Epigenetic Regulation of the B-Globin Genes
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Beta-like globin gene expression is developmentally regulated during life by transcription factors, chromatin looping and
epigenome modifications of the [3-globin locus. Epigenome modifications, such as histone methylation/demethylation and
acetylation/deacetylation and DNA methylation, are associated with up- or down-regulation of gene expression. The
understanding of these mechanisms and their outcome in gene expression has paved the way to the development of new
therapeutic strategies for treating various diseases, such as B-hemoglobinopathies.
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| 1. Introduction

Epigenetic modifications, which are defined as chromatin alterations that result in a determined expression pattern without
changing the genetic sequence, have been shown to occur during the fetal-to-adult hemoglobin switching (Figure 1).
These potentially heritable modifications, which include DNA methylation and histone modifications (acetylation and
methylation), can be cell-, tissue- and developmental-stage specific. Epigenetic modifications change the chromatin
structure and DNA accessibility, and consequently affect gene expression, as epigenetic modifiers co-operate with TFs to
repress or activate gene expression.
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Figure 1. Epigenetic regulation of the 3- and y- globin gene expression. Schematic representation of the epigenetic profile
of HBG1/2 and HBB promoters (represented by squares) in the fetal or fetal-like stages (fetal life, individuals with HPFH
mutations and pB-hemoglobinopathy patients; upper panel) and in the adult stage (healthy individuals; middle panel). The
presence of DNA methylation and histone modifications (activating acetylation marks and activating or repressive
methylation marks) is associated with an open or closed chromatin conformation that influences the accessibility of RNA
polymerase Il (RNAPII) and, consequently, the transcription rate as a whole. Green arrows indicate active transcription.



CpG sites that are specifically methylated in the HBG1/2 genes in the adult stage are indicated and named after their
distance from the transcription start site (e.g., —162, =53, =50, +6, +17, and +50). Created with BioRender.com.

| 2. DNA Methylation

The promoters of many human genes (including globin genes) contain Cytosine-phosphate Guanine (CpG) sites, which
occur at a high frequency in regions known as “CpG islands”, and are amenable to epigenetic modifications. DNA
methyltransferases (DNMT) deposit methyl groups in the fifth carbon atom of the cytosine of a CpG site. DNMT3A and
DNMT3B mediate the de novo deposition of methyl groups in a non-methylated 5'-CpG-3' and symmetrically to the non-
methylated 3'-GpC-5' of the complementary strand 1. DNMT1 is responsible for the maintenance of the methylation of
asymmetrically semi-methylated CpG sites upon DNA replication . The ten-eleven translocation methyl-cytosine
dioxygenase (TET) proteins TET1, TET2 and TET3 are responsible for DNA demethylation B4, TET is responsible for the
removal of the methyl group from a 5-methyl-Cytosine (5-mC) through the generation of a 5-hydroxy-methyl-cytosine (5-
hmC) intermediate B4, High DNA methylation levels normally characterize transcriptional inactive promoter regions, while
hypomethylated promoters and promoters bearing the 5-hmC intermediate are generally highly expressed . However,
CpG methylation is not always associated with gene repression, such as when it occurs at enhancer regions. For this
reason, some studies suggest that CpG methylation denotes active enhancer regions and might be required for depositing
the active H3K27 histone acetylation mark (see below) [,

In the y-globin promoters, CpG sites span a 500 nt region centered on the transcription start site (-162, -53, -50, +6,
+17, +50, CpG sites) MBI (Figure 1). Studies in erythroid cells obtained from human hematopoietic stem and progenitor
cells (HSPCs) demonstrated that the y-globin promoters were significantly hypomethylated in cord blood and fetal liver
samples compared to adult bone marrow samples ZIEIE. Conversely, the DNA methylation levels of the adult B-globin
promoter were higher in fetal cells than in adult samples [1. Moreover, an abnormal DNA hypomethylation pattern in the y-
globin promoters was associated with an increased HbF expression in B-thalassemia patient cells as compared to healthy
donors 8 and in individuals with HPFH mutations 29, By contrast, in a non-human primate baboon model, 5hmC levels
positively correlated with y-globin expression, although the 5hmC levels were substantially lower than 5Mc =,
Interestingly, a missense mutation in the DNMT1 gene found in patients with HbE/B-thalassemia, leads to lower stability
and enzymatic activity loss of DNMT1. This was associated with the reactivation of HbF due to the diminished recruitment
of DNMTL1 to the y-globin promoters and the reduced methylation levels in CpG sites in the y-globin promoters (=53, =50,
+6, +17, and +50) of erythroid cells differentiated from patient HSPCs 14,

| 3. Histone Modifications

The DNA of eukaryotes is wrapped around histone octamers, i.e., nucleosomes, forming the chromatin. A 147 bp-long
DNA fragment is wrapped around a histone octamer, composed of two copies of histone (H) 2A, H2B, H3 and H4, while
histone H1 binds to the linker DNA between two nucleosomes. A variety of post-translational modifications (e.g.,
methylation, acetylation and phosphorylation) in different amino acid residues of the histones have been identified and
associated with distinct regulatory functions [X2/231[14][15]

3.1. Histone Methylations

The transfer of methyl groups to histone amino acid residues by methyl-transferase proteins (lysine methyltransferase
(KMT) and protein arginine methyltransferase (PRMT)) is associated either with an open chromatin state and gene
activation, or to a compact chromatin state and gene repression. For instance, the H3 lysine 4 monomethylation,
dimethylation or trimethylation (H3K4mel, H3K4me2 and H3K4me3, respectively) and the asymmetric H4 arginine 3
dimethylation (H4R3me2a) mark transcriptionally active genomic regions (with H3K4me1l typically marking enhancers,
H3K4me2 marking promoters and enhancers, and H3K4me3 marking promoters). On the other hand, the deposition of
methyl, dimethyl or trimethyl groups on H3 lysine 9 or lysine 27 (H3K9mel, H3K9me2, H3K9me3, H3K27me2 and
H3K27me3, respectively) or symmetric H4 arginine 3 (H4R3me2s) or H4 lysine 20 (H4K20me3) is associated with
transcription inactivation 1€, Interestingly, the simultaneous presence of activating H3K4me3 and repressive H3K27me3
characterizes a bivalent chromatin state typical of genes poised for rapid activation 3. These modifications can be
removed by demethylases (e.g., lysine-specific histone demethylase 1 (KDM1A), also known as lysine-specific
demethylase (LSD1)).

The role of histone methylation in the regulation of the -globin genes has been studied for decades (Figure 1). The
developmental-stage specific pattern of histone modifications along the -globin locus was analyzed by comparing human
embryonic cell-, fetal liver- and bone marrow-derived erythroblasts. The three sources have a distinct globin expression



profile corresponding to an embryonic/fetal, fetal and adult state, respectively. Accordingly, the presence of the active
H3K4me3 mark is correlated with gene activity in the different cell types 4. Studies have revealed a correlation between
the type of histone methylation and the activation or repression of globin genes L8920 For instance, in human adult
erythroid cells, the activating H3K4me2/me3 and the repressive H3K9mel marks are present at the - and y-globin
promoters, respectively 1821 |nterestingly, upon administration of tranylcypromine (TCP), a KDM1A inhibitor 22, the
activating H3K4me2 mark increased in the y-globin but not in the B-globin promoter along differentiation, suggesting that
KDM1A is responsible for the repression of the fetal genes by removing the activating H3K4me2 mark.

Additional proteins are involved in the determination of the histone methylation status of the 3-globin locus. In particular,
the expression of EHMT1/2 as well as the global H3K9me2 levels decrease along the erythroid differentiation in cells
derived from adult HSPCs 23], Pharmacological inhibition of EHMT1/2 (using UNC0638) or shRNA-mediated knockdown
of EHMT1/2 led to decreased levels of H3K9me2 and, consequently, HbF reactivation (23]124] However, the reactivation of
HbF observed upon EHMT1/2 downregulation was associated with an additional activating event, the acetylation of H3
lysine 9 (H3K9Ac) at the HBG1/2 promoters, which is typically associated with gene activation (see paragraph “Histone
acetylations”) [23l. Promisingly, UNC0638 also led to high levels of HbF expression in erythroid cells from B-thalassemia
patients 22, FTX-6058, and inhibitor of EDD, was also tested in healthy volunteers and induced high HbF levels without
major side effects (NCT04586985).

Methylation of arginine 3 on H4 also plays an important role in globin gene regulation. In human erythroid cell lines,
PRMT5 induces symmetric H4R3me2 in the y-globin promoters 28, The developmental-stage specific pattern of
H4R3me2s marks along the B-globin locus was observed in primary erythroid cells. H4R3me2s levels in the y-globin
promoters were higher in human bone marrow-derived erythroid cells compared to cord blood-derived erythroid cells (28],
Conversely, H4R3me2s marks and PRMT5 were absent from the B-globin promoters of human bone marrow-derived
erythroid cells. Small-molecule inhibition of PRMT5 (using adenosine-2',3'-dialdehyde (Adox)) in erythroid cells derived
from adult bone marrow HSPCs reduce H4R3me2s levels at the y-globin promoters with a concomitant HbF reactivation.
PRMTS5 is thought to be recruited at the y-globin promoters by LYAR. In fact, upon LYAR knockdown, both PRMT5
occupancy and H4R3me?2 levels decrease at the y- globin promoters 24,

An interplay between the different histone methylations and between histone methylations and DNA methylation has been
reported at the B-like globin promoters. In human erythroid cell lines, PRMT5-induced symmetric H4R3me2 in the y-globin
promoters is associated with the recruitment of DNMT3A that methylates close CpG sites, highlighting the interplay
between histone and DNA methylation 28 Furthermore, in human erythroid cell lines, PRMTS5 also induces the deposition
of additional repressive histone methylation marks in the y-globin promoters, such as H4K20me3, H3K9me3 and
H3K27me3, likely by recruiting other repressor complexes such as KMT5B (also known as SUV4-20h1), a lysine
methyltransferase that deposits the repressive H4K20me3 mark. The H4K20me3 mark was higher at the embryonic/fetal
€- and y-globin promoters in human bone marrow-derived erythroblasts as compared to cord blood-derived erythroid cells.
Accordingly, shRNA-mediated downregulation of SUV4-20h1 led to y-globin gene reactivation in adult cells 18!,

3.2. Histone Acetylations

The deposition of acetyl groups on histone lysine residues loosens the interactions between histones and DNA due to a
neutralization of the positive histone charge [28129 As a result, chromatin is in an open state, and TFs can bind to the
DNA resulting in transcription activation. The proteins that are responsible for histone acetylation are histone acetyl-
transferases (HAT, for example, p300), which are lysine acetyl-transferases (KAT) that deposit acetyl groups in lysine
residues of the histone tail. Conversely, lysine deacetylases (KDAC), including histone deacetylases (HDAC), can remove
the acetyl groups from histones, thus compacting the chromatin. There are four classes of HDACs, Rpd3-like proteins
(class I; HDAC1, HDAC2, HDAC3 and HDACS), Hdal-like proteins (class II; HDAC4, HDACS5, HDAC6, HDAC7, HDAC9
and HDAC10), HDAC11 (class IV) and Sir2-like proteins (class Ill; SIRT1, SIRT2, SIRT3, SIRT4, SIRT5, SIRT6 and
SIRT7).

Histone acetylation plays a dynamic role in the developmental-stage specific regulation of 3-like globin gene expression
(Figure 1). A positive correlation has been established between the B-like globin gene expression levels and H3 and H4

acetylation in the LCR and in the B-like globin genes in murine fetal liver cells and erythroid cell lines harboring the human
B-globin locus BABEUE2]

Studies using human fetal and adult erythroid cells have shown that the levels of H3 acetylation in the LCR are stable
during development, while the same marker in the B-globin coding regions positively correlates with HBB expression
levels BAE3] | general, in human primary cells, when a B-like globin gene is activated (e.g., the y-globin gene in fetal
erythroblasts), there is an H3 loss from the promoter and a strong acetylation of the remaining histones leading to a more



open chromatin state B3l In fact, human primitive-like, fetal and adult erythroid cells display H3 lysine 9 or 27

hyperacetylation in the -, y- and B-globin gene promoters, respectively [I18I19][53]

Interestingly, histone deacetylase activity is not always correlated with y-globin repression. In fact, SIRT1, an histone
deacetylase has been positively associated with increased y-globin expression, and SIRT1 activators enhance the
expression of y-globin in primary human erythroid cells B4, In fetal cord blood erythroid cells, the levels of SIRT1 are
higher as compared to adult bone marrow cells B4, SIRT1 was found to enhance the looping between the LCR and the y-
globin promoters, and this was also associated with an indirect increase in the levels of the activating H4K16ac mark in
the y-globin promoters B4, Therefore, SIRT1 activators could potentially be used for reactivating HbF in
hemoglobinopathy patients.

The interplay between different types of histone modifications also characterizes the B-globin locus regulation and has
also been investigated at the level of enhancers (typically marked by H3K4mel) in human erythroid cell lines. In the (3-
globin LCR, H3K4me1l was correlated with histone acetylation, namely, H3K27ac. Interestingly, the loss of H3K4me1l led
to a concomitant reduction in H3K27ac, but not vice versa, indicating a hierarchy that places methylation upstream of
acetylation in the B-globin locus regulation 221,

Histone acetylations also cooperate with DNA methylation in regulating globin gene expression. In human cells, H3 and
H4 acetylation regulates the B-globin genes in concert with other histone modifications (e.g., histone methylations and
phosphorylation) and DNA methylation. Along the human erythroid differentiation, the activating H3K9ac marks in the -
globin locus overlap with histone methylation marks (H3K4mel and H3K4me3), and 5-hmC 8], highlighting the interplay
between different epigenetic marks to control gene expression. Furthermore, PRMT5 18 or LYAR 22 downregulation in
human erythroid cell lines led not only to the eradication of the H4R3me2s repressive mark, but also led to a reduction in
the repressive H4 serine 1 phosphorylation (H4S1ph) mark and an increase in the activating H4K12ac, H4K8ac and
H3K9ac marks. Inhibition of PRMT5 by Adox in adult bone marrow erythroid cells also increased the H4 acetylation levels
at the y-globin promoters 24,

4. The Interplay between Epigenetic Modifiers, Transcription Factors and
Chromatin Looping

The fine-tuning of globin gene expression is mediated by the direct or indirect repressive or activating effects of TFs that
bind to the B-globin locus, and by an interplay between these TFs and DNA or histone modifiers that alter the epigenetic
profile of the locus and, thus, its chromatin accessibility. By way of example, the GATA1 TF interacts with the CBP/p300
acetyltransferase during erythropoiesis 8. With regard to the fetal-to-adult Hb switching, the major players of this
interplay are the BCL11A and LRF TFs that interact with co-factors including epigenome modifiers. BCL11A and LRF
interact with the NuRD complex, which contains HDACs and MBD2. MBD2 binds to methylated CpG regions and recruits
other NURD components to repress gene expression B4, BCL11A also interacts with histone demethylases, such as
KDM1A, which removes activating histone methylation marks in the y-globin promoters 1. Another repressive complex
that regulates the expression of y-globin genes is the direct repeat erythroid-definitive (DRED) complex that contains
KDM1A, DNMT1 and testicular receptor 2 and 4 (TR2/TR4)TF (211120,

Finally, the specific binding of TFs to the (-like globin genes and the chromatin remodeling through LCR-mediated looping
formation is required for the regulated expression of B-like globin genes. The chromatin looping drives the y-globin or B-
globin gene expression in fetal and adult erythroblasts, respectively. The looping is mediated by a protein complex
containing LDB1, LMO2, GATA1, TAL1 and E2A and facilitates the juxtaposition of the LCR to the y- or the B-globin gene
promoter, thus promoting their expression [41[42]43]144]145] The recruitment of this protein complex inducing chromatin
looping is also associated with epigenetic changes in the B-globin locus. In fact, in a murine erythroid cell line, GATA1
induces LDB1-mediated chromatin looping and H3K4me3 deposition at the B-globin gene to regulate its expression 48!,
Furthermore, in a human fetal erythroid cell line, the ETO2 transcriptional co-repressor impairs the binding of this protein
complex to the B-globin locus and, as a consequence, the looping between the LCR to the y-globin gene. This is
paralleled by the recruitment of the NURD complex, the decrease in H3K27ac and H3K9ac at the B-globin locus, and the
repression of the y-globin genes 4. Taken together, these results indicate a tight interplay between chromatin looping
and epigenetic modifications at the [-globin locus to promote proper -like globin gene regulation.
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