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a b s t r a c t 

Erythroid differentiation program is comprised of lineage commitment, erythroid progenitor proliferation, and termination differentiation. Each stage of 

the differentiation program is heavily influenced by epigenetic modifiers that alter the epigenome in a dynamic fashion influenced by cytokines/humeral 

factors and are amicable to target by drugs. The epigenetic modifiers can be classified as DNA modifiers (DNMT, TET), mRNA modifiers (RNA methylases 

and demethylases) and histone protein modifiers (methyltransferases, acetyltransferases, demethylases, and deacetylases). Here we describe mechanisms 

by which these epigenetic modifiers influence and guide erythroid-lineage differentiation during normal and malignant erythropoiesis and also benign 

diseases that arise from their altered structure or function. 

© 2020 Elsevier Inc. All rights reserved. 
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Erythropoiesis is a remarkably high volume yet finely regu-

ated process, in which ∼200 billion red blood cells are produced

aily, with turnover of ∼1% per day. Several humeral and non-

umeral factors regulate this complex and elegant process. Ery-

hropoiesis absolutely depends on the coordinated expression of

pecific erythroid-lineage specific master transcription factors, con- 

urrent with suppression of hematopoietic stem cell, and early

yeloid specific master transcription factors: master transcrip-

ion factors are transcription factors that are essential for and

ictate cell fates and functions. The coordinated suppression of

ematopoietic stem cell or early myeloid progenitor master tran-

cription factors and upregulation of erythroid-lineage specific

aster transcription factors requires changes in epigenetic land-

cape, that is, changes in accessibility of erythroid lineage gene

romoter DNA to binding by transcription factors [1 , 2] . Early cell-

ate decisions depend also on dynamic modifications in epigenetic

arks on DNA, RNA and histones. Here we discuss the most impor-

ant and widely studied epigenetic alterations, their functional im-

act on erythroid-lineage differentiation, and disorders arising due

o aberrations in epigenetic modifiers. The translational importance

s the increasing numbers of candidate therapeutics that target epi-

enetic modifiers, that being enzymes, are eminently druggable. 
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Some of the earliest work examining epigenetic marks, for

xample, DNA methylation, utilized purified primary erythroid 

ells from fetal tissue, with a focus on the β-globin locus, mo-

ivated by trying to understand how red blood cells controlled

he switch from fetal to adult hemoglobin production during de-

elopment [3] . The productive nature and translational signifi-

ance of this work and availability of recombinant erythropoi-

tin motivated subsequent development of several human and

ouse in vitro primary erythroid culture systems, that have en-

bled profiling of epigenetic modifications and gene expression

hrough every stage of erythroid lineage differentiation [4 , 5] . We

eveloped a human liquid culture system in the 1990s that per-

itted our contributions to this area of basic and translational

nvestigation [6 , 7] . Our model, including its subsequent refine-

ents, allowed us to isolate and characterize in detail various

tages of erythroid-lineage maturation, either defined function- 

lly (Burst-forming Unit-Erythroid [BFU-E], Colony-forming Unit- 

rythroid [CFU-E]) or morphologically/histochemically. Over the 

ears, these models have yielded a wealth of knowledge regard-

ng regulatory networks that exquisitely control the numbers of

ed blood cells produced from a single blood stem cell. Epige-

etic reconfiguration occurs throughout erythropoiesis influenced 

y humeral factors ( Fig. 1 ). Also throughout the differentiation pro-

ram, the expression profile of the DNA, mRNA and histone epige-

etic modifiers are altered ( Fig. 1 ). We focus our review on these

pigenetic modifiers, because of their druggable nature and hence

heir translational relevance. 

pigenetic modifiers of DNA 

Although modifications of specific bases in DNA was discov-

red in the 1970s [8] , the functional importance of such mod-
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Fig. 1. Expression of epigenetic modifiers during human erythropoiesis. (A) Schematic model of the human erythroid differentiation program. The diagram shows temporal 

stages during differentiation and cytokine requirements for recapitulating the program ex vivo . (B) Heat map showing mRNA expression patterns of key epigenetic modifiers 

during various stages of the differentiation program [19] . BFU-E; Burst forming unit – erythroid, CFU-E; Colony forming unit – erythroid, EPO; erythropoietin, SCF; stem cell 

factor, IL-3; interleukin 3. 
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fications has only come to light in the preceding 2 decades.

hese reversible, dynamic changes on DNA regulate transcrip- 

ion factor-binding and gene expression, to thereby impact fun- 

amental cell fate/function processes such as proliferation, cell 

urvival, and terminal-differentiation. DNA 5-methylcytosine (5- 

C) is the first and most extensively characterized DNA mod- 

fication. Recent technological advancements, however, enabled 

he identification of several additional DNA cytosine modifica- 

ions: 5-hydroxymethylcytosine (5-hmC), 5-formylcytosine, and 5- 
arboxycytosine [9 - 11] , and the enzymes which catalyze these

odifications. Deposition of the 5-mC is catalyzed by the DNA 

ethyltransferases (DNMT1, DNMT3a and DNMT3b proteins), 

hereas the oxidation of 5-mC to 5-hmC is catalyzed by ten-eleven

ranslocases (TET1, TET2 and TET3 methyl cytosine dioxygenases) 

hat depend on the isocitrate dehydrogenase family (IDH1 and 

DH2) enzymes that generate their mandatory cofactor alpha- ke- 

oglutarate (AKG) [12 - 14] . DNMT1 is the maintenance methyltrans-

erase which recapitulates cytosine methylation of the parental 
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Table 1 

DNA modifiers and their function during hematopoiesis/erythropoiesis. 

Protein/Enzyme Role in DNA modification Functions in hematopoiesis/erythropoiesis References 

DNMT3A Enzyme responsible for de novo methylation of cytosines on 

DNA 

Essential for stem cell commitment and proper differentiation 

of erythroid cells. Loss of Dnmt3a expands MEP populations 

and Cd71 + Ter119 + erythroid cells in bone marrow leading 

to anemia and erythroid dysplasia 

[23 , 24 , 29 , 30] 

DNMT3B Enzyme responsible for de novo methylation of cytosines on 

DNA 

Dispensable for normal hematopoiesis. [16] 

DNMT1 Enzyme responsible for maintenance methylation of cytosines 

on DNA 

Indispensable for HSC self-renewal and differentiation. Loss of 

Dnmt1 results in decreased frequencies of MEPs. 

[17 , 18] 

TET2 Enzyme responsible for oxidizing 5-methylcytosine to 

5-hydroxymethylcytosine on DNA 

Important for stem cell commitment into erythroid lineage. 

Loss or impaired of function of TET2 prevent erythroid 

lineage commitment 

[19 , 35–37 , 40] 

TET3 Enzyme responsible for oxidizing 5-methylcytosine to 

5-hydroxymethylcytosine on DNA 

Essential during the terminal phase differentiation of 

erythroblasts. Reduced levels of TET3 in differentiating 

erythroblasts lead to defects in nuclear condensation and 

enucleation 

[39] 

IDH1/2 Enzyme involved in the generation of a substrate utilized by 

TET proteins 

Mutations in IDH family proteins impair erythroid 

differentiation. Stage specific functions of IDH1/2 are 

unknown 

[125] 

MEP – Megakaryocyte-Erythroid progenitors. 
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trand onto the daughter strand during cell division. DNMT1 is

lso a corepressor recruited by transcription factors, and may

articipate in methylating unmethylated DNA de novo . DNMT3A

nd DNMT3B are, however, the conventionally recognized de novo

ethyltransferases that methylate unmethylated cytosine [12 , 15 -

8] . TET family proteins oxidize 5-mC to 5-hmC in the presence

f AKG, a metabolite generated by IDH1/2 enzyme activity [13 , 14] .

ET2 and TET3 are predominantly expressed in hematopoietic cells,

hereas TET1 is expressed in embryonic stem cells [19 - 22] . We

nd others have studied how the activity of these epigenetic mod-

fiers is regulated during hematopoiesis in general and during

rythroid-lineage differentiation. In Table 1 , we summarize the

ost widely studied DNA modifying enzymes and their functions

uring stem cell lineage commitment and erythropoiesis. It is par-

icularly useful to consider the activities and functions of these en-

ymes according to the various developmental stages of erythroid

ineage-differentiation: lineage commitment, early-stage progenitor 

roliferation, pre and most mitotic differentiation. 

ineage commitment 

Concerted actions of paracrine/extracellular factors, membrane 

eceptors, signaling networks and cis-modifying enzymes direct 

he activation of transcription factors that regulate hundreds of

enes defining erythroid lineage commitment and subsequent 

erminal differentiation within the lineage. The first postlineage

ommitment stage consists of cells termed as BFU-E. We and

thers have focused on studying how 5-mC and 5-hmC influence

ommitment of hematopoietic stem cells (HSC) into the erythroid

ineage as well as subsequent maturation. These studies have

emonstrated that DNA 5-mC is dynamically regulated throughout

SC commitment and erythroid differentiation [23 , 24] . Using

enome-wide DNA methylation analyses approaches such as HpaII

ragment enrichment by ligation-mediated PCR assay and reduced

epresentation bisulfite sequencing, demonstrated a progressive 

lobal DNA hypomethylation during adult and fetal erythropoiesis

eginning from the early stem/progenitor stage [23 , 24] . Demethy-

ation was preferentially observed at gene bodies, intergenic

egions, CpG shores and transcription factor binding sites. This

lobal demethylation, noted specifically at gene promoters, corre-

ated with transcriptional activation and exit from stem/progenitor

tage and commit into erythroid lineage. For instance, the pro-

oter region of erythroid master transcription factor GATA1 is

ypermethylated during the stem cell stage and upon stem cell

ommitment to erythroid lineage, the GATA1 promoter becomes
emethylated with concomitant increased expression of GATA1 

23] . Ectopic expression of Dnmt3a, Dnmt3b, or Dnmt1 in fetal

iver cells did not prevent global demethylation during erythroid

ineage commitment, indicating that expression levels of these

nzymes was not the sole controlling factor [24] . In addition,

nockdown of highly expressed DNA demethylation regulators 

add45a or Mbd4 also did not prevent global demethylation, re-

nforcing the notion that additional regulatory circuits are in play

24] . DNMT3A mRNA levels do decrease significantly during com-

itment of HSC into the erythroid lineage while DNMT3B levels

tay relatively unchanged. DNMT1 mRNA levels increase through-

ut the process before decreasing during terminal-differentiation

the postmitotic phase) ( Fig. 1 ) [19 , 20] . 

Contrasting with the consistent trend in the 5-mC mark, 5-hmC

arks vary dynamically throughout erythroid differentiation, 

eginning with a dramatic increase during HSC commitment into

he erythroid lineage in both human and mice [19] . In fact, 5-hmC

evels peak in BFU-E stage, correlating with a simultaneous marked

ncrease in TET2 protein in committed BFU-Es [19] . We mapped

he genome-wide 5-hmC distribution during erythropoiesis using 

hemical conjugation and affinity purification of 5-hmC-enriched 

equences followed by next-generation sequencing (hMe-Seal). 

-hmC marks were detected across almost at all genomic loci with

requent occurrences in gene body and transcription factor binding

ites [19] . In a broader sense, gain of 5-hmC is associated with

ncreased gene expression. Consistent with this idea one can now

easonably conclude DNA hydroxymethylation not only acts as

n intermediary step in the oxidation process of methyl cytosine

ut also garner the specific function in enabling gene activation.

or instance, the promoters of the erythroid master transcrip-

ion factors GATA1 and KLF1 gain markedly in 5-hmC during

ineage commitment, as these genes are then upregulated to drive

rythroid-lineage commitment and maturation. Meanwhile, stem 

ell genes such as CD34 , CD90 and CD133 exhibited 5-hmC loss

oncurrent with their downregulation [19] . These up- and down-

egulations were reflected at the mRNA and protein levels as well.

onsidering the observations of 5-mC and 5-hmC marks together,

herefore we can see how increases in 5-hmC link to decreases

n 5-mC at the loci of key genes that drive lineage commitment

nd differentiation of the erythroid-lineage. It is noteworthy the

emaining oxidation states (-CHO and –COOH) of methyl cytosine

nly exist transiently and in very low densities and it is currently

ssumed that these states do not garner a specific function other

han completing the oxidation process for removal of the methyl

roup. 
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Fig. 2. A simplified schematic model illustrating TET2 mediated signaling in 

hematopoietic cells. Transmission of cytokine mediated extracellular signals via 

JAK2 leads to tyrosine phosphorylation and activation of TET2 resulting in recruit- 

ment of transcription factors to TET2 and hydroxymethylation of DNA. 
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A striking finding is that mutations in DNA epigenetic modifiers 

NMT3A and TET2 characterize patients with myeloid malignan- 

ies but are also in healthy individuals––a finding described as 

lonal hematopoiesis of indeterminate significance [25 , 26] . These

linical findings have underscored the relevance and significance of 

tudies into the enzymes that create 5-mC and 5-hmC epigenetic 

arks, especially in the context of hematopoiesis/erythropoiesis. 

t is worth noting that loss-of-function in DNMT3A or TET2 are

ausative in clonal myelopoiesis, including myelodysplastic syn- 

romes (MDS) and acute myeloid leukemia (AML), despite having 

ntagonistic biochemical functions [27 , 28] . There is conflicting data

ver whether loss of DNMT3A impairs erythroid differentiation 

ith some studies reporting erythroid defects while others do not 

bserve such defects [29 - 32] . However, loss of TET2 in HSC impairs

rythroid differentiation, specifically impeding differentiation after 

he commitment stage in vitro and in vivo [33 , 34] : loss of Tet2

n vivo results in mild anemia with bone marrow progenitors

hat are incapable of upregulating Cd71 and Ter119 erythroid 

arkers [35–38] . Primary CD34 + HSC and myeloid progenitors

erived from MDS or chronic myelomonocytic patients with TET2 

utations are impeded in their ability to differentiate along the 

rythroid lineage, seen also in CD34 + HSCs and progenitors from

ealthy donors engineered artificially to have reduced levels of 

ET2 [19 , 39] . Since the types of mutations detected in TET are

uite heterogeneous and spans from point mutations, frame shift 

utations, or deletion mutations throughout multiple exons of the 

ene, it is likely that phenotypic outcomes of such diverse group

f mutations are not just limited to a general inactivation of TET2.

herefore, carrying out mutational modeling studies will allow 

ne to precisely uncover functional significance of each specific 

utation, and distinguishing between passenger mutations from 

isease causing mutations. 

Decades of observations have demonstrated that extracellular 

ytokines play pivotal roles in erythropoiesis, but until recently, it 

as unknown how these cues were imparted into the epigenetic 

etwork to regulate hematopoiesis/erythropoiesis. We specifically 

xamined whether TET2 possesses the ability to respond to extra- 

ellular cytokine cues. These studies revealed that erythropoietin, 

tem cell factor, and/or FLT3- ligand cause TET2 to be phospho-

ylated by JAK2 kinase, a post-translational modification that in- 

reased TET2 enzyme function [40] : JAK2 binds TET2 and phos-

horylated tyrosine residues 1939 and 1964 that are within the 

atalytic core. Furthermore, the TET2 phosphorylation increased its 

nteraction with the erythroid-lineage master transcription factor 

LF1, thereby influencing expression of large numbers of erythroid 

ineage genes ( Fig. 2 ). Interestingly, these 2 tyrosine residues are

ot present in TET1 or TET3, suggesting a nonredundant function 

or TET2 in the erythroid lineage. Others have identified that TET2

s also phosphorylated, on other residues, by the kinase AMPK, a

ost-translational modification not linked with altered enzyme ac- 

ivity [41 , 42] . DNMT3A has been shown to be phosphorylated by

asein kinase 2 (CK2) and extracellular signal-regulated kinase 1/2 

ERK1/2) [43 , 44] ; the precise functional roles of these modifica-

ions in erythropoiesis are unknown. 

roliferative phase 

During the proliferative stage of erythropoiesis, committed ery- 

hroid progenitors (BFU-E) divide, to generate sufficient numbers 

f red blood cells, as they advance through a series of morpho-

ogically distinct stages namely basophilic, polychromatic and or- 

hochromatic stages ( Fig. 1 ). These stages are characterized by pro-

ressive decrease in cell size, nuclear condensation, and increases 

n hemoglobin expression [45] . We and others have found progres-

ive demethylation throughout the proliferative phase as erythrob- 

asts transition from basophilic to orthochromatic stages [23 , 24] .
NA 5-hmC levels decrease after the initial increase during com- 

itment and then remain relatively stable [19] . Although more 

ork is needed, but early work indicates a role for TET3 during the

ransition from proerythroblasts to post mitotic stages of erythroid 

aturation [39] . 

ostmitotic differentiation 

Hallmarks of the postmitotic (terminal-differentiation) phase of 

rythroid-lineage differentiation are dramatic reduction in tran- 

cription, nuclear condensation (significant increase of cytoplas- 

ic/nuclear ratio), greatly accumulated levels of hemoglobin and 

nitiation of erythroblast enucleation [6 , 46 - 48] . It is postulated that

ypermethylation might contribute to the global gene repression 

hat happens during the terminal phases of erythropoiesis. Sup- 

orting this notion, we have found an increase in 5-mC levels dur-

ng the terminal-differentiation phase, albeit modest [19] . In ad- 

ition, we have also observed remethylation of GATA1 intergenic 

oci during this phase, that correlated with GATA1 repression [23] .

he absence of global hypermethylation during the terminal stage, 

xcept at a handful of genes, suggest a role for other epigenetic

echanisms, for example, histone modifications, nucleosome posi- 

ioning, in the gene expression program changes of this phase. 

Experimental demonstration for a role of DNA epigenetic mod- 

fiers contribute to the terminal erythroid differentiation phase in- 

lude that loss of Dnmt3a in vivo causes macrocytic anemia and

ersistence of nucleated red blood cells, indicative of terminal mat- 

ration defects [29] . In fact, these mice exhibited increased lev-

ls of early Cd71 + Ter119 + erythroblasts even as late Cd71-Ter119 +
eticulocytes were decreased, indicating that erythroblasts were in- 

apable of exiting the proliferative phase to undergo terminal mat- 

ration [29] . TET3 transcripts are upregulated during the terminal 

tages of erythroid differentiation, and HSC which were knocked- 

own for TET3 could commit into erythroid lineage but were un-

ble to complete terminal erythroid differentiation [39] . Moreover, 

ET3-knockdown erythroblasts exhibited reductions in enucleated 
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Table 2 

Histone modifiers implicated in hematopoiesis/erythropoiesis. 

Protein/Enzyme Role in histone modification Functions in hematopoiesis/erythropoiesis References 

MOF (KAT8) Histone acetyltransferase responsible for the acetylation of 

histone 4 lysine 16 

Essential for stem cell commitment into erythroid lineage. [53] 

MOZ (KAT6A) Histone acetyltransferase responsible for the acetylation Precise function in erythroid lineage commitment unknown. 

However, Moz knockout resulted in accumulation of 

Cd71 + Ter119 + erythroblasts and reduction in Cd71-Ter119 + 

erythrocytes. 

[54 , 55 , 58] 

BRD1 A Protein in the MOZ acetyltransferase complex Brd1 knockout resulted in accumulation of early phase 

(Ter119-) erythroblasts accompanied by a reduction in 

Ter119 + late-stage erythroblasts in fetal liver. 

[56] 

KAT2A Histone acetyltransferase responsible for the acetylation of 

histone 3 lysine 9 

Essential for stem cell commitment into erythroid lineage and 

post commitment erythroid differentiation in vitro. 

[57] 

DOT1L Histone methyltransferase responsible for the methylation of 

histone 3 lysine 79 

Essential for proliferative stage of erythropoiesis. Dot1l 

knockout results in impeded erythropoiesis at the 

proliferative phase. Dot1l knockout results in decreased 

levels of MEPs suggesting a role during erythroid lineage 

commitment. 

[59 , 60] 

SETD8 Histone methyltransferase responsible for mono-methylation of 

histone 4 lysine 20 

Essential for exiting proliferative phase and progress to 

terminal differentiation. Setd8 knockout results in 

accumulation of erythroblasts and harbor defects in 

enucleation. 

[61–64] 

PRMT1/4 Arginine methyltransferase responsible for di-methylation of 

histone 4 arginine 3 

Prmt1 knockout bone marrow cells exhibit proliferative defects 

in erythroblasts. Prmt4 impeded erythroid differentiation in 

vitro. 

[65–68] 

PRMT6 Arginine methyltransferase responsible for di-methylation of 

histone 3 arginine 2 

Prmt6 knockdown resulted in accelerated erythropoiesis in 

vitro. 

[69] 

LSD1 Histone demethylase responsible for demethylating mono-and 

di-methylation of histone 3 lysine 4/9 

Essential for proerythroblast to basophilic erythroblast 

transition and during the late stages of the differentiation 

program. 

[70-75] 

HDAC2 Histone deacetylase responsible for deacetylating lysine on 

core histones 

Essential for chromatin condensation and enucleation during 

terminal stages of the differentiation program. 

[78 , 79] 

HDAC6 Histone deacetylase responsible for deacetylating lysine on 

core histones 

Important for enucleation during terminal stages of the 

differentiation program. Knockdown of HDAC6 results in 

impeded enucleation in vitro. 

[80] 

EZH2 Histone methyltransferase responsible for di-or tri-methylation 

of histone 3 lysine 27 

Essential for fetal erythropoiesis and dispensable for adult 

erythropoiesis. 

[82 , 83] 

ASXL1 Member of polycomb repressor complex 2 (PRC2) Essential for terminal erythroid differentiation. Asxl1 is critical 

for orthochromatic erythroblast to reticulocyte transition and 

important for chromatin condensation and enucleation. 

[84] 

MEP, Megakaryocyte-Erythroid Progenitors. 
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rythroblasts and reduced ability to condense their nuclei. The

nockdown also reduced proliferation and increased apoptosis of

ate stage erythroblasts [39] . 

oncluding remarks 

Thus, the natural genetic experiment of clonal hematopoiesis

as demonstrated central roles of DNA epigenetic modifiers in reg-

lating hematopoietic, including erythroid-lineage, commitment 

nd/or maturation [25 , 26] . The translational significance of studies

nto these factors cannot be understated, since these are druggable

nzymes. Moreover, we and others have demonstrated that other

ruggable and modifiable factors, cytokine signaling, inflamma-

ory signaling, and gut microbiota, also impact the functions of

pigenetic modifiers such as TET2 [40 , 49 - 51] . Other significant

nfluences could include stromal matrix tension within the bone

arrow, and basic metabolites such as glucose and glutathione

evels. 

pigenetic modifiers of histones 

Eukaryotic DNA is packaged around histone proteins resulting

n tightly packed chromatin. Dynamic post-translational modifica-

ions of histones by acetylation, methylation, phosphorylation and

ther changes govern this packaging to in turn regulate cell fates

nd functions. Along these lines, several histone marks namely

istone 3 (H3) lysine 4 (K4) di-methylation (H3K4me2), H3K9

cetylation (H3K9Ac), and H4K16Ac are linked with the erythroid

ifferentiation program [52] . Table 2 depicts some of the widely
tudied histone modifying proteins during erythropoiesis. In a

roader sense, histone acetyltransferases exert crucial functions 

uring lineage commitment by opening up the chromatin, whereas

istone deacetylases perform important functions during the ter-

inal stages of erythropoiesis possibly enabling transcriptional

ilencing prior to nuclear condensation. Histone methyltransferases

ostly seem to function during the proliferative stages of ery-

hroid differentiation ( Table 2 ). Within this section, we discuss the

mportant functions of histone modifiers, which regulate different

tages of erythropoiesis. 

ineage commitment 

Histone modifiers that participate in stem cell commitment

nto the erythroid lineage are not well defined due to limitations

hat exist in obtaining large numbers of homogenous stage-specific

ells at a reasonable cost for such studies. However, recent efforts

ave begun to uncover multiple histone modifiers that play a

ritical role in erythroid specification. Global gene profiling studies

ave identified H4K16Ac mark to positively correlate with ery-

hroid specific gene expression programs [52] . Supporting this

bservation, a recent study identified lysine acetyltransferase

of (also known as KAT8) to be dynamically expressed during

rythropoiesis. Mof belongs to the MYST (Moz, Ybf2, Sas2, and

ip60) family of histone acetyltransferases (HATs) and not surpris-

ngly, reduced levels of Mof led to a decrease in global H4K16Ac

evels. Most importantly, ablation of Mof in HSCs resulted in

mpaired erythroid differentiation in vitro and in vivo [53] . In

ontrast, inducible knockout of Mof using Cag-Cre in lineage
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rimed megakaryocyte-erythroid progenitors (MEPs) did not im- 

act erythroid differentiation thereby highlighting that Mof has 

 role during erythroid lineage commitment [53] . With respect

o other members of the MYST family of proteins, studies have

hown Moz (also known as KAT6A) has important functions during 

rythropoiesis at postlineage commitment phase although its role 

n lineage commitment remains to be determined [54 , 55] . Further-

ore, knockout of Brd1, a subunit of the Moz HAT complex, also

esulted in disruptions in fetal erythropoiesis reinforcing the im- 

ortance of regulation of histone acetylation during erythropoiesis 

56] . Additionally, KAT2A, a H3K9 acetyltransferase has also been

emonstrated to be important for erythroid lineage specification 

n vitro although KAT2A might have additional post commitment 

unctions as well [57] . Taken together, these studies underscore the

mportance of histone regulators, mainly histone acetyltransferases 

n erythroid lineage commitment. Therefore, it is likely other 

istone modifying enzymes also may influence stem/progenitor 

ell commitment to the erythroid lineage and warrants 

nvestigation. 

roliferative phase 

Histone acetyltransferases are involved not only during ery- 

hroid lineage commitment but also during the postcommitment 

roliferative stages. In contrast to Mof, loss of MYST family HAT

oz led to deregulation of normal erythropoiesis postlineage com- 

itment. Cells from fetal liver of Moz knockout mice when plated

n colony assays gave rise to decreased numbers of erythroid 

olonies. Consistent with the in vitro data, Moz knockout embryos 

ccumulated Cd71 + Ter119 + erythroblasts without progression into 

d71-Ter119 + erythroblasts/reticulocytes [54] . While the functional 

ole of Moz in regulating the proliferative phase of fetal erythro-

oiesis is evident, its role in adult erythropoiesis is less clear. At

east in 1 recent study, where hematopoietic specific knockout of 

oz was carried out in the setting of adult hematopoiesis no im-

act was observed in the numbers of erythrocytes [58] . 

In addition to HATs, multiple other histone modifying en- 

ymes have been reported to perform crucial functions during 

he proliferative stage of erythropoiesis. DOT1L, a H3K79 methyl- 

ransferase has been found to regulate the proliferation and cell 

ycle in lineage committed erythroid progenitors. Not surpris- 

ngly, the loss of DOT1L specifically ablates H3K79me (mono- 

ethylation), H3K79me2 (di-methylation) and H3K79me3 (tri- 

ethylation) without impacting H3K4me2, H3K9me2, H3K27me2, 

r H3K36me2 levels. As a result, Dot1l knockout yolk sac shows

efective erythropoiesis with a significant reduction in the num- 

ers and size of the BFU-Es without significant differences in 

emoglobinization suggesting that an impact on cell cycle [59] .

onsistent with this observation, the Dot1l ablated erythroid cells 

xhibited impeded cell cycle progression with accumulation of 

rythroid cells in G0/G1 stage with a concurrent increase in 

poptosis [59] . Although the authors of this study did not ob-

erve any significant differences within the progenitor populations, 

 later study using Dot1l hematopoietic specific knockout mice 

emonstrated that these mice harbored significant reductions in 

EP (Megakaryocyte-Erythroid Progenitor) populations in the bone 

arrow indicating a potential involvement of Dot1l in erythroid 

ineage commitment in postnatal erythropoiesis [60] . 

Another histone methyltransferase that has been studied exten- 

ively in the context of erythroid differentiation is SetD8, the sole

nzyme which is known to mono-methylate H4K20. Two indepen- 

ent groups using different in vitro murine erythropoiesis models 

ave demonstrated that SetD8 is essential for the differentiating 

rythroblasts to exit the proliferative phase and complete termi- 

al maturation. RNAi mediated reduction of SetD8 in differentiat- 

ng erythroblasts resulted in accumulation of cells in the late ery-
hroblast stage (R2/R3 stage) which were incapable of extruding 

heir nucleus [61 , 62] . In addition, erythroblasts lacking Setd8 ex-

ibited cell cycle defects and increased apoptosis, which explained 

he anemia observed in the Setd8 knockout mice [63] . Mechanis-

ically, Setd8 impairs erythropoiesis by preferentially upregulating 

ata2 levels by reducing the H4K20me mark on the Gata2 pro-

oters [61 , 62 , 64] . Although this mechanism explains the accumu-

ation of erythroblasts in the R2/R3 stages, it does not explain why

he Setd8 ablated cells are devoid of enucleated cells. Furthermore 

etd8 mutant erythroid cells not only expressed Gata2 and its tar-

et genes but also other stem cell genes such as Hhex , Hlx, and

ebpa were upregulated [64] suggesting that Setd8 might play role 

n erythroid lineage commitment as well. Future detailed investi- 

ations are needed in order to understand the role/s of Setd8 in

1) erythroid lineage commitment, (2) nuclear condensation and 

nucleation, and (3) during human erythropoiesis. 

Recent studies have uncovered another class of methyltrans- 

erases, protein arginine methyltransferases (PRMTs), which methy- 

ate arginine residues on multiple proteins including histones to 

lay important functions during the erythroid proliferative stage. 

RMT1 accounts for about 85% of all protein arginine methyla- 

ions and facilitates di-methylation of H4R3, which is associated 

ith transcription activation [65] . Hematopoietic specific loss of 

rmt1 in mice results anemia in vivo and formed reduced erythroid

olonies in vitro . Analysis of various erythroid populations using 

anonical erythroid markers Cd71-Ter119 showed a significant in- 

rease in early erythroid (Cd71 + Ter119-) and significant decrease 

n late erythroid (Cd71-Ter119 + ) populations in Prmt1 knockout 

one marrow compared to the controls indicating proliferative de- 

ects during erythropoiesis [66] . Furthermore, independent reports 

ave shown the requirement of Prmt1 for efficient transcription of 

-globin gene [65 , 67] underscoring the fact that Prmt1 might have

ultiple functions during erythropoiesis. In addition to Prmt1 both 

rmt4 and Prmt6 have also been implicated in erythropoiesis. Sim- 

lar to Prmt1, reduced levels of Prmt4 impeded erythroid differen-

iation in vitro [68] . In contrast, reduction of H3R2 methyltrans-

erase Prmt6, which is associated with transcriptional repression, 

esulted in increased erythroid differentiation in vitro [69] . 

Histone demethylases are also implicated in regulating the pro- 

iferative phase of erythropoiesis. LSD1 (also known as KDM1A), a 

3K4/9 demethylase, which specifically demethylates mono- and 

i- H3K4/9 methylation, have garnered significant interest in the 

ecent years. Multiple groups have demonstrated the requirement 

f Lsd1 in normal erythropoiesis using a variety of in vitro and

n vivo model systems [70 - 74] . Reducing the levels of Lsd1 in

urine erythroleukemia cells resulted in decreased numbers of 

emoglobinized cells suggesting both lineage commitment and 

ubsequent differentiation are impacted [70 , 71] . Erythroid specific 

nockout of Lsd1 using Epor- Cre, resulted in expansion of early

rythroid R2 populations and decrease in terminal R3, R4, and R5

tages due to (1) defects in pro to basophilic erythroblast transi-

ion and (2) increased apoptosis [72] . Interestingly, reintroduction 

f either wild-type or catalytically inactive Lsd1 in Lsd1 mutant ze-

rafish was able to rescue the observed erythropoietic defects sug- 

esting that nonenzymatic functions of Lsd1 might also be essen- 

ial for normal erythropoiesis [74 , 75] . Future lines of investigations

re necessary to identify epigenetic vs nonepigenetic functions of 

sd1. 

ostmitotic differentiation 

It is well known that extensive nuclear remodeling occurs 

uring erythroid terminal differentiation and recent studies have 

ighlighted the role/s of histones and their modifiers as crucial 

egulators of this phase Specifically, histones undergo various 

odifications during chromatin condensation and the histones 



S. Sundaravel, U. Steidl and A. Wickrema / Seminars in Hematology 58 (2021) 15–26 21 

s  

t  

n  

s  

a  

f  

T  

A  

e  

t  

u  

[  

3  

t  

r  

t  

r  

g  

r  

n  

H  

i  

s  

a  

o  

f  

s  

h  

i

T  

c  

a

 

(  

t  

t  

s  

[  

l  

n  

L  

s  

t

 

b  

m  

m  

t  

e  

t  

t  

i  

b  

t  

i  

i  

t  

i  

p

[  

c  

e  

m  

t  

H

C

 

o  

g  

c  

p  

m  

d  

t  

p  

n  

h  

s  

A  

c  

h

l  

g  

l  

s  

a  

m  

l  

i  

a  

a

E

 

f  

w  

m  

o  

a  

g  

m

t  

z  

w  

e  

p

e

 

p  

e  

g  

r  

k  

m  

b  

s  

a  

i  

i  

w

 

e  

d  

p  

h  

i  

s  
eemed to be released from the nucleus into the cytoplasm

hrough transient but repeated nuclear openings mostly promi-

ent in mouse [76 , 77] . One of the histone marks that has been

tudied widely during the nuclear condensation phase is histone

cetylation because several members of the histone deacetylase

amily such as HDAC1,2,3 and 5 are expressed at high levels [78] .

he treatment of erythroblasts with HDAC inhibitors trichostatin

 or valproic acid abrogated nuclear condensation and subsequent

nucleation without impacting proliferation or terminal differen-

iation implying histone deacetylases play a selective role in this

nique process that is exclusive to most but not all mammals

78 , 79] . Most importantly, knockdown of HDAC2, but not HDAC1,

, 5 in erythroblasts phenocopied the effects observed due to

reatment with HDAC inhibitors implying HDAC2 as a critical

egulator of chromatin condensation and enucleation. In addition

o HDAC2, a recent report has shown HDAC6 to play a critical

ole during terminal erythropoiesis [80] . Targeting HDAC6 through

enetic or pharmacological approaches resulted in significant

eduction of enucleation [80] . Interestingly, the same study did

ot find any obvious defects in chromatin condensation during

DAC6 ablation. However, it should be noted that pharmacological

nhibition of HDAC6 results in impaired terminal differentiation

pecifically at the pro to basophilic erythroblast transition stage

s well [80] . Although reduction of HDAC2 and HDAC6 results in

verlapping as well as contrasting phenotypes, in both cases, the

ormation of contractile actin ring was blocked, which is a neces-

ary step prior to nuclear extrusion. However, the mechanism of

ow HDAC6 regulates terminal erythropoiesis will require detailed

nvestigation using genetic knockout/knockdown model systems. 

aken together, these studies highlight the complex roles of spe-

ific histone deacetylases in regulating the terminal differentiation

nd enucleation during erythropoiesis. 

Although the function/s of the histone demethylase KDM1A

LSD1) during the proliferative phases of erythropoiesis is known,

he precise roles of LSD1 during the terminal erythroid differen-

iation phase remains less clear. Knock-down of Lsd1 in vivo re-

ulted in significant decreases in reticulocytes and mature RBCs

72 , 73] . Morphological analysis of peripheral blood from Lsd1 ab-

ated mice depicted immature erythrocytes with nuclei that did

ot show chromatin condensation: uncovering the precise roles of

sd1 during chromatin condensation and enucleation are especially

ignificant because several LSD1 inhibitors are in clinical evaluation

o treat cancers including of myeloid lineages [81] . 

Members of the polycomb repressor complex 2 (PRC2) have also

een reported to be essential for erythroid differentiation. EZH2, a

ember of the PRC2 complex, is a methyltransferase that di- or tri-

ethylates H2K27 to induce gene repression. Ezh2 has been shown

o be essential for fetal erythropoiesis but dispensable for adult

rythropoiesis [82] , which may be due to a Ezh2 to Ezh1 switch

hat occurs during terminal murine erythropoiesis [83] . However,

here are gradual increases in both EZH1 and EZH2 transcripts dur-

ng adult human erythropoiesis ( Fig. 1 ) [19 , 20] . ASXL1 is a mem-

er of the PRC2 complex which is essential for normal adult ery-

hropoiesis even though it lacks enzyme activity. Ablation of ASXL1

n vitro or in vivo impaired erythroid differentiation by interfer-

ng with the orthochromatic erythroblast to reticulocyte transi-

ion [84] . Thus, Asxl1 knockout mice exhibit significant decreases

n reticulocyte and RBC populations accompanied by increases in

ro-, basophilic-, polychromatic-, and orthochromatic erythroblasts 

84] . Furthermore, enucleation was significantly decreased with a

oncurrent increase in apoptosis. ASXL1 ablated human and mouse

rythroid cells exhibited nuclear dysplasia and absence of chro-

atin condensation [84] . Reducing Asxl1 levels in Ter119 + ery-

hroid cells globally decreased repressive H3K27me3 and increased
3K4me3. p  
oncluding remarks 

Thus, much has been found regarding the role and function

f histone modifiers in erythropoiesis, however, several knowledge

aps exist, understandably given the complexity and context spe-

ific functions of histone marks. From a translational perspective,

articularly lacking is our knowledge about how these epigenetic

odifiers are integrated into signaling circuits. In particular, the

etails of signaling cues that regulate the repression of the global

ranscriptome during nuclear condensation but enable selective ex-

ression of genes critical for enucleation is still a mystery. Recog-

ition that JAK2, traditionally known to engage and operate on

ematopoietic cytokine receptors is capable of phosphorylating hi-

tone H3, is a glimpse into a field of unexplored possibilities [85] .

lso new are several novel histone modifications, identified re-

ently as a result of advances in mass spectrometry methods [86] :

istone propionylation, butyrylation, 2-hydroxybutyrylation, and 

actylation (histone acylations) [87] . It is quite likely that these epi-

enetic modifications are also present in differentiating erythrob-

asts since the enzymes responsible for catalyzing these reactions,

uch as p300 and sirtuins, are highly expressed in this lineage

t the mRNA level [19] . Almost all of the histone acylations are

etabolically regulated by the tricarboxylic acid cycle (TCA) and

ead to changes in transcription essential for proper cell function-

ng [88] , serving as another link between metabolism, epigenetics,

nd the regulation of lineage proliferation and differentiation [89] ,

nd again highlighting potential intervention points for therapy. 

pigenetic modifiers of RNA 

Although methylated mRNA was first observed in the 1970s,

unctional studies are a new area of investigation, contrasting

ith well-established study of DNA modifications [90 , 91] . N 

6 -

ethyladenosine (m 

6 A), which is the methylation on N6 position

f adenosine, is the most common RNA modification of more than

 hundred documented modifications. Emerging studies have sug-

ested that m 

6 A RNA modification plays an essential role in tissue

etabolism/homeostasis, by directing RNA to processing, transla- 

ion and degradation [92] . Three key classes of RNA modifying en-

ymes have been identified: adenosine methyl transferases (m 

6 A

riters), binding proteins (m 

6 A readers), and demethylases (m 

6 A

rasers). Here we focus on m 

6 A RNA modifying and/or binding

roteins during hematopoietic lineage commitment and terminal 

rythroid differentiation. 

Accumulated evidence from studies using animal models and

rimary human cells suggest that m 

6 A is essential for hematopoi-

tic stem cell (HSC) maintenance and differentiation. Several

roups have shown that knockout of key essential m 

6 A pathway

egulators disrupts normal hematopoiesis [93 - 97] . For example,

nockout of a key m 

6 A writer protein Mettl3, resulted in accu-

ulation of HSCs leading to a block their differentiation in part

y downregulating Myc activity [98] . Table 3 depicts most widely

tudied m 

6 A molecular machinery during hematopoiesis [96 - 104]

nd highlights the dynamic nature of expression of m 

6 A modify-

ng proteins during erythropoiesis ( Fig 1 ). Collectively, these stud-

es have contributed to our understanding of the role of m 

6 A path-

ay during HSC homeostasis and lineage commitment. 

While the roles of m 

6 A in HSC maintenance have been clearly

stablished by several studies, stage specific functions of m 

6 A

uring terminal erythropoiesis is poorly understood. Analysis of

reviously published RNA-sequencing data of distinct stages of

uman erythroid differentiation by our group and others [19 , 20] ,

ndicates a dynamic regulation of every member of m 

6 A modifiers

uggesting potential stage specific role/s for m 

6 A during erythro-

oiesis ( Fig. 1 ). For example, a recent study [105] using genetic
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Table 3 

RNA modifiers implicated in hematopoiesis/erythropoiesis. 

Protein/Enzyme Role in RNA modification Functions in hematopoiesis/erythropoiesis References 

METTL3 (writer) Enzyme responsible for the deposition of m6A mark on mRNA Essential for stem cell maintenance and differentiation. Not 

essential for myeloid cell function. Facilitates translation of 

erythroid genes during erythropoiesis. 

[93–96 , 98 , 105] 

METTL14 A cofactor in the METTL3 m6A transferase complex Essential for stem cell maintenance and myeloid lineage 

commitment and differentiation. Facilitates translation of 

erythroid genes during erythropoiesis. 

[97 , 101 , 105] 

WTAP A cofactor in the METTL3 m6A transferase complex Facilitates translation of erythroid genes during erythropoiesis. [105] 

FTO (eraser) Enzyme involved in the removal of m6A mark on mRNA Although overexpressed in acute myeloid leukemia, its 

functions are unknown in normal hematopoiesis and 

erythropoiesis 

[100] 

ALKBH5 (eraser) Enzyme involved in the removal of m6A mark on mRNA Not essential for hematopoiesis. Knockout of ALKBK5 in mice 

doesn’t impact hematopoiesis. Functions unknown in the 

context of erythropoiesis. 

[102 , 103] 

YTHDF1 (reader) Protein Involved in recognizing m6A mark on mRNA YTHDF1 enhances translation of m6A marked transcripts; 

however, its functions are unknown in the context of 

erythropoiesis/hematopoiesis. 

[99] 

YTHDF2 (reader) Protein Involved in recognizing m6A mark on mRNA Not essential for hematopoiesis. Conditional knockout of 

YTHDF2 in mice leads to expansion of the HSC 

compartment. Unknown in the context of erythropoiesis. 

[104] 
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creening on human erythroleukemia cells has demonstrated that 

 

6 A methyltransferase complex proteins (METTL3, METTL14, and 

TAP) are critical for expression of glycophorin A, a key erythroid

pecific gene. Moreover, the same study demonstrated KLF1, GATA1 

ranscription factors and SETD1 methyltransferase expression are 

lso dependent on proper levels of m 

6 A methyltransferases 

METTL3, METTL14, or WTAP). Interestingly, suppression of m 

6 A 

evels selectively impeded erythroid differentiation without any 

mpact on the megakaryocyte and myeloid lineages [105] . These

ndings together with observations demonstrating dynamic 

hanges in transcript levels of m 

6 A modifiers during erythro- 

oiesis ( Fig. 1 ) strongly suggests a need to further study this

merging field in order to understand the implications of aberrant 

NA modifications on hematologic malignancies and other benign 

onditions. One of the few mammalian species of mRNA that 

ave an extremely long half-life are mRNAs for globin genes

10-24 hours vs 5h median half-life for most other transcripts)

106] . It is thus conceivable that RNA modifying proteins play

 selective role in protecting these transcripts from degradation 

107] . Therefore, elucidation of metabolic pathways regulating RNA 

odifying enzymes and binding proteins may pave the pathway 

or identifying intervention points to regulate hemoglobin levels, 

or example, to treat anemia, or to increase fetal hemoglobin tran-

cripts and “mark” beta globin transcripts for degradation in sickle 

ell or in β-thalassemia patients. Altogether, recent development 

f sensitive chemical methods to identify m 

6 A-containing mRNAs 

ogether with CRISPR approaches for silencing gene expression 

ave provided a fertile environment to study this relatively new

eld in cellular physiology and metabolism. 

pigenetic modifiers and therapy of erythroid lineage diseases 

Aberrant expression or function of epigenetic modifiers in- 

olved in erythropoiesis is causative to major diseases of the ery-

hroid lineage such as MDS and erythroleukemia. The aberrant 

xpression or function is in most cases from mutations in the

enes encoding for the modifiers. Alternatively, signaling proteins, 

inding partners, and other proteins regulating epigenetic modi- 

ers may be genetically altered, and mediate clinical consequences 

ia their impact on the epigenetic modifiers. The gene alterations 

ay originate in the germline or in HSC (or anywhere in be-

ween) but the most prominent phenotypic consequences, and 

linical manifestations, are seen in post erythroid-lineage com- 

itment stages. DNA methylases and DNA hydroxymethylases are 
rominent classes of epigenetic modifiers that are recurrently al- 

ered as causes of anemia, erythroid dysplasia, and clonal expan- 

ion leading to erythroleukemia. 

NA methyl transferase family of proteins (DNMT1, DNMT3A, and 

NMT3B) 

Mutations in these methyltransferases lead to development of 

DS, AML, and erythroleukemia. Although mutations in these 

enes are quite prevalent in stem/progenitor cells their impact in 

ilencing of key erythroid-lineage differentiation-driving transcrip- 

ion factors is manifest in the postlineage commitment phase as 

ifferentiation block, causing clonal expansion concurrent with pe- 

ipheral anemia. DNMT3A mutations can occur decades prior to 

iagnosis of overt malignancy [108 , 109] . The application of high-

hroughput DNA methylome analysis of primary MDS specimens, 

ncluding single-cell sequencing, has uncovered several genes in- 

olved in pathways critical for MDS onset. These include genes as-

ociated with cell cycle, DNA repair, differentiation, signaling, ad- 

esion and motility [110 - 112] . Most importantly, these studies have

evealed novel genes contributing to malignant erythropoiesis and 

rythroid dysplasia. An earlier study identified 5 ′ CpG islands of 

15INK4B (CDKN2B) to be hypermethylated in about 50% of the 

DS patients [113] . Later, it was demonstrated that normal lev-

ls of p15INK4B are essential for proper erythroid commitment 

nd terminal differentiation. Hematopoietic cells from p15ink4b KO 

ice give rise to less numerous, smaller size erythroid colonies 

114] . Similarly, the erythroid master transcription factor GATA-1 

as also been reported to be hypermethylated in MDS [115] . We

ncovered aberrant promoter methylation and reduced expression 

f DOCK4 (a signaling intermediate in the Rac GTPase pathway) 

s contributing to erythroid-lineage dysplasia by disrupting the 

-actin network [116 , 117] . Altogether, disruption of DNA methyla-

ion patterns impacts commitment into the erythroid-lineage and 

etards maturation after commitment, a decoupling of progenitor 

roliferation from maturation that underlies malignant clonal ex- 

ansions. Recent studies have shown approximately 33% of ery- 

hroleukemia patients possess mutations in both DNMT3A as well 

s TET2 [118 - 120] . 

en–eleven translocation proteins (TET1, TET2, TET3) 

MDS and AML are characterized by recurrent mutations specif- 

cally in TET2, although TET3 is also expressed during the lat-

er stages of erythroid maturation [39 , 121] . TET2 mutations are
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ostly frame-shift and point mutations, and span the entire TET2 ,

lthough most patients with MDS and/or AML show mutations

ithin the 2 longest exons (exons 3a and 10) [122 , 123] . A block

n erythroid differentiation is observed when TET2 levels are de-

leted [19 , 33 , 39] , with expansion of early hematopoietic precur-

ors, culminating in leukemia [35] . A global reduction in the DNA

ydroxymethylation content in patients harboring TET2 mutations 

ave led to the realization that mutations in TET2 lead to loss of

unction and therefore it can be considered as a tumor suppres-

ive gene. Carrying out mutational modeling studies in vitro and in

ivo or when possible analyzing patient material devoid of muta-

ions in other known epigenetic modifiers will allow a better un-

erstanding of precise impact of various TET2 mutations on cellular

unction without being obscured by comutations in other genes.

uch studies will not only allow one to ascertain whether TET2

utations result in only a reduction in 5-hmC density within the

enome or concurrent redistribution of 5-hmC marks occur as well

esulting in adversely impacting new regions within the genome

ut also identify TET2 mutations, which are indeed pathogenic.

n example of such skewing of hydroxymethylation landscape was

een in 1 recent study when hMe-Seal approach was employed to

rofile DNA hydroxymethylation during the erythroid differentia-

ion program [19] . Although by far TET2 aberrations are central to

he pathogenesis of MDS, an in vitro study had demonstrated a role

or TET3 in promoting erythroid differentiation during the termi-

al phase of erythroid differentiation [39] . Moreover, the presence

f TET2 (and also DNMT3A/ASXL1 ) mutations in healthy individu-

ls with clonal hematopoiesis argues that the presence of these

utations alone most likely is insufficient to cause MDS or AML.

ecent studies have identified potential cell extrinsic factors asso-

iated with malignant transformation in individuals harboring mu-

ations in TET2/DNMT3A/ASXL1 genes but our knowledge in this re-

ard is at its infancy [26] . 

ndirect influencers of epigenetic modifiers 

The IDH1/2 proteins are critical components of the tricar-

oxylic acid cycle, and mediate the conversion of isocitrate to

-ketoglutarate (AKG). AKG is a mandatory cofactor for TET en-

yme family activity. Approximately 5% of MDS patients harbor

utations in IDH1/2 genes. Mutant IDH1/2 proteins produce an

ncometabolite 2-hydroxyglutarate instead of AKG, thus inhibit-

ng TET2 activity (and that of other AKG-dependent demethylases)

124] . Specifically, HSC harboring the recurrent IDH2 R140Q mutation

ave diminished ability to generate erythroid colonies [125] . Re-

arkably, leukemia patients treated with a mutant IDH2 specific

nhibitor, enasidenib exhibited improvements in erythropoiesis and 

chieved transfusion independence [126] . 

We and others have found that JAK2 post-translationally mod-

fies TET2 to increase its activity and function. In the context of

yeloproliferative disorder, polycythemia vera, where JAK2 is con-

titutively active, data from sequencing studies show some patients

lso harbor TET2 mutations as well. We found global decreases

n DNA hydroxymethylation and increases in DNA methylation in

hese cases, suggesting that the dominant phenotypic impact was

rom the TET2 mutations [40] . 

istone modifiers 

Histone methyltransferases and demethylases, and their key 

o-factors, are also recurrently altered in myeloid malignancies.

ere, we only focus on alterations specifically linked to abnor-

alities of erythropoiesis. ASXL1 loss of function mutations are

bserved in about 15% of MDS patients [127 , 128] . MDS patients

ith ASXL1 mutations exhibited significantly lower RBC counts

nd hemoglobin levels compared to MDS patients with wild type
SXL1 . Furthermore, morphological analysis of bone marrow spec-

mens from MDS patients with ASXL1 mutations depicted an in-

rease in immature erythroblasts and decrease in mature erythrob-

asts which is consistent with the phenotypes associated with Asxl1

oss in mice [84] . 

The histone methyltransferases EZH2 and MLL3 reside on the q

rm of chromosome 7, which is deleted in about 10% of MDS pa-

ients, a structural alteration linked to erythroid dysplasia [129] ,

lthough the precise roles of losses of EZH2 and MLL3 to this phe-

otype is poorly understood. 

herapies directed at epigenetic modifiers 

Thus, epigenetic modifiers clearly regulate commitment into, 

nd differentiation within, the erythroid lineage. Neoplastic evo-

ution selects for mutations in epigenetic modifiers to contribute

o clonal expansions, including erythroid-lineage cells. The trans-

ational importance is that epigenetic modifiers, or the signaling

etworks that regulate them, for example, JAK2, are druggable.

ndeed, drugs that target and deplete DNA methyltransferase 1

DNMT1) from cells such as decitabine and 5-azacytidine, are

ainstays for treating myeloid malignancies and for relieving

ed cell transfusion dependence [130] . Targeting DNMT1 is also

 scientifically and clinically validated approach, although not

DA-approved, for preventing an erythroid maturational switch 

rom fetal to adult hemoglobin production, to thereby treat the

-hemoglobinopathies, diseases in which the adult β-globin gene

s mutated. Additional reversible and selective DNMT1 inhibitors

re currently being tested [131] . Mutant-IDH1/2 targeted therapies,

vosidenib, and enasidenib, are approved to treat IDH mutated

ML, and can produce transfusion independence in ∼45% of these

atients [132 , 133] . A recent study demonstrated that enasidenib

an drive erythroid differentiation [126] suggesting potential use

f enasidenib to alleviate anemia in other disease settings also.

ultiple other epigenetic treatment modalities are under clinical

rials and are reviewed elsewhere [134 , 135] . 

onclusion 

Epigenetics is an important, druggable regulatory layer that

ontrols red blood cell production, evidenced by the mainstay

ole of drugs that target a DNA methyltransferase in treating

yeloid malignancies, and their promising role to treat β-

emoglobinopathies and potentially other anemias [130 , 136] . Our

ecent work in shedding light into how TET2 catalytic activity is

egulated by phosphorylation in developing blood cells can be

n incentive for developing drugs that activate TET2, to counter

oss-of-function alterations that contribute to myeloid oncogenesis, 

ncluding transformations of the erythroid lineage. The study of

pigenetic modifiers, and of modifiers of epigenetic modifiers,

ave already yielded extremely useful information for designing

reatment strategies and are bound to yield even more significant

esults in the near future. 
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