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                                                            Inherited hemoglobinopathies, including sickle cell disease (SCD) and the thalassemias, are the most common human monogenic diseases and represent a highly significant global health problem.21 SCD drastically impacts the quality of life and reduces the life span of approximately 100,000 patients in the US and millions worldwide. Over 300,000 individuals are born with the disease each year with the vast majority in the developing nations of sub Saharan Africa where most of them fail to reach their fifth birthday. Hematopoietic stem cell (HSC) transplantation can be curative, but over 80% of patients lack a suitable donor. Gene therapy and gene editing technologies also offer the possibility of a cure, but require myeloablative drug-conditioning regimens for successful transplantation of the edited autologous HSC population. The technological and hospital infrastructure required to implement these advanced methods are beyond the resources available in the locations where most patients reside. The only currently available treatment option for patients with β-thalassemia major is chronic transfusion therapy. Elevated levels of fetal hemoglobin (HbF; a2g2) reduce the severity of symptoms and lengthen the life span of SCD patients by inhibiting deoxy HbS polymerization, while in β-thalassemia patients, increased HbF alleviates the lack of β-globin production. Hydroxyurea (HU), a drug approved by the US Food and Drug Administration (FDA) that can increase HbF in SCD, is not effective in a large subset of patients and, importantly, the increased HbF is heterogeneously distributed within the erythrocyte population resulting in a large fraction of erythrocytes lacking protective levels. Effective treatment of the large numbers of patients projected worldwide in the coming years would be best accomplished with an affordable, easily-administered, orally-available drug designed to achieve effective increases in HbF levels. A logical approach to increase HbF for therapy of the hemoglobinopathies is to intervene with the epigenetic repression mechanism that executes the switch from HbF to adult hemoglobin (HbA; α2γ2).53 In this issue, the Ginder laboratory has identified a specific co-repressor, MBD2-NURD, that is responsible for silencing γ-globin expression in adult erythroid cells and has delineated critical amino acid residues within the MBD2 protein that recruit the co-repressor containing the epigenetic-modifying enzymes that mediate silencing.6 The identification of these sites of recruitment should allow the identification and development of new drugs that interfere with these interactions to alleviate gene repression and increase γ-globin expression in adult erythroid cells and that, due to the mild phenotype of MBD2 mice,7 would be expected to have acceptable side-effects in patients.
The switch from HbF to HbA expression occurs in late gestation and involves the acquisition of repressive epigenetic marks at the γ-globin promoter. The first evidence that an epigenetic mechanism might be involved in this switch arose from experimental results showing a correlation between high levels of γ-globin expression and the lack of DNA methylation in the 5’ γ-globin promoter region.8 Subsequently, high levels of HbF were observed following treatment of baboons with 5-azacytidine (5-aza), an inhibitor of DNA methylation.9 The Ginder laboratory, working in the chicken system, showed that inhibitors of two different epigenetic-modifying enzymes (DNMT1 and HDAC) in combination increased the expression of developmentally silenced globin genes.10 Numerous clinical studies have now confirmed the ability of pharmacological DNMT1 inhibitors, (5-aza and decitabine) to increase HbF in patients with β-thalassemia and SCD.3 In recent years great progress has been made to increase our understanding of the mechanism responsible for developmental γ-globin silencing by the discovery of three trans-acting, site-specific DNA binding proteins (BCL11A, TR2/TR4, and ZBTB7A) that recognize and bind to specific sequences within the γ-globin promoter.1211 Critical to the repressive activity of these proteins is their ability to recruit multiprotein co-repressors containing epigenetic-modifying enzymes (DNMT1, HDAC, LSD1, G9A) whose activities directly establish the repressive chromatin environment silencing γ -globin expression.1413 Pharmacological inhibitors of these enzymes increase γ-globin expression in various cell culture, mouse, and nonhuman primate model systems, often to impressive levels that would be predicted to provide therapeutic benefits to SCD and β-thalassemia patients.53 The major issue hindering use of these drugs in patients are dose-limiting hematologic side-effects that include neutropenia, thrombocytopenia, or thrombophilia.
The methylated DNA binding protein family includes the founding member MeCP2 and at least six additional proteins (MBD1-6) identified by homology searches. MeCP2, MBD1, MBD2, and MBD3 each contain a methylated DNA binding domain (MBD) that binds specifically to methylated CpG residues in vitro.15 MBD2 and MBD3 are closely related and are >80% homologous outside the MBD.16 MBD2 and MBD3 each contain a C terminal coiled-coiled (CC) domain that mediates protein-protein interactions. Additional domains present in MBD2 but absent in MBD3 include an N terminal glycine-arginine (GR) rich domain, a transcriptional repressor (TRD) domain that overlaps with the MBD and is essential for interaction with the NURD complex, and an intrinsically disordered region (IDR) important for binding to methylated DNA and recruitment of the NURD co-repressor protein complex. Isoforms of MBD2 lacking one or more of these domains have been identified.
The Ginder laboratory previously identified MBD2 as a repressor of γ-globin expression through experiments in MBD2 human β-globin YAC mice17 and isolated MBD2 as a component of a purified multi-protein complex that bound the methylated and developmentally silenced σ-globin gene in chicken erythrocytes.18 Both MBD2 and/or MBD3 were identified as components of co-repressor complexes recruited by Bcl11A, ZBTB7A, and TR2/TR4.1413 Although MBD2 and MBD3 were initially thought to be part of the same NURD complex, studies performed in mouse deletion models showed that these proteins have discrete physiological roles as MBD3 mice died in early embryogenesis while MBD2 mice remained viable and fertile.7 Subsequent biochemical analyses demonstrated that MBD2 and MBD3 were present in separate NURD complexes19 thus leading to the question of whether MBD2-NURD and MBD3-NURD have distinct functions in γ-globin repression. In this issue of the Journal, Yu et al.6 has elegantly and clearly answered this question by analysis of γ-globin expression in biallelic CRISPR/Cas9 knockouts (KO) of MBD2 and MBD3 in the HUDEP-2 human erythroid cell line. HbF expression was reactivated to high levels in MBD2 KO cells but not in MBD3 KO cells (Figure 1A). Partial knockdown (KD) of MBD2 by lentivirus-delivered siRNA increased γ-globin expression substantially in both HUDEP-2 and primary human erythroid cell cultures. Importantly, no effect on expression of the known γ-globin repressors including Bcl11A and ZBTB7A was observed in MBD2 KO cells. Erythroid differentiation was not blocked or substantially altered in MBD2 KO HUDEP-2 cells or in MBD2 KD primary erythroid cell cultures. These experiments provide strong and definitive evidence that MBD2 and not MBD3 is responsible for γ-globin repression in adult human erythroid cells. Recent results of a CRISPR/Cas9 mutagenesis screening have confirmed a specific role for MBD2 in γ-globin silencing.20 In additional experiments, the role of specific regions of MBD2 previously shown to function as important sites facilitating protein-protein interactions within co-repressor complexes were analyzed for their mechanistic roles in γ-globin repression (Figure 1B). The effect of amino acid substitutions within the CC domain of MBD2 that mediate interactions with GATAD2A and subsequent recruitment of the chromatin-modifying protein CH4D, and also within the IDR necessary for interaction of MBD2 with an HDAC core complex, were analyzed for their ability to repress γ-globin expression in γ-globin expressing MBD2 KO cells by forced expression of wild-type or mutant MBD2 delivered via lentiviral vectors. Wild-type MBD2 decreased γ-globin expression but MBD2 containing site-specific mutations in the CC domain or IDR did not, indicating that protein-protein interactions facilitated by these regions were critical for γ-globin repression.
[image: ]

Figure 1.Repression of the γ-globin gene by MBD2. (A) Contrasting effect of deletions of MBD2 and MBD3 on fetal hemoglobin (HbF). (B) Amino acid substitutions within the intrinsically disordered region (IDR) and coiled-coiled (CC) domains of MBD2 disrupt interactions with components of the NURD co-repressor and fail to repress HbF in MBD2 knockout cells.
Even though many important questions remain regarding the exact role of MBD2 in γ-globin silencing, the essential work of identifying and developing small molecule pharmacological agents that target the CC domain and IDR and block the specific contacts mediating the critical functional interactions with other co-repressor proteins can now begin. Because the overall phenotypic effects observed in MBD2 KO mice are minor, it is reasonable to predict that drugs specifically targeting MBD2 would have minimal side effects in patients and thus offer great potential for future therapy for the hemoglobinopathies.
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