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Dynamics of epigenetic modifications
in leukemia
Iris Uribesalgo and Luciano Di Croce
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Abstract
Chromatin modifications at both histones and DNA are critical for regulating gene expression. Mis-regulation
of such epigenetic marks can lead to pathological states; indeed, cancer affecting the hematopoietic system is fre-
quently linked to epigenetic abnormalities. Here, we discuss the different types of modifications and their general
impact on transcription, as well as the polycomb group of proteins, which effect transcriptional repression and
are often mis-regulated. Further, we discuss how chromosomal translocations leading to fusion proteins can
aberrantly regulate gene transcription through chromatin modifications within the hematopoietic system. PML^
RARa, AML1^ETO and MLL-fusions are examples of fusion proteins that mis-regulate epigenetic modifications
(either directly or indirectly), which can lead to acute myeloblastic leukemia (AML). An in-depth understanding of
the mechanisms behind the mis-regulation of epigenetic modifications that lead to the development and progression
of AMLs could be critical for designing effective treatments.
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CHROMATINANDEPIGENETICS
Packaging DNA into chromatin in the eukaryotic

nucleus is essential for the storage of large genomes

and also provides a basis for regulating gene expres-

sion, allowing the accessibility of the transcription

machinery to DNA to be modulated [1, 2]. The

core histone proteins (H2A, H2B, H3 and H4)

form the H2A/H2B and H3/H4 heterodimers that

are assembled into octamers. Approximately 146 bp

of DNA are wrapped twice around this structure

to form the fundamental structure of chromatin,

the nucleosome. Progressive coiling of nucleosomes

leads to the formation of higher order chromatin

structures [3]. Nucleosomes are connected by

linker DNA, which provides a binding site for mul-

tiple proteins, including the fifth histone protein, the

linker histone H1. H1 sits at the base of each nu-

cleosome near the DNA entry-and-exit site, and its

interaction with the linker DNA promotes chroma-

tin compaction [4].

The N-terminal tails of all core histones, as well as

the C-terminus of histone H2A, protrude from the

tightly bound nucleosome, allowing them to be

targeted by chromatin-modifying enzymes, such

as acetyltransferases, methytransferases and kinases.

The posttranslational modifications catalyzed by

these enzymes modulate the chromatin structure

and thereby influence the transcriptional compe-

tence of the underlying DNA as well as perpetuate

the epigenetic memory, which is the propagation of

the transcriptional activity of a gene during cell rep-

lication. Histone posttranslational modifications can

usually be grouped as leading to either gene activa-

tion or gene repression: acetylation and phosphoryl-

ation are associated with gene activation, whereas

sumoylation, deimination and proline isomerization

have been implicated in repression [5]. However,

histone methylation or ubiquitination can affect pro-

moter activity in either ways, depending on the tar-

geted amino acid residue. In addition, DNA can also

Iris Uribesalgo is a PhD student at the Center for Genomic Regulation with interests in epigenetics and human blood system

function, in both health and disease.

LucianoDiCroce is an ICREA Professor and Group Leader at CRG with long-stand interest in the connection between epigenetics

and cancer.
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be modified by the addition of methyl groups at the

CpG dinucleotides, which invariably leads to gene

repression. Acetylation and deacetylation of histones,

as well as methylation of histones and DNA, are

often mis-regulated during tumorigenesis. The

mechanisms of these modifications are discussed in

the following sections.

Histone acetylation and deacetylation
Acetylation of histones is a reversible process, and in

general, acetylation leads to transcriptional activation

while deacetylation correlates with gene repression.

Histone acetyltransferases (HATs) usually modify

more than one lysine within one protein, but some

enzymes have a limited specificity for a specific lysine

[5]. HATs are divided into three main families:

GNAT, MYST and CBP/p300 [6]. Histone deace-

tylases (HDACs) can be grouped into three distinct

classes: the class I HDACs (HDAC1, 2, 3 and 8) and

class II HDACs (HDAC4, 5, 6, 7, 9 and 10), and the

more recently discovered class III NAD-dependent

enzymes of the Sir family. Very few of these enzymes

show specificity for a particular lysine and usually

affect several acetyl groups. HDACs are involved in

many signaling pathways and are part of multiple

repressive chromatin complexes, such as N-CoR,

SMRT and Sin3 [7–9].

Histone methylation
Histone methyltransferases (HMTs) are much more

specific than the acetyltransferases. They usually

transfer a methyl group to a single lysine or arginine,

thus leading to transcriptional activation or repression

depending on the modified amino acid residue.

Methylation in lysine 4 (K4), K36 and K79 of his-

tone H3, and asymmetric dimethyl arginine 3 (R3)

of histone H4, has been associated with transcrip-

tional activation, whereas methylation at K9 and

K27 of histone H3, as well as K20 and symmetric

dimethylation at R3 of histone H4, has been com-

monly implicated in transcriptional repression [5,

10]. Moreover, some specific modifications can trig-

ger activation or repression depending on the local-

ization inside the gene [11].

DNAmethylation
DNA methylation is a dynamic epigenetic mark

usually associated with repressed chromatin that

plays a key role in differentiation, self-renewal

and homeostasis [12, 13]. DNA methylation is a

covalent modification of DNA catalyzed by DNA

methyltransferase enzymes (DNMTs) that occurs

on the cytosine within CpG dinucleotides, the

so-called CpG regions [14]. Aberrant DNA cytosine

methylation can alter gene expression by disrupting

the ability of transcription factors to bind to their

target DNA sequences [15] or by creating docking

sites for methylation-specific transcriptional repres-

sors as methyl-CpG binding domain proteins [16,

17]. These repressors can, in turn, recruit histone-

modifying complexes such as HMTs, Sin3,

N-CoR or HDACs, thereby leading to gene silen-

cing [16–18].

POLYCOMBGROUPOF PROTEINS
Polycomb group (PcG) of proteins are a class of

epigenetic repressors that play an essential role in

the control of normal development and cell fate.

Originally identified in Drosophila melanogaster as re-

pressors of the homeobox (Hox) genes, they are

highly conserved in vertebrates [19]. PcG proteins

are assembled into multimeric complexes termed

polycomb repressive complexes (PRCs). In mam-

mals, two families of PRCs have been identified to

date, termed PRC1 and PRC2. Although both these

complexes bind to and covalently modify histone

tails, they have different biological functions.

PRC2 is involved in chromatin compaction and

gene silencing, functioning mainly by catalyzing the

trimethylation of K27 of histone H3. In addition to

the HMTs enhancer of zeste (EZH1 and EZH2), the

core components of PRC2 complexes are the sup-

pressor of zeste-12 (SUZ12) and the embryonic

ectoderm development protein [20–22]. Other pro-

teins, such as PCL, RBBP4/7 and JARID, have also

been found to be associated to PRC2 [23–29], al-

though they are not essential for complex formation

and stability. Rather, they are involved in the modu-

lation of PRC2’s enzymatic activity. Due to the

main role of PcG proteins in the control of cell

fate and self-renewal, it is not surprising that this

complex has been widely associated with carcino-

genesis [30]. Thus, a tight regulation of the epigen-

etic marks is fundamental to assure correct gene

transcription and to prevent a pathologic state.

THE HEMATOPOIETIC SYSTEM:
PHYSIOLOGYANDPATHOLOGY
Hematopoiesis is the formation of cellular blood

components. The production of terminally
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differentiated blood cells follows a tightly regulated

hierarchical scheme, with the hematopoietic stem

cells (HSCs) at the top of the hierarchy [31]. The

HSCs are responsible for the life-long production of

blood, balancing differentiative divisions that gener-

ate the different mature blood cell types with

self-renewal divisions that result in additional HSCs

[32]. In adult humans, the turnover of cells within

the hematopoietic system is estimated to be close to

1 trillion cells per day, which is enabled by the hier-

archical multiplying hematopoietic scheme that

allows amplification of this enormous quantity of

terminally differentiated cells to be precisely regu-

lated [33].

Hematological malignancies are the types of

cancer that affect blood, bone marrow and lymph

nodes. As the three are intimately connected

through the immune system, a disease affecting one

of the three will often affect the others as well.

Chromosomal translocations are uncommon in

solid tumors but are a common cause of hemato-

logical neoplasms [34], which leads to a different

approach in diagnosis and treatment. Hematological

neoplasms are traditionally classified as those located

mainly in the blood (leukemia) or in lymph nodes

(lymphomas). The most common adult leukemia is

acute myeloid leukemia (AML), which is character-

ized by an aberrant proliferation and accumulation of

immature myeloid progenitor cells that can affect the

bone marrow, peripheral blood and other tissues as

spleen or liver [35]. The FAB classification system of

the subtypes of acute leukemia, which is one of the

most widely used systems, is based on the morph-

ology, type, maturation and cytochemical and

immunophenotypic behavior of the leukemic blasts

[36]. The AML classification by the FAB system is

detailed in Table 1.

Despite the fact that AML is the most frequent

type of leukemia in adults, it is still the one with the

lowest survival rate [37]. The incidence of AML in-

creases with age, and older patients have worse treat-

ment outcomes than younger patients. As an acute

leukemia, AML progresses rapidly and is typically

fatal within weeks or months if left untreated.

With a few exceptions, response to treatment is

unsatisfactory, and prognosis is generally poor with

current therapies.

The majority of AML cases are associated with

non-random chromosomal translocations that often

result in gene rearrangements and oncofusion protein

formation [34]. In fact, AML is the most extensively

cytogenetically characterized human neoplastic

disorder, representing 33% of all hematological

malignancies and 27% of all malignant disorders

with chromosomal abnormalities reported [38].

Many of the gene rearrangements involve a locus

encoding a transcriptional activator of genes neces-

sary for myeloid differentiation with a transcriptional

protein that is capable of interacting with a corepres-

sor complex [39]. The resulting fusion protein retains

the DNA-binding motifs of the wild-type transcrip-

tional activator and also gains the capacity to interact

with corepressors through its fusion moiety

(Figure 1). This leads to an aberrant silencing of

target genes necessary for myeloid development,

which acts in concert with other types of genetic

anomalies to trigger leukemic transformation.

Therefore, leukemia is an end development of a

multistage process that is driven by an accumulation

of genetic and epigenetic changes. The most

common recurrent balanced aberrations, and their

corresponding oncofusion proteins, are described in

Table 2 [38, 40].

The aberrant recruitment of the epigenetic ma-

chinery by the oncofusion proteins to the promoters

of key differentiation genes plays a central role in

disrupting normal gene transcription and thus trig-

gering AML. As a result, the normal patterns of

Table 1: FAB classification of AML subtypes

Type Name Impaired differentiation

M0 Acute myeloblastic leukemia, with minimal differentiation Granulocytic
M1 Acute myeloblastic leukemia, without maturation Granulocytic
M2 Acute myeloblastic leukemia, with maturation Granulocytic
M3 Acute promyelocytic leukemia Granulocytic
M4 Acute myelomonocytic leukemia Granulocytic and monocytic
M4eos Myelomonocytic together with bone marrow eosinophilia Granulocytic and monocytic
M5 Acute monoblastic leukemia (M5a) or acute monocytic leukemia (M5b) Monocytic
M6 Acute erythroid leukemias Erythroid and granulocytic
M7 Acute megakaryoblastic leukemia Megakaryocytic
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histone epigenetic marks and DNA methylation are

altered in leukemic blasts. Recently, genome-wide

promoter DNA methylation patterns have been

shown to correlate with unique AML subgroups

and to be able to predict clinical outcome [41].

Interestingly, although all oncofusion proteins aber-

rantly recruit epigenetic modulators, the specific

mechanisms involved are different depending on

the oncoprotein formed. In the next sections we

will review the current knowledge about the aber-

rant gene expression found in the most frequently

occurring AMLs (Figure 2).

PML^RAR� FUSION PROTEINAND
ACUTE PROMYELOCYTIC
LEUKEMIA
Acute promyelocytic leukemia (APL) is an AML

subtype characterized by an aberrant expansion of

immature myeloid precursors that are arrested at

the promyelocytic stage. The chromosomal trans-

locations associated with APL involve the retinoic

acid receptor alpha (RAR�) gene in chromosome

17 with one of five different partner genes (PML,

PLZF, NUMA, NPM or STAT5b), with the PML–

RAR� fusion present in >95% of all APL cases

Figure 1: Structure of the most frequent fusion proteins in AML. PML^RAR�, AML1^ETO, CBFb-MYH11 and the
different chromosomal translocations involving the N-terminus domain of MLL are the main AML-associated onco-
fusion proteins. Ring, really interesting gene; B1 and B2, B-boxes 1 and 2; CC, coiled-coil; DBD, DNA-binding
domain; LBD, ligand-binding domain; RHD, Runt homology domain; NHR, nervy homology regions; HABD,
high-affinity binding domain; ATH, AT-hook motifs; SNL, speckled nuclear localization sites; RD, repression
domain. Note that the MLL fusion is not depicted in scale.

Table 2: AML-associated oncofusion proteins

Chromosomal translocation Oncofusion protein Occurrence (% of AML) Prognosis FAB

t(8;21)(q22;q22) AML1^ETO 5^12 Favorable M2
t(15;17)(q22;q21) PML^RAR� 6^15 Favorable M3
inv(16)(p13q22) CBFb^MYH11 3^10 Favorable M4
der(11q23) MLL-fusions 5^8 Variable M4/M5
t(9;22)(q34;q11) BCR^ABL1 1^2 Adverse M1/M2
t(6;9)(p22;q34) DEK^NUP214 <1 Adverse M2/M4
t(1;22)(p13;q13) RBM15^MKL1 <1 Intermediate M7
t(8;16)(p11;p13) MYST3^CREBBP <1 Adverse M4/M5
t(7;11)(p15;p15) NUP98^HOXA9 <1 Intermediate M2/M4
t(12;22)(p12;q11) MN1^TEL <1 Variable M4/M7
inv(3)(q21;q26) RPN1^EVI1 <1 Adverse M1/M2/M4/M6/M7
t(16;21)(p11;q22) FUS^ERG <1 Adverse M1/M2/M4/M5/M7
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[14, 42]. PML–RAR� contains the cystein and

coiled-coil domains of PML fused to the B-F do-

mains of RAR� which contain the DNA binding,

heterodimerization, ligand binding and corepressor/

coactivator interaction domains [43].

RAR� plays a key role in myeloid terminal dif-

ferentiation as end point of the retinoic acid (RA)

signaling pathway [44]. RAR� binds to specific

DNA sequences called RA-responsive elements

(RARE) in the promoter regions of target genes in

the form of a heterodimer with the Retinoid X re-

ceptor (RXR). In the absence of RA, the hetero-

dimer binds to corepressor complexes (N-CoR,

SMRT, Sin3A) and to HDACs, leading to gene

silencing [45, 46]. Binding of the RA ligand triggers

the dissociation of these complexes and promotes the

interaction of RAR/RXR with coactivators, such as

p300/CBP, and with the chromatin remodeler Swi/

Snf, which works to relax the chromatin structure to

allow transcription [47, 48].

The PML–RAR� oncofusion protein interacts

with, and disrupts the normal functions of, both

RAR� and PML expressed by wild-type alleles

from the same cell. PML–RAR� is required but

not sufficient to induce frank leukemia (as is the

AML1–ETO oncofusion expression) [49]. Other

Figure 2: Main epigenetic mechanisms of transcription deregulation by AML fusion proteins.The aberrant recruit-
ment of epigenetic machineries to the promoters of key genes in differentiation by fusion proteins is a central step
to disrupt normal gene transcription regulation and thus trigger AML. The mechanisms to deregulate transcription
are specific for each oncofusion protein, being determined by the characteristics of its moieties.
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genetic events are required to fully develop APL.

The PML–RAR� interaction with nuclear corepres-

sors is stronger than that of the wild-type RAR�.

Additionally, it recruits DNMTs (DNMT1 and

DNMT3A) [50], thus imposing an aberrant silencing

through intensive histone deacetylation and DNA

hypermethylation at RAR� target promoters [14].

The nucleosome remodelling and deacetylase core-

pressor complex is also aberrantly recruited by PML–

RAR� to target genes and facilitates PRC2 binding,

which catalyzes the methylation of H3K27, contribut-

ing to gene silencing [51, 52]. Furthermore, PML–

RAR� homodimerizes through the coiled-coil

domain of PML moiety, thus forming large protein

complexes with high affinity for corepressors. Once

established, PML–RAR�-induced epigenetic modi-

fications are maintained throughout the cell cycle.

In PML–RAR�-expressing cells, RAR� target

genes no longer are activated by physiological

doses of RA (10�9 to 10�7 M) but rather require

pharmacological doses of the ligand (10�6 M).

Pharmacological doses of RA can partially overcome

the dominant repression of PML–RAR� by indu-

cing its degradation, consequently enabling recruit-

ment of coactivators and normal granulopoiesis by

the wild-type copy of RAR� [53].

Importantly, PML–RAR� has been shown to

bind to non-canonical RAREs, thus contributing

to a widespread transcriptional deregulation [54].

PML–RAR� enhances the expansion of leukemic

cells by repressing key genes involved in myeloid

differentiation as well as in DNA repair processes,

while activating growth-promoting genes from the

Wnt/Catenin and Jagged/Notch pathways [55, 56].

In contrast to repression, gene activation seems to be

indirect, most probably due to the sequestration of

corepressors by the fusion proteins. It has also been

proposed that the reciprocal RAR�–PML fusion

protein can cooperate in the deregulation of add-

itional non-RA typical targets, such as cyclin A1

and C/EBP�, which additionally play an important

role in controlling myeloid differentiation [57, 58].

Although all fusion proteins retain the RAR�
moiety, not all are responsive to RA ligand binding.

In leukemic cells expressing PLZF-RAR�, the core-

pressor complex remains attached to the oncofusion

protein even in the presence of large pharmacological

doses of 10�5 M RA [59]. The wild-type PLZF

moiety is a transcriptional repressor that can itself inter-

act directly with corepressor [60–64]. These inter-

actions are maintained in the PLZF–RAR� fusion

protein and are insensitive to RA-induced gene acti-

vation. Combinatory treatments of RA with an

HDAC inhibitor (such as trichostatin A, TSA) are ef-

fective in blocking the recruitment of corepressors by

both RAR� and PLZF moieties, respectively [65].

This suggests that the moiety fused to RAR� plays a

critical role in the pathogenesis of the disease and needs

to be taken into account in the treatment strategy.

AML1^ETOAND CBFb^MYH11
FUSIONS
The core binding factor (CBF) complex is a key

regulator of definitive hematopoiesis. The CBF

family is composed of four proteins: the three

alpha subunits AML1 (also called RUNX1 or

Cbf�2), RUNX2 (Cbf�1) and RUNX3 (Cbf�3),

and the single beta subunit CBFb [66, 67]. The

alpha subunit is the DNA-binding element, while

the beta subunit stabilizes the DNA binding but

without direct contact with DNA [68]. Mutations

and chromosomal translocations involving this com-

plex are frequently implicated in leukemogenesis.

The most frequent recurrent chromosomal

abnormality involving AML1 is the translocation

t(8;21), in which the first five exons of the AML1

gene, containing the DNA-binding domain (RHD),

are fused to almost the entire ETO gene (also called

MTG8 or RUNX1T1). Although wild-type AML1

functions as a transcriptional activator, its normal role

in initiating hematopoietic differentiation is impaired

when fused to ETO. The ETO transcription factor

interacts with HDACs and corepressors, such as the

nuclear receptor corepressor complex (N-CoR) and

Sin3A, causing transcriptional repression by deacety-

lating histones and creating repressive chromatin

structures [69–72]. In addition, AML1–ETO can

also recruit DNMT1 [73], which causes promoter

DNA hyper-methylation at target genes. Similar to

PML–RAR�, ETO forms oligomers that increase

the stability of corepressor recruitment at target

promoters.

Another frequent chromosomal translocation in

AML patients fuses the CBFb subunit to MYH11

(also known as SMMHC). CBFb–MYH11, similar

to AML1–ETO, functions by dominantly repressing

normal CBF complex activity. MYH11 is able to re-

cruit corepressors (Sin3A and HDAC8) to the

AML1-regulated genes [74, 75]. Although the mem-

bers of the CBF� family are predominantly nuclear,

wild-type CBFb remains in the cytoplasm and is

recruited to the nucleus upon heterodimerization
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with the alpha subunit. CBFb–MYH11 is both

nuclear and cytoplasmic. In vitro studies indicate that

CBFb–MYH11 has a higher affinity for AML1 than

does endogenous CBFb, and it has been proposed

that CBFb–MYH11 can also repress AML1 transac-

tivation by sequestering it in the cytoplasm [76].

Despite the general view that the AML1–ETO

and CBFb–MYH11 fusion proteins primarily act

by aberrantly repressing CBF target genes, recent

findings point toward additional CBF repression-

independent activities of the fusions that may also

contribute to leukemogenesis. These functions (re-

viewed extensively in ref. [77]) might lead to the

development of new therapies to treat leukemias

caused by CBF fusion oncoproteins.

LINEAGE LEUKEMIA FUSIONS
The mixed lineage leukemia (MLL) protein is a

transcriptional activator that, once it binds either dir-

ectly or indirectly to DNA, can modify H3K4

through the HMT activity of its C-terminal SET

domain [78, 79]. MLL coordinates cell fate and cell

cycle regulation, and thus plays an essential role in

hematopoiesis. As the mammalian counterpart of

D.melanogaster trithorax (trx) [80], MLL works antag-

onistic to PcG proteins in maintaining proper Hox

gene expression through chromatin modifications.

Because Hox genes are essential for regulating hem-

atopoiesis, it is critical to tightly regulate their ex-

pression in lineage- and stage-specific combinations.

Indeed, mis-regulation of Hox genes has been

shown to be a common target of most of the

oncofusion proteins produced by chromosomal

translocations, and thus to be directly linked to

leukemogenesis.

The gene region encoding the N-terminus

domain of MLL is involved in chromosomal trans-

locations with more than 60 different partner genes,

from nuclear factors to cytoplasmic proteins. In

�80% of the cases, MLL is fused with AF4, AF9,

ENL, AF10 and ELL [81]. The individual fusion

partners determine the phenotypes of the resulting

leukemia, which often is AML, or acute lympho-

blastic leukemia. Evidence suggests that MLL fusions

can aberrantly activate genes at inappropriate times

by recruiting enzymes involved in epigenetic regu-

lation, as discussed below. Transcriptional alteration

through deregulated histone modifications appears to

play an important mechanism in MLL fusion-based

leukemogenesis.

The SET domain, responsible for the H3K4

methyltransferase activity, is consistently lost in

MLL fusions [82]. This loss of transcriptional regula-

tion by MLL is exploited by the fusion partners to

cause aberrant enhanced activation of the target

genes through epigenetic modifications. Indeed,

the loss of the SET domain is often compensated

by the interaction with alternative HAT/HMT en-

zymes’ activity through partner proteins. For ex-

ample, the CBP and p300 fusion partners are

HATs, the ENL fusion partner is a subunit of

SWI/SNF complex [83] and the MLL–EEN fusion

protein recruits CBP and the protein arginine

methyltransferase PRMT1 (H4R3) to MLL target

genes [84]. Moreover, it has been reported that

MLL fusion partners such as AF4, AF9, AF10 and

ENL associate with the H3K79 histone methyltrans-

ferase DOT1L [85–88]. H3K79 methylation typic-

ally marks actively transcribed chromatin regions [89]

and has been shown to play a relevant role in trans-

formation caused by different MLL fusion partners.

AF4 is a positive regulator of Pol II transcription

elongation factor b (P-TEFb) and, together with

AF9/ENL and AF10, acts as a mediator of histone

H3K79 methylation by the recruitment of DOT1L

to elongating Pol II [88]. In addition, it has been

recently identified a super elongation complex

(SEC) aberrantly associated with MLL fused to

AF4, AF9, ENL and ELL [90]. The macromolecular

SEC complex consists of several of the known Pol II

elongation factors including ELL, the components of

P-TEFb and AFF4, which itself is a rare translocation

partner of MLL. Being AFF4 the responsible for

SEC assembly and activity, it can mediate enhanced

Hox gene expression and leukemogenesis by the

above-mentioned MLL fusions [90]. This know-

ledge, combined with multiple studies on the epi-

genetic state in several human cancers, suggests that

the development of many types of tumors (and/or

cancer stem cells) is influenced by epigenetic mech-

anisms. MLL rearrangements usually predict early re-

lapse with a very poor prognosis, as the current

therapeutics are poorly effective, indicating the

need for more successful and specific treatments.

Although it is not easy to block oncogenic

transcription factors with drugs, targeting the

modification of H3K79me via DOT1L could

be a potentially effective therapeutic strategy in

MLL-dependent leukemias [91]. Similarly, other en-

zymatic interactors of oncofusion proteins are pos-

sible target for therapeutic intervention [92] as well as
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the AFF4 component of the newly identified SEC

complex [90].

LEUKEMIC STEMCELLS
Current evidence shows that fusion proteins found in

AML induce a pre-leukemic state in which further

genetic and epigenetic mutations are necessary for

progression to leukemia [93]. All events that are ne-

cessary and sufficient for leukemogenesis to occur are

still not clear, and this seems to differ depending on

the expressed oncoprotein [35]. However, for all

cases within the AML cell population that carry the

mutations implicated in the pathogenesis, leukemo-

genesis appears to require a functional heterogeneity.

Specifically, it has been suggested that there is a sub-

population of cells with self-renewal capacity that are

able to maintain and propagate the AML phenotype,

namely, the leukemic stem cells (LSCs) [94, 95]. The

described role of epigenetic regulators such as the

PcG protein Bmi-1 in the activity of LSC [96] has

underlined the importance of epigenetic

modifications in the maintenance of LSC

(Figure 3). The existence of cancer stem cells has

also been attributed to other types of cancer in add-

ition to leukemia, and its origin is now being exten-

sively investigated. Although it has been estimated

that only one LSC is found for every million AML

cells, it is not always applicable. Frequent LSCs have

been identified in a mouse model of human

MLL-AF9 AML, showing that LSCs are not neces-

sarily rare and only located within the stem compart-

ment [97]. In accordance with several studies in

mouse models of APL, the identified LSCs in

MLL-AF9 AML are phenotypically myeloid cells

that have aberrantly acquired self-renewal capacity

rather than undifferentiated stem cells [97–99].

Taken together, the current data suggest that LSCs,

which establish a leukemia cell hierarchy, may arise

from mutations occurring in HSCs and also in com-

mitted progenitors [100, 101]. In addition to the

chromosomal rearrangements, recent data suggest

that aberrant bone marrow microenvironment sig-

naling might also lead to leukemia [102, 103],

Figure 3: AML development as a multistage process. Chromosomal translocations in either HSCs or committed
progenitors induce a pre-leukemic state in which further mutations will lead to AML development. Within the
AML cell population carrying the mutations implicated in the pathogenesis, the LSCs subpopulation will maintain
and propagate the AML phenotype.
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adding another layer of complexity to elucidating the

entirety of the causative factors in leukemogenesis.

A more in-depth understanding of the origin and

maintenance of LSCs, as well as of the genetic and

cellular differences between LSCs and HSCs, will

be crucial to better comprehend leukemogenesis.

Moreover, given the failure of many of the current

anti-leukemic therapies, specific targeting of LSCs

could be a potential successful approach [104].

CONCLUSIONS
DNA and histone posttranslational modifications

provide a basis for regulating gene transcription

through the chromatin template. Because these

modifications are dynamic in nature, they can

occur in highly orchestrated manner, leading to

fine-tuning of gene expression. The mis-regulation

of this process that is frequently characterized in

AMLs is often effected by oncofusion proteins

derived from balanced chromosomal aberrations.

Developing effective treatments for AMLs will be a

priority in the future, because the current prognosis

of AMLs is dismal. A more detailed understanding

of the mechanistic repercussions of epigenetic

mis-regulation will be critical for addressing this.

Indeed, DNMT and HDAC inhibitors have been

successfully used for treating different type of can-

cers, including leukemia. Transcriptional therapy

with a combination of agents that can also modulate

HMTs and HDMs is thus an exciting possibility.

Several biotechnology and pharmaceutical com-

panies are investing huge effort in identifying such

epigenetics drugs which will be of paramount im-

portance for treating human diseases.

Key Points

� Chromatin modifications at both histones and DNA are key
regulators of gene transcription.

� Deregulation of the epigenetic marks is often found in leukemia.
� Chromosomal translocations are frequent in acute myeloid

leukemia (AML), and lead to fusion proteins that aberrantly regu-
late gene transcription.

� Fusionproteins occurring inAMLoftenrecruit epigeneticmachi-
neries to target genes.

� Since epigenetic modifications are reversible, they represent
new drug targets for various diseases, including cancer.
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