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Abstract

The past decade brought a revolution in understanding of the structure, topology and disease-

inducing lesions of RNA and DNA, fueled by unprecedented progress in next-generation 

sequencing. This technological revolution has also affected understanding of the epigenome and 

has provided unique opportunities for the analysis of DNA and histone modifications, as well as 

the first map of the non–protein-coding genome and three-dimensional (3D) chromosomal 

interactions. Overall, these advances have facilitated studies that combine genetic, transcriptomics 

and epigenomics data to address a wide range of issues ranging from understanding the role of the 

epigenome in development to targeting the transcription of noncoding genes in human cancer. 

Here we describe recent insights into epigenetic dysregulation characteristic of the malignant 

differentiation of blood stem cells based on studies of alterations that affect epigenetic complexes, 

enhancers, chromatin, long noncoding RNAs (lncRNAs), RNA splicing, nuclear topology and the 

3D conformation of chromatin.

Large-scale efforts to map mutations and other genomic events in blood malignancies 

(leukemias and lymphomas) have suggested that these are ‘epigenetic’ diseases—that is, 

diseases driven by mutations in genes encoding regulators of DNA-cytosine modifications 

and post-translational modifications of histone, as well as by mutations in noncoding regions 

of the genome. For example, genetic analysis of acute myeloid leukemia (AML) has 

consistently revealed common somatic mutations that target genes encoding proteins that 
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regulate DNA methylation (DNMT3A, TET2, IDH1 and IDH2), post-translational 

modifications of histone (EZH2, KDM6A, ASXL1 and others), RNA splicing and 3D 

chromosomal interactions (such as the insulator protein CTCF and the cohesin complex). 

When protein fusions involving epigenetic modifiers and/or transcription factors are also 

considered, it becomes obvious that the vast majority of patients with AML bear at least one 

somatic mutational event that affects the epigenome. Such findings are not AML specific, as 

they can also be found in patients affected by various blood malignancies, including acute 

and chronic leukemias and numerous subtypes of lymphoma. Although mutations that affect 

epigenetic modifiers in hematological malignancies have been extensively reviewed1, here 

we discuss emerging modes of epigenetic regulation in leukemia, including dysregulation of 

enhancers, noncoding RNAs, DNA looping–3D chromosomal topology and RNA splicing.

Leukemogenic enhancers and ‘super-enhancers’

The systematic identification of regions of the genome that encode transcriptional enhancers 

in normal and malignant blood cell types has revealed enrichment for disease-associated loci 

in cell-type-specific regulatory regions relative to their abundance in other regions of the 

genome2. This has included the identification of somatic alterations in gene promoters, as 

well as in DNA sequences distal from the transcriptional start site (TSS) that are needed to 

regulate transcription, called ‘enhancers’ and ‘super-enhancers’ (here we define ‘super-

enhancers’ as regions of the genome with putative or proven enhancer activity identified by 

the abundance of MED1 (a core component of the large, multiprotein MEDIATOR complex 

required for transcription by RNA polymerase II) and acetylation of histone H3 at Lys27 

(H3K27ac), as initially noted)2–4. For example, it has been shown that leukemogenic 

translocations or inversions on chromosome 3 ((inv(3)(q21q26.2) or t(3;3)(q21;q26.2)) link a 

pre-existing enhancer to the proto-oncogene MECOM (EVI1) while simultaneously creating 

haploinsufficiency for the gene encoding the tumor suppressor GATA-2 (refs. 5,6) (Fig. 1a). 

Analysis of the chromatin marks H3K27ac and H3K4me1 (mono-methylation of histone H3 

at Lys4) by chromatin immunoprecipitation coupled to high-throughput sequencing (ChIP-

seq) and chromosome-conformation-capture profiling has revealed substantial interactions 

between an enhancer on 3q21 and the promoter of EVI1, which encodes the proto-oncogenic 

transcription factor EVI, whose expression is linked to myeloid leukemogenesis5. 

Interestingly, the enhancer that promotes EVI1 expression in cells bearing 3q 

rearrangements is a 9-kilobase region of DNA that normally promotes expression of GATA2 
in cells without 3q rearrangements. Thus, 3q rearrangements physically move an enhancer to 

ectopically promote EVI1 transcription while simultaneously diminishing GATA2 
transcription. That finding has been supported by the identification of monoallelic 

expression of GATA2 from the non-rearranged allele in inv(3)/t(3;3) samples from patients 

with AML5. Through the use of a similar strategy, acquired mutations that create a novel 

super-enhancer in the TAL1 locus (which encodes a proto-oncogenic transcription factor) 

have been identified in a subset of patients with T cell acute lymphoblastic leukemia (T-

ALL)7 (Fig. 1a). The authors identified heterozygous insertion or deletion mutations that 

clustered upstream from the TSS of TAL1. These mutations generate a novel binding motif 

for the transcription factor c-Myb and a broad domain of H3K27Ac7. This aberrant de novo 
super-enhancer drives mono-allelic overexpression of TAL1 (ref. 7).
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Following such studies, systematic efforts to integrate epigenomic and mutational data have 

been most advanced for chronic lymphocytic leukemia (CLL), for which an effort by the 

International Cancer Genome Consortium has mapped recurrently mutated noncoding 

regions in genomes of patients with CLL on the basis of whole-genome sequencing of 250 

patients with CLL8. While most of the regions repeatedly affected by noncoding mutations 

in CLL seem to be targets of somatic hypermutation, several regions densely affected by 

mutations and that are not known targets of somatic hypermutation have been identified. 

These include mutations in an intergenic region of chromosome 9p13 that, given its 

abundance of H3K27Ac and H3K4me1, contains an enhancer element important to CLL8 

(Fig. 1a). Samples from patients with CLL with mutations at this locus have decreased 

expression of the gene encoding the transcription factor Pax5, which suggests that disruption 

of this enhancer element is associated with downregulation of PAX5 expression.

In addition to structural rearrangements and mutations that create or abolish enhancers, 

several interesting examples of amplifications and duplications of disease-causative 

enhancers have also been identified. For example, two groups have identified a enhancer in 

the gene encoding the proto-oncoprotein (MYC) that is regulated by the transmembrane 

receptor NOTCH1 and is targeted by duplication in T-ALL9,10 (Fig. 1a). Data obtained by 

array comparative genomic hybridization have identified focal duplications at an enhancer 

located on 8q24 in 5% of patients with T-ALL9. Further analysis has revealed that this 

duplicated enhancer interacts with the MYC promoter to drive MYC expression9,10. These 

data suggest that while individual enhancers or super-enhancers are highly lineage specific, 

alterations to these elements might be a common mechanism for the upregulation of 

oncogenes such as MYC in diverse types of cancer.

Alterations in the 3D conformation of chromatin

Alterations in DNA elements that regulate the 3D organization of chromatin itself have been 

suggested to result in aberrant promoter-enhancer interactions to drive cancer 

development11. The 3D structure of chromatin is defined in part by the organization of 

chromatin into conserved loops that are restricted from one another, called ‘topologically 

associating domains’12,13. These domains are partitioned (or ‘insulated’) from each other 

through the action of CTCF in association with the cohesin complex14–16 (Fig. 1b). 

Accumulating evidence suggests that DNA looping is important for the induction and 

maintenance of leukemia. Indeed, it has been shown that a NOTCH1-orchestrated event 

brings together the long noncoding RNA (lncRNA) LUNAR1 (‘leukemia-induced 

noncoding activator RNA’) and the enhancer of IGF1R, which encodes a receptor for 

insulin-like growth factor that is essential for the survival of T-ALL cells17. Silencing of 

LUNAR1 leads inhibition of the growth of T-ALL cells due to the loss of IGF1R expression 

and loss of trophic signals.

Analysis of the enhancer landscape and 3D conformation of chromatin has been particularly 

useful in generating new insights into the understanding of B cell tumorigenesis. It has been 

known for quite some time that AID (‘activation-induced cytidine deaminase’), a B cell–

specific enzyme necessary for the class-switch recombination and somatic hypermutation of 

immunoglobulin-encoding genes in mature B cells, promotes mutations and translocations in 
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genes that do not encode immunoglobulins18. Until recently, however, it was not known why 

loci that do not encode immunoglobulins, some of which are megabases away from the 

immunoglobulin-encoding locus, are susceptible to AID activity. Several reports have 

identified AID targets with specific genomic features, such as loci that contain super-

enhancers and have a 3D conformation that promotes physical interactions of these genes 

that do not encode immunoglobulins with the immunoglobulin-encoding locus19,20. It is 

these physical interactions that promote the occurrence of intra-chromosomal translocations 

that are recurrently seen in B cell lymphomas and explain the ‘predilection’ of AID for 

genes (such as PAX5, IRF8 and CD79B) that are expressed mainly in B cells and contain 

super-enhancers in B cells. Similar observations involving RAG-endonuclease-mediated 

translocations in early B cells21 have further solidified the concept that frequent 3D 

interactions between regions of the genome in the nucleus underlie the development of 

recurrent inter-chromosomal translocations.

Published work has identified recurrent mutations in all genes encoding members of the 

cohesin complex (STAG2, SMC1A, SMC3 and RAD21) in myeloid leukemia and other 

cancers22–24. Downregulation of cohesin function in mouse or human cells promotes 

aberrant self-renewal and myeloid skewing of hematopoiesis25–27. Given that the most well-

established function of the cohesin complex is to regulate the alignment of sister chromatids 

during mitosis28, it was a surprise to find no trace of genomic instability in mouse or human 

myeloid leukemia. In contrast, cohesin-deficient cells and cells overexpressing mutant 

cohesin have widespread alterations in chromatin accessibility25–27. It is currently unclear 

how alterations in the expression or function of cohesin can alter the accessibility or 3D 

conformation of chromatin. For example, analysis of human hematopoietic cells expressing 

mutant RAD21 or SMC1A has revealed global reductions in chromatin accessibility and 

increased accessibility at specific binding sites for transcription factors (including GATA-2 

and RUNX1) known to be critical regulators of hematopoietic stem cells25. However, 

analysis of mouse hematopoietic cells by ATAC-seq (assay for transposase-accessible 

chromatin with high-throughput sequencing) has not revealed a genome-wide reduction in 

chromatin accessibility at promoters. On the other hand, increases in chromatin accessibility 

at specific loci have been seen in mouse cells deficient in SMC3 (ref. 27) or STAG2 (ref. 

26). Thus, additional studies are needed to define the global versus site-specific effects of 

chromatin accessibility and transcription-factor-binding sites in wild-type versus cohesin-

mutant cells.

Spliceosomal gene mutations in leukemia

In addition to alterations in the chromatin state that affect gene expression in leukemia, 

genomic analyses of leukemias have also revealed that patients with myeloid leukemias29–31 

and lymphoid leukemias32,33 also show substantial enrichment for mutations in genes 

encoding proteins essential for mRNA splicing. These include mutations in genes encoding 

SF3B1 and U2AF1 (core members of the major spliceosome), ZRSR2 (a core member of the 

minor spliceosome) and SRSF2 (an auxiliary splicing factor essential for constitutive as well 

as alternative splicing). These genetic data suggest that mutations in genes encoding 

components of the spliceosome confer an alteration of function. Functional investigation of 

the effect of these mutations on splicing have revealed that mutations in the genes encoding 
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SRSF2 (refs. 34,35), U2AF1 (ref. 36) and SF3B1 (refs. 37,38) alter splicing in a manner 

distinct from loss of function39 (Fig. 2). For example, mutations in the gene encoding 

SRSF2 alter the normal sequence-specific RNA-binding avidity and splicing ‘preference’ of 

the protein34,35. SRSF2 normally binds to exonic regions called ‘exonic splicing enhancers’ 

at cytosine- and guanine-rich sequences to promote spliceosome recruitment and splicing40. 

However, mutant SRSF2 has greatly diminished avidity for guanine-rich exonic splicing 

enhancers and instead promotes splicing at cytosine-rich exonic splicing enhancers more 

efficiently than does the wild-type protein. In contrast, loss of SRSF2 is associated with 

global splicing failure with widespread skipping of constitutive and alternative cassette 

exons, as well as intron retention34,35. Similarly, mutations in the gene encoding U2AF1 

alter splicing ‘preference’ based on the nucleotide sequence immediately 5′ or 3′ of the 

conserved adenosine-gunanine dinucleotide of the canonical 3′ splice site36 (Fig. 2).

Functional analysis of the effects of mutations in genes encoding splicing factors has 

revealed that these mutations broadly alter gene expression through widespread effects on 

splicing as well as through altering the expression and function of proteins necessary for 

epigenetic regulation34,36,41. For example, mutations in the gene encoding SRSF2 promote 

expression of a specific isoform of the H3K27-methyltransferase EZH2, which subjects the 

transcript to nonsense-mediated decay. As a result, cells bearing mutant SRSF2 have 

diminished expression of EZH2 and a lower abundance of H3K27me3 (ref. 34). That 

discovery provided the molecular basis for the observation of mutually exclusive loss-of-

function mutations in EZH2 with alteration-of-function mutations in SRSF2 in patients with 

myeloid leukemias42,43. Similar links between mutant splicing factors and altered global 

epigenetic regulation have also been observed for mutant U2AF1. Several studies have 

confirmed that cells bearing Ser34-mutant U2AF1 ‘preferentially’ express the macroH2A.1 

splice variant of the histone variant H2A36,41. Further work will be needed to determine how 

altered global abundance of H3K27me3 in cells bearing mutant SRSF2, as well as altered 

histone acetylation in cells expressing Ser34-mutant U2AF1, might be linked to the aberrant 

phenotype of spliceosome-mutant hematopoietic cells.

There is also emerging evidence that spliceosomal proteins might influence the chromatin 

state independently of their roles in splicing. For example, heterozygous Sf3b1+/− mice 

develop skeletal transformations due to inappropriate activation of expression genes 

encoding the Hox family of transcription factors44. That work identified direct physical 

interactions between SF3B1 and the polycomb repressive complex 1 (PRC1) protein RNF2 

(RING1B), an E3 ubiquitin-protein ligase that monoubiquitinates H2A at Lys119 (ref. 44). 

Consistent with that, the authors noted coincident co-localization of SF3B1 and RNF2 at 

specific Hox-encoding loci. Subsequently, SF3B1 was suggested to directly bind 

nucleosomes in a manner that does not depend on the presence of RNA or on interactions 

with large protein complexes45. Given that the overall effects of mutations of the gene 

encoding SF3B1 on splicing are modest and that the implications of such mutations on the 

structure of SF3B1 are not well understood, it might be important to determine whether 

cancer-associated mutations in the gene encoding SF3B1 alter the genome-wide binding of 

this protein.
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lncRNAs in hematologic malignancies

Interest in epigenetic regulation and RNA processing in hematological malignancies has 

resulted in further efforts to understand how lncRNAs, which are RNAs with a length of at 

least 200 nucleotides and no protein-coding potential, might be involved in disease 

pathogenesis. Alterations in the expression of lncRNAs are widely suspected to be prevalent 

in leukemias and lymphomas. For example, one of the most common copy-number 

alterations in CLL, deletion of an intergenic region at 13q14, targets the lncRNAs DLEU1 
and DLEU2 as well as the microRNAs miR-15 and mi-R16 (refs. 46,47). Indeed, deletion of 

this syntenic region in mice results in the development of B cell malignancies48 (although 

the contribution of the deletion of DLEU1 and DLEU2 to this phenotype versus that of 

miR-15 and mi-R16 is not clear). Beyond this example in CLL and the aforementioned 

NOTCH-regulated lncRNAs in T-ALL, there are currently only a few additional examples of 

functional involvement of lncRNAs in the pathogenesis of leukemias. One experimental 

example whereby altering expression of a lncRNA directly results in a fully penetrant 

hematopoietic disorder is deletion of the 17-kilobase lncRNA Xist (‘X-inactive specific 

transcript’)49. Xist targets polycomb complexes to the X-chromosome in cis to promote X-

chromosome inactivation. It was initially believed that Xist is dispensable once X-

chromosome inactivation, which occurs at embryonic days 4.5–5.5 (E4.5–E5.5) in mice, is 

established. However, deletion of Xist in a hematopoietic-cell-specific manner at E10.5 

results in a fully penetrant myeloproliferative-myelodysplastic disorder in vivo49. This is 

coincident with a failure to maintain X-chromosome inactivation and the generation of 

defects in DNA replication and chromosome segregation. Further efforts to systematically 

annotate lncRNAs that have dysregulated expression in disease and to link these lncRNAs to 

somatic mutations and chromatin state will hopefully promote similar efforts to reveal causal 

roles of lncRNAs in hematologic malignancy pathogenesis.

Histone modifications and the role of the histone code

As noted above, post-translational modifications of amino-terminal histone tails50,51 are 

established mechanisms of regulating gene expression in development and disease (Fig. 3a). 

67 different types of modifications of lysine or arginine residues have been described so 

far52. The coexistence of activating and repressive histone marks can be simultaneously 

found on bivalent promoters, which contain both H3K4me3 and H3K27me3 (refs. 53,54). 

Expression of genes at the Hox-encoding locus is a paradigmatic model of epigenetic 

regulation of gene expression, as Hox-encoding genes are maintained in an active state or an 

inactive state through activity of the trithorax complex (also known as the MLL (‘mixed-

lineage leukemia’) complex), which catalyzes the trimethylation of H3K4, or the polycomb 

complex (PRC2), which regulates H3K27me3, respectively. Below we discuss the effect of 

mutations in genes encoding members of the MLL and PRC2 complexes in leukemias and 

lymphomas, as well as that of mutations in genes encoding components of the histone-

demethylase complexes potentially intertwined with the function of the MLL and PRC2 

complexes.
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PRC2 in leukemia and lymphoma

PRC2 can serve as an oncoprotein or a tumor suppressor depending on the tissue 

lineage55–57. Recurrent heterozygous mutations that alter Tyr641 in the catalytic SET 

domain of EZH2 occur in ~30% of germinal-center diffuse large B cell lymphomas and 10% 

of follicular lymphomas58–61. Tyr641-mutant EZH2, while impaired in its ability to mono- 

or dimethylate H3K27, acts together with wild-type EZH2 to enhance the trimethylation of 

H3K27. This cooperation between the wild-type EZH complexes and mutant EZH2 

complexes fails to recognize unmodified H3K27 but is hyperactive in converting mono- or 

dimethylated H3K27 to the trimethylated state in diffuse large B cell lymphoma and 

follicular lymphoma. In contrast, in T-ALL, loss-of-function mutations affecting members of 

the PRC2 complex result in more aggressive disease than that of tumors with wild-type 

PRC2 (refs. 62–64), suggestive of a tumor-suppressor role for PRC2. Mutations in the genes 

encoding components of PCR2 exist in 25% of patients with T-ALL and are particularly 

prevalent in the aggressive early T cell progenitor ALL, in which they are associated with 

poor disease outcome64. Alterations in PRC2 in T-ALL consist mainly of nonsense 

mutations that affect protein sequences upstream of the catalytic domain of EZH2 and larger 

deletions or truncations of the locus, suggestive of a true loss-of-function outcome (Fig. 3b). 

A study modeling early T cell progenitor ALL in mice through the use of a mutant 

oncogenic form of the small GTPase NRAS (NRAS-Q61K) has shown that genetic 

inactivation of EZH2 or EED (another core subunit of the PRC2 complex) act cooperatively 

with mutant NRAS in leukemogenesis through enhancement of a stem-cell-related 

transcriptional program and increased phosphorylation and activation of the transcription 

factor STAT3 (ref. 65).

The biology of PRC2 seems to be more complex in myeloid malignancies, in which the 

complex can have either oncogenic roles or tumor-suppressive roles in different disease 

subtypes. For example, loss-of-function mutations in EZH2 are associated with poor survival 

in myelodysplastic syndrome (MDS) and myeloproliferative neoplasms (MPNs)55, whereas 

in mouse models of AML in which the gene encoding MLL is rearranged, PRC2 is required 

for efficient transformation, suggestive of a role for the complex in contributing to the 

aberrant self-renewal of leukemia-initiating cells66,67. Such results suggest that proper 

maintenance of H3K27me3 is critical for the homeostasis of normal cells. We speculate that 

the oncogenic activity of PRC2 might be mediated through epigenetic silencing of genes 

encoding key tumor suppressors, such as the cell-cycle regulators CDKN1A and CDKN1B68 

or CDKN2A-CDKN2B69. In contrast, PRC2 might act antagonistically to oncogenic 

transcription-factor networks in cases in which the disease is driven by strong transcription 

factors, such as T-ALL (Fig. 3b). One open question is what determines the binding of PRC2 

to different genomic positions. In contrast to organisms such as Drosophila, in which the 

binding of PRC2 is determined by the presence of polycomb response elements, vertebrates 

have other factors, such as lncRNAs, nucleosomal density, previous H3K27 methylation 

(mediated via the EED chromodomain), DNA methylation in CpG islands, the polycomb 

protein JARID2 and transcription factors that can control binding of the Polycomb 

complex70,71. HOTAIR is a characteristic example of a lncRNA that interacts with the 

polycomb complex (and the dual (Lys4 and Lys9) demethylase LSD1) and can go awry in 
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cancer72. Interestingly, the homeobox protein HHEX is required for the PRC2-mediated 

repression of the Cdkn2a locus in AML in which the gene encoding MLL is rearranged73, 

and it will be important to determine if such mechanisms are present in different tumor 

types. Mutations that affect different parts of the complex can lead to different outcomes 

associated with altered binding or activity of the complex.

MLL rearrangements in cancer

Rearrangements in the gene encoding MLL (KMT2A) can be seen in any form of acute 

leukemia, in which they represent ~10% of all translocations. KMT2A is the human 

homolog of the Drosophila gene trithorax. MLL is a key component of mammalian 

COMPASS-like complexes, which have critical roles in both embryonic development and 

hematopoiesis. COMPASS complexes can contain hSET1A and hSET1B, MLL1, MLL2, 

MLL3 or MLL4 as catalytic subunits and have a critical role in activating transcription by 

catalyzing the mono-, di- and trimethylation of H3K4. Other important core subunits include 

WDR5, RBBP5 and ASH2L, which can all stimulate the activity of the 

methyltransferase74,75. Genetic deletion of those core subunits causes global loss of 

H3K4me3, but such deletion of the methyltransferase subunits does not74,75, which indicates 

possible redundancy among members of the MLL family.

MLL (encoded at 11q23) can be rearranged to more than 60 different partner loci via 100 

different translocation events76. The resulting MLL fusion proteins contain the amino-

terminal (DNA-binding) domain of MLL and the carboxy-terminal domain of each 

translocation partner. As the fusion proteins no longer contain the SET domain of MLL, the 

oncogenic action of such chimeric proteins is independent of the methylation of H3K4. The 

majority of MLL fusion partners are nuclear proteins, including members of the super 

elongation complex (SEC), SEC-L1 and SEC-L2 (the SEC-like complex), and the Dot1-

methyltransferase-containing elongation complex DotCom (which catalyzes di- or 

trimethylation of H3K79). Members of the complexes include CDK9, cyclin-T1 and cyclin-

T2 (collectively known as the elongation factor p-TEFb), ELL1–ELL3 (‘eleven-nineteen 

lysine-rich leukemia proteins’), and AFF1–AFF4 (which are part of the SEC complex), as 

well as ENL proteins and AF9 (shared by SEC and DotCom) (Fig. 3c). Methylation of 

H3K79 is associated with actively transcribed genes and is essential for transformation by 

the fusion protein MLL-AF9 (refs. 77,78). In addition, the physical interaction of MLL-AF9 

with the PRC1 protein CBX8, combined with the essential role of CBX8 in myeloid 

leukemia, demonstrate the intricate biological mechanisms between MLL fusion proteins 

and polycomb complexes79. Indeed, CBX8 interacts directly with MLL-AF9 through the 

carboxy-terminal domain of AF9 and is necessary for Hoxa9 expression, potentially through 

involvement of the acetyltransferase Tip60. This activating role of CBX8 in the context of its 

interaction with MLL-AF9 is independent of PRC1 and repression of the Cdkn2a locus.

Histone demethylases in leukemia

The amine oxidases LSD1 and LSD2 (refs. 80,81) demethylate mono- and di-methylated 

lysine residues exclusively. Two groups have demonstrated a role for LSD1 in AML82,83. 

Through the use of inhibitors of LSD1, such as tranylcypromine and its analogs, they have 
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shown that LSD1 is crucial for MLL-AF9–dependent leukemogenesis and that 

downregulation of LSD1 leads to de-repression of polycomb targets. It is likely that LSD1 

has roles beyond AML in which the gene encoding MLL is rearranged. For example, 

although acute promyelocytic leukemia (APL) associated with fusion of the phosphoprotein 

transcription factor PML and the nuclear retinoic acid receptor RARA (PML-RARA) can be 

treated with all-trans-retinoic acid (ATRA) as a means of differentiation therapy, ATRA-

based treatment has not been effective for patients with non-APL AML. Inhibition of LSD1 

can sensitize non-APL AML to an ATRA-driven therapeutic response82,83. Such studies 

highlight a role for LSD1 as an essential regulator of leukemia stem cells in AML. They also 

suggest inhibition of LSD1 via tranylcypromine analogs, alone or in combination with 

ATRA, as a proof-of-principle model for the treatment of acute leukemia.

LSD1 has been shown to interact directly with the oncoprotein NOTCH1 and TAL1 in T-

ALL. In this cancer type, LSD1 is a component of a NOTCH-containing multifunctional 

complex and is involved in the transcriptional programs of NOTCH1’s target genes84 (Fig. 

3b). In the absence of NOTCH1, LSD1 binds to the transcription repressor CSL and effects 

gene repression by removing H3K4me2 at NOTCH1’s targets, while in the presence of 

NOTCH1 it demethylates H3K9me2, which leads to the activation of target genes. Genomic 

knockdown of LSD1 and chemical inhibition of LSD1 (with tranylcypromine) in T-ALL 

lead to results similar to those achieved via inhibition of NOTCH1, including cell-cycle 

arrest. LSD1 has also been found to associate with the hematopoietic-cell-specific 

transcription factor TAL1-SCL, and this interaction is controlled by phosphorylation of 

TAL1 at Ser172 by the kinase PKA. Disruption of this interaction leads to hypermethylation 

of H3K4 and gene activation85.

Beyond LSD1-LSD2, the largest family of histone demethylases are the Jumonji C (JmjC)-

domain-containing dioxygenases86. Two of the best characterized demethylases are those 

that affect H3K27me3: UTX (KDM6A) and JMJD3 (KDM6B)87–92 (Fig. 3b). JMJD3 and 

UTX are examples of enzymes with similar biochemical activities that can have 

physiologically contrasting roles in the same disease context. UTX, encoded by a gene 

(KDM6A) located on the X chromosome93, is a tumor suppressor in NOTCH1-associated T-

ALL94,95, and the gene encoding UTX is affected by mutations in 5% of patients with T-

ALL. Mutations in the gene encoding UTX occur together with aberrant expression of the 

oncogene TLX3, as well as with NOTCH1 mutations and mutations or deletions that target 

the putative chromatin-reading factor PHF6 (ref. 94). Deletion of the gene encoding UTX 

leads to accelerated development of leukemia in NOTCH1-driven mouse models, potentially 

because of accumulation of H3K27me3 at the TSSs of genes encoding putative tumor 

suppressors61, such as Rbbp6 and Fbxw7 (ref. 96). Loss of UTX enhances the sensitivity of 

cancer cells to the EZH2 inhibitor 3-DZNep, which further emphasizes the clinical 

importance of H3K27me94. ChIP studies have shown that JMJD3 and UTX have a repertoire 

of unique targets89,96. UTX controls genes encoding tumor suppressors, at least in 

NOTCH1-associated T-ALL94,95, whereas JMJD3 is part of the NOTCH1 transcriptional 

complex and controls oncogenic targets such as HES1 in T-ALL96.
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DNA methylation and leukemia initiation and progression

Methylation of CpG dinucleotides is one of the most frequent forms of epigenetic 

modification and is controlled by the maintenance methyltransferase DNMT1 and the de 
novo methyltransferases DNMT3A and DNMT3B. On the flip side, DNA demethylation is 

also dynamically regulated. An accumulating amount of evidence has revealed an additional 

layer of epigenetic regulation in which methyl groups at the 5′ position of cytosine bases 

(5mC) can be modified to 5-hydroxymethyl cytosine (5hmC) by the enzymes TET1, TET2 

and TET3. The presence of 5hmC has been proposed to contribute to both passive DNA 

demethylation and active DNA demethylation. Maintenance methylation follows replication 

and is mediated by DNMT1, which might be unable to recognize 5hmC, causing passive 

loss of 5mC during cell division. The TET proteins might also actively prevent 

hypermethylation and promote demethylation by a sequential process involving AID-

APOBEC-mediated deamination of 5hmC to 5hmU, followed by base-excision repair97 

(Fig. 4).

DNA methylation is important for both normal hematopoiesis and malignant hematopoiesis. 

Array-based methylation analysis and bisulfite sequencing has created a comprehensive 

‘methylome’ (pattern of methylated DNA in the genome) map of hematopoiesis98–100. 

Interestingly, DNA-methylation mapping in AML has produced similar findings. 

Methylation signatures can identify distinct subtypes of AML, reflective of different 

hematopoietic lineages and genetic lesions101, and can be used to predict clinical outcome. 

In parallel to such mapping studies, accumulating evidence of the role of DNA methylation 

in hematopoiesis has been provided by the mutational landscapes of blood tumors. Indeed, 

the genes encoding DNMT3A, TET2 and IDH1-IDH2 are frequently targeted by mutations 

in leukemia and lymphoma. DNMT3A is somatically mutated in approximately 20% of 

AML and 10% of MDS and MPNs102. TET2 is frequently mutated in AML, chronic 

myelomonocytic leukemia, MPNs and MDS, in which it is the most prevalent genetic 

abnormality (affecting 25–35% of patients)103. Finally, focal mutations in IDH1 (which 

affecting Arg132 in the protein encoded) and IDH2 (which affect Arg140 and Arg172 in the 

protein encoded) have been found in AML104. These genetic events are also present (albeit 

less frequently) in T-ALL105, but they are almost totally absent from B-ALL, which suggests 

intriguing correlations between lineage commitment and DNA methylation. Interestingly, 

both direct data and indirect data suggest that mutations in TET2 and DNMT3A are early 

events that can take place in pre-leukemic hematopoietic stem cells (HSCs)22,106.

Various laboratories have generated mouse models for studying the effect of loss of TET-

encoding genes (either individually or in combination) on disease progression107–109 and 

DNA methylation. Loss of Tet2 (as in Tet2−/− mice) leads to both myeloid bias and much 

greater HSC self-renewal, followed by overt hematological disease characterized by 

splenomegaly, extra-medullary hematopoiesis and an MPN-like disease phenotype in most 

mice, while a small number of mice develop T cell lymphoma107,110. The disease 

progression of Tet2−/− mice is almost indistinguishable from that of Tet2−/− mice, which 

suggests that TET2 has a haploinsufficient effect as a gatekeeper of HSC self-renewal and 

differentiation. Moreover, loss of TET2 in animal models acts together with additional 

genetic lesions (in the genes encoding the oncoprotein FLT3-ITD or genomic loss of the 
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tumor suppressor EZH2), which leads to aggressive AML, while a combination of 

deficiencies in TET2 and ASXL1 leads to MDS110,111. Finally, TET2 and TET3 might have 

redundant roles in early hematopoiesis, as their combined deletion in mice leads to rapid and 

aggressive AML. Tet1−/− mice develop B cell non-Hodgkins lymphoma that is probably 

initiated by pro-B cells with aberrant 5hmC, increased DNA damage and acquisition of 

mutations in genes frequently mutated in human B cell lymphoma112.

It is currently unclear how deletion of either DNMT3a or TET2, two proteins with opposing 

enzymatic functions, results paradoxically in a somewhat similar spectrum of hematologic 

malignancies. Genomic analysis of the distribution of 5mC and 5hmC throughout the 

genome suggests that CpG islands at promoters normally show enrichment for 5mC, while 

active enhancers tend to show enrichment for 5hmC113,114. Loss of TET2 in embryonic stem 

cells results in the loss of 5hmC at promoters and a resultant increase in 5mC at the same 

sites and gene silencing. These data clearly suggest dynamic interplay of TET2 and 

DNMT3a in regulating gene expression and indicate a scenario in which an imbalance in the 

function of either enzyme might alter gene expression in a manner that promotes 

transformation (Fig. 4). That concept has been reinforced by the discovery of extended 

regions of the genome that coincide with the loci of genes encoding important products 

linked to leukemogenesis and marked by hypomethylation (so-called ‘methylation canyons’) 

that are regulated by DNMT3a as well as TET2.

Neomorphic mutations in the genes encoding IDH1 and IDH2 drive synthesis of the 

‘oncometabolite’ R-2-hydroxyglutarate. Mice carrying the recurrent R132H mutation 

knocked into the Idh1 locus have increased numbers of stem and progenitor cells and 

develop splenomegaly, anemia and extramedulary hematopoiesis with age115. Combining 

the R140Q and R172K mutations of Idh2 with the oncogenic allele encoding FLT3-ITD and 

the NRAS G12D mutation in mice results in the development of AML116. Interestingly, 

deficiency in DNMT3a in mice leads to a wide array of blood malignancies, including, most 

frequently, MDS and AML, but also T-ALL and chronic myelomonocytic leukemia. 

Mutational analysis of spontaneous genetic events that occur with loss of DNMT3a in vivo 
has shown cooperation of genetic events that fits with previous knowledge of the mutational 

and transcriptional regulation of distinct disease entities. For example, Notch1 mutations 

have been found in mice developing T-ALL, while NPM1 mutations have been seen in AML 

tumors117. Subsequently, deletion of a single Dnmt3a allele has been shown to efficiently act 

together with duplications of the gene FLT3-ITD to induce AML in vivo, which has revealed 

the oncogenic potential of DNMT3a haploinsuffiency118.

Conclusions

A large number of open questions remain about the effects of mutant epigenetic modifiers 

on leukemogenesis. For example, while it has been largely assumed that the leukemogenic 

effects of mutations in the genes encoding TET2, DNMT3A, and IDH1-IDH2 drive disease 

through effects on DNA methylation (Fig. 4), the possibility remains that proteins that 

regulate DNA methylation might also drive disease development through direct roles in 

other biological processes. Is it possible that TET2 mutations alter differentiation or 

transcriptional programs due to the ability of TET2 to bind to regulators of transcription or 
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to influence the DNA-damage-and-repair machinery. This is definitely plausible, given the 

ability of TET2 to interact with histone regulators such as OGT1 and SIN3A119,120. 

Moreover, it is also possible that mutations in genes encoding DNA-methylation-regulatory 

enzymes also affect the 3D chromatin confirmation in a manner that promotes 

leukemogenesis. Thus, mutations in IDH-encoding genes lead to defective binding of CTCF 

and altered 3D chromosomal topology in brain tumors121. It will thus be intriguing to 

connect changes in DNA methylation caused by such genetic events to higher-order 

regulation of gene expression in the nucleus of leukemic cells. Finally, complexes such as 

PRC1–PRC2 and MLL (COMPASS) or chromatin-remodeling complexes (such as SWI–

SNF) consist of several subunits, and the exact pattern with which of each of the subunits is 

recruited onto target regions and their biological interactions are not known. The 

exploitation of ‘synthetic lethality’ (in which two perturbations that are normally tolerated 

well individually result in cell death when combined) in ARID2-mutant tumors through 

targeting of EZH2 (refs. 122,123) is a classic example of how such knowledge can lead to 

targeted therapies. Indeed, therapeutic targeting of various epigenetic regulatory proteins, 

including inhibitors of EZH2 (refs. 124,125), LSD1 (refs. 82,83), DOT1L126,127, mutant 

IDH1-IDH2 (ref. 128) and BET-bromodomain-containing proteins129–131, is now in clinical 

trials of leukemias, lymphomas and myelomas (several reviews focusing on epigenetic 

targeted therapies have also been published). For example, there are currently more than five 

separate ongoing clinical trials of patients with leukemia, lymphoma or myeloma testing the 

BET inhibitors BMS-986158, CPI-0610, FT-1101, GOTX015, I-BET762 and TEN-010.

Clearly more efforts are now needed for systematic mapping of genetic alterations 

throughout the coding and noncoding genome to the expression and function of coding 

genes, noncoding RNAs and chromatin conformation. At the same time, a robust effort to 

generate better and more reliable biochemical tools, including antibodies to the wild-type 

and mutant gene products, needs to be implemented. Moreover, increased appreciation of the 

role of RNA splicing in providing further means for regulating gene expression will 

hopefully promote efforts to understand the intersection of chromatin state and splicing in 

normal and malignant hematopoiesis further. Given that each of these transcriptional 

regulatory processes involves a large number of enzymes and will probably identify 

numerous novel mechanisms of oncogenesis, understanding of the diverse means by which 

the epigenome is altered in leukemogenesis will also hopefully lead to new therapeutic 

approaches.
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Figure 1. 
Genomic alterations that affect gene expression in leukemia. (a) Genetic alterations that link 

enhancers and super-enhancers (SE) to aberrant upregulation of oncogenes and/or 

downregulation of genes encoding tumor suppressors in leukemia. These include inversions 

and/or translocations of regulatory elements that aberrantly drive the expression of an 

oncogene and/or reduce the expression of genes encoding tumor suppressors (as has been 

shown for alterations in chromosome 3, whereby the super-enhancers for GATA2 are 

aberrantly linked to drive EVI1 expression); mutations in the noncoding genome that 

generate a novel super-enhancer to drive oncogene expression (as has been shown for TAL1) 

and abolish super-enhancers to reduce the expression of genes encoding tumor suppressors 

(as has been shown for PAX5); and duplications and/or amplifications of super-enhancers 

linked to an oncogene (as has been shown for MYC). (b) Chromatin is organized into 

topologically associated domains (TAD), which are normally restricted from one another 

through the action of CTCF in association with the cohesin complex. Alterations in the 3D 

organization of chromatin, through disruption of the binding of CTCF and/or disruption of 

cohesin expression, might result in aberrant promoter-enhancer interactions to drive cancer.
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Figure 2. 
Targeting the spliceosome in myeloid neoplasms. Mutations in genes encoding spliceosomal 

proteins alter RNA splicing in a sequence-specific manner to drive aberrant gene expression. 

Mutations in the gene encoding SRSF2 result in alterations at Pro95 and result in aberrant 

splice-site ‘preference’ based on the nucleotide sequence of exonic splicing enhancer (ESE). 

In contrast, U2AF1 and SF3B1 both recognize the 3′ splice site, and mutations that affect 

Ser34 in U2AF1 result in altered 3′ splice-site usage based on the nucleotide sequence 

immediately 5′ of the canonical 3′ AG dinucleotide. In contrast, cells bearing mutations 

that result in the K700E substitution in SF3B1 have increased use of cryptic 3′ splice sites.
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Figure 3. 
Physiological and leukemia-associated functions of epigenetic complexes. (a) Three main 

categories of epigenetic modulators: ‘writers’ add the histone marks; ‘readers’ have domains 

that recognize the modifications; and ‘erasers’ remove the modifications. (b) NOTCH1 is a 

typical example of oncogenic transcription factor in leukemia. LSD1 acts as both 

transcriptional corepressor (when associated with the CSL repressor complex) and a 

coactivator of NOTCH1 (when NOTCH is activated via demethylation of histone H3 at Lys4 

and Lys9). (c) In a physiological context, MLL1 is the catalytic subunit of the COMPASS 
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complexes and methylates histone H3 at Lys4. The DNA-binding amino terminus of MLL is 

a frequent partner in translocations. AF9, a member of the super elongation complex and the 

DOT1L elongation complex, is a frequent translocation partner of MLL (associated with 

MENIN and LEDGF); this lead to aberrant activation of genes that are targets of MLL. 

LEDGF, lens epithelium-derived growth factor.
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Figure 4. 
Roles of the cytosine methylation and hydroxymethylation of DNA in normal and malignant 

hematopoiesis. The balance of the function of DNA methyltransferases (DNMTs) and TET 

enzymes is critical to the regulation of genome-wide localization and abundance of DNA 

cytosine modifications that in turn regulate gene-expression patterns required for normal 

hematopoiesis (top left). DNA methyltransferases catalyze the conversion of cytosine (C) 

into 5-methylcytosine (5mc), which serve as a substrate for the conversion of 5mC into 5-

hydroxymethylcytosine (5hmC), 5-formylcytosine (5fmC) and 5-carboxymethylcytosine 

(5cmC) by TET enzymes (bottom left). Loss or mutation of genes encoding DNA 

methyltransferases or TET enzymes, which commonly occur in a variety of leukemias, due 

to somatic mutations, perturbs the genome-wide distribution of 5mC and its oxidized 

derivatives (bottom right) and promotes leukemogenesis (top right). For example, 

hypermethylation might affect promoters or enhancers and result in gene silencing, or it 
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might disrupt CTCF-binding sites to alter chromosomal structure and allow aberrant 

promoter-enhancer interactions to occur. Moreover, extended regions of low methylation that 

span domains containing transcription-factor-binding sites (so-called ‘canyons’) might 

shrink or widen with alterations in TET or DNMT function. MPP, multipotent progenitor; 

CLP, common lymphoid progenitor; CMP, common myeloid progenitor; GMP, granulocyte-

macrophage progenitor; MEP, megakaryocytic-erythroid progenitor; CGI, CpG island.
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