodomain of CBX2/4/6–8, allowing recruitment of cPRC1 and the subsequent deposition of H2AK119ub1. According to this model, PRC1 is recruited in a PRC2-dependent manner. More recent data have allowed this model to be considerably refined. We now know that ncPRC1 binds independently on PRC2, either via proteins such as KDM2B (PRC1.1) [12], via interactions with ncRNAs such as Xist (PRC1.3 and PRC1.5) [14], or via transcription factors (TFs) [15]. ncPRC1 complexes deposit H2AK119ub, which recruits PRC2.2 via its JARID2 and AEBP2 subunits [16,17,18]. In parallel, PRC2.1 is recruited to unmethylated CpG island DNA via its PCL subunits [19]. Finally, PRC2 complexes deposit H3K27me3, and this mark recruits both more copies of PRC2 and cPRC1 [11]. Mutual interactions between these proteins further stabilize their recruitment. Therefore, a series of DNA-protein, RNA-protein, protein-protein, and protein-histone interactions lead to stable PcG protein recruitment to their target sites (Figure 2B). In this scenario, multiple signals, including PcG subunit, TF, or ncRNA abundance as well as CpG density and length can modulate PcG recruitment, offering multiple possibilities for regulation, leading to maintenance, stabilization, or displacement, depending on regulatory cues.




3. Lymphopoiesis and Plasma Cell Differentiation


The production of high affinity immunoglobulins (Igs; antibodies) is the critical point of the humoral immune response and the principle of vaccination strategies [20]. Antibody-secreting cells (ASC) include pre-plasmablasts (prePB), plasmablasts (PB), and PC (i.e., the final stages of B lymphocyte differentiation) [21].



B cell lymphopoiesis consists of several steps that take place in different anatomical compartments. Briefly, during the early medullary phase, hematopoietic stem cells (HSC) and lymphoid progenitors successively generate pro-B lymphocytes, pre-B lymphocytes, and immature B lymphocytes, independently of the antigen. During this phase, VDJ recombination of Ig heavy and light chains and selection of functional B lymphocytes take place [14,22]. Subsequently, immature B lymphocytes leave the medullary compartment to reach the spleen where, during a transitional phase, they become naive mature B lymphocytes that express IgM- and IgD-positive B cell receptors (BCRs) [23,24].



Naïve mature B lymphocytes have an immuno-surveillance role and begin to circulate in the follicles of the various secondary lymphoid organs (lymph nodes, spleen, and mucosa-associated lymphoid tissue). In these organs, the first contact between a naive B lymphocyte and its antigen triggers the primary humoral immune response. At this stage, a distinction is made between thymus-dependent (TD) antigens, which require the intervention of a follicular helper T lymphocyte (TFH, or more strictly a pre-TFH) to fully activate the mature B lymphocyte, and thymus-independent (TI) antigens, which can directly activate mature B cells by stimulating the toll-like receptor (TLR) pathway (TI type I antigens) or by cross-linking large numbers of BCRs simultaneously (TI type II antigens) [25].



The interaction between a mature B lymphocyte (through its BCR) and its specific antigen triggers two phenomena grouped under the term of “BCR triggering”: internalization of the BCR–antigen complex, and signal transduction through the BCR pathway. The BCR–antigen complex is internalized by a clathrin-dependent mechanism called receptor-mediated endocytosis and is driven to the endosomal pathway, where the antigen is loaded onto an MHC class II molecule that is then returned to the plasma membrane. In this process, the B lymphocyte assumes the role of professional antigen-presenting cell and becomes able to interact with a pre-TFH lymphocyte. The BCR pathway includes the Lyn and Syk tyrosine kinases that induce the expression of co-stimulatory molecules and chemotactic receptors necessary for subsequent events [5,26].



At this stage, the B lymphocyte is not yet fully activated, but only pre-activated (primed), and can also be defined as B lymphoblast [27]. Upon contact with the antigen and activation of the BCR pathway, the naive mature B lymphocyte exits its quiescent state (reversible G0) and enters the G1 phase of the cell cycle, where it remains paused, awaiting an additional stimulus to complete its activation and proliferate [5]. This additional mitogenic stimulus can come from two different sources, depending on the nature of the antigen that triggered the pre-activation. TD antigens must interact with a pre-TFH cell, whereas TI antigens have intrinsic activating activity [5]. Contact with pre-TFH cells occurs in the B-T interface zone of secondary lymphoid organs through a structure known as the immune synapse, a specialized cell-cell junction organized in a bull’s eye pattern that was first described by Kupfer and his collaborators in 1998 [28] and reviewed by Dustin in 2015 [29].



Following this activation, the B lymphoblast can choose between the follicular response and the extra-follicular response (Figure 3). The extra-follicular response is the only response to TI antigens and constitutes the early response to TD antigens. It allows the rapid production of short-lived ASC (PB and then PC) that secrete IgM with low affinity for the antigen [30].



The follicular response is specific to TD antigens and involves the formation of a secondary lymphoid follicle in which the processes of somatic hypermutation (SHM) and isotypic switching/class switch recombination (CSR) are carried out to generate antibodies with up to 30,000 times more affinity for the antigen and with a downstream isotype (IgG, IgA, or IgE) with new effector functions, respectively. The follicular response induces the differentiation of activated B lymphocytes into centroblasts and centrocytes, followed by the generation of PB that differentiate into short-lived (SLPC) and long-lived (LLPC) PC. LLPC can survive in specialized niches for decades [31]. The follicular response also generates memory B cells (MBC) [32,33].



MBC are the main players in the secondary humoral response that is triggered by a new contact with the same antigen. MBC activation can lead to their engagement in the extra-follicular response during which they differentiate into pre-PB, PB, and finally PC, or in a new follicular response with SHM, and possibly CSR [5].



Despite these various cell differentiation pathways, terminal B cell differentiation is transcriptionally regulated at two main developmental stages, each involving a specific network of transcriptional factors: the guardian network of the B phenotype, which includes PAX5, BACH2, and BCL6, and the vector network of the ASC phenotype, which includes PRDM1 (BLIMP1), IRF4, and XBP1 [20,30]. The complexity and beauty of PC differentiation lies in the regulation of the decision point between these two mutually exclusive networks that requires epigenetic mechanisms and PcG proteins.



The other critical point of the follicular response is the regulation of the genetic events that target the loci of the Ig genes during the germinal center reaction, namely, SHM and CSR, the understanding of which remains one of the main challenges in humoral immunology and pathological hematology. These two processes are orchestrated by the same enzyme, AID, a thymidine deaminase of the APOBEC family that exerts a physiological mutagenic activity exclusively in developing B lymphocytes [34,35]. PcG proteins have also been implicated in the regulation of AID-catalyzed reactions [36]. Current knowledge on this topic will be discussed in this review.



3.1. PcG Proteins and Early B Cell Differentiation


EZH2 is the catalytic subunit of PCR2. Besides its roles in myogenesis, adipogenesis, osteogenesis, neurogenesis, hepatogenesis, and epidermal differentiation, EZH2 also participates in hematopoiesis and lymphopoiesis [37,38]. Several studies on HSC have demonstrated that EZH2 stimulates HSC differentiation by inhibiting proliferation and apoptosis, without affecting their self-renewal capacity [39,40]. EZH2 is also required for VDJ recombination during early lymphopoiesis [41]. PCR1 role in hematopoiesis has been reviewed elsewhere [42,43].




3.2. PcG Proteins and the Primary Extra-Follicular Response


A subset of lymphoblasts activated by TI or TD antigens do not enter the follicle and immediately differentiate into PB [20]. Transcriptionally, a first decision point between the B cell and ASC networks occurs during the primary extra-follicular response (Figure 3). These PB immediately form para-follicular foci in the secondary lymphoid organs. After a proliferation phase, they rapidly differentiate into SLPC and produce IgM and IgD to quickly cope with the ongoing infection. They then undergo apoptosis after few days [30].



To date, EZH2 is the only PcG member that has been studied in the primary extra-follicular response, using a mouse model that cannot produce a follicular response due to a TFH defect. In these mice, EZH2 is necessary in vivo for the generation of the extra-follicular response to TD and TI type I antigens [44]. Indeed, while naïve mature B cells do not express EZH2, its level of expression increases in lymphoblasts and reaches a maximum in extra-follicular ASCs [44] (Figure 4). Moreover, EZH2 depletion in these mice decreases B cell activation in lymph nodes and in spleen, as well as ASC proliferation and differentiation, and IgM production, without altering the mature B cell population [44].



Mechanistically, in mice, EZH2 represses the B transcriptional network in ASC produced during the extra-follicular response by cooperating particularly with Blimp-1 to target Spib, Klf2, Tlr9, and Btg1 (Figure 4 and Figure 5). Many other B cell genes are significantly enriched in H3K27me3 or downregulated in the presence of EZH2 in these ASCs, such as Cdkn1a, Nfkb1, Tnf, H2-Abl, Cd74, Bcl6, Klf4, Ifit3, Lta, and Slfn1 [44]. Of note, Cdkn1a encodes the p21Cip [1] cell cycle inhibitor and is a known target of EZH2 during the germinal center (GC) reaction [45] and in other cell types [46]. Therefore, it has been suggested that in the absence of EZH2, ASC cannot proliferate due to their inability to suppress cell cycle inhibitors [44]. The phenotype and transcriptome of ASC produced at each mitosis were studied using an in vivo cell tracking model [47,48]. This analysis showed that in the absence of EZH2, the first three divisions after activation are normal, but most ASC become unable to continue to proliferate up to eight divisions. Moreover, the few ASC produced are metabolically dysfunctional, suggesting that EZH2 might be an upstream metabolic regulator in extra-follicular ASCs [44].




3.3. PcG Proteins and the Follicular Response


The interaction of pre-activated B lymphocytes with pre-TFH lymphocytes in the B-T interface region of secondary lymphoid organs can direct B lymphocytes towards the follicular response that involves the generation of GC [49]. Chronologically, TFH cells are the first to enter the primary lymphoid follicle. After about 24 h, fully activated B lymphoblasts join them in the middle of the follicle to generate an early GC. Then, the follicle takes the name of secondary lymphoid follicle. Within 72 h, the GC undergoes intense expansion and structural remodeling, leading to the formation of a light zone (LZ) and a dark zone (DZ), a phenomenon known as “GC polarization”. This expansion is generated by the intense proliferation of B lymphoblasts that gradually repel the naive mature B cells, which form the primary follicle, into the mantle area. Once the morphological reorganization is complete, the B lymphocytes in the DZ are called centroblasts and those in the LZ are called centrocytes. Together, these two cell populations are defined as GC B cells [50].



Centroblasts in the DZ undergo clonal expansion and SHM. The relatively quiescent centrocytes undergo a pseudo-Darwinian negative selection and are considered by some authors to be the stage when CSR takes place [50]. For the affinity maturation of immunoglobulins, GC B cells, particularly centroblasts, must maintain their respective phenotype long enough to undergo several rounds of SHM and division [47]. Furthermore, these cells have the unique ability to proliferate at high speed during SHM and CSR. Therefore, specific mechanisms to attenuate the DNA damage response, particularly cell cycle checkpoints, are required to tolerate the DNA lesions occurring during GC processes [51]. In this section, we describe the role played by PcG proteins, notably EZH2, in the control of GC events.



First, EZH2 is overexpressed by GC B cells compared to mature B cells and post-GC ASC generated by the primary humoral immune response [36,41,52,53]. Specifically, EZH2 expression level is highest in centroblasts, and dramatically decreases in centrocytes [52,53] (Figure 4 and Figure 5).



In mice, EZH2 is required for GC formation in vivo and promotes the proliferation of centroblasts and centrocytes ex vivo [51]. Its depletion leads to a 10-fold decrease in antibody production during the primary humoral immune response, lack of Ig-affinity maturation, and reduced MBC production [36,51]. All these findings indicate that EZH2 plays an important role in regulating the GC response, and is now considered a true master regulator of the GC phenotype.



In mice, depletion or inhibition of EZH2 methyltransferase activity reduces GC number and size in the spleen, and also clonal proliferation [36,51]. Conversely, EZH2 gain of function mutations induce an increase in GC number and size [51]. In addition, ex vivo studies on murine iGB cells (in vitro induced germinal center B cells) cells led to the discovery that EZH2 promotes the G1-S passage of GC B cells, independently of its repressive role towards cell cycle inhibitors (CDKN1A, CDKN1B, and CDKN2A). This is different from its role during the extra-follicular response [44].



Moreover, EZH2 has an anti-apoptotic effect in the GC that is not mediated by its role as p14ARF inhibitor [54], and does not involve inhibition of the intrinsic apoptosis pathway [36].



At the transcriptional level, a second decision point between the B and ASC networks occurs during the transition between centroblasts/centrocytes and PB (Figure 3). The transcriptional regulation of GC B cells is clearly distinct from what is observed during the primary extra-follicular response. In murine iGC cells, EZH2 physically interacts with BCL6 and represses a subset of its target genes, including Bcl2, Id2, Cdkn1b, Cdkn2a, Myb, Blimp-1, and Irf4 (Figure 4). This confers an ASC network repressor role on EZH2 that is different from its role as repressor of the B network described above [44]. Caganova and collaborators showed that EZH2 loss induces Blimp-1 and Irf4 transcription and ASC premature differentiation, a finding confirmed by Béguelin and collaborators in several human diffuse large B cell lymphoma (DLBC) cell lines (Pfeiffer, WSU-DLCL2, and Farage). In summary, EZH2 maintains the GC phenotype during the follicular response by suppressing the transcriptional program required to exit the GC and to initiate terminal differentiation, promoting B cell amplification before differentiation.



Finally, and surprisingly, Olivier Elemento’s team demonstrated ex vivo in human centroblasts and centrocytes that EZH2 is actively involved in the de novo establishment of bivalency at monovalent H3K4me3 promoters [51]. Bivalent promoters are characterized by the simultaneous presence of H3K27me3 and tri-methylation of lysine 4 of histone 3 (H3K4me3), two histone post-translational modifications that are usually mutually exclusive and antagonistic. During embryonic development, bivalent promoters are found at key cell fate genes that are paused while waiting for the cell to choose a differentiation path. After cell fate commitment, during specification and determination, these bivalent promoters are resolved towards stable expression (only H3K4me3) or sustained repression (only H3K27me3), which subsequently enables cell differentiation [55]. Therefore, the discovery of the de novo establishment of bivalent promoters by EZH2 is very interesting, especially because this phenomenon has not been described in the context of the extra-follicular (primary and secondary) responses. This feature gives centroblasts a unique pseudo-embryonic status during PC differentiation, perhaps facilitating the regulation of their fate choice between PB and MBC.



During the follicular response, SHM and CSR are mediated by targeting AID to the variable region of the Ig genes and switching sequences, respectively [40]. CSR is arguably the most studied process and has recently been reviewed elsewhere [56]. It is now clearly established that AID can catalyze the conversion of thymine to uracil only in a single-stranded DNA structure, and that this characteristic makes transcriptional activity essential at its target regions [56,57,58,59,60]. This CSR/SHM transcription coupling has led to many studies on R-loops and G-quadruplexes and to the emergence of several interesting hypotheses [56]. Nevertheless, AID targeting mechanism remains one of the most important questions to be elucidated in order to understand the factors leading to the CSR and SHM genesis and how its off-targets are physiologically avoided.



Interestingly, EZH2 loss induces a decrease in SHM without affecting CSR [36], thus raising questions about its crosstalk with AID. Because of its role, AID is a major determinant of genotoxic stress in the GC, and EZH2 protects centrocytes and centroblasts from AID-induced genotoxic stress [36]. Therefore, PcG proteins might play a role in the repair of AID-generated lesions. An interesting hypothesis is that EZH2, by globally repressing transcription in centrocytes and centroblasts, may contribute to AID targeting by limiting its off-target lesions [36].



Finally, and to conclude on the follicular response, it has been reported that the expression of EZH2 and EED in the GC is inversely correlated with that of BMI-1 and RING1B in centroblasts, centrocytes, and B cells of the mantle zone. EZH2 expression level in centrocytes is low, whereas BMI-1 and RING1B levels are high. Conversely, EZH2 expression level in mantle zone B cells and centroblasts is high, while BMI-1 and RING1B are weakly expressed [53,61]. These findings suggest a potential decoupling of PRC2 and PRC1 during the GC reaction, the effects of which on various cell processes (e.g., apoptosis, proliferation, differentiation) have not yet been explored. Further studies are needed on this issue, as well as on the role of the various PRC1s, which, to our knowledge, has never been investigated in the framework of the GC response.




3.4. PcG Proteins and the Secondary Extra-Follicular Response


When MBC meet their antigen for the second time, they can proliferate and differentiate much faster than mature naive B cells, despite a relatively comparable transcriptional program [5]. MBC can then progress towards the follicular response (described above) or the secondary extra-follicular response, in which they immediately differentiate into ASC, without going through the centroblast and centrocyte stages [62,63].



During ASC differentiation, a unique stage (i.e., pre-PB) has been described and characterized in vitro and in vivo [64,65,66], and the transcriptional decision point between the B and ASC networks might occur specifically at this stage (Figure 4 and Figure 5).



EZH2 (RNA and protein) is strongly overexpressed in pre-PB cells, remains high in PB, and disappears at the PC stage. Its expression level in these cell types is inversely correlated with that of EZH1, and this allows for the maintaining of a stable H3K27me3 level in the genome during PC differentiation while concomitantly finely regulating subgroups of key genes [67]. In pre-PB cells, EZH2 inhibits the B cell and ASC transcriptional networks, a new and unprecedented role compared with those described in the primary follicular and extra-follicular responses. This double EZH2 activity correlates with the fact that pre-PB cells co-express B and ASC factors at a low level. The inhibition of EZH2 catalytic activity during the extra-follicular secondary response accelerates PC differentiation by inducing the early overexpression of the ASC network and the premature inhibition of the B network and cell cycle genes [67].



Interestingly, in some genes that are overexpressed by pre-PB and PB cells relative to MBC and PC, EZH2 is located at their promoters in the absence of H3K27me3 [67]. Such promoters have been called EZH20, and their discovery raises questions related to a possible role of EZH2 in activating their transcription. EZH2 might indirectly activate their transcription by repressing genes encoding microRNAs (miRNAs) that inhibit such genes. Direct activation by EZH2 would also be possible, although the molecular mechanisms at the basis of this function remain to be understood.





4. Multiple Myeloma


Multiple myeloma (MM) is a malignant hemopathy that affected nearly 230,000 people worldwide in 2015, with an incidence of around 130,000 new cases per year [68]. It is the second most frequent malignant hemopathy (10–13% in 2017) after non-Hodgkin lymphoma, and accounted for 1.7% of all cancers and 2% of all cancer deaths in 2017. MM is observed mainly in >50-year-old adults, and the average age at diagnosis is between 63 and 70 years.



MM development (i.e., myelomagenesis) is a multi-step process characterized by the appearance of genomic alterations and microenvironmental changes [69,70].



MM is a highly heterogeneous disease at the molecular and clinical levels [71,72,73,74]. Epigenetic modifications including DNA methylation, chromatin accessibility, and histone modifications have been reported in MM in association with pathogenic impact [75,76,77,78,79]. Moreover, the many epigenetic alterations observed in MM contribute to this biological heterogeneity and also to treatment resistance [80]. Due to their reversible nature, epigenetic alterations are particularly interesting for new targeted therapy strategies in MM [81,82]. PcG proteins are the subject of growing interest in MM with the hope of improving its poor prognosis.



4.1. PRC2 in Multiple Myeloma Pathophysiology


The PRC2 target genes, marked by H3K27me3 and previously identified in human embryonic fibroblasts, are under-expressed in MM [83]. Interestingly, these PRC2 target genes represent the bulk of genes that are downregulated in MGUS and MM, and the decrease in their expression strongly correlates with MM progression [83]. Therefore, PRC2 target genes are more strongly repressed in more advanced MM stages and in patients with poor prognosis [84].



Among all PcG proteins, EZH2 has been the most investigated in the context of MM pathophysiology. Its involvement in this malignancy has been suggested for over a decade. The arrival of pharmacological inhibitors, some specific and also usable in clinical practice, has intensified interest in EZH2 in the last 5 years. Studies on these inhibitors (UNC1999 [84,85,86], GSK343 [84,87,88], GSK126 [88,89,90], GSK2816126 [91], tazemetostat or EPZ-6438 or E-7438 [90,92,93,94], EPZ-005687 [95], OR-S1 and OR-S2 [96], and DNZep [83]) have already been discussed elsewhere [97].



Studies in mice xenografted with human MM cell lines (HMCLs) have shown that EZH2 is an oncogene in MM and that its pharmacological inhibition has an anti-tumor effect [85,92,98,99]. Its ectopic overexpression in tumor PC promotes their growth factor independence [99].



EZH2 expression is regulated at several levels. STAT3, c-MYC, and the NF-κB pathway can stimulate EZH2 transcription [100]. E2F1, which binds to the EZH2 promoter and induces its expression, is enriched in the nucleus of tumor PC due to the abnormally high basal activity of the PI3K/Akt pathway in MM. This explains why Akt inhibitors indirectly lower EZH2 level and have a synergistic effect with dual inhibitors that target both EZH2 and EZH1 [101]. Interestingly, this synergy is not observed with selective EZH2 inhibitors, suggesting a compensatory role for EZH1 in this context [101]. At the post-transcriptional level, loss of miR-26a, miR-101, let-7, and miR-138 increases EZH2 level in tumor PC [102,103,104]. Finally, EZH2 can be phosphorylated on serine 21 and consequently be inactivated by Akt. This promotes cell adhesion-mediated drug resistance in tumor PC in direct contact with marrow stromal cells [105].



Remarkably, EZH2 mutations have been described in other malignant hemopathies and in some HMCLs [73], but not in MM [84,95]. However, EZH2 is significantly overexpressed in tumor PC from the MGUS stage, and its expression, which correlates with the cell proliferation index, increases during the progression to SMM, reaching a maximum at the PCL stage [97,106,107]. EZH2 expression is particularly high in SP cells and in some tumor PC. Interestingly, the gene expression profile (GEP) of EZH2-overexpressing tumor PC resembles that of HMCLs [108]. High EZH2 expression at diagnosis is associated with poor prognosis [95], and EZH2 upregulation is usually accompanied by overexpression of EED and SUZ12. This suggests that in MM pathophysiology, EZH2 is active within the PRC2 [83].



EZH2 overexpression is necessary to induce the growth of HMCLs, especially those harboring mutations in N-RAS or K-RAS, suggesting context-specific functions [99]. EZH2 regulates the proliferation and survival of tumor PC by inducing the expression of genes that promote PB proliferation [93]. Its depletion or inhibition decreases the proliferation of some HMCLs and tumor PC in patients, induces their accumulation in the G0/G1 phase and apoptosis in a partially caspase-dependent mechanism [84,109], and decreases tumor mass in mouse models [83,92].



Intriguingly, EZH2 overexpression in MM is not associated with an overall increase in H3K27me3, but with its specific enrichment at some genes. In particular, in patients with the t (4;14) translocation and overexpression of the MMSET oncogene, the distribution of di-methylation of lysine 36 of histone 3 (H3K36me2) and H3K27me3 is strongly modified, with a significant H3K36me2 increase and a H3K27me3 decrease leading to the overexpression of some MM oncogenes [87,110,111]. EZH2 and H3K27me3 remain enriched at some loci that comprise c-MYC target genes and GC genes [87]. Interestingly, tumor PC harboring the t(4;14) translocation and overexpressing MMSET is more sensitive to EZH2 inhibition than isogenic cell lines that do not overexpress MMSET, suggesting a context-dependent oncogenic role for EZH2 [87].



After incubation with an EZH2 inhibitor, GEP analysis showed that the majority of deregulated genes are overexpressed; however, some genes are downregulated [93]. This suggests that EZH2 directly represses (via H3K27me3) several tumor suppressor genes and genes involved in differentiation, and indirectly activates oncogenes. EZH2 directly suppresses the pro-apoptotic genes ID1, ID2, SOX2, and SORL1 [85] and some epithelial tumor suppressor genes such as CDH1, EMP1, VCAN, EPHB2, and ENPP1. This decreases MM cell adhesion capacity and alters their morphology, suggesting that EZH2 might be involved in MM cell dissemination mechanisms [92]. EZH2 also directly represses several genes involved in cell differentiation, senescence, and autophagy [97], as well as several cell cycle inhibitors, such as CDKN2B and CDKN1A. Interestingly, c-MYC also inhibits CDKN2B and CDKN1A, which creates a double mechanism of repressing these genes. Finally, EZH2 directly represses the tumor suppressor gene RBPMS that is involved in resistance to bortezomib, a proteasome inhibitor used for MM treatment [104].



Concomitantly, EZH2 indirectly activates the oncogenes CD69, JUNB, XBP1, IRF4, BLIMP1, and c-MYC [84,85,87]. Mechanistically, it is accepted that this indirect activation results from the direct repression of several miRNAs by EZH2. BLIMP1, IRF4, and XBP1 are miR-125a and miR-320c targets, while c-MYC is the target of miR-494. These tumor suppressor miRNAs are directly repressed by EZH2 in HMCLs and tumor PC [85,87,112]. EZH2 also directly represses miR-198, miR-601, miR125a-3p, and miR-320c, which are also inhibited by DNA methylation (i.e., the transfer of a methyl group to the carbon 5 position of cytosine to produce 5-methylcytosine, 5mC) in MM [112]. The potential cooperation of H3K27me3 and 5mC could thus provide a tight transcriptional repression, leading to a selection pressure that might favor cancer cell survival. Finally, EZH2 directly represses miR-138, which is an EZH2 inhibitor [104].



In conclusion, most GEP studies on genes deregulated in HMCLs after EZH2 inhibition indicate expression changes that promote cell cycle arrest, apoptosis, and repression of the c-MYC signature. However, the response to EZH2 inhibition is quite variable, independent of the effect on cell proliferation, partly reflecting the significant genetic and biological heterogeneity of the different cell lines tested, as well as the non-universal role of EZH2 in the various HMCLs [92].



It is important to note that, to date, sensitivity to EZH2 inhibition is not predicted by the extent of H3K27me3 reduction after treatment, by the initial EZH2 expression level, or by the mutational status of UTX, the main H3K27 demethylase, although UTX loss sensitizes MM cells to this inhibition [93]. Some HMCLs are resistant to EZH2 inhibitors, despite the overall H3K27me3 decrease. This could be explained by the presence of other genetic lesions that reduce the cellular dependence on EZH2, such as c-MYC translocations that can modify the mechanisms of c-MYC control. EZH2 might also act independently of its catalytic activity [97]. Our group identified a significant overlap between H3K27me3 level and DNA methylation at some genes in HMCLs that are resistant to EZH2 inhibition. We also found that sub-lethal doses of DNA methyltransferase inhibitors sensitize these resistant HMCLs to EZH2 inhibitors [93]. Conversely, EZH2 recruitment to its target genes has been reported to lead to DNA methylation [113]. Therefore, these two mechanisms of epigenetic repression might be linked.



Some other PRC2 members have been studied in the context of MM, but in much less detail. For example, the transcriptional regulation of EZH1 in MM is unclear [108], although like EZH2, EZH1 is overexpressed in SP cells. FOXO3 binds to the EZH1 promoter and stimulates its transcription. FOXO3 export from the nucleus by the PI3K/Akt pathway inhibits its transcriptional activity, explaining why Akt inhibition induces a compensatory EZH1 upregulation (at constant H3K27me3 levels) and EZH2 downregulation [101]. Therefore, as already demonstrated in acute myeloid leukemia [114], the concomitant inhibition of EZH1 and EZH2 appears to be an important element in MM and requires further study.



PHF19 (PCL3) is another PRC2 member that is overexpressed or duplicated in MM patients harboring trisomy of chromosome 9. Its expression correlates with MM progression [115]. Strong expression is found at relapse and is associated with a poor prognosis, with potential involvement in malignant progression and relapse [115,116]. In vitro, PHF19 is involved in HMCL proliferation and in their capacity to form colonies, and in vivo in myelomagenesis through its interaction with PRC2 [115]. In MM, PHF19 represses the CDKN1A/C cell cycle inhibitors as well as genes of the JAK-STAT interferon pathway [115]. Its depletion in several HMCLs (KMS11, MM1.S, U266, L363, NCI-H929, and RPMI1-8226) induces an increase in H3K36me2 and a global and non-specific genomic decrease in H3K27me3, with the exception of CpG-rich promoters [115]. This observation led to the hypothesis that PHF19, by stabilizing PRC2, is required for H3K27me3 spreading after the initial recruitment of PRC2 at CpG islands. In addition, it was noted that H3K27me3 distribution after PHF19 depletion is similar to that observed in other cancers in which lysine 27 of histone 3 is mutated into methionine (H3K27M, an oncogenic mutation). However, a recent study carried out by other authors on ARP-1 and OCI-My5 HMCLs reported that PHF19 promotes the phosphorylation-related inactivation of EZH2 by activating the PI3K/AKT pathway. This causes a decrease in H3K27me3 and H3K27me2 and then promotes expression of HIF-1α, Bcl-xL, and Mcl-1, thereby inducing MM cell proliferation and conferring drug resistance [116]. These contradictory data will need further investigations, but may imply that PHF19 could play a context-dependent regulation of PRC2 catalytical activity. To sum up, it seems that PRC2 deregulation, both positive and negative, may be involved in tumorigenesis. There is currently no pharmacological inhibitor of PHF19.



Finally, a recent genome-wide association study identified JARID2 as a locus influencing susceptibility to MM [117].



On the basis of the growing body of data on PRC2 involvement in the MM pathophysiology, particularly its catalytic subunit EZH2, our group developed a theragnostic score called EZ-score, on the basis of the expression level of 15 genes that are sensitive to treatment with the EZH2 inhibitor EPZ-6438, associated with H3K27me3 and with a prognostic value in cohorts of patients with MM [93]. Patients with a high EZ-score have a poor prognosis and may benefit from treatment with an EZH2 inhibitor.




4.2. PRC1 in Multiple Myeloma Pathophysiology


BMI-1 is the most studied PRC1 member and the specificity and effects of several potential inhibitors, such as PTC209 [118,119], PTC596, and PTC028 [120], are currently being investigated in MM. RU-A1 is another potent BMI-1 inhibitor that has not yet been used in MM [121].



Initially, BMI-1 was described in mice as collaborating with c-MYC to induce lymphomagenesis [122]. In MM, BMI-1 is a potential oncogene that is overexpressed in primary tumor PC and in HMCLs [123,124,125]. Moreover, BMI-1 is strongly expressed in relapsed MM and this correlates with a shorter overall survival in patients with refractory MM treated with bortezomib or dexamethasone [118]. BMI-1 overexpression might be induced by c-MYC [126]. Interestingly, in breast cancer cell lines, BMI-1 activates the WNT pathway that in turns induces c-MYC activity, therefore maintaining a positive feedback loop between BMI-1 and c-MYC [127]. In MM, BMI-1 is also regulated by miR-203 [128], a miRNA suppressed by DNA hypermethylation in MM and chronic myeloid leukemia [129].



BMI-1 is necessary in vitro and in vivo for the clonogenic growth of myeloma cells and promotes their survival by repressing the pro-apoptotic BIM gene in some HMCL lines [130]. Contrary to what is observed in mouse embryonic fibroblasts [122], in MM, BMI-1 does not act by repressing the CDNK2A locus that encodes p16INK4 and p14ARF [130]. In other cancers, BMI-1 suppresses the tumor suppressor gene p19ARF, thus counteracting its overexpression induced by c-MYC [122]. It would be interesting to assess whether this also occurs in MM.



An interesting BMI-1 regulation axis through mucin 1 (MUC1) has recently been proposed by Tagde and collaborators [131]. MUC1 is a membrane heterodimer composed of a cytoplasmic portion (MUC1-C) and an ectodomain. It is always overexpressed in MM, and MUC1-C is an oncogene necessary for the proliferation and survival of myeloma cells [132,133,134]. In these cells, MUC1-C activates the WNT pathway [135,136], which promotes c-MYC transcription [137], and leads to the induction of BMI-1 expression and the creation of a MUC1–c-MYC–BMI-1 axis [131]. Other groups have also shown a physical interaction between BMI-1 and MUC1-C in other cancers, suggesting a putative post-transcriptional regulation of cPRC1 activity by MUC1-C [138]. Finally, MUC1-C also induces the expression of RING1A and RING1B in MM, but through different mechanisms—MYC-dependent for RING1B, and NF-kB p65-dependent for RING1A [131]. Interestingly, the WNT pathway is involved in the regulation of several PRC1 members. In addition, the WNT pathway is a direct target of PRC2 in MM and is important for the self-renewal maintenance of SP cells [108]. Although in many cancers the WNT/beta-catenin pathway is associated with tumor progression [139,140,141], it seems that in MM, its partial inhibition is necessary to ensure SP cell self-renewal, as indicated by the deleterious effect of beta-catenin overexpression on proliferation/viability of MM cells [108]. Understanding the dialogue between PRC1 and PRC2 to ensure this regulation might contribute to the revelation of the role of PcG proteins in MM pathophysiology.




4.3. PcG Proteins and Multiple Myeloma Tumor Microenvironment


Since the first description of MM in 1844, physicians have become aware of an unusual and unique type of bone disease that contributes significantly to MM morbidity through chronic osteodynia and spontaneous fractures [142]. Studies performed on the mechanistic basis of this bone disease have shown the accumulation of myeloma cells and osteoclasts at bone destruction sites. It is now established that myeloma cells locally produce osteoclastic activation molecules, such as IL-6 [143], TNFα [144], and MIP-α [145]. These cytokines are associated with cell adhesion [146,147], the deregulation of the RANK/RANKL/osteoprotegerin system [145,148,149], and an increase in the number and activity of osteoclasts. In addition, MM-associated bone disease is also characterized by inhibition of osteoblastic differentiation [150,151]. This leads to osteoblast/osteoclast decoupling and increased bone resorption with diffuse or multifocal osteolysis that can affect any bone in the body, but specifically the axial skeleton (pelvis, spine, skull) (for reviews on myeloma bone disease, see [142,152]).



It has been suggested that EZH2 overexpression in osteoblastic precursors may be involved in the development of bone lesions characteristic of MM. Myeloma cells induce expression of GFI1 in the osteoblastogenic bone marrow mesenchymal stem cells (BM-MSC) of the tumor microenvironment. In BM-MSC, GFI1 forms a complex with EZH2, HDAC1, and LSD1 and targets RUNX2, which is a central factor in BM-MSC differentiation into osteoblasts (Figure 6). EZH2 changes the status of the RUNX2 promoter from bivalent to repressed (only H3K27me3) [153]. Therefore, repression of RUNX2, as well as osteoprotegerin and osteocalcin by EZH2, directs BM-MSCs towards adipogenesis [154,155]. Importantly, it appears that this mechanism persists even after MM remission, and that inhibition of EZH2 or HDAC1 leads to RUNX2 re-expression and restores normal osteoblast differentiation [153].



In summary, EZH2 inhibition in the context of myeloma bone disease may inhibit bone degradation and promote bone reconstruction in patients with MM.




4.4. PcG Proteins and Drug Resistance in Multiple Myeloma


Several studies have demonstrated significant intra-clonal molecular heterogeneity, with the existence of different subclones already diagnosed with MM, and modifications in subclonal dominance during MM progression [156]. The subclones harbor different secondary cytogenetic lesions. These lesions are acquired randomly, due to genetic instability, and are then selected through a pseudo-Darwinian process that involves not only the tumor environment constraints but also the chemotherapy pressure [156]. They dictate the phenotype, chemoresistance, and clonogenic potential of each subclonal population. MM clonal evolution is not identical in all patients and at all stages of the disease, with different possible paths, ranging from the absence of genomic variations to a linear somatic evolution, or even somatic branching evolution [157].



MM treatment includes alkylating agents (melphalan, bendamustine, and cyclophosphamide), corticosteroids (dexamethasone and prednisone), immunomodulators or IMiD (thalidomide, lenalidomide, and pomalidomide), proteasome inhibitors (bortezomib, carfilzomib, and ixazomib), therapeutic monoclonal antibodies (elotuzumab, daratumumab, and isatuximab), an anti-tumor antibiotic (doxorubicin), a histone deacetylase inhibitor (panobinostat), or a spindle poison (vincristine) [158].



Despite promising clinical data, some patients do not respond to bortezomib at diagnosis, and only 25 to 30% still respond at MM relapse. This prompted several teams to study the biological bases of this clinical heterogeneity in which PcG proteins have been implicated on several occasions. Indeed, it has been shown that BMI-1 repression sensitizes myeloma cells to bortezomib [159]. In addition, strong EZH2 expression is predictive of a poor response to bortezomib, and ectopic expression of EZH2 in HMCLs confers resistance to this proteasome inhibitor [86]. Bortezomib has been reported to indirectly reduce EZH2 transcription and decrease E2F1 activity in myeloma cells [86]. In addition, the deregulation of the repression loop between EZH2 and miR-138 also participates in the resistance of myeloma cells to bortezomib by a mechanism that involves the tumor suppressor gene RBPMS [104]. However, these findings are still preliminary.



Epidrugs represent a significant therapeutic interest for overcoming drug resistance. For instance, pretreatment of HMCLs with an EZH2 inhibitor increases their sensitivity to panobinostat, an HDAC inhibitor, regardless of their initial sensitivity to such compound [90]. Moreover, the combined inhibition of EZH2 and BMI-1 has a synergistic effect in HMCLs and primary MM cells obtained from patients at MM diagnosis or relapse [119].



IMiDs such as lenalidomide promote binding of the Ikaros and Aiolos transcription factors to the E3 ubiquitin ligase cereblon (CRBN), leading to their ubiquitination and proteasomal degradation, associated with downregulation of IRF4 and MYC and reduced survival of MM cells [160,161]. Our team has demonstrated that the combination of EPZ-6438 with lenalidomide significantly decreases the levels of Ikaros, IRF4, and MYC proteins compared to lenalidomide or EPZ-6438 treatment alone [93]. Furthermore, EPZ-6438/lenalidomide combination strongly upregulates the B cell transcriptional network (PAX5, BACH2, BCL6), downregulates the ASC transcriptional network (PRDM1, IRF4), and results in a significant proliferation inhibition and quiescence induction in HMCL [93]. GEP data show that this combination induces significant and specific upregulation of a subset of genes targeted by PRC2, RB1, and DNA methylation, in association with significant downregulation of MYC target genes and cell proliferation program [93]. Interestingly, it was been recently shown that the combined inhibition of EZH2 and DNMTs re-sensitizes IMiD-resistant myeloma cells to lenalidomide and pomalidomide without altering the expression levels of the cereblon pathway members (CRBN, IKZF1, IKZF3, IRF4), by a mechanism that seems to involve SMAD3 [162]. Further work is needed to elucidate the basis of the lenalidomide–EZH2 inhibition synergy.





5. Concluding Remarks


We have described the multi-step gene expression regulation by PcG proteins during physiological PC differentiation and MM pathophysiology. Transcriptional regulation is at the top of this regulatory cascade. Indeed, transactivator and silencing factors play a relatively well-defined central role in PC differentiation, in particular via PRDM1, XBP1, IRF4, PAX5, BACH2, and BCL6 [30,163]. These factors, by definition capable of binding to chromatin, form antagonistic regulatory networks sensitive to environmental signals. However, they are only vectors, signal transducers of gene regulation. This means that to induce transcriptional expression or repression they must recruit cofactors (e.g., epigenetic regulators that chemically modify histones or DNA and/or chromatin remodelers that regulate nucleosome positioning and chromatin accessibility).



PcG proteins are major epigenetic regulators of cell fate during embryogenesis and differentiation of adult tissues. These proteins are also involved in cell transformation and have been studied in many cancers (for a review, see [164]). Their involvement in PC differentiation and MM pathophysiology is currently the subject of intense research, aimed at understanding the molecular mechanisms underlying these still poorly understood phenomena. Interestingly, during PC differentiation, EZH2 plays specific context-dependent roles depending on the humoral immune response phase. In PB and PC produced early by the primary extra-follicular response, it inhibits the B transcriptional network and promotes the ASC phenotype. Conversely, in GC centroblasts and centrocytes, EZH2 inhibits the ASC transcriptional network and maintains the B phenotype, allowing CSR and SHM. Finally, in pre-PB produced during the secondary extra-follicular response, EZH2 concomitantly inhibits the B and ASC transcriptional networks. These different EZH2 functions depending on the cell differentiation step add a layer of complexity to the study of PcG proteins during PC differentiation. Recent work carried out in D. melanogaster has brought new knowledge on the mechanism of regulation of gene expression by PcG proteins [165]. Specifically, during the course of D. melanogaster development and larval imaginal disc differentiation, PRC1 and PRC2 can be functionally uncoupled and PRC1 redeployed to new target genes that are enriched for cancer-related ontologies [165]. Furthermore, the role played by the numerous ncPRC1s found in mammals, distinct from that of cPRC1s, also opens new functional avenues to be explored.



On the pathological side, MM is a severe condition with poor prognosis and is still incurable in most cases. Many groups are interested in the role of PcG proteins in MM. However, further research is needed to better characterize the biological function of these epigenetic regulators of gene expression in a cancer context and also to identify new therapeutic avenues. Indeed, epigenetic mechanisms are characterized by their plasticity, which makes them targets of choice for developing new specific therapies. This also involves stratifying patients on the basis of biomarkers in order to identify MM patients that might benefit from epidrugs. Thus, targeting PcG proteins in MM constitutes a promising and innovative personalized therapeutic strategy. It is now necessary to define the most synergistic drug combination in order to improve the management of MM patients.
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Figure 1. Polycomb repressive complexes (PRC). (A) Composition of canonical PRC1 (cPRC1) and non-canonical PRC1 (ncPRC1). Red, core members; orange, members that define the different canonical and non-canonical complexes; yellow, accessory factors. (B) Composition of PRC2. Dark blue, core members; light blue, members that define the different complexes. 
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Figure 2. Polycomb group protein chromatin recruitment models. (A) Hierarchical recruitment model: PRC2 is recruited first and deposits H3K27me3 on chromatin via its catalytical subunit EZH1 or EZH2; then, canonical PRC1 (cPRC1) is recruited by a chromobox member CBX on the H3K27me3 mark and deposits H2AK119ub1 on chromatin via its catalytical subunit RING1. (B) Cooperative recruitment model: ncPRC1 complexes deposit H2AK119ub, which recruits PRC2.2 via its JARID2 and AEBP2 subunits. In parallel, PRC2.1 is recruited to unmethylated CpG island DNA via its PCL subunits. PRC2.1 and PRC2.2 complexes deposit H3K27me3, and this mark recruits both more copies of PRC2 and cPRC1. Mutual interactions between the core PRC2 member EED and the cPRC1 member SCM further stabilize their recruitment. PRE: polycomb responsive element (considered as CpG islands in mammals). 
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Figure 3. Overview of physiological differentiation of plasma cells (PC). Upon primary antigen contact, naïve mature B cells are activated and become lymphoblasts that can choose between two pathways: the primary extra-follicular response and the primary follicular response. In the primary extra-follicular response, lymphoblasts immediately differentiate into plasmablasts (PB) then into short-lived PC and produce immunoglobin M (IgM). In the primary follicular response, lymphoblasts enter a lymphoid follicle and form a germinal centre, while differentiating into centroblasts and then centrocytes. During the germinal centre reaction, immunoglobulin class switch recombination (CSR) and somatic hypermutation (SHM) take place. After selection, the centrocytes differentiate either into memory B cells, or into PB and then PC that produce IgG, IgA, or IgE. Upon secondary antigen contact, memory B cells are activated and can choose between a secondary extra-follicular response and a secondary follicular response. The secondary follicular response is similar to the primary follicular response and follows the same steps. In the secondary extra-follicular response, memory B cells immediately differentiate into pre-plasmablasts (pre-PB), PB, and then PC. The numbers indicate the cell fate decision points, where the antibody-secreting cell (ASC) program is switched on. Green arrows indicate cell differentiation steps where the ASC program takes place. 
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Figure 4. EZH2 expression level and its main cell fate control functions during PC differentiation. (A) Relative level of EZH2 expression during the primary extra-follicular response (left panel) and EZH2 main fate control function in primary extra-follicular PC (right panel). (B) EZH2 relative expression level during the follicular response (left panel) and EZH2 main fate control function in centroblasts (right panel). (C) Relative level of EZH2 expression during the secondary extra-follicular response (left panel) and EZH2 main fate control function in pre-PB (right panel). For each immunological response, the black asterisk indicates the cell step in which EZH2 expression level is maximal and refers to the right part of the figure. ASC: antibody-secreting cell. Red T-arrow represents repressive activity. 
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Figure 5. Transcriptional differentiation during PC differentiation. (A) Relationship between the antagonistic B cell transcriptional network and the ASC transcriptional network according to the cell differentiation step during the primary extra-follicular response (left), follicular response (middle), and secondary extra-follicular response (right). (B) Representation of the stability of the transcriptional network during PC differentiation. According to this model, naïve B cells and memory B cells represent the stable cell type that durably expresses B cell transcriptional network factors, and PC represents the stable cell type that durably expresses ASC transcriptional network factors. Other cell types (e.g., lymphoblasts, centroblasts, centrocytes, pre-PB, and PB) are transient and transcriptionally unstable, being are the site of active antagonism between the B cell and ASC transcriptional networks. The decision point represents the cell fate choice point where the transcriptional switch between the B cell network and the ASC network occurs, irreversibly inducing the activation of the ASC program and the extinction of the B cell program. 
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Figure 6. Role of EZH2 in multiple myeloma (MM) bone disease. Under physiological conditions, the RUNX2 gene promoter is found in a bivalent state in osteoblastic progenitors; the normal resolution of this bivalency is oriented towards a H3K4me3 monovalent state, which allows the transcription of RUNX2 and then osteoblastic differentiation. However, in presence of MM cells, osteoblastic progenitors overexpress GFI1, which recruits EZH2, LSD1, and HDAC1 on RUNX2 promoter and induces a bivalent resolution oriented towards a H3K27me3 monovalent state and a transcriptional repression of RUNX2, resulting in an inhibition of osteoblastic differentiation. P: promoter; GFI1RE: GRI1 responsive element; mRUNX2: RUNX2 mRNA. Green arrow represents normal physiology and red arrow represents deregulations in MM malignancy. 
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