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Abstract

Purpose of review—Transcription of erythroid-specific genes is regulated by the three-

dimensional (3D) structure and composition of chromatin, which dynamically changes during 

erythroid differentiation. Chromatin organization and dynamics are regulated by several 

epigenetic mechanisms involving DNA (de-)methylation, post-translational modifications (PTMs) 

of histones, chromatin-associated structural proteins, and higher-order structural changes and 

interactions. This review addresses examples of recent developments in several areas delineating 

the interface of chromatin regulation and erythroid-specific lineage transcription.

Recent findings—We survey and discuss recent studies that focus on the erythroid chromatin 

landscape, erythroid enhancer-promotor interactions, super-enhancer functionality, the role of 

chromatin modifiers and epigenetic crosstalk, as well as the progress in mapping red blood 

cell (RBC) trait-associated genetic variants within cis-regulatory elements (CREs) identified in 

genome-wide association study (GWAS) efforts as a step towards determining their impact on 

erythroid-specific gene expression.

Summary—As one of the best characterized and accessible cell differentiation systems, 

erythropoiesis has been at the forefront of studies aiming to conceptualize how chromatin 

dynamics regulates transcription. New emerging technologies that bring a significantly enhanced 

spatial and temporal resolution of chromatin structure, and allow investigation of small cell 

numbers, have advanced our understanding of chromatin dynamics during erythroid differentiation 

in vivo.
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Introduction

Tissue differentiation is driven by the expression of lineage-specific genes expression of 

which is critically dependent on the structure and spatial organization of the genome [1,2]. 

For example, for transcription to be initiated, enhancers as CREs must be recognized within 

chromatin and engaged, and the chromatin opened into a nucleosome-free region, which 

is facilitated by the formation of enhancer-promoter loops. Indeed, a recent comprehensive 

study of 220 transcription factor (TF) DNA binding domains (eDBDs) and 13 full-length 

TFs revealed that most preferentially bound to naked DNA, and their binding was inhibited 

by the presence of a nucleosome [3].

During terminal differentiation of the erythroid lineage from the proerythroblast stage 

onwards, each cell division produces daughter cells of a distinct differentiation stage, with 

discrete morphology and gene expression profile [4–7], which demands tightly controlled 

gene regulation. While several essential TFs driving erythropoiesis have been known since 

long [8], the elucidation of chromatin determinants has lagged behind. This review gives 

an update of recently emerging principles of erythroid-specific epigenetic mechanisms. Due 

to space limitations, the examples discussed are not meant to be all-encompassing, and we 

apologize to all colleagues whose work we could not mention.

The erythroid chromatin landscape

Integrating genome-wide expression with epigenetic dynamics across erythropoiesis 

promotes the understanding of gene regulatory principles and serves as a framework 

that genetic variation and disease can be related to. A number of combined epigenomic-

transcriptomic time courses of erythroid differentiation have been undertaken in both 

mice and humans [9–18]. Two comprehensive studies of human erythropoiesis examined 

transcriptome dynamics in conjunction with chromatin accessibility (employing the ‘assay 

for transposase-accessible chromatin using sequencing’ or ATAC-seq, [10,16]) and DNA 

methylome [16] analysis by differentiating and sorting primary umbilical cord-derived 

[16] or adult CD34+ [10] hematopoietic stem and progenitor cells (HSPCs) at eight 

erythropoiesis stages. Despite some differences in erythroid differentiation trajectories 

and transcriptional profiles between neonatal and adult peripheral-blood derived HSPCs 

[19], a theme emerging from these studies, as well as another study charting chromatin 

conformation dynamics during murine erythropoiesis at high temporal resolution, is that 

DNA demethylation and chromatin opening precedes gene transcription [10,15,16]. Future 

studies could further improve this resolution by leveraging a newly developed technology 

that simultaneously profile chromatin accessibility and gene expression in the same cell 

(SHARE-seq) as shown for another lineage [20]. In addition, the erythroid time course 

studies show that both chromatin accessibility and transcriptional activity continue to 

gradually increase over several differentiation stages before reaching a plateau. Of note, 

while some of these studies showed that the GATA2-to-GATA1 switch in human primary 

CD34+ cells undergoing in-vitro differentiation towards the erythroid lineage occurs at 

the proerythroblast stage [5,11,12], a study of the dynamic chromatin landscape during 

murine erythropoiesis suggests that, in vivo, the GATA2-to-GATA1 switch occurs already 

in a subpopulation of earlier CMPs [9]. It will be interesting to compare these findings 
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with epigenomic-transcriptomic time courses of human erythroid differentiation of primary 

human cells directly sorted from healthy bone marrow.

Importantly, combined erythroid epigenomic-transcriptomic analysis enables the 

identification of new essential and stage-specific regulators of erythroid differentiation. For 

example, ATAC-seq analysis allowed the identification of an erythroid-specific enhancer that 

becomes accessible specifically in the PolyE and OrthoE stages, and drives expression of 

a shorter, erythroid-specific isoform of TMCC2 [10], an ApoE-binding protein [21]. Many 

datasets exploring erythroid and other hematopoietic cells have been uniformly processed 

and made available to the general public in the framework of the VISION project [13], 

which comprises over 200,000 candidate CREs, including almost all experimentally verified 

erythroid CREs. This and other databases (for example, the ENCODE project) are an 

extremely valuable resource for the discovery of new CREs, as exemplified by a newly 

found functional enhancer upstream of the Gγ-globin gene [22].

Enhancer-promoter contacts

Over the last decade, chromosome conformation capture (3C)-based methods have revealed 

that chromosomes are organized into topologically associating domains (TADs) that self-

associate and whose boundaries are demarcated by the CCCTC-binding zinc finger protein 

CTCF and the cohesin complex, which insulate them from chromatin of neighboring TADs. 

Within TADs or smaller sub-TADs, chromatin loops form – possibly by extrusion (Fig. 1) 

[23,24] – that bring enhancers in proximity of gene promoters [25]. Important outstanding 

questions are how the 3D genome architecture influences transcription during differentiation 

and how specific enhancer-promoter interactions are achieved in gene-dense regions. The 

investigation of the α- and β-globin clusters continues to be instrumental in elucidating this 

regulation. Recently, the dynamics of chromatin organization at the α-globin cluster has 

been examined during early erythropoiesis in vivo with the help of low-input 3C technology 

(Tiled-C, [15]). This study found that while the ~165-kb large TAD encompassing the 

α-globin cluster is already present in HSPCs, a smaller ~70-kb erythroid sub-TAD contained 

within it, harboring the enhancer-promoter interactions, only gradually appeared after the α-

globin enhancers became accessible. Further chromatin accessibility and sub-TAD formation 

was progressive and took place in parallel with gradual α-globin gene activation. Similar 

observations were made at other erythroid gene loci and also in an in-vitro study using the 

murine G1ER erythroid cell differentiation model [14]. Methodological innovations now 

allow the assessment of multi-way (so far, primarily three-way) rather than just two-way 

genome contacts [26–28]. Their use led to the emergence of a hub model (Fig. 1) for both 

the α- and β-globin loci in which several promoters interact with the enhancers in a common 

compartment, as predicted also in models of transcription factories [29].

In mouse embryonic stem cells (mESCs), conditional degradation of CTCF causes 

insulation defects at >80% of TAD boundaries, as well as loss of chromatin loops [30]. 

Similarly, polymer physics models based on high-resolution Capture-C data of the α-globin 

locus in mESCs showed the inactive α-globin locus to reside within a highly intermingled 

chromatin conformation [31]. While in differentiating primary mouse erythroid cells, the 

α-globin locus forms a folded hairpin-like structure (more complex than a simple TAD), the 
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flanking CTCF-sites interestingly do not participate in this hairpin, but rather remain part 

of the surrounding higher-order structure. Since the boundary elements within the α-globin 

locus are bound by CTCF and cohesin in both mESCs and differentiating erythroblasts 

[32], it is likely that other yet to be elucidated mechanisms must mediate hairpin domain 

formation around the α-globin locus in erythroid cells. Emerging technologies such as 

CAPTURE (CRISPR affinity purification in situ of regulatory elements)-proteomics that 

allow the unbiased identification of locus-specific protein complexes, as shown for the locus 

control region (LCR), the β-globin enhancer, might be a promising approach to identify 

other CTCF-interacting factors at boundaries [33].

Enhancer-promoter interactions seem not to be required for establishment of the active 

α-globin erythroid sub-TAD, and active transcription of the α-globin locus not required 

for maintenance of these TADs [34]. In contrast, forced looping between the LCR and 

the β-globin promoter by zinc finger-mediated tethering of the transcription co-factor 

LBD1 to the β-globin locus can substantially induce β-globin expression in Gata1-null 

mouse (G1E) erythroblasts [35], and a similar mechanism can also re-activate the fetal 

βh1-globin gene in adult erythroid cells [36]. Recently, these forced LCR-promoter contacts 

have been shown by single-molecule quantitative RNA FISH to affect transcriptional burst 

fraction (the number of alleles transcribing per cell) but not burst size (the number of RNA 

molecules produced per burst), even though the LCR itself modestly affect burst size as well, 

suggesting that the mechanism of how the LCR contributes to the production of transcripts is 

independent of enhancer-promoter contact [37].

Super-enhancers

Super-enhancers (SEs) are defined as clusters of single enhancers, are larger in size than 

regular enhancers, and contain a much higher density of bound TFs and transcriptional 

coactivators, in particular the Mediator complex. They are thought to drive expression of 

key cell-type specific genes [38]. However, whether SE activity is the result of synergistic 

or additive action of single enhancers has been debated [39,40]. Mouse in-vivo studies 

of the α-globin regulatory region that deleted single enhancer elements or combinations 

thereof and assayed globin expression and hemoglobin levels showed that individual 

enhancer elements functioned additively, with some of them (R1 and R2) having more 

pronounced effects on the α:β-globin ratio than the other enhancer elements [41]. Similarly, 

by computationally merging publicly available Hi-C (3C method that detects all possible 

pairwise chromatin interactions) and ChIP-seq data, Huang and colleagues found that ~25% 

of all 843 SEs in K562 erythroleukemia cells had a hierarchical structure consisting of 

‘hub’ and ‘non-hub’ enhancer elements. ‘Hub’ elements are characterized by a higher 

frequency of chromatin interactions with more cohesin and CTCF bound, and were in 

closer linear physical proximity to genes associated with blood cell identity [42]. In the 

same study, CRISPR/Cas9-mediated knockout of ‘hub’ enhancer elements led to more 

pronounced downregulation of the affected genes than that of ‘non-hub’ elements within the 

SE-containing TAD. The fact that only a subset of SEs is hierarchically structured might in 

part explain why different groups have arrived at different conclusions about SE behavior. 

On the other hand, the hierarchical organization of SEs does not per se imply additive or 

synergistic functions of individual SE elements. Rather, to establish a correlation between 
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enhancer structure and function systematic knockout or CRISPR interference analysis of 

many enhancers and SEs would be needed. Intriguingly, in a recent comparative study, 

so-called hyperacetylated chromatin domains – continuous regions marked by H3K27Ac as 

well as H3K4Me2 selected by peak breadth rather than signal intensity – in mouse fetal 

liver erythroid cells proved to be better suited for annotating genes involved in erythroid 

biological processes by GO analysis compared to SEs [43]. This study suggests that 

extending the criteria for identifying cell-type specific enhancers might be beneficial.

Making sense of GWAS hits

Great efforts are being undertaken to precisely map and assign mechanistic relevance 

to disease-associated genetic variants identified in GWAS, including in erythropoiesis 

[10,11,16,42,44,45]. ~80–90% of genetic variants locate to the non-coding genome [46], 

predominantly to enhancers [47]. One of the above mentioned time course studies 

addressing the dynamics of chromatin accessibility during erythroid differentiation has 

uncovered that variants associated with hematocrit and hemoglobin levels are localized in 

CREs that are most accessible at the earlier CFU-E and ProE stages, while variants affecting 

mean corpuscular volume and red blood cell (RBC) count localize to CREs most accessible 

at the BasoE and PolyE stages [10]. Thus, chromatin accessibility dynamics of regions 

encompassing pathogenic variants can inform about when during erythroid development the 

regulatory region is functionally required. Interestingly, another time course study found that 

55% of erythroid CREs that are already accessible and thus ‘bookmarked’ in HSPCs contain 

GATA1 motifs, and almost half of a collection of 497 single-nucleotide polymorphisms 

(SNPs) associated with RBC traits localized to bookmarked CREs [16].

Genetic variants are localized non-randomly within CREs: Within SEs, the above described 

‘hub’ elements are enriched for GWAS SNPs and blood-cell-associated expression 

quantitative trait loci (eQTLs) compared to ‘non-hub’ elements and regular enhancers. A 

large-scale study, in which TF occupancy was mapped at nucleotide-resolution by DNase 

I footprinting in 243 different primary and transformed cell and tissue samples including 

primary CD34+ cells subjected to erythroid differentiation, revealed functional genetic 

variants to be preferentially localized with nucleotide-precision within the core of TF 

footprints [48]. An interesting recent study found that SNPs associated with RBC traits 

are specifically enriched within enhancers co-bound by signal-induced effector TFs such 

as SMAD1/2 and TCF7L2 with roles in the BMP/TGFβ- and WNT signaling pathways, 

respectively [11], suggesting that the phenotypes induced by pathogenic genetic variants 

could be due to a compromised integration of extracellular signals.

It is intriguing that the use of CREs driving erythroid-cell specific gene expression changes 

during ontogeny with genes in primitive circulating murine erythroblasts (E10.5) being 

regulated by promoters, while genes in adult fetal liver erythroblasts at (E13.5) being 

regulated by distal enhancers [49]. In the same study, a broader survey of 48 human cell 

types found enhancers active at adult stages that are specific for the interrogated cell type to 

be enriched for disease-associated GWAS SNPs. Embryonic stage-specific enhancers lacked 

this enrichment of pathogenic SNPs, which could be possibly due to them causing prenatal 

lethality and thus underrepresentation in GWAS cohorts.
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Chromatin modifiers

Several writers, readers, and erasers of the “histone code” [50] have been implicated in the 

regulation of erythropoiesis. Yet, outstanding important questions are (1) how sometimes 

ubiquitously expressed chromatin modifiers enact erythroid-specific gene expression 

programs and, importantly, only at specific loci; (2) whether the resulting chromatin 

modifications are causal or correlative; and (3) whether chromatin-modifying enzymes 

indeed act on histones or rather on non-histone targets to impact erythropoiesis.

Erythroid lineage specificity likely is conferred by a combination of erythroid-specific 

expression of genes or specific isoforms [10] and alternative TF-chromatin-modifying 

complexes that form at specific CREs at specific differentiation stages. For example, 

a model posits that in megakaryocyte-erythroid progenitor cells (MEPs), that give rise 

to both cell types, the arginine methyltransferase PRMT6 is recruited by RUNX1 as 

part of a SIN3A-HDAC1-corepressor complex to promote erythroid fate by repressing 

megakaryopoiesis genes [51]. In MEPs committed to megakaryocytic differentiation, a 

differently composed complex containing RUNX1-PRMT6 represses erythroid genes, such 

as GYPA and KLF1. As a consequence, the promoters of those genes are associated with 

high H3R2me2a and low H3K4me3 levels. Interestingly, pharmacological inhibition of 

PRMT6 reverses the methylation status at both of these histones and stimulates erythroid 

differentiation [52,53].

The demethylase LSD1, which demethylates H3K4me1/2 and H3K9me1/2, is also part 

of several multi-subunit protein complexes with both co-activator and repressor functions. 

Recently, binding of LSD1 to GFI1B, an essential TF for erythroid differentiation in one 

of these complexes, was found to be necessary for GFI1B’s function. Using a strategy 

based on LSD1-binding competent and -defective GFI1B variants and biotin proximity 

labeling, recent work demonstrated that GFI1B recruits the BRAF-histone deacetylase 

(BHC) complex via LSD1 to promote erythroid differentiation in K562 cells at the expense 

of megakaryocyte differentiation [54].

Erythroid specificity through preferential expression of a chromatin-modifying enzyme 

is exemplified by the only known H4K20 mono-methyltransferase SETD8 [55]. SETD8 

expression is highly specific for CD71+ erythroblasts that, in addition, exhibit low levels 

of the H4K20me1 demethylase PHF8, and EpoR-driven SETD8 deletion in mice causes 

embryonic lethality at E12.5 due to severe anemia [56]. In cultures of primary erythroid 

progenitors isolated from E14.5 fetal livers, Setd8 knockdown resulted in a de-repression 

of Gata2 specifically in R2-proerythroblasts [57–59]. Mechanistically, SETD8 represses 

Gata2 expression by binding to the essential +9.5 intronic enhancer, which is associated 

with an increase of H4K20me1 at nearby nucleosomes and shields SCL/TAL1, but not 

GATA1 and LDB1 from this enhancer [57]. Interestingly, knockdown of Gata2 could only 

modestly rescue the erythroid block upon Setd8 knockdown [58], which could be due 

to other essential SETD8 targets. Maturing Setd8−/− erythroblasts also showed a severe 

defect in chromatin condensation and heterochromatin formation [56], which could hint 

towards a direct role for SETD8 in higher order chromatin organization. Indeed, two 

condensin II subunits have been shown to read H4K20me1 [60], but which proteins are 

binding to H4K20me1 in erythroid cells is unknown. Of note, also non-histone SETD8 

Rossmann and Zon Page 6

Curr Opin Hematol. Author manuscript; available in PMC 2022 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



methylation targets, including TP53, PCNA and NUMB [61] could mediate its erythroid 

loss-of-function phenotypes. Thus, a direct comparison of phenotypes incurred by mutation 

of Setd8 with those of H4K20me1 would address the question of the relevant SETD8 

target(s) in erythropoiesis.

Such a comparison has recently been provided by two independent studies focusing 

on another histone residue, H3K36. NSD1 is a H3K36 mono-/dimethylase, although 

in its absence not only levels of H3K36me1, me2, but also H3K36me3 are decreased 

[62]. Ablation of Nsd1 in the hematopoietic system, leads to completely penetrant 

erythroleukemia-like disease with benzidine-positive yet serially replatable BFU-E-like 

colonies in the bone marrow, anemia, thrombocytopenia and splenomegaly [63]. Based on 

the observation that introduction of exogenous histone K-to-M mutants that can no longer 

be methylated outcompete endogenous histones [64], mice were recently generated that 

inducibly and ubiquitously express H3K36M [65]. Young adult mice that were treated 

with doxycycline for 4–7 weeks, developed a severe anemia with an accumulation of 

predominantly CFU-Es and pro-erythroblasts which, however, were not replatable. Despite 

not exactly matching phenotypes, their overall similarities are striking evidence for proper 

regulation of H3K36 methylation being essential for erythropoiesis.

A subset of mice that only express 5% of normal Gata1 levels also develop an 

erythroleukemia-like disease [66]. Accordingly, in primary Nsd1−/− erythroblasts only 

wild-type Nsd1, but not the Nsd1N1918Q mutation rendering the SET methyltransferase 

domain catalytically inactive allowed for efficient GATA1 recruitment to chromatin [63]. 

Interestingly, the GATA1-interactome in erythroblasts expressing Nsd1N1918Q was enriched 

for several transcriptional co-repressors, most significantly, the v-Ski avian sarcoma viral 

oncogene homolog (SKI), knockdown of which intriguingly rescued the differentiation 

defect of Nsd1−/− erythroblasts (Fig. 2).

Two recent studies have uncovered erythroid-specific functions of polycomb repressive 

complex 2 (PRC2), the reader/writer of the repressive histone PTM H3K27me3. PRC2 is 

comprised of 3 proteins, Suz12, Eed, and either Ezh1 or Ezh2 which play different roles 

during hematopoiesis [67]. As none of these core proteins have DNA binding activity, 

accessory proteins such as Mtf2 target PRC2 to DNA. One study found that Mtf2-null mice 

die at E15.5 with severe anemia [68]. Intersecting genes depleted for H3K27me3 in Mtf2-

null fetal liver erythroblasts with Mtf2-target genes in their wild-type counterparts revealed 

canonical Wnt signaling among the top upregulated pathways. Supporting a causal role 

for excess Wnt activity in the phenotype of Mtf2-deficient erythroblasts, inhibition of Wnt 

signaling rescued their erythroid differentiation block in vitro. A second study found through 

a CRISPR/Cas9 screen that the ubiquitin ligase FBXO11 is required for erythropoiesis 

[69]. FBXO11 targets the PRC2-complex-interacting protein BAHD1 for degradation, 

thus relieving PRC2-mediated repression and activating erythroid gene expression. These 

opposite erythroid phenotypes caused by PRC2 loss could be explained by the use of 

different model systems (murine primary versus human immortalized erythroblasts [70]) 

and suggest that PRC2 complex composition might dynamically vary across erythroid 

differentiation stages.
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DNA methylation and epigenetic crosstalk

A challenge ahead is to not just consider single epigenetic marks, but also the crosstalk 

between different epigenetic modifications and the responsible modifiers, including 

crosstalk between chromatin-regulatory pathways such as histone PTMs and DNA 

methylation. A case in point is the finding that H3K36me2 induced by nuclear receptor-

binding SET domain protein 1 (NSD1) is required for DNMT3A recruitment specifically to 

intergenic CpG dinucleotides and their methylation [71] (Fig. 2). Importantly, DNMT3A’s 

PWWP ‘reader’ domain recognizes both H3K36me3 and, with higher affinity, H3K36me2 

in gene bodies and intergenic regions, respectively. In the absence of NSD1, H3K36me2 

marks are lost, leading to the re-localization of DNMT3A to H3K36me3-enriched gene 

bodies and their CpG methylation. A study investigating DNA methylation changes upon 

loss of Dnmt3a in mice found CpG-rich TF binding motifs to be preferentially affected 

[72]. Interestingly, the binding motifs of lineage-determining erythroid TFs such as Tal1 

and Klf1 are CpG-rich, explaining why genome-wide hypomethylation upon Dnmt3a loss 

leads to the specific phenotype of erythroid over myelomonocytic lineage skewing. Of note, 

Gata1, in addition to its canonical T/AGATA motif, has been recently shown to recognize 

CGATA sites, however, also only in the context of an unmethylated CpG dinucleotide [73]. 

Despite the development of new technologies [74], there are experimental limits of how 

many PTMs and/or DNA methylation states can be combinatorically examined; thus, in the 

future, advanced machine learning approaches might be able to systematically tackle the 

crosstalk between different types of epigenetic modifications [75].

Conclusion and outlook

In the last few years, a series of technological advances has enabled significant insights 

into the interplay between chromatin dynamics and erythroid-specific gene expression, 

and erythropoiesis remains a key model system for studying developmental genome 

organization. But there is still a lot to learn about how the 3D genome is dynamically 

shaping erythroid-specific transcriptional output. For example, higher temporal resolution 

shows that chromatin interactions (3C) seem to be much more dynamic than can be 

captured by chromatin accessibility (ATAC) studies alone [14], emphasizing the importance 

of studying the 3D chromatin structure, in particular enhancer-promoter interactions to 

understand gene regulation. And even though it is now possible to monitor spatial chromatin 

organization during in-vivo erythroid differentiation with as few as 2000 cells using newer 

3C technologies [15], they are still only providing a snapshot of steady-state population-

average chromatin structure. Additional assays are needed to assess higher chromatin 

organization in single cells. Imaging-based approaches are an alternative but have their own 

limitations when it comes to resolution and throughput. In this regard, it will be interesting 

to address how dynamically changing chromatin organization is coupled with the concept of 

liquid-liquid phase separation during erythroid differentiation [76]. Last but not least, a key 

future endeavor that seems within reach [14,33,74,77] will be the systematic and unbiased 

identification of proteins bound to CREs in vivo during erythroid differentiation. This could 

shed light on the question of how protein complex composition and organization translates 

to specificity of transcriptional programs. Such studies should also be extended to yet to be 
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revealed enhancer RNAs that might dynamically stabilize enhancer-promoter loops in cis 
[78]. We are still a ways from completely understanding how to enhance red cell fate.
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KEY POINTS

• Erythropoiesis is an invaluable model to understand the functional impact of 

nuclear chromatin dynamics on a lineage differentiation process

• New lower-input chromosome conformation capture (3C)-based methods 

allow to interrogate 3D chromatin structure during erythroid differentiation 

in vivo, and to investigate ≥3-way chromatin contacts

• High-resolution chromatin accessibility maps combined with databases 

comprised of fine-mapped SNPs and functional assays are a great step 

forward in discerning causal disease-associated genetic variants

• Elucidating the extensive crosstalk between different histone post-

translational modifications (PTMs) and other epigenetic modifications such 

as different DNA methylation states will require systematic and unbiased 

approaches

Rossmann and Zon Page 15

Curr Opin Hematol. Author manuscript; available in PMC 2022 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1: Chromatin loop extrusion model for the α-globin locus-containing chromatin domain
In this model of α-globin locus-containing chromatin domain formation a cohesin-

containing extrusion complex is loaded onto chromatin, through which the chromatin fiber 

is extruded until convergently orientated CTCF motifs are encountered. Model based on 

[23,24,27,31].
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Figure 2: Model of epigenetic crosstalk with impact on erythroid differentiation
A. In this simplified model, H3K36me2 catalyzed by NSD1 leads to the recruitment 

of DNMT3A to and methylation of intergenic CpGs. GATA1 activates transcription of 

erythroid-specific genes. B. In the absence of NSD1 and thus loss of H3K36me2, DNMT3A 

re-localizes to gene bodies marked by H3K36me3, leading to CpG methylation, decreased 

GATA1 chromatin occupancy and association of GATA1 with members of the nuclear co-

repressor (NCoR) complex (NCOR1, HDAC3, TBLXR1) and the transcriptional repressor 

protein SKI, which together impairs erythroid differentiation with an accumulation of 

erythroblast-like cells. Model modified from [71,79] with data from [63,71].
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