
DNA Methylation in Hematopoietic Development and Disease

Aniket V. Gore and Brant M. Weinstein*

Division of Developmental Biology, Eunice Kennedy Shriver National Institute of Child Health and 
Human Development, National Institutes of Health, Bethesda, MD, 20892

Abstract

DNA methylation is an important epigenetic modification that can have profound and widespread 

effects on gene expression and on cellular fate and function. Recent work has shown that DNA 

methylation plays critical roles in hematopoietic development and hematopoietic disease. DNA 

methyltransferases (DNMTs) and Ten-eleven translocation (TET) enzymes are required for adding 

and removing methyl “marks” from DNA, respectively, and both sets of gene have been shown to 

be necessary for proper formation and maintenance of hematopoietic stem cells and for 

differentiation of downstream hematopoietic lineages during development. DNA methylation and 

demethylation enzymes have also been implicated in hematopoietic disorders such as acute 

myeloid leukemia (AML) and myelodysplastic syndrome (MDS). Here, we review some of the 

recent literature regarding the role of DNA methylation in hematopoietic health and disease.

DNA methylation and hematopoiesis

In vertebrates, hematopoiesis takes place in distinct waves. Primitive hematopoiesis occurs 

early during embryonic development, and is responsible for generating primitive erythroid 

and myeloid blood cells. This is followed by a wave of definitive-derived erythroid and 

myeloid lineage-only blood cells that emerge from early erytho-myeloid progenitor cells 

(EMPs). Finally, definitive hematopoietic stem cells (HSCs) responsible for generating 

erythroid, myeloid and lymphoid lineages emerge (1–3). HSCs are specified from 

hemogenic endothelium in the floor of the dorsal aorta and are responsible for generating all 

blood cell types throughout adulthood (4, 5). Both the essential process and the major 

signaling molecules responsible for correct specification of HSCs are highly conserved 

amongst vertebrates (6, 7). Differentiation of HSCs from hemogenic endothelium and 

emergence of the different blood lineages from HSCs is highly complex and tightly 

regulated. Cell-type intrinsic transcription factors downstream from key signaling pathways 

regulate hematopoiesis. For HSCs, the runt related transcription factor Runx1 plays a critical 

role in their differentiation from hemogenic endothelium (8). In recent years it has become 

evident that in addition to signaling networks and transcription factors, epigenetic regulation 
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also plays a crucial role during hematopoiesis. Epigenetic mechanisms such as histone 

modifications, chromatin remodeling proteins, DNA modifications (methylation and 

hydroxyl methylation), and small RNAs have all been shown to influence gene expression 

during development and adult life. During development, differentiation of HSCs and their 

downstream blood lineages is characterized by changes in both gene expression and the 

epigenetic landscape, especially DNA methylation (9). Changes in DNA methylation also 

influence gene expression patterns during adult hematopoiesis, and are often associated with 

aberrant specification of blood cells and hematologic pathologies. High throughput RNA 

sequencing and whole genome bisulfite sequencing techniques have revealed some of these 

changes, and have led to a number of proposed roles for DNA methylation in blood cell 

differentiation from HSCs in normal development and disease (10, 11). In this review, we 

focus on recent findings highlighting novel roles for DNA methylation and DNA 

methylation machinery during normal and pathological hematopoiesis and hematopoietic 

development.

DNA methylation and de-methylation machinery and its function

In eukaryotes, DNA methylation is carried out by a family of proteins called DNA 

methyltransferases (DNMTs). DNMTs methylate cytosine residues in CG dinucleotides. 

Localized regions of DNA containing high densities of CG dinucleotides are called CpG 

islands (CGIs), and these are often targeted for methylation by DNMTs (Figure 1). CGI 

methylation is carried out by two classes of DNMT enzymes, maintenance DNMTs and de 
novo DNMTs. Maintenance DNMTs are responsible for maintaining already-placed methyl 

“marks” during DNA replication. In vertebrates, DNMT1 is the maintenance DNA 

methyltransferase that adds methyl groups to copy methyl marks to newly synthesized DNA 

strand during cell division (12). De novo DNA methyltransferases, in contrast, add new 

methyl marks to DNA. Unlike the single maintenance DNA methyltransferase, vertebrates 

have a number of different de novo methyltransferases that are expressed in different cell 

types and tissues at different times, and that apparently target different but overlapping sets 

of CGIs (13). DNMT3A and DNMT3B are examples of two de novo class DNA 

methyltransferases that add new DNA methylation patterns as new cell fates are specified 

(14). As discussed further below, DNMT3A and DNMT3B have both been implicated in 

hematopoiesis and HSC biology. DNA methylation is reversible, and there are additional 

“Ten-eleven-translocation” (TET) enzymes important for removal of DNMT-mediated 

methyl marks are removed by a set of. Three vertebrate TET proteins, TET1, TET2, and 

TET3 oxidize methyl cytosine to 5-hydroxymethyl cytosine and other downstream oxidized 

forms of methyl cytosine and eventually removal of the marks entirely (15, 16). 

Hydroxymethyl marks are actively removed by TET proteins and DNA repair machinery 

(17), although a portion of the hydroxylmethyl marks are also removed passively through 

cell division (18). Methyl marks can also be lost passively through failure of the 

maintenance enzyme DNMT1 to duplicate these marks on newly synthesized DNA strands 

during cell division-associated DNA replication. Together, DNMTs and TET proteins help to 

maintain a correct balance between DNA methylation and demethylation during normal 

development.
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A large body of evidence has documented an important role for DNA methylation in 

regulating gene expression (reviewed extensively in (19, 20). In mammals, X-chromosome 

inactivation is initiated by expression of Xist, a non-coding RNA. This is followed by 

changes to the chromatin and acquisition of silencing histone marks. Finally, the inactivated 

gene loci are methylated to assure complete silencing of the X-chromosome (21–23). 

Inhibition of the methylation in the final step can lead to incomplete silencing of certain loci, 

suggesting DNA methylation to the promoter and enhancer regions plays a crucial role in 

assuring complete silencing of the transcription (24, 25). Similar to X-chromosome 

inactivation, DNA methylation is also involved in genomic imprinting, where one copy of 

the gene is kept silenced, often by methylating the promoter and enhancer regions. This is 

done to achieve expression from only the maternal or paternal copy, which plays crucial 

roles in cell differentiation and embryonic development (26). In mammals, genomic 

imprinting was first observed for Igf2, Igf2r and H19 gene loci (27–29). Subsequently 

several more genes were discovered whose regulation was dependent on DNA methylation 

based genomic imprinting (26, 30). The role of promoter enhancer methylation and 

suppression of gene expression was further supported by analysis of Dnmt1 knock out mice. 

Dnmt1 null mice showed aberrant expression of imprinted and X- chromosome linked genes 

(31).

In recent years, DNA methylation has also been implicated in activation of transcription. 

Dnmt3b has been shown to preferentially bind and methylate gene body regions of actively 

transcribed genes in mouse ES cells (32). Preferential gene body methylation of actively 

expressing genes by Dnmt3b has also been observed in human colon cancer cell lines (33). 

These results suggest that Dnmt3b-mediated gene body DNA methylation has a positive role 

on gene expression, and it may be acting to maintain open chromatin structure for active 

transcription rather than act to silence. The discovery that gene body DNA methylation is 

strongly associated with gene activation has opened new avenues for future research to 

understand the role of DNA methylation in gene expression and identify novel gene body-

specific regions controlling this activation.

Members of the DNMT family have also been shown to have non-DNA methylation related 

activities. Mammalian DNMT1, DNMT3L, DNMT3A and DNMT3B methylate DNA, but 

DNMT2 preferentially binds and methylates tRNAs and potentially other RNA substrates 

(34), although the functional consequences of this are not well understood. However, it is 

evident that the DNMT-mediated modifications to both DNA and RNA, and potentially 

other substrates, can influence gene expression (35, 36).

DNA methylation in normal hematopoiesis and malignancies

As noted above, members of the DNMT3 family of de novo DNA methyltransferases have 

been shown to play important roles in hematopoiesis. There are two DNMT3 family 

members in mammals, DNMT3A and DNMT3B. In mice, DNMT3a has been shown to play 

a role in adult HSC differentiation (11). Deletion of DNMT3a leads to hypomethylation of 

specific gene loci but hypermethylation of other loci, and the overall level of DNA 

methylation is relatively unchanged in the Dnmt3a deficient HSCs. However, these changes 

in methylation and concomitant aberrant gene expression lead to gradual overproliferation 
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and blockage in downstream lineage differentiation. Combined loss of DNMT3a and 

DNMT3b leads to more severe defects in HSC proliferation and differentiation (11, 37). 

Specification of HSC begins during embryogenesis in the hemogenic endothelium, with 

activation of the essential but transiently expressed transcription factor Runx1. Studies 

carried out using Runx1 deleted animals show that this gene plays a crucial and highly 

conserved role in embryonic specification of HSCs (8, 38). However, once HSCs are 

specified Runx1 is downregulated and its function becomes dispensable (39). A recent 

zebrafish study from our laboratory has shown that DNMT3-dependent DNA methylation 

promotes continued HSC specification and identity in the absence of Runx1 via its role in 

maintaining expression of a key downstream transcription factor in HSC (40). Zebrafish 

have six DNMT3 paralogs, dnmt3aa, dnmt3ab, dnmt3ba, dnmt3bb.1, dnmt3bb.2 and 
dnmt3bb.3. Zebrafish dnmt3bb.1, the closest homolog to mammalian DNMT3b, is expressed 

specifically in developing HSC in the trunk, and it is required downstream from Runx1 to 

maintain HSC fate (Figure 2). Runx1 induces expression of dnmt3bb.1 in developing HSCs, 

and loss of dnmt3bb.1 leads to hypomethylation of gene body CGIs in the key downstream 

HSC transcription factor cmyb and reduction in cmyb expression, forcing HSCs to undergo 

apoptosis. Endothelial-specific overexpression of dnmt3bb.1 is sufficient to rescue cmyb-

expressing HSCs in runx1-null embryos. Furthermore, overexpression of dnmt3bb.1 in 

zebrafish early blastomeres specifically induces cmyb as well as downstream myeloid, 

lymphoid, and erythroid gene expression (40). HSC rescue in runx-1 deficient animals, and 

specific expression of hematopoietic genes in “naïve” blastomere cells that normally do not 

exhibit hematopoietic gene expression, suggests that dnmt3bb.1 expression is both necessary 

and sufficient to promote hematopoietic gene expression. The induction of downstream 

hematopoietic genes appears to be indirect, however, via dnmt3bb.1’s role in promoting 

cmyb expression. Mutants in cmyb have hematopoietic defects that mirror those of dnmt3bb.

1 (41), expression of cmyb in the early blastula results in a similar induction of downstream 

hematopoietic lineage gene expression, and cmyb knockdown prevents dnmt3bb.1-promoted 

downstream hematopoietic gene expression in blastulae (40). Together, these results show 

that the de novo DNA methyltransferase dnmt3bb.1 plays an essential role in maintaining 

HSC specified during early embryogenesis by promoting the expression of a key HSC 

transcription factor, cmyb. Like zebrafish dnmt3bb.1, mouse DNMT3b is also expressed by 

developing HSCs in the dorsal aorta during definitive hematopoiesis (42), and further studies 

should help shed light on the conserved function of these genes in vertebrates. As might be 

expected to ensure perdurance of “marks” placed in the DNA of HSC by DNMT3 family 

members, the maintenance DNA methyltransferase DNMT1 is also required for 

hematopoiesis. Loss of DNMT1 in adult HSC leads to defects in self-renewal, bone marrow 

niche retention, and the ability to generate proper downstream blood lineages (43). 

Similarly, loss of zebrafish dnmt1 also causes defects in HSC development during 

embryogenesis, at least in part via its effects on the cebpa gene (44).

DNMT3 family members have also been shown to play important roles in hematopoietic 

malignancies. DNMT3a has been very strongly linked to leukemia (45, 46). Somatic 

DNMT3a mutations are found in 30% and 8% patients of acute myeloid leukemia (AML) 

and myelodysplastic syndrome (MDS) respectively. In AML patients, a wide variety of 

mutations are seen in the methyltransferase domain of DNMT3a that result in both truncated 
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proteins and missense variants, including a specific mutation in residue R882 that has been 

shown to reduce the catalytic activity of the mutant protein (47). AML patients carrying the 

R882 mutation in DNMT3a show no significant difference in overall levels of DNA 

methylation, but show hypomethylation of specific gene loci (45), although the changes in 

methylation that have been identified have thus far not strongly correlated with aberrant 

expression of genes linked to these differentially methylated regions. Additional whole 

genome bisulfite sequencing and RNA sequencing studies together with functional studies in 

model organisms will likely be required to further analyze R882 versus wild type DNMT3a 

mediated methylation and gene expression changes, and their potential impact on 

hematological malignancies. It is important to note that HSCs from DNMT3a deficient mice 

do not develop spontaneous AML like disorders (11), although in irradiated mice DNMT3a 

deficient transplanted HSCs develop a wide spectrum of hematopoietic malignancies (48). 

These observations suggest secondary mutations and abnormal DNA methylation due to 

inefficient DNMT3a activity may contribute together to malignant transformation. In line 

with this notion, mutations in Npm1, Flt3 and Idh1 co-exist with high frequency in 

DNMT3a mutant AML (49), although it is not clear how these mutations interact with 

DNMT3a to contribute to malignancy. Although methylation of specific genes such as p15, 

e-cadherin, and others has been used for prognostic prediction of AML and MDS (50), a 

strong correlation has not been identified between DNMT3a mutation and methylation of 

these loci in AML patients. Aberrant DNA methylation and mutations in DNMT3a are also 

commonly seen in different types of B and T cell lymphomas (51). Whole genome bisulfite 

sequencing of Burkitt lymphoma, a B cell-type lymphoma, shows global DNA 

hypomethylation compared to normal cells. These changes in DNA methylation are strongly 

correlated with down regulation of NF-kB and Jak/Stat signaling pathways (52). Together, 

these and other observations suggest that in addition to playing crucial roles in the normal 

development of HSCs, aberrant activity of DNA methyltransferases and acquisition of 

secondary mutations may contribute significantly to convert these cells to malignancy. In a 

handful of cases, asymptomatic carriers for somatic mutations in Dnmt3a have been 

reported, suggesting acquisition of secondary mutations or clonal amplification of mutation-

carrying HSCs may be important contributing factors to hematopoietic malignancies (53, 

54).

DNA demethylation in normal hematopoiesis and malignancies

The process of removing methyl groups from cytosine residues in DNA is performed by a 

special class of proteins called Ten-eleven translocation (TET) enzymes. These proteins 

oxidize the methyl group in methylcytosine to convert it to hydroxymethyl cytosine, which 

subsequently undergoes further oxidization with eventual removal of the methyl tag (15, 16). 

TET protein-mediated epigenetic changes to the genome also influence hematopoietic 

development. Interestingly, TET1 was first discovered in mixed lineage leukemia patients, as 

a fusion gene with histone methyltransferase (55). Less than 1% of AML patients have 

mutations in TET1, however (56), suggesting mutations in Tet1 coding regions are not 

generally responsible for hematological disorders. However, TET1 has been shown to be a 

direct target of MLL-fusion proteins and is significantly up-regulated in MLL-rearranged 

leukemia, leading to a global increase of 5-hydroxymethylcytosine level (57). Loss of Tet1 
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in HSCs leads to biased differentiation towards B cells. Tet1 deficient B cells gradually 

accumulate high levels of DNA damage and that presumably contributes to their 

malignancies (58). It is unclear how Tet proteins directly regulate HSC gene expression and 

downstream cell lineage specification.

TET2 is more frequently mutated in myeloid diseases, with mutations found at a frequency 

of approximately 7–20% in AML and up to 50% in chronic myelomonocytic leukemia (59, 

60). HSCs from Tet2 mutation-carrying CMML patients show significantly higher global 

DNA methylation levels but reduced hydroxymethylation (61). Mutations in the Tet2 coding 

sequence are most common in AML and CMML. Missense mutations in the catalytic 

domain of Tet2 protein are thought to cause impaired methyl cytosine oxidation, leading to 

aberrant gene expression and defective hematopoiesis (61–63). Tet2 mutations are also 

frequently seen in different lymphoid malignancies at a very high frequency of 20–76% (64, 

65). Similarly, bone marrow-derived cells from mice carrying deletions in the Tet2 locus 

show significant reduction in hydroxymethylation (61, 66, 67). Aged Tet2 null mice showed 

a wide array of hematological, especially myeloid malignancies, and bone marrow-derived 

HSC proliferation is significantly increased in Tet2 null mice, although not all strains of 

mice carrying tet2 deficiency develop malignant phenotypes (64). Tet2-deficient HSCs show 

skewed hematopoietic differentiation programs with increased monocytic and myeloblastic 

lineage differentiation (64, 67). Interestingly, the HSC overproliferation defects seen in Tet2 

knock out mice are similar to those in DNMT3a knock out mice, suggesting that a correct 

balance between DNA methylation and demethylation is important for controlling HSC 

proliferation. In the zebrafish, mutation of tet2 alone does not result in phenotypes similar to 

Tet2 mouse knockouts (68, 69), although combined loss of tet2 and tet3 activity leads to 

defective hematopoiesis, suggesting that tet3 function compensates for loss of tet2 (69). 

Zebrafish embryos deficient for tet2/3 activity show defective HSC emergence from the 

hemogenic endothelium, leading to death of the “stalled” HSC progenitors and subsequent 

reduction in downstream blood lineages (69). Combined deficiency of Tet2 and Tet3 results 

in significantly greater reduction in levels of hydroxymethylation compared to individual 

deficiencies, further supporting the notion that the two genes have partially redundant 

function (70). Like Tet1, mutations in Tet3 are very rare in hematopoietic malignancies. 

Conditional loss of Tet3 in mice HSCs does not lead to significant decrease in myeloid, 

lymphoid and erythroid populations (70), suggesting a less critical role for this gene 

compared to Tet1 and Tet2. Together, these results identify Tet genes as major players in 

HSC development, though they may have different functions in different organisms.

Conclusions and future directions

Recent data suggests that a carefully regulated balance between Dnmt mediated methylation 

and Tet mediated hydroxymethylation of cytosine residues is crucial for normal 

hematopoietic development. It has also become clear that aberrant changes to this key 

epigenetic process contribute significantly to the development of hematological 

malignancies. In the future, technological advances in genome sequencing and analysis 

should help to further elucidate how these epigenetic changes target specific gene loci, and 

how specific epigenetic modifications result in altered hematopoietic gene expression. 

Single cell sequencing methods will facilitate analysis of cell populations found in 
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hematopoietic malignancies, helping to reveal clonal diversity and associated changes to 

gene expression. Together with genomic analysis, additional studies on DNA methylation 

and demethylation machinery in model organisms will also be required to elucidate the 

precise molecular mechanisms regulating DNA methylation and demethylation during 

development and organogenesis. Although there is not always a precise gene-to-gene 

correspondence in function between different vertebrate model organisms or between model 

organisms and humans (as noted for the Tet genes, above), the overall functions of the 

DNMT and TET gene families appear to be conserved, although additional studies will be 

needed to parse out the common and diverse roles for these genes in development and gene 

regulation in different species.

The mechanisms directing specific Dnmt and Tet proteins to distinct sets of target sites in the 

genome are still largely unknown. Association with cell type specific transcription factors or 

other co-factors may play a role. Dnmts and Tet proteins may also be guided to specific sites 

via other types of initiating epigenetic modifications to local chromatin regions (as discussed 

above for X-chromosome inactivation). Dnmts and Tet proteins have been reported to 

interact with a variety of other proteins, including transcription factors and histone 

modifying enzymes (71–74). Recent findings showing that Dnmt3b methylation is 

preferentially targeted to gene body regions compared to promoters suggests that DNA 

methylation enzymes also have preferences when it comes to targeting to different regions of 

genes (32, 33). Gene body methylation by Dnmt3b appears to act as a positive regulator for 

gene expression, suggesting methylation in this context helps to maintain active chromatin 

structure accessible for RNA polymerase, although further work will be needed to explore 

mechanisms of gene activation by gene body methylation. In the future, more 

comprehensive knowledge of the interactions that direct DNA methylation and 

demethylation machinery to specific sites in the genome and the functional consequences for 

expression of specific genes should help us to better understand how mutant or aberrantly 

expressed Dnmt and Tet proteins lead to hematopoietic malignancy.
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DNA methylation is an important epigenetic mechanism regulating gene 

expression

DNA Methyltransferases (DNMTs) add repressing or activating methyl 

“marks” to DNA

Ten-Eleven Translocation (TET) enzymes help to remove methyl marks 

from DNA

DNMT and TET genes play key roles during both normal and pathologic 

hematopoiesis
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Figure 1. DNA methylation and demethylation processes
a, Schematic showing the relative positions of the CpG islands associated with a gene locus. 

Promoter CpG islands are found in upstream regulatory regions, and gene body CpG islands 

are present anywhere between the start and stop codon. Promoter CpG islands are involved 

in gene silencing, while recent evidence suggests that gene body CpG islands promote gene 

activation, b, Chemical structure of cytosine, 5-methyl cytosine, and 5-hydroxymethyl 

cytosine. c, Methylation and demethylation is driven by distinct sets of enzymes in vivo. 
Newly established methyl “marks” are added by de novo methyltransferases, including the 

Dnmt3 family. The maintenance methyltransferase Dnmt1 ensures persistence of these 

marks in replicating DNA by copying the methyl marks onto to newly synthesized strands 

(red) during mitosis. Tet proteins hydroxylate methyl groups on cytosine, with subsequent 

removal of the hydroxymethyl tag by Tet and other DNA repair enzymes leading back to 

unmethylated DNA.

Gore and Weinstein Page 13

Exp Hematol. Author manuscript; available in PMC 2017 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Dnmt3bb.1 is an essential epigenetic factor in HSC fate maintenance
a, Camera lucida drawing of a zebrafish embryo with a red box noting the approximate 

region of the trunk shown in the in situ hybridization image in panel b. b,c Whole mount in 
situ hybridization of zebrafish trunk probed for dnmt3bb.1, showing expression in the 

developing HSCs (arrows in panel c). Yellow inset box in panel b indicates the magnified 

area shown in panel c. d, diagram corresponding to panel c showing dorsal aorta (red), 

cardinal vein (blue), and dnmt-positive HSCs in the floor of the dorsal aorta (yellow, with 

asterisks). e, Schematic showing the zebrafish cmyb locus and the position of the intron 1 

gene body CpG island. f,g, Images through the anterior kidneys (adult hematopoietic organ 

in zebrafish equivalent to the bone marrow in higher vertebrates) of wild type sibling (f) and 

dnmt3bb.1y258 mutant (g) adult zebrafish, stained with hematoxylin/eosin, revealing a 

profound loss of hematopoietic tissue in mutant animals. h, Notch-Runx1 signaling controls 

specification of HSPCs in the ventral wall of the dorsal aorta during early embryogenesis. 

This signaling pathway initiates HSPC expression of both the key transcription factor Cmyb 

and the epigenetic regulator Dnmt3bb.1. i, As development proceeds Runx1 expression is 

down-regulated and continued maintenance of active Cmyb expression in HSPC depends on 

Dnmt3bb.1–mediated Cmyb gene body DNA methylation, ensuring maintenance of HSPC 

cell fate during the Runx1-independent phase. Images are from Gore et al. (2016).
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