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Abstract

DNA methylation and histone modification are epigenetic mechanisms that result in altered gene
expression and cellular phenotype. The exact role of methylation in myelodysplastic syndromes
(MDS) and acute myeloid leukemia (AML) remains unclear. However, aberrations (e.g. loss-/gain-
of-function or up-/down-regulation) in components of epigenetic transcriptional regulation in
general, and of the methylation machinery in particular, have been implicated in the
pathogenesis of these diseases. In addition, many of these components have been identified
as therapeutic targets for patients with MDS/AML, and are also being assessed as potential
biomarkers of response or resistance to hypomethylating agents (HMAs). The HMAs 5-azacitidine
(AZA) and 20-deoxy-5-azacitidine (decitabine, DAC) inhibit DNA methylation and have shown
significant clinical benefits in patients with myeloid malignancies. Despite being viewed as
mechanistically similar drugs, AZA and DAC have differing mechanisms of action. DAC is
incorporated 100% into DNA, whereas AZA is incorporated into RNA (80–90%) as well as DNA
(10–20%). As such, both drugs inhibit DNA methyltransferases (DNMTs; dependently or
independently of DNA replication) resulting in the re-expression of tumor-suppressor genes;
however, AZA also has an impact on mRNA and protein metabolism via its inhibition of
ribonucleotide reductase, resulting in apoptosis. Herein, we first give an overview of
transcriptional regulation, including DNA methylation, post-translational histone-tail modifica-
tions, the role of micro-RNA and long-range epigenetic gene silencing. We place special
emphasis on epigenetic transcriptional regulation and discuss the implication of various
components in the pathogenesis of MDS/AML, their potential as therapeutic targets, and their
therapeutic modulation by HMAs and other substances (if known). The main focus of this review
is laid on dissecting the rapidly evolving knowledge of AZA and DAC with a special focus on their
differing mechanisms of action, and the effect of HMAs on transcriptional regulation.
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Introduction

Targeting the methylation machinery has been assigned to the

third of three waves of anticancer drug development

(Dobbelstein & Moll, 2014). The ‘‘first wave’’ encompasses

classical chemotherapeutics that target DNA integrity and cell

division, and go back as far as 1943. Following these,

evolving knowledge revolutionized cancer treatment with the

advent of drugs with a high precision of molecular targeting

of specific oncogenic signaling intermediates. These ‘‘second

wave’’ anticancer drugs have been termed ‘‘clean drugs’’, as,

in theory, they target only malignant cells by interacting with

a single tumor-specific molecule governing a single down-

stream pathway. However, apart from tyrosine kinase inhibi-

tors targeting the fusion protein Bcr-Abl, drugs with such a

narrow target spectrum have resulted in limited clinical

benefits. Even for drugs thought to selectively target a certain

oncogenic protein, such as Bcr-Abl or janus kinase 2 (Jak2),

many ‘‘off-target’’ molecules are being found, as scientists

dig deeper into their mechanisms of action. In particular,

Jak2 inhibitors are effective, even in patients not harboring

these mutations (Cervantes, 2014; de Lavallade et al., 2013;

Ferreira & Harrison, 2014; Rosenthal & Mesa, 2014).

Furthermore, various mechanisms of acquired resistance to

these small molecule inhibitors have led to the return of a

broader approach. ‘‘Third wave’’ anticancer drugs re-expand

the target spectrum by addressing multicomponent cellular

machinery such as that of ribosome assembly, protein folding,

chromatin modifications, or proteasome modifications.
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These have been referred to as ‘‘dirty drugs’’, because they

often target: (i) several structurally related proteins, (ii) a

cellular complex composed of several proteins, and/or (iii)

molecules that govern several downstream pathways.

In 1964, the azanucleosides 5-azacitidine (AZA) and

20-deoxy-5-azacitidine (decitabine, DAC) were developed as

classical cytostatic agents (Sorm et al., 1964). Sixteen years

later, these drugs were shown to inhibit DNA methylation,

and thus are often referred to as hypomethylating agents

(HMAs) (Jones & Taylor, 1980). This resulted in the initiation

of their development as epigenetic drugs and the substantial

refinement of clinical dosing schedules. Almost 35 years later,

both drugs have shown significant clinical benefits with high

overall response rates and improved overall survival in

patients with myeloid malignancies (Fenaux et al., 2009,

2010; Kantarjian et al., 2012; Pleyer et al., 2013, 2014a, b).

Indeed, although both drugs have been in clinical use for

more than half a century, and despite decades of research to

delineate the mechanisms of antileukemic activity, little is

known about the precise mechanisms of action of azanucleo-

sides, and the correlation of the latter with clinical response

and patient outcomes remains elusive. Although both drugs

prolong overall survival in patients with chronic and acute

myeloid malignancies, they are not curative and continuous

treatment is necessary.

At low concentrations, both AZA and DAC cause DNA

demethylation, thereby reactivating tumor suppressor genes.

At high concentrations, hypomethylating activity is lost and

replaced by direct cytotoxicity (Hollenbach et al., 2010). Most

of the early clinical trials used dosages based on maximum

tolerated doses and were designed to test the potential

cytotoxic effect, rather than whether DNA methyltransferase

(DNMT) inhibition would be an effective target for anticancer

therapies. We will focus on the mechanisms of action

observed with the use of low-dose HMAs, which results in

clinically relevant response rates and prolongation of overall

survival in patients with myelodysplastic syndrome (MDS),

chronic myelomonocytic leukemia (CMML) and acute mye-

loid leukemia (AML) (Fenaux et al., 2009, 2010; Pleyer et al.,

2013, 2014a, b).

The aim of this review is to summarize the wealth of rapidly

evolving knowledge on these drugs, starting with a general

introduction to transcriptional regulation in MDS and AML,

followed by an overview of therapeutic targeting options for

components of transcriptional regulation, before digging deep

into pharmacokinetics, pharmacodynamics and current con-

cepts of the molecular mechanisms of action of azanucleosides,

with a special focus on similarities and differences between

AZA and DAC. We summarize current knowledge on the

involvement of the epigenetic machinery in the development of

MDS/AML and their potential modulation by azanucleosides

(if known); we also discuss which of these molecules may be

additional therapeutic targets in MDS/AML, thus representing

potential novel combination partners for HMAs.

Overview of transcriptional regulation in MDS/AML

The precise regulation of gene transcription is controlled by a

complex and only partially understood system of interactions

between transcription factors, histone modifications, histone

and DNA modifying enzymes, and their concerted action on

chromatin conformation. Molecular mechanisms of epigenetic

regulation can be broken down into three main pillars

discussed in detail below: (i) DNA methylation, (ii) post-

translational histone tail modifications, and (iii) micro-RNA

expression. In addition, the current conception of the

incompletely understood phenomenon of long range gene

silencing is summarized.

DNA methylation in MDS/AML

The term ‘‘epigenetics’’ refers to heritable changes in gene

expression and cellular phenotype that are not caused by

changes in the DNA sequence. Mechanisms that produce such

changes include DNA methylation and histone modifications.

These epigenetic changes persist through cell divisions for the

duration of the cell’s life, and may be inherited over multiple

generations (Bird, 2007). The error-rate in maintenance of

DNA methylation is several orders of magnitude higher than

DNA replication fidelity (Timp & Feinberg, 2013).

Epigenetic patterns seemingly drift randomly over time and

age, creating diversity and enabling Darwinian selection for

patterns most permissive of neoplastic outgrowth and devel-

opment of MDS/AML (Maegawa et al., 2014). This epigen-

etic instability or infidelity is a recently recognized feature of

malignant cells, thought to confer enhanced adaptability as

well as a competitive advantage to leukemic stem cells

(LSCs) by limiting age-related ‘‘methylation-mediated loss of

fitness’’, and contributing to oligoclonality frequently

observed in MDS and AML (Itzykson & Fenaux, 2014).

Global DNA hypomethylation, as well as localized hyper-

methylation of genes, particularly of those encoding tumor

suppressor genes, is a hallmark of most types of cancer

(Feinberg & Tycko, 2004; McCabe et al., 2009). Short CpG-

rich regions, called CpG-islands, are found in the proximal

promoter regions of nearly half of these genes. Methylation of

DNA at position 5 of the pyrimidine ring of cytosine residues

(5-mC) within these CpG dinucleotides is the most common

covalent modification in the eukaryotic genome (Jaenisch &

Bird, 2003). These regions are usually non-methylated in

normal cells, whereas aberrant hypermethylation is found in

approximately 1.5% of the CpG-islands (on average 600 of

45 000) in the genome of malignant cells, and may show non-

random and tumor-type specific patterns (Costello et al., 2000).

In this respect, MDS and AML display unique patterns and an

abundance of aberrant DNA methylation (Figueroa et al.,

2009). Recently, a core set of (aberrantly) methylated genes

predictive of survival and specific for distinct biological AML

subtypes was identified (Figueroa et al., 2010). Gene promoter

hypermethylation leads to recruitment of co-repressors, altered

chromatin structure, and ultimately transcriptional gene silen-

cing (Lopez-Serra & Esteller, 2008). Silencing of tumor

suppressor genes via DNA methylation has been proposed as

a ‘‘second hit’’ for cellular transformation, equivalent to

mutations or translocations (Herman & Baylin, 2003).

However, the precise role of methylation in the development

of MDS and leukemic progression remains unclear. Several

single locus studies have demonstrated promoter hypermethy-

lation and silencing of isolated genes in MDS and AML, often

in association with progressive disease, with e.g. p15(INK4B)
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being a prominent example (Christiansen et al., 2003; Tien

et al., 2001). Tumor cells characterized by a relatively

high frequency of methylation of certain CgP-islands are

considered ‘‘CgP-island hypermethylator pheonotypes’’

(CIMP). Quantitative analysis of the DNA methylation status

of 10 selected genes identified a CIMP in solid tumors (Toyota

et al., 1999). This simultaneous inactivation of several genes

occurs via an as yet unknown mechanism has also been found in

MDS, where the presence of CIMP was associated with rapid

progression to AML and shorter survival (Shen et al., 2010). It

is likely that all studies of individual genes are in fact a common

subset of cases affected by CIMP, which explains why the

methylation status of so many single genes has been reported to

have prognostic relevance. In fact, genome-wide studies have

demonstrated that hundreds of genes (10–15% of all analyzed

genes) are frequently hypermethylated in MDS, and that

hypermethylation across the genome correlates with poor

prognosis and transformation to AML, as well as AML relapse

(Figueroa et al., 2009; Jiang et al., 2009; Kroeger et al., 2008;

Maegawa et al., 2014; Zhao et al., 2014).

Global hypomethylation is common in solid tumors and

amounts to a 10–20% reduction in methylation, as compared

to non-malignant tissue. In contrast, global hypomethylation

is much less pronounced in AML, with leukemic DNA being

only 2.7% less methylated than in healthy controls (Saied

et al., 2012). When taking a closer look, and differentiating

between methylation of promoters, gene bodies, CgP-islands,

CgP-island shores, as well as various repetitive sequence

classes, very distinct patterns of hypomethylation in non-

promoter interspersed repeat DNA elements were associated

with AML, and have been proposed as discriminating

biomarkers for use in AML diagnosis (Saied et al., 2012);

prognostic relevance remains to be established. In MDS,

global hypermethylation (rather than hypomethylation) has

been reported (Romermann et al., 2008).

DNA methylation silences genes by physically impeding

the binding of transcription factors to DNA, as well as by

enabling transcriptional repressors such as methyl-CpG-bind-

ing proteins (MBPs) to bind to the methylated CpG bases. In

general, DNA methylation is considered as a silencing event

that is more permanent than that imposed by repressive histone

modifications discussed in detail below. Once DNA methyla-

tion has been established, it can be perpetuated without the

original initiating signal. It still remains unclear however,

whether hypermethylation is an initiating event, or the end

result of gene shut down, and whether hypermethylation is

cause or consequence of disease progression. Recent evidence

suggests the former scenario (Santini et al., 2013).

Recently, 5-hydroxy-methylcytosine (5-hmC) was dis-

covered as an enzymatic oxidation product of 5-methylcyto-

sine (5-mC). This reaction is catalyzed by ten-eleven

translocation (TET) proteins that are often mutated in

cancer, coinciding with a broad loss of 5-hmC patterns

across many types of malignancies including MDS and AML.

It has been proposed that 5-hmC loss may correlate better

with gene expression patterns than 5-mC gain (Jin et al.,

2011). As such, 5-hmC has been proposed as an alternate

biomarker for cancer. As bisulfite conversion does not

distinguish between 5-mC and 5-hmC, other methodologies

need to be applied to detect changes in 5-hmC patterns. These

have been reviewed by others (Gronbaek et al., 2012).

Post-translational histone tail modifications
in MDS/AML

Accumulating evidence has revealed that modifications of

DNA methylation and histone (H) structure cooperate to

regulate gene expression. While DNA methylation is abnor-

mal in early stage MDS, disease progression seems to

coincide with the acquisition of additional epigenetic events.

Nucleosomes are the basic units of DNA packaging, consist-

ing of 147 base-pairs of DNA wound around histone octamers

that are connected by stretches of ‘‘linker-DNA’’ approxi-

mately 80 base-pairs in length, reminiscent of a string

wrapped around beads. Histone octamers consist of eight

proteins, consisting of two copies of each of the core histones

H2A, H2B, H3 and H4 (Luger et al., 1997). So-called linker-

histones (H1) are involved in chromatin compaction. The tail

structures of histones are sites of post-translational modifica-

tions, which function as master switches determining chro-

matin packing density: Euchromatin is the lightly packed,

unraveled, loose form of DNA without linker histones. It is

easily accessible for transcription factors, RNA polymerase

complexes and other regulatory proteins, thus enabling gene

transcription. In contrast, heterochromatin represents the

tightly packed, inaccessible, non-transcribed form of DNA.

Nucleosomes are mobile structures that can ‘‘slide’’ and

reposition themselves along DNA without disruption of the

histone octamer (Pennings et al., 1989). Nucleosome repos-

itioning is thought to be one of the mechanisms by which large-

scale, cell-specific expression of genes is regulated.

Nucleosome depletion results in a transcriptionally permissive

chromatin architecture. Histone variants and/or post-transla-

tional histone modifications strongly correlate with transcrip-

tional status. Whereas histone variants such as H2A.X were

found to be enriched at transcriptionally silent genes, the

histone variant H2A.Z was shown to be enriched at active

genes (Dalmasso et al., 2009). Histone modifications can have

varying effects on gene transcription, depending on the type of

modification, as well as the site of modification. This process is

referred to as ‘‘histone coding’’ (de la Cruz et al., 2005). In

general, histone remodeling enzymes (discussed in detail

below), loosen or tighten histone-DNA interactions, thus either

allowing or inhibiting transcription factors to readily access the

DNA. Acetylation is mediated by histone acetyltransferases

(HATs) and results in activation of gene transcription, whereas

deacetylation by histone deacetylases (HDACs), prevents

transcription. Histone methylation may activate or repress

gene transcription, depending on the residue modified, as well

as the degree of modification, i.e. mono-, di- or tri-methyla-

tion. In particular, methylation of histone H3 at lysines (K) 4,

36 and 79 (H3K4, H3K36 and H3K79) by histone methyl-

transferases (HMTs) and acetylation of lysine residues on

H3K9 and H3K14 represents a permissive transcriptional state

associated with gene activation, whereas (tri)-methlyation of

H3K9, H3K27 and H4K20 results in a repressive chromatin

architecture associated with gene silencing. Three classes of

enzymes are known to antagonize histone methylation: (i)

peptidylarginine deiminase, (ii) lysine specific demethylase 1
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(LSD1), and the Jumonji C domain family of histone

demethylases (JHDMs) (Anand & Marmorstein, 2007). Other

histone modifications such as lysine ubiquitination, arginine

methylation, serine phosphorylation, ubiquitinylation, and/or

sumoylation are less well studied. Compared with DNA

methylation, histone modifications are much more dynamic

and have a shorter ‘‘half-life’’. Whether they are autonomously

transmitted through cell division remains unclear, and the issue

of stable versus dynamic histone modifications remains an area

in need of further research.

Genome-wide studies of histone modifications are rare

in MDS/AML, but distinct patterns have been described

(Muller-Tidow et al., 2010). MDS and AML are diseases that

are sustained by LSCs. Recently, an epigenetic signature

associated with hematopoietic stem cell commitment was

identified. These authors developed an epigenetic score, and

AML patients with ‘‘low stem cell commitment’’-associated

epigenetic signature scores had significantly longer overall

survival than patients with higher epigenetic scores

(Bartholdy et al., 2014). Genome-wide screening in AML

revealed no relevant differences in DNA methylation between

stem cells, progenitor cells and/or mature cell populations.

In contrast, thousands of genes changed their histone

methylation (H3K4me3 and/or H3K27me3) status, with the

most plasticity being observed in LSCs. Progressive loss of

activating H3K4me3 status coincided with gene silencing

during differentiation (Yamazaki et al., 2013). These data

indicate that histone modifications, rather than promoter

DNA methylation status, are involved in the switches from

progenitor cells to LSCs in AML.

Various somatic alterations in genes encoding proteins that

regulate DNA methylation and post-transcriptional histone

modifications, have been identified (Dolnik et al., 2012;

Nikoloski et al., 2012). These epigenetic modifiers account for

a novel class of mutant disease alleles shown to have strong

biological, clinical and potentially prognostic and/or thera-

peutic relevance in MDS and AML. Histone functions, vari-

ants, modifications, the enzymes that mediate these changes,

their correlation with transcriptional status and what is known

about their role in MDS and AML disease pathogenesis are

discussed in detail in the ‘‘Targeting components of transcrip-

tional regulation with relevance for MDS/AML’’ section.

Micro-RNA in gene regulation in MDS/AML

The human genome encodes for more than 1800 micro-RNAs

(miR). These are small non-coding RNA molecules that

regulate gene expression at the post-translational level by

inhibiting protein translation and/or destabilizing target tran-

scripts. Micro-RNAs are recognized as one of the major pillars

that regulate gene expression and have been associated with

most cellular functions, as well as with normal and malignant

hematopoiesis (Vasilatou et al., 2010). Micro-RNAs may target

key molecules of epigenetic reactions and their expression is

another means of dynamically fine-tuning epigenetic regula-

tion (Amiel et al., 2012). Micro-RNAs that control the

epigenetic machinery have been termed ‘‘epi-micro-RNAs’’

(Vasilatou et al., 2013), and their own transcription may be

subject to epigenetic regulation. Micro-RNAs may be down-

regulated by aberrant epigenetic silencing, or by impaired

synthesis by MDS mesenchymal stromal cells due to lack

of ribonucleases necessary for micro-RNA maturation

(Santamaria et al., 2012).

In recent years, several studies have investigated the role of

micro-RNAs in MDS and AML. Altered micro-RNA expres-

sion is frequently observed (Jongen-Lavrencic et al., 2008;

Vasilatou et al., 2013), and deregulation of certain micro-

RNAs has been implicated in disease pathogenesis (Raynal

et al., 2012; Zardo et al., 2012). Whereas global micro-RNA

downregulation has been reported in these diseases, over-

expression of single micro-RNAs has also been documented.

In AML, e.g. overexpression of miR-29b was shown to induce

downregulation of DNMT3, resulting in hypomethylation and

re-expression of tumor suppressor genes (Garzon et al., 2009).

In MDS patients, miR-125 was found to be significantly over-

expressed, and this correlated with inhibition of erythroid

differentiation as well as inferior overall survival (Ganan-

Gomez et al., 2014). In contrast, miR-125 was found to be

methylated (and thus expressed at lower levels) in AML

patients, and reduced miR-125 expression status correlated

with worse overall survival in this patient cohort (Dickstein

et al., 2010; Ufkin et al., 2014). Obviously, micro-RNA func-

tion in cancer in general, and in MDS and AML in particular,

is currently far from being understood (Chung & Park, 2014).

Nevertheless, certain micro-RNAs have been proposed as

diagnostic and prognostic micro-RNAs (Erdogan et al., 2011;

Lin et al., 2014; Sokol et al., 2011), as biomarkers (Li et al.,

2014) and/or as therapeutic targets in MDS/AML (Gong et al.,

2014; Su et al., 2014). Changes in micro-RNA expression

levels were observed at response to therapy (Merkerova et al.,

2014), and DAC resulted in demethylation and significant

upregulation of miR-124 and miR-125 in MDS patients res-

ponding to treatment (Ufkin et al., 2014; Vasilatou et al., 2013).

Therapeutic reactivation of micro-RNAs silenced by aberrant

methylation with HMAs, is an as yet fairly unexplored terrain.

Long range epigenetic gene silencing (LRES) in the
pathogenesis of MDS/AML

Gene silencing can ‘‘spread’’ along a chromosome and is

thought to be a dynamic process. Spreading of gene silencing

may occur in the relatively short range (510 kilobases). This

process involves local diffusion of histone-modifying enzymes

from source binding sites to low affinity sites nearby, where

they reside long enough to modify histone tails. This short-

range ‘‘oozing’’ model involves recurrent rounds of deacetyla-

tion of H4K16 histone tails by silent information regulator

(SIR) protein complexes, which propagate gene silencing

along the chromosome (Oppikofer et al., 2013). Several

hypothesis about discontinuous long-range gene regulation,

and how elements of transcriptional control overcome the

sometimes extreme distances between themselves and their

target genes, as well as how they specifically select and

communicate with the latter (without interfering with other

genes in the vicinity), have been reviewed by others (Talbert &

Henikoff, 2006). The most accepted model is that direct

physical interaction between promoters and their distant distal

enhancers (highly enriched for the permissive H3K4me and

H3K27ac marks) is brought about by chromatin ‘‘hopping’’

(Phair et al., 2004) or ‘‘looping’’ (Doyle et al., 2014). The exact

mechanisms underlying this looping are only beginning to be
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understood, but seem to involve the looping proteins cohesin

and CCCTC-binding factor (CTCF). Binding sites for these

proteins are located at the loop bases (Tark-Dame et al., 2014;

Xu et al., 2014). Interestingly, both of these proteins seem to be

relevantly involved in the pathogenesis of MDS and AML, and

mutually exclusive mutations in components of the cohesion

complex or its partner CTCF have been reported in 8% of MDS

patients (Kon et al., 2013).

CTCF binding sites can act as nucleosome repositioning

anchors, and thus represent a powerful means to regulate gene

transcription (Fu et al., 2008). CTCF is a transcription factor

and candidate tumor suppressor involved in the control of

erythroid and myeloid growth and differentiation, and knock-

down results in differentiation blocks (Torrano et al., 2005).

CTCF Hypermethylation (and thus downregulation) of CTCF

has also been linked to the pathogenesis of acute promyelo-

cytic leukemia (Manodoro et al., 2014).

Cohesin is a multi-subunit protein complex, comprising

four major subunits: structural maintenance of chromosomes

1A and 3 (SMC1A, SMC3), STAG1/2 and RAD21 (Leeke

et al., 2014). The cohesion-complex is involved in chromo-

some pairing, DNA repair, and re-establishment of transcrip-

tional regulation after cell division via ‘‘bookmarking’’ of

transcription factor binding sites (Yan et al., 2013). Cohesin

has been implicated to play a higher-order role in orchestra-

tion of hematopoiesis (Panigrahi & Pati, 2012), and impaired

cohesin function has been linked with the development of

dysplasia and disease progression in AML. As such, the

cohesion-complex has recently been recognized as a novel

genetic pathway associated with the development of MDS and

AML. Mutations within all individual protein components of

the cohesin-complex have been described, are mutually

exclusive, and occur in 4–21% of MDS and AML patients

(Leeke et al., 2014; Malcovati et al., 2014; Thol et al., 2014).

A strong association between mutations affecting the cohe-

sion-complex and nucleophosmin 1 (NPM1) was found, but

no correlation with either response or survival could be

demonstrated (Thol et al., 2014).

Long-range epigenetic silencing (LRES) involves poly-

comb responsive elements which recruit the histone methyl-

transferase enhancer of zeste homolog 2 (EZH2). EZH2 is

then actively released or ‘‘hops’’ to a nearby low-affinity site

to suppress transcription by methylation of adjacent H3K27.

Epigenetic features of LRES are discussed in detail elsewhere

(Harmston & Lenhard, 2013). Mutations in polycomb genes

that affect histone function, such as EZH2 and additional sex

combs like transcription regulator 1 (ASXL1), have recently

been detected in MDS and AML, and are described in more

detail below in ‘‘HMTs in MDS/AML’’ (Boultwood et al.,

2010; El-Sharkawi et al., 2014; Nikoloski et al., 2010; Thol

et al., 2011b; Wang et al., 2013b).

In general, it is thought that methylation is responsible for

creating a long-lasting state of transcriptional repression,

which is preceded by repressive histone modifications such as

H3-acetylation, H3K27-trimethylation or demethylation of

permissive H3K4me3 (Ng et al., 2007). LRES is a mechanism

of gene inactivation that affects multiple adjoining CgP-

islands observed in several human malignancies (Dallosso

et al., 2012). DNA hypermethylation can thus span larger

chromosomal domains and lead to the silencing of flanking

unmethylated genes. In murine cancer models, molecular

features involved in LRES include (i) DNA hypermethylation

of specific CgP islands, and (ii) acquisition of inactive histone

marks, both of which result in downregulation of gene

expression (Forn et al., 2013). Genes embedded in LRES

regions seem to be plastically regulated during physiological

cell differentiation, but are constrained to coordinated

repressive regulation in malignantly transformed cells (Forn

et al., 2013). LRES was found to be correlated with the above

mentioned CpG-island hypermethylator phenotype (CIMP) in

colorectal cancer (Karpinski et al., 2008).

Targeting components of epigenetic transcriptional
regulation with relevance for MDS/AML

In contrast to the irreversible nature of altered gene expression

resulting from specific mutations, epigenetic modifications

can be reversed and targeted for therapeutic interventions,

which forms the basis of epigenetic cancer therapy (Goldberg

et al., 2007). The most important components in the human

epigenetic machinery that result in condensed chromatin

formation and gene silencing are DNMTs and MBPs, which

recruit transcriptional co-repressor complexes including

HMTs and HDACs (Esteller, 2007). In contrast, other

essential members of the epigenetic arsenal result in de-

repression and transcriptional activation. These include

methyl-cytosine dioxygenases, which represent a family of

ten-eleven translocation (TET1-3) proteins, isocitrate

dehydrogenases (IDH1-2), histone demethylases (HDMs),

histone acetyltransferases (HATs) and bromodomain extra-

terminal (BET) proteins. Mutations in epigenetic modulators

are common in MDS and AML, and have been implicated in

the development of these diseases (Fathi & Abdel-Wahab,

2012; Shih et al., 2012). These components are described in

detail below, with a special focus on what is known about the

role of mutant and wild-type forms in the development of

MDS and AML, as well as on evolving therapeutic strategies

to selectively target these enzymes. This review aims to

highlight the clinical relevance and significance of the only

two currently approved drugs for treatment of elderly patients

with MDS and AML. We will therefore discuss how these

enzymes and their functions are modulated by HMAs in the

‘‘Azanucleosides in MDS/AML’’ section.

Targeting of epigenetic modulators mediating
transcriptional repression

DNMTs in MDS/AML

DNMTs enzymatically add a methyl group to cytosine in CpG

dinucleotides in DNA (Figure 1A-I). Mammalian cells

contain five DNMT isoforms, but only DNMT1, 3A and 3B

methylate DNA (Bourc’his et al., 2001; Goll et al., 2006).

DNMT2 methylates tRNAASP and DNMT3L is catalytically

inactive, but formation of a DNMT3L–DNMT3A-complex

results in enhancement and recruitment of DNMT3A activity

to histone H3 tails, when H3K4 is not methylated (Ooi et al.,

2007) (Figure 2A). DNMT3A and 3B exhibit predominant de-

novo methyltransferase activity, initiating DNA methylation

marks on unmethylated DNA (Okano et al., 1999) (Figure 2A

and C), whereas DNMT1 is exclusively involved in the
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Figure 1. Biochemical pathways of DNA methylation and demethylation. (A) Physiologic state. (I) DNMTs add a methyl group to cytosines of
CpG-islands. (II) TET2 catalyzes the conversion of 5-mC to 5-hmC. (III) AID mediates degradation of 5-hmC to 5-hmU. (IV) 5-hmU activates the BER-
pathway, in which TDG or SMUG1 enable further degradation to unmethylated cytosine. (V) TET2 can also convert 5-mC to 5-fC and 5-caC. (VI) Both
5-fC and 5-caC are directly recognized and repaired by TDG-mediated BER. (VII) IDH1/2 converts isocitrate to a-KG which is an essential cofactor for
TET2-mediated conversion of 5-mC to 5-hmC. (B) Effect of commonly occurring mutations in enzymes involved in DNA methylation
and demethylation. (I) Mutant TET2 is unable to convert 5-mC to 5-hmC, which results in decreased 5-hmC levels, and thus inhibits demethylation.
(II) IDH1/2 gain-of-function mutations result in a neomorphic enzyme activity that converts a-KG to 2-HG, thus inhibiting a-KG-dependent
functions of TET2. (III) 2-HG also inhibits the JMJC-family of HDMs, and thus inhibits demethylation of histones. Both TET2 loss-of-function and
IDH1/2 gain-of-function mutations result in reduced 5-hmC levels and result in global promoter hypermethylation.

The green field demarks methylation, whereas the red field demarks occurring demethylation. The yellow lightning flashes denote molecules that
are being evaluated as therapeutic targets in MDS/AML.

Abbreviations: 2-HG, 2-hydroxyglutarate; 5-caC, 5-carboxyl-cytosine; 5-fC, 5-formyl-cytosine; 5-hmC, 5-hydroxy-methyl-cytosine; 5-hmU,
5-hydroxy-methyl-uridine; 5-mC, 5-methyl-cytosine; AID, activation-induced cytidine deaminase; a-KG, a-ketoglutarate; AML, acute myeloid
leukemia; BER, base excision repair pathway; DNMT, DNA methyltransferase; HDM, histone demethylase; IDH, isocitrate dehydrogenase; JMJC,
jumonji-domain-containing; MDS, myelodysplastic syndrome; SAH, S-adenosylhomocysteine; SAM, S-adenosylmethionine; SMUG, single-strand
selective monofunctional uracil DNA glycosilase; TDG, thymine DNA glycosilase; TET, ten-eleven translocation.
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Figure 2. Enzyme network of epigenetic regulation of gene expression. The most relevant enzymatic systems known to modify DNA and/or histones
are depicted. (A) DNMT3A and DNMT3B are responsible for de novo DNA methlyation. They catalize the addition of a methyl (CH3) group (denoted
as ‘‘M’’) at the 5-carbon atom of cytosine to form 5-mC in the context of CgP-islands in the promoter regions of genes. This blocks the access of
transcription factors to the DNA and results in gene silencing. After binding methylated CpG, MeCP2 recruits and forms the MeCP2/DNMT3A-B/
Sin3A/PU.1/HDAC1 co-repressor complex to silence transcription via histone deacetylation (denoted as ‘‘A’’), which is mediated by HDAC1. JMJC is
an HDM, which demethylates lysines 9 and 36 of histone H3. DNMT3L is catalytically inactive, but forms a complex with DNMT3A and recruits and
enhances its activity to histone 3 when K4 is not methylated. (B) HMTs confer methylation of histone H3 at lysines 4, 36, and 79 (H3K4, H3K36 and
H3K79) resulting in an open chromatin structure, which represents a permissive transcriptional state associated with gene activation. IDH2 enzymes
hydroxylate isocitrate to a-KG, which is in turn utilized by TET2 to convert 5-mC to 5-hmC, ultimately resulting in DNA hypomethylation. HATs
confer the acetylation of lysine residues on the N-terminus of histones, which is generally associated with active gene transcription. BRD proteins bind
acetylated histones of target genes and activate transcription. (C) EZH2 is an H3K27 methyltransferase which requires formation of PRC2 to catalyze
the addition of methyl groups to arginine and lysine residues on the N-terminal tail of histones. Methylation of histone H3 at lysines 9 and 27 (H3K9
and H3K27Me3) by the PRC2 complex represents a repressive transcriptional state associated with gene silencing. ASXL1 recruits and stabilizes the
PRC2 complex at target locations in the genome. (D) HDMs demethylate H3K9 and H3K27 resulting in an open chromatin structure, and IDH2 and
TET function along the same pathway to induce demethylaton of CgP-islands, ultimately resulting in a permissive transcriptional state. Most mutations
of epigenetic modifiers in MDS and AML affect post-translational modifications on the N-terminal tail of histone 3 or at cytosines of DNA.

Purple enzymes are associated with loss-of-function mutations (DNMT3A, TET2, EZH2, ASXL1), whereas pink enzymes are associated with
gain-of-function mutations of their respective genes (IDH1/2).

Abbreviations: 5-hmC, 5-hydroxy-methyl-cytosine; 5-mC, 5-methyl-cytosine; a-KG, a-ketoglutarate; AML, acute myeloid leukemia; ASXL1,
additional sex combs like 1; BRD, bromodomain; DNMT, DNA methyltransferase; EZH2, enhancer of zeste homolog 2; HAT, histone
acetyltransferase; HDAC1, histone deacatylase 1; HDM, histone demethylase; HMT, histone methyltransferase; IDH, isocitrate dehydrogenase; JMJC,
jumonji-domain-containing; MDS, myelodysplastic syndrome; MeCP2, methyl CpG binding protein 2; PRC2, polycomb repressor binding complex 2;
TET, ten-eleven translocation; TSG, tumor necrosis factor-stimulated genes.
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methylation of hemimethylated DNA, and is the main enzyme

responsible for the maintenance or copying of DNA methy-

lation patterns during DNA replication (Spada et al., 2007).

DNMTs also attract HDACs to the methylated CgP-island,

thus further stabilizing the silencing of the target gene

(Herman & Baylin, 2003) (Figure 2A).

Downregulation of DNMT1 coinciding with reduced global

DNA methylation has been associated with ‘‘healthy aging’’,

and has been implicated to play a role in the development of

early MDS (Karlic et al., 2014). In contrast, an upregulation of

DNMT1 seems to be a transition step to more advanced MDS

and AML (Langer et al., 2005). Overexpression, amplification

and mutations in all three catalytically active human DNMT

isoforms have been described in numerous cancers (Miremadi

et al., 2007). Strong up-regulation of DNMT1 and 3A has been

demonstrated in the vast majority of MDS bone marrow

biopsies (Langer et al., 2005). DNMT overexpression is

thought to be a consequence of enhanced cell division and

cannot explain why certain CgP-islands become hypermethy-

lated while others remaining unaffected. DNMT3A and 3B

expression has been negatively correlated with MDS disease

risk, being more pronounced in high-risk MDS (Hopfer et al.,

2009).

DNMT mutations have mainly been described in

DNMT3A so far (Dolnik et al., 2012). They occur in 8% of

MDS patients and in 23% of newly diagnosed AML patients,

and have been implicated in disease pathogenesis, and as

prognostic parameters for worse overall survival (Hopfer

et al., 2009; Ley et al., 2010; Ribeiro et al., 2012; Thol et al.,

2011a; Walter et al., 2011; Yan et al., 2011). In the context of

the DNMT inhibitors AZA or DAC, DNMT3A mutations may

be predictive factors of better response and progression-free

survival (Traina et al., 2014). DNMT3A mutations have been

associated with decreased catalytic activity and DNA binding

affinity, and are generally thought to enhance hypomethyla-

tion (Gowher et al., 2006). Decreased methylation of a select

number of genomic loci was observed in AML patients with

mutant versus wild-type DNMT3A (Ley et al., 2010), but the

exact methylated loci that are altered and contribute to

leukemogenesis are yet to be delineated. Homebox (HOX)

genes have been identified, and very recently confirmed, as

one such target (Qu et al., 2014). DNMT3A mutations in

AML patients have been associated with a pattern of global

hypomethylation that specifically targets HOX genes, result-

ing in gene expression changes (Qu et al., 2014). The HOX

locus encodes a highly conserved family of transcription

factors that specify cell lineage differentiation in hematopoi-

esis. The dysregulation of HOX genes has recently been

implicated in leukemogenesis, where they have been shown to

support the immortalization of leukemic cells, both as

chimeric partners in fusion genes, and also when over-

expressed in their wild-type form (Alharbi et al., 2013; Shah

& Sukumar, 2010). Patients exhibiting these mutations have

residual wild-type expression, and do not display global

methylation changes or increased genomic instability (Ley

et al., 2010), leaving the oncogenic mechanism of DNMT3A

mutations unclear. It has been suggested that epigenetically

regulated gene expression in MDS does not solely rely on

DNMT activity, which supports the hypothesis of oncopro-

tein-driven site-specific methylation. However, the

oncoproteins involved in such targeted methylation in MDS

remain largely unknown (Hopfer et al., 2009; Quesnel, 2009).

AZA and DAC are first generation DNMT inhibitors, and

the only two drugs approved for the treatment of elderly

patients with MDS and AML. According to their clinical

relevance and significance, these HMAs are discussed in

considerable detail below in the ‘‘Effects of HMAs on

transcriptional regulation in MDS/AML’’ section.

Several second generation DNMT inhibitors are currently

being developed and include 5,6-dihydro-5-azacitidine

(DHAC, NSC264880), which was found to be less toxic and

more stable than DAC at doses that induce comparable DNA

hypomethylation and gene reactivation (Matousova et al.,

2011). DHAC has been evaluated in clinical trials as early as

1985 (Curt et al., 1985; Kratzke et al., 2008). Currently, there

are no clinical trials listed for this substance; reasons remain

obscure. On the other hand, another derivative, 5-fluoro-20-
deocycytidine (FdCyd) is the subject of ongoing clinical

initiatives (Beumer et al., 2008; Guo et al., 2010; Zhao et al.,

2012) (Table 1).

Interestingly, several natural compounds have been found to

modulate the expression of DNMTs and their associated

proteins. The powerful antioxidant resveratrol which is

extracted from grape skins, and present in both whole grapes

and red wine, has recently been discovered to reduce DNMT1

and/or DNMT3B levels in breast cancer cell lines (Mirza et al.,

2013), and also in tumor tissue in murine models of breast

cancer (Qin et al., 2014). Resveratrol also influenced expres-

sion of HDAC1 and methyl CpG binding protein 2 (MeCP2).

Similar results were obtained with the natural compounds

curcumin, disulfiram, genistein and green tea extract (epigal-

locatechin gallate [EGCG]; Mirza et al., 2013). Clinical trials

testing these substances in humans with malignancies includ-

ing MDS and AML are underway (Table 1).

MBPs in MDS/AML

MBPs bind to methylated CgP-islands and mediate transcrip-

tional repression of affected genes (Parry & Clarke, 2011). To

date, 15 MBPs with largely redundant function have been

identified, but little is known about the involvement of MBPs

in leukemogenesis. Currently, only MeCP2 and the ubiquitin

protein ligase UHRF1 (ubiquitin-like with PHD and RING

finger domains 1) have been implicated in hematologic

malignancies and leukemia (Parry & Clarke, 2011). UHRF1

is an oncogene that acts as a transcriptional repressor, drives

DNA hypomethylation, and plays an essential role in cell

proliferation and carcinogenesis/leukemogenesis (Guan et al.,

2013; Unoki et al., 2009). This MBP plays a major role in the

inheritance of several epigenetic marks during mitosis, is an

epigenetic reader and acts as a ‘‘hub protein’’ that is involved

in epigenetic information integration via its capability to

sense the presence of methylated cytosines on both DNA and

histones (Bronner et al., 2013). UHRF1 has an affinity for

hemimethylated CpG DNA and recruits DNMT1 to ensure

that the sequence becomes completely methylated following

replication in order to maintain the epigenetic inheritance of

DNA methylation (Bostick et al., 2007; Sharif et al., 2007)

(Figure 3A). This role also applies to the maintenance of

histone marks, specifically H3, by UHRF1-mediated
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Table 1. Novel substances targeting the methylation machinery currently being evaluated in clinical trialsa.

Target Substance ClinicalTrials ID Phase Statusb Combinationc Entity

DNMT SGI-110 NCT01261312 I/II Recruiting – MDS, AML, CMML
NCT02096055 I/II Recruiting ±IDA or 2Cda AML
NCT02197676 II Recruiting – AML, high-risk MDS, CMML

with 20–30% blasts and refrac-
tory to HMAs

NCT02131597 II Not yet open – High-risk MDS
NCT01752933 II Recruiting – Advanced hepatocellular cancer

MG98 NCT00003890 I Completed – Solid tumors
Hydralazine NCT00404508 II Completed VPA Refractory solid tumors

NCT01356875 II Not yet open VPA MDS; not candidates for, or
refractory to CTX

NCT00996060 I Active, NR VPA Advanced solid tumors
Disulfiram NCT00256230 I/II Completed – Metastatic melanoma

NCT01118741 I Completed – Prostate cancer
NCT01777919 II Not yet open Copper Glioblastoma multiforme

Genistein NCT01985763 I/II Recruiting – Metastatic colorectal cancer
NCT01126879 II Active, NR – Prostate cancer
NCT00516243 I Active, NR – Hormone receptor negative breast

cancer
NCT0118040 II Completed – Bladder cancer
NCT01628471 I/II Recruiting DAC Non-small cell lung cancer,

advanced solid tumors
EGCG NCT00676780 II Completed – Prostate cancer

NCT00942422 II Active, NR – Monoclonal gammopathy, smoul-
dering myeloma

Resveratrol NCT00256334 I Completed – Colon cancer
FdCyd NCT01041443 I Completed THU AML, MDS de novo and

pretreated
NCT01685515 I Recruiting THU Sickle cell disease
NCT01534598 I Recruiting THU Advanced, refractory solid tumors
NCT00359606 I Completed THU Advanced, refractory solid tumors
NCT00978250 II Recruiting THU Advanced, refractory head and

neck/lung/bladder/breast cancer
Bromodomain RVX000222 NCT00768274 I/II Completed – Cardiovascular disease

NCT01728467 II Completed – Pre-diabetes
NCT01058018 II Completed – Cardiovascular disease

GSK525762 NCT01943851 I Recruiting – Cancer
NCT01587703 I Recruiting – Cancer

OTX015 NCT01713582 I Recruiting – AML, other hematologic
malignancies

IDH1 AG-120 NCT02073994 I Recruiting – Cholangiocarcinoma, chondrosar-
coma, glioma, advanced solid
tumors

NCT02074839 I Recruiting – MDS/AML relapsed, refractory
IDH2 AG-221 NCT02218346 I Recruiting – Healthy volunteers

NCT01915498 I Recruiting – MDS/AML relapsed, refractory
UHRF1 Curcumin NCT02138955 I/II Recruiting – Advanced refractory cancer

NCT00094445 II Completed – Advanced pancreatic cancer
NCT00113841 I/II Completed ±Bioperine Multiple myeloma

EZH2 E7438 NCT01897571 I/II Recruiting – Diffuse large B-cell lymphoma
GSK2816126 NCT02082977 I Recruiting – Cancer

DOT1L EPZ-5676 NCT02141828 I Recruiting – AML, ALL
NCT01684150 I Recruiting – AML, MDS, ALL, CMPDs, CML

LSD1 GSK2879552 NCT01277812 I Not yet open – AML
NCT02034123 I Recruiting – Small cell lung cancer

aCancer prevention trials were not considered.
bAt the time of writing (05 Sept 2014). Terminated trials were not considered.
cTrials testing the substance in combination with chemotherapy were not considered.
Abbreviations: 2Cda, cladribine; ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; CML, chronic myeloid leukemia; CMML,

chronic myelomonocytic leukemia; CMPD, chronic myeloproliferative disorder; CTX, chemotherapy; DAC, decitabine; DNMT, DNA
methyltransferase; DOT1L, DOT1-like, histone H3 methyltransferase; EGCG, epigallocatechingallate; EZH2, enhancer of zeste homolog 2;
FdCyD, 5-fluoro-20-deocycytidine; HMA, hypomethylating agents; IDA, idarubicine; IDH, isocitrate dehydrogenase; LSD1, Lysine-specific
demethylase 1; MDS, myelodysplastic syndrome; NR, not recruiting; THU, tetrahydrouridine; UHRF1, ubiquitin-like with PHD and ring finger
domains 1; VPA, valproic acid.
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recruitement of HMTs (Bronner et al., 2013; Rottach et al.,

2010). UHRF1 also interacts with HDAC1 and recruits it to

methlyated tumor suppressor genes (Jeanblanc et al., 2005)

(Figure 3A).

UHRF1 has been proposed both as a biomarker and as a

therapeutic target (Bronner et al., 2007). The natural

compound curcumin is thought to inhibit melanoma cell

proliferation via regulation of UHRF1 and DNMT1

(Abusnina et al., 2011), and is currently being tested in

various clinical trials (Table 1).

MeCP2, like UHRF1, acts as a global transcriptional

repressor. MeCP2 is capable of long-range transcriptional

repression, which is dependent on the local density of

methylation and functional methyl-binding domains (Baubec

et al., 2013; Nan et al., 1997). After binding to methylated

CpG, MeCP2 recruits and forms the MeCP2/Sin3A/HDAC1

co-repressor complex to silence transcription via histone

deacetylation (Nan et al., 1997) (Figure 2A). Additional

methyl-CpG independent binding modes to chromatin have

recently been described for MeCP2, but not for other MBPs

(Baubec et al., 2013). MeCP2 has also been shown to link

DNA methylation to histone methylation, and thus acts as a

bridge between these two global epigenetics modifications.

As mentioned above for UHRF1, this is mediated by

recruitment of HMT activity by MeCP2, and results in

particular results in increased H3K9 methylation (Fuks et al.,

2003). MeCP2 also acts as a co-repressor of the transcription

factor PU.1, which was originally characterized as a

Figure 3. Mechanisms of action of AZA and DAC. (A) DAC is incorporated into DNA as a substitute for cytosine. This results in covalent trapping and
depletion of DNMT1 (and AID), as well as in loss of DNA methylation marks. This eventually results in DNA demethylation and (re-)activation of
gene expression. Depending on which genes are re-induced, this may lead to: (i) induction of apoptosis, (ii) induction of differentiation, and/or (iii)
induction of an effective host anti-leukemia immune response, all of which ultimately result in inhibition of malignant proliferation. (B) DNMT1 is
localized in the nucleus when NLS and BAH are present. HMAs induce hyperphosphorylation of DNMT1 via PKCd. Phosphorylated DNMT1 is then
targeted to the ubiquitination machinery, a process which requires KEN-Box. This leads to proteasomal degradation of both DNMT1 and AID. Lower
levels of AID result in elevated levels of AZA/DAC, which can then further reduce DNMT1 levels via all the mechanisms described in this figure. (C)
About 80–90% of AZA is incorporated into RNA resulting in mRNA and protein metabolism disruption, both of which ultimately inhibit malignant
proliferation.

The yellow lightning flashes denote molecules that are being evaluated as therapeutic targets in MDS/AML.
Abbreviations: AID, activation induced cytidine deaminase; AML, acute myeloid leukemia; AZA, 5-azacitidine; BAH, bromo-adjacent homology;

DAC, 5-aza-20-deoxycytidine; DNMT1, DNA methyltransferase 1; HDAC1, histone deacatylase 1; HMAs, hypomethylating agents; IFNa, interferon
alpha; IL15, interleukin 15; MDS, myelodysplastic syndrome; MHC, major histocompatibility complex; NKCs, natural keller cells; NLS, nuclear
localization signal; P, phosphate; PKCd, protein kinase C delta; Tc1, Type 1 CD8+ T cells; Th1, Type 1 T helper cell; Th17, Type 17 T helper cell;
Tregs, regulatory T cells; U, uridine; UHRF1, ubiquitin-like with PHD and ring finger domains 1.
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transcriptional activator essential for hematologic differenti-

ation and myeloid development (Tenen et al., 1997). PU.1

deficiency is directly involved in the development of AML in

mice (Basova et al., 2013), and humans (Bonadies et al.,

2010). However, PU.1 can also act as a transcriptional

repressor by binding directly to MeCP2 in the above

mentioned complex (Hwang et al., 2004; Kihara-Negishi

et al., 2001; Suzuki et al., 2003) (Figure 2A). In this sense,

PU.1 has been shown to directly interact with DNMT3A and

3B in an MeCP2-dependent manner, resulting in the forma-

tion of the MeCP2/Sin3A/HDAC1/PU.1/DNMT3A/B co-

repressor complex. The latter methylates CgP-islands in

promoter regions with PU.1 binding sites (e.g. of p16INK4A

(Kihara-Negishi et al., 2001; Suzuki et al., 2006) (Figure

2A)).

Recently, DAC was shown to reverse PU.1 mediated

transcriptional repression (Aoyama et al., 2012). Similarly,

AZA treatment significantly demethylated the PU.1 upstream

regulatory element in AML cell lines in vitro (Curik et al.,

2012). This led to up-regulation of PU.1, followed by

de-repression of its transcriptional targets and onset of

myeloid differentiation.

HMTs in MDS/AML

HMTs methylate arginine and lysine residues of histones, and

are involved in the regulation of a wide range of processes

including gene activity, chromatin structure and epigenetic

memory (Martin & Zhang, 2005). All HMTs known to be

involved in MDS/AML act as transcriptional repressors.

As such, HMTs are major silencers of HOX genes, a group

of transcription factors important for hematopoietic differen-

tiation (Copur & Muller, 2013; Daser & Rabbitts, 2005;

Eklund, 2011). Chromosomal aberrations involving loss of

HMT function result in HOX protein overexpression,

which leads to myeloproliferation and block of differentiation

in AML cells in vitro (Argiropoulos & Humphries, 2007;

Eklund, 2011).

The mixed lineage leukemia (MLL) gene, located on

chromosome 11q23, is a recurrent locus of chromosomal

translocation involved in leukemogenesis (Marschalek, 2011).

MLL1 serves as an H3K4 methyltransferase. Eighty-seven

different MLL rearrangements have been identified in addition

to partial tandem duplications, all of which seem to confer

worse prognosis with shorter survival (Basecke et al., 2006;

Daser & Rabbitts, 2005). The four most frequent MLL

translocations result in recruitment of DOT1-like histone H3

methyltransferase (DOT1L) to the fusion protein. DOT1L is an

HMT that specifically methylates H3K79. Hypermethylation

of H3K79 is a hallmark of MLL-rearranged AML, and critical

for leukemogenesis induced by MLL-fusion proteins

(Deshpande et al., 2013; Krivtsov et al., 2008; Okada et al.,

2006).

HMTs have been identified as promising new targets in

leukemia treatment (Flemming, 2012). As such, DOT1L

inhibitors have been developed and shown to selectively kill

cells bearing the MLL gene translocation in vitro, and to

prolong survival in mouse and rat MLL xenograft models of

AML (Daigle et al., 2011, 2013). Furthermore, DOT1L

inhibition has recently been reported to sensitize MLL-

rearranged AML to chemotherapy (Liu et al., 2014). The

DOT1L inhibitor EPZ-5676 is the first to enter clinical trials

(Table 2).

Genome-wide profiling recently demonstrated �4600

gene promoters with increased H3K27Me3 in MDS patient

samples, when compared with normal controls (Cheng et al.,

2013). H3K27-hypermethylation has been linked to epigen-

etic inactivation of PU.1, and H3K27Me3 inhibitors were

shown to upregulate both the expression of PU.1, as well as

of its downstream genes, resulting in differentiation induc-

tion (Cheng et al., 2013). In this respect, another prominent

member of the HMT group of enzymes is the H3K27

methyltransferase EZH2. EZH2 is the enzymatic member of

the polycomb repressor complex 2 (PRC2), which initiates

and maintains transcriptional silencing through post-transla-

tional histone modifications. EZH2 is only active when it is

associated with the other PRC2 core components: embryonic

ectoderm development (EED), suppressor of zeste 12

homolog (SUZ12) and retinoblastoma binding protein 4

(RBBP4); (Kogure et al., 2013; Margueron & Reinberg,

2011) (Figure 2C). EZH2 expression is essential for cancer

survival (Varambally et al., 2008). Recent evidence supports

an oncogenic role for EZH2, which enhances leukemogeni-

city and reinforces differentiation blockage in AML (Tanaka

et al., 2012).

Whereas activating mutations have been found in diffuse

large B-cell lymphomas (Morin et al., 2010), and wild-type

EZH2 is commonly overexpressed in a variety of cancers

(Bracken et al., 2003), only one report of EZH2 over-

expression in MDS exists (Xu et al., 2011). Rather, a diverse

range of loss-of-function mutations are seen in patients with

MDS (10%), CMML (5%) and only rarely in AML (Abdel-

Wahab et al., 2011; Grossmann et al., 2011; Xu & Li, 2012).

Mutations in other PRC2 components are rare in myeloid

malignancies, but have recently been reported for SUZ12 and

EED in MDS (Puda et al., 2012; Score et al., 2012). EZH2

mutations, located at 7q36.1, have been associated with

impaired survival in MDS (Bejar et al., 2011) and CMML

(Grossmann et al., 2011). While loss-of-function mutations of

EZH2 promoted the development of MDS, they attenuated

transformation to AML in murine models (Sashida et al.,

2014), or resulted in induction of differentiation in leukemic

cells, and converted AML into an MDS/myeloproliferative

neoplasm-like disease (Tanaka et al., 2012). This explains the

rare occurrence of EZH2 mutations in AML. In contrast,

ectopic expression of EZH2 seems to result in myeloid

transformation (Herrera-Merchan et al., 2012).

Several small molecule inhibitors of EZH2 have been

developed, and shown to induce tumor regression in hema-

tologic tumor models (Knutson et al., 2012; McCabe et al.,

2012; Qi et al., 2012). In vitro data suggest synergism

between the EZH2 inhibitor 3-deazaneplanocin-A (DZNep)

and DAC and/or HDAC inhibitors in targeting AML cells

(Fiskus et al., 2009; Momparler et al., 2012, 2014; Zhou et al.,

2011). Two EZH2 inhibitors have recently entered phase I

clinical trials (Table 1).

ASXL1, located on 20q11, recruits and stabilizes the PRC2

complex at target locations in the genome, thus enabling EZH2

to methylate H3K27 (Figure 2C). Similar to the effect of

aforementioned EZH2 mutations, ASXL1-loss results in
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compromised function of PCR2, with ensuing loss of the

transcriptionally repressive H3K27 trimethylation, leading to

up-regulation of HOXA genes (Abdel-Wahab et al., 2012).

ASXL1 mutations result in severe myelodysplasia and

MDS-like disease in mice (Inoue et al., 2013; Wang et al.,

2014), occur in 49% of CMML, 5% of MDS and 14% of AML

patients, and have been associated with poor prognosis (Abdel-

Wahab & Levine, 2013; Abdel-Wahab et al., 2013; Bejar et al.,

2011; Inoue et al., 2013; Itzykson et al., 2013; Metzeler et al.,

2011a; Patnaik et al., 2013, 2014).

Other HMTs known to be involved in MDS and AML

include the PR domain zinc finger (PRDM) proteins PRDM3

(EVI1), which maps to 3q26, and PRDM16 (MEL1), which

maps to 1q36 (Duhoux et al., 2012; Mochizuki et al., 2000;

Trubia et al., 2006). PRDM factors act as HMTs, and function

in developmental contexts, in which they drive and maintain

cell state transitions (Hohenauer & Moore, 2012), and have

also been implicated in methylation of non-histone targets

(Fog et al., 2012).

Targeting of epigenetic modulators mediating
transcriptional activation

TET proteins in MDS/AML

Methyl-cytosine dioxygenases represent a family of three ten-

eleven translocation (TET1–3) proteins that catalyze the

conversion of 5-methylcytosine (5-mC) to 5-hydroxy-methyl-

cytosine (5-hmC) (Figures 1A-II). TET proteins can also

drive the 5-mC oxidation process further to produce 5-

formylcytosine (5-fC) and 5-carboxylcytosine (5-caC) as

reaction products (Pfeifer et al., 2014; Tahiliani et al., 2009)

(Figures 1A-V, 1A-VI, 2B and D). TET-mediated oxidation of

5-mC is thought to serve as a methylation repair pathway, that

safeguards CgP-islands from occasional misdirected CpG-

methylation, and thus has tumor suppressor function (Pfeifer

et al., 2014). As mentioned briefly above, 5-hmC levels and

patterns are also profoundly altered, and show a dramatic loss

of 5-hmC in human cancers, including MDS/AML (Jin et al.,

2011). 5-hmC depletion seems to be a universal occurrence in

human malignancy, not limited to the presence of mutations

in TET or IDH. As ascorbic acid is essential to optimal

function of TET enzymes, it has been hypothesized that

lack of vitamin C in cancer cells may be the cause for

impaired function of TET proteins, resulting in the strongly

decreased 5-hmC levels universally observed in malignancy

(Pfeifer et al., 2014). TET-induced DNA demethylation is

thought to operate gene-specifically, albeit the mechanism

through which specificity is mediated remains obscure at this

time-point. 5-hmC seems to be a fairly stable DNA base and

not merely an intermediate in DNA demethylation. So far, no

excision repair activity has been described that would

effectively remove 5-hmC from DNA (Pfeifer et al., 2014).

Very recently, TET1 was shown to be a maintenance DNA

demethylase that does not induce untargeted hypomethyla-

tion. Rather, TET1 mediates accumulation of 5-hmC at the

edges of hypomethylated CpG-islands, and thus specifically

prevents methylation spreading from methylated CpG-island

edges into hypomethylated CpG-islands (Jin et al., 2014). As

proof of principle, TET1 knockdown induced methlyation

spreading (Jin et al., 2014).

Mutations in TET1 and TET2 have been observed in MDS,

CMML and AML (Dolnik et al., 2012; Lorsbach et al., 2003).

The mutant TET2 protein is unable to convert 5-mC to 5-

hmC, resulting in decreased 5-hmC levels (Figure 1B-I;

Madzo et al., 2013). The production of 5-hmC results in DNA

demethylation and increased gene expression via three

mechanisms: (i) active demethylation through the activation

of AID (Figure 1A-III), which results in degradation of 5-

hmC to 5-hm-uracil (5-hmU), which in turn activates the base

excision repair (BER) pathway for further degradation to

unmethylated cytosine (Figure 1A-IV); (ii) passive DNA

demethylation due to the inability of DNMT1 to recognize 5-

hmC, resulting in loss of methylation marks in succeeding

DNA-replication cycles (Pastor et al., 2011; Valinluck et al.,

2004); (iii) 5-hmC blocks the binding of MBPs, in particular

MeCP2 or MBD3, which usually confer transcriptional

silencing (Ko et al., 2010; Pastor et al., 2011; Valinluck

et al., 2004; Yildirim et al., 2011).

DNMT1 is incapable of methylating an unmethylated

CpG-site on the strand opposite to a hydroxymethylated CpG-

site (5-hmC-CpG). Moreover, the maintenance methylation

cofactor UHFR1 (and most other MPBs that act as transcrip-

tional repressors), is unable to interact with 5-hmC, with

MeCP2 being the exception (Otani et al., 2013). As such, 5-

hmC levels correlate positively with reduced methylation,

reduced recruitment of repressive proteins, and elevated

levels of transcription of 5-hmC-marked genes (Jin et al.,

2011; Song et al., 2011). Measurement of 5-hmC levels in

myeloid malignancies may thus prove a valuable diagnostic

and prognostic tool to individually tailor therapies and assess

therapeutic response (Ko et al., 2010).

Loss of TET2 leads to increased self-renewal capacity of

hematopoietic stem cells, expansion of myeloid precursors

and myeloid transformation in mice (Moran-Crusio et al.,

2011). TET2 knockout mice develop a disease with MDS-like

features (Li et al., 2011). TET2 mutations occur in 20–25% of

MDS, 7–23% of AML and up to 53% of CMML patients

(Kosmider et al., 2009b; Shih et al., 2012; Yamazaki et al.,

2012). In line with the above, TET2-mutant AML has recently

been shown to have the expected hypermethylation phenotype

(Madzo et al., 2013). Accordingly, total 5-mC levels have

been reported to be significantly higher in patients harboring

TET2 loss-of function mutations, as compared to TET2

wild-type cases (Yamazaki et al., 2012). In humans, the

prognostic relevance of these mutations in MDS, CMML

and AML remains unclear, and may be disease-specific,

as currently existing data are inconsistent (Abdel-Wahab

et al., 2009; Kosmider et al., 2009a, b; Liu et al., 2013;

Metzeler et al., 2011b; Pollyea et al., 2011; Wang et al.,

2013a). However, the presence of mutated TET2 has been

associated with response to AZA and DAC in MDS and

CMML by several (Braun et al., 2011; Itzykson et al., 2011;

Traina et al., 2014; Voso et al., 2011), but not all groups

(Pollyea et al., 2011).

Although TET2 has been discovered only recently, it is

recognized as a key player in myeloid malignancies, and

the race for the development of a TET2 inhibitor is

ongoing. No clinical trials testing TET2 inhibitors were

listed at ClinicalTrials.gov at the time of writing (November

2014).
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IDH in MDS/AML

IDH enzymes convert isocitrate to a-ketoglutarate (a-KG;

Figure 1A-VII), which is required for the conversion of 5-mC

to 5-hmC by TET2 (Figures 1A-II and 2B and D). IDH1

is present in the cytosol, whereas IDH2 is found in

mitochondria.

Mutant IDH1 greatly accelerated the onset of myelopro-

liferative AML in mice in co-operation with the transcription

factor HOXA9, which is involved in stem cell maintenance and

hematopoietic differentiation, thus proving oncogenic poten-

tial (Argiropoulos & Humphries, 2007; Chaturvedi et al., 2013;

Nakamura et al., 1996). IDH mutations occur in 3–4% of MDS

and 15–33% of AML patients, with mutations in IDH2 being

slightly more common than in IDH1 in cytogenetically normal

AML (19% versus 14%) (Marcucci et al., 2010; Mardis et al.,

2009). Results on the prognostic effects of IDH mutations in

these diseases are divergent (Green et al., 2010, 2011; Patnaik

et al., 2012). IDH1/2 mutations confer a gain-of-function with

neomorphic enzyme activity, that converts a-KG to the

‘‘oncometabolite’’ 2-hydroxyglutarate (2-HG). Sequestering

of a-KG, which is an essential cosubstrate for TET2, results in

the inhibition of a-KG-dependent actions of TET2 (Figure 1B-

II). Altered 2-HG/a-KG levels observed in cells with mutant

IDH1/2 additionally result in the inhibition of the jumonji-

domain-containing (JMJC) family of HDMs, another group of

a-KG-dependent enzymes, which demethylate H3K9 and

H3K26 (Chowdhury et al., 2011) (Figures 1B-III and 2A).

IDH gain-of-function mutations and TET2 loss-of-function

mutations (which are mutually exclusive in AML) affect the

same pathway, and ultimately induce the same global promoter

hypermethylation phenotype (Dang et al., 2009; Madzo et al.,

2013; Ward et al., 2010).

Inhibition of both groups of wild-type enzymes (IDH and

TET2) results in hypermethylation. Therapeutic targeting of

IDH1 seems promising (Levis, 2013). The first inhibitors of

mutant IDH1 are being extensively characterized in vitro

(Davis et al., 2014), and several clinical trials with IDH

inhibitors are currently recruiting (Table 1).

Mutations in other enzymes involved in the citric acid

cycle, such as fumarate hydratase (FH) and succinate

dehydrogenase (SDH), have been observed in solid tumors,

and result in accumulation of fumarate and succinate, both of

which are competitive inhibitors of TET proteins (Xiao et al.,

2012). Mutations in FH and SDH have been linked with lower

levels of 5-hmC, thus coincide with alterations of genome-

wide histone and DNA methylation, and are thought to

contribute to tumorigenesis.

HDMs in MDS/AML

HDMs can reverse histone modifications by an oxidative

demethylation reaction (Klose et al., 2006) (Figure 2D). As

mentioned above, methylation of various histone lysine

residues by HMTs can have diametral effects on gene

expression. Thus, HDMs may also exert diverging effects,

depending on which lysine residue is demethylated. Lysine-

specific demethylase 1 (LSD1) demethylates mono- and di-

methylated H3K4. High LSD1 expression blocks differenti-

ation and confers a poor prognosis in AML. LSD1 inhibition

resulted in increased methylation of H3K4, resulting in gene

activation (Fiskus et al., 2014c). LSD1 is currently being

explored as a therapeutic target in phase I clinical trials in AML

and small cell lung cancer (Table 1).

In contrast to LSD1, JHDMs are capable of demethylat-

ing all three methylated states (mono-, di- and tri-

methylated lysine), and have been shown to demethylate

H3K36, H3K9 and H3K9/27 (Figure 2A). The link between

this group of enzymes and cancer is still evolving.

Recently, JHDM1B was reported to be highly expressed

in primary AML samples and is possibly required for

leukemia maintenance (Nakamura et al., 2013). In particu-

lar, JHDM1B promoted the proliferation of leukemic

progenitor cells in murine models of AML via suppression

of p15INK4b, and depletion of JHDM1B resulted in

reduced colony formation in vitro (Nakamura et al., 2013;

Sroczynska et al., 2014). Selective small molecule JHDM

inhibitors are currently being developed (Luo et al., 2011;

Xu et al., 2013), but have not yet reached clinical trials.

HATs in MDS/AML

HATs confer the acetylation of lysine residues on the

N-terminus of histones, which is generally associated with

active gene transcription (Yang, 2004) (Figure 2B and D).

Most HATs are present as components of large protein

complexes and act as transcriptional co-activators. Many of

them have also been shown to acetylate proteins other than

histones (Yang, 2004). In AML (and more rarely in MDS and

CMML), several HATs (EP300, CREBBP, MYST3 and

MYST4) are commonly involved in chromosomal transloca-

tions, which are involved in leukemogenesis through aberrant

acetylation of all core histones, as well as on various non-

histone proteins (Camos et al., 2006; Murati et al., 2004;

Pattabiraman et al., 2014; Shigeno et al., 2004). HATs have not

been designated as therapeutic targets in hematology thus far.

BET proteins in MDS/AML

A bromodomain (BRD) is a structural motif that recognizes

monoacetylated lysine residues such as those on the

N-terminal tails of histones. BET proteins preferentially

bind to acetylated histones, i.e. to regions where multiple

acetylation sites exist in proximity. They play a role in

chromatin remodeling and result in transcriptional activation

of BET-target genes, such as the well-known oncogenes

cMYC and Bcl2 (Figure 2B). Dysfunction of BET-proteins

has been linked to cancer (Filippakopoulos et al., 2012), and

members of the BET family have recently been identified as

targets for modulation of chromatin dynamics.

BET inhibitors attenuate cell growth and survival in

primary AML patient samples and murine models of acute

leukemia, partially through the down-regulation of the critical

oncogenes, MYC and Bcl2 (Chen et al., 2014; Dawson et al.,

2014; Delmore et al., 2011; Fiskus et al., 2014b; Mertz et al.,

2011; Valent & Zuber, 2014; Zuber et al., 2011). Of interest,

nucleophosmin 1 (NPM1) has recently been shown to inhibit

BRD4, and NPM1 mutations abrogate this function.

Treatment of primary human AML cells with the BET-

inhibitor I-BET151 could counteract the effect of mutated

NPM1 (Dawson et al., 2014). Furthermore, the BRD4

inhibitor JQ1 was shown to be highly active in AML cells
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bearing both NPM1 and DNMT3A mutations, reported to be

associated with poor prognosis (Stewart et al., 2013). JQ1

combined with the pan-HDAC inhibitor panabinostat pro-

longed survival of NOD/SCID mice engrafted with human

NPM1 and FLT3-ITD mutated AML cell lines. Just weeks

ago, synergism of JQ1 with FLT3 inhibitors in human AML

cell lines was demonstrated (Fiskus et al., 2014a).

Bromodomain inhibitors that have entered clinical trials are

shown in Table 1.

HDACs in MDS/AML

HDACs promote gene repression through removal of acetyl

groups from lysine residues in histone tails (Figure 2A).

Hypoacetylation of histones by HDACs at the promoter region

results in transcriptional repression of the target gene. At least

18 HDAC genes have been recognized in the human genome,

and act mainly as part of large multi-protein complexes that

function as transcriptional co-repressors (Figure 2A). HDACs

are implicated in cancer through their aberrant recruitment and

silencing of tumor suppressor genes.

Mutations in HDACs have not yet been described in MDS/

AML, whereas a few reports of truncating mutations and

expression changes in solid tumors have been published

(Ozdag et al., 2006).

HDACs have been assessed as drug targets, and treatment

with HDAC-inhibitors results in hyperacetylated histones and

up-regulation of repressed genes. Until recently, DNA

hypermethylation was thought of as a ‘‘molecular lock’’

resulting in gene silencing. However, serial in vitro testing

with 24 different HDAC-inhibitors efficiently reactivated

various genes silenced by DNA hypermethylation, without

affecting the latter, but this effect was transient (2 weeks)

(Raynal et al., 2012). Thus, induction of open chromatin

formation via histone acetylation can result in transcription of

genes whose promoter regions remain hypermethylated. The

HDAC-inhibitors vorinostat and romidepsin have received

FDA approval for cutaneous T-cell lymphoma, and the large

number of clinical trials with these substances has been

summarized by others (Copeland et al., 2009; Falkenberg &

Johnstone, 2014; Johnstone, 2002). Many issues of HDAC

inhibitors and their potential clinical utility in MDS remain

only partially understood, and pose translational and clinical

challenges (Stintzing et al., 2011). Combining DNMT

inhibitors with HDAC inhibitors is an interesting field for

clinical trials. Currently varying dosage and treatment sched-

ules (sequential or concomitant application) need to be tested

in order to evaluate whether the synergism of these substance

classes that is observed in vitro, also occurs in vivo. Clinically

relevant neurological toxicity is however dose limiting for

most HDAC inhibitors.

Azanucleosides in MDS/AML

The most prominent example of clinical efficacy of epigenetic

cancer therapy is DNA cytosine hypomethylation by HMAs.

These drugs target the reversible process of promoter

methylation, resulting in re-expression of previously silenced

tumor suppressor genes. Below we will first go into detail

regarding pharmacokinetics, pharmacodynamics, and

molecular mechanisms of action of AZA and DAC, with a

special focus on similarities, overlap and differences between

these two structurally similar, but (partially) functionally

divergent drugs. Next, we will focus on effects of HMAs on

transcriptional regulation in MDS and AML.

Overview of azanucleoside pharmacokinetics
and pharmacodynamics

The DNA double helix is composed of two polynucleotide

strands. Nucleotides are the building blocks of nucleic acids

and comprise a nucleoside, consisting of a nucleobase and

a five-carbon sugar (ribose or deoxyribose), and at least

one phosphate group. If the sugar is deoxyribose, the

polymer is DNA. If the sugar is ribose, the polymer is

RNA. DNA is composed of only four nucleobases: adenine

(A), guanine (G), cytosine (C) and thymine (T). The DNA

strands run in opposite directions to each other (antiparal-

lel), using the following base-pairing rules: C-G and A-T.

When DNA is transcribed to RNA, thymine is substituted

for uridine (U).

AZA and DAC are structurally similar nucleoside analogue

prodrugs that mimic physiological cytidine, but differ chem-

ically in their ribose moiety. Both DAC and AZA are

imported into cells by nucleoside transporters (Rius et al.,

2009) (Figure 4). Studies have shown a statistically significant

correlation between the expression levels of nucleoside

transporters (e.g. human equilibrative nucleoside transporter

1 [hENT1]) and the sensitivity of AML cells to nucleoside

chemotherapeutics such as gemcitabine (Marce et al., 2006),

fludarabine (Molina-Arcas et al., 2003) and cytarabine (Ara-

C; Hubeek et al., 2005), as well as the DNMT inhibitors DAC

and AZA, suggesting their potential role as predictive

biomarkers for clinical response (Damaraju et al., 2012; Qin

et al., 2009).

After cellular uptake, azanucleosides need to be converted

into active tri-phosphorylated nucleotides to become sub-

strates for the DNA replication machinery, where they can

substitute for cytosine. This reaction is catalyzed by different

nucleoside metabolizing enzymes for AZA and DAC,

respectively. DAC is tri-phosphorylated by deoxy-cytidine

kinase (DCK), and can then be incorporated into newly

synthesized DNA (where it pairs with guanine) with the help

of DNA-polymerase (Momparler & Derse, 1979). In contrast,

80–90% of AZA is converted to ribonucleoside triphosphate

by uridine–cytidine kinase (UCK), and is incorporated into

RNA, leading to inhibition of protein synthesis (Li et al.,

1970; Van Rompay et al., 2001) (Figure 4).

DCK deficiency has been reported as a major mechanism

of resistance to the nucleoside analogues DAC, Ara-C and

gemcitabine (Galmarini et al., 2003; Qin et al., 2011; Saiki

et al., 2012; Veuger et al., 2003). Furthermore, mutations in,

and/or altered expression levels of nucleoside metabolizing

enzymes, have been correlated with resistance to Ara-C and

have been proposed as potential prognostic markers of

response (Galmarini et al., 2001; Rathe & Largaespada,

2010; Yin et al., 2007). Silencing of the AZA metabolizing

enzyme UCK1 reduced response to AZA in vitro. Very

recently, MDS patients expressing lower levels of UCK1 were

shown to be resistant to AZA, and had lower response rates

and shorter overall survival (Valencia et al., 2014).
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Ribonucleotide reductase (RR) reduces 10–20% of the

diphosphate forms of AZA into deoxy-(DAC)-diphosphates,

which can be incorporated into DNA after further phosphor-

ylation to triphosphates (Kim et al., 1986) (Figure 4).

However, this process is transient and self-limited, which

means that over time, the small fraction of AZA that is

incorporated into DNA (initially 10–20%), is further reduced

(Aimiuwu et al., 2012) (Figure 4).

Data dating back to 1983 indicate rapid distribution of

DAC between the extra- and intracellular compartments after

i.v. injection. Penetration of the blood–brain barrier occurs,

with DAC levels in the cerebrospinal fluid reaching 50% of

the drugs plasma level (Chabot et al., 1983). Both drugs are

rapidly cleared from systemic circulation: plasma half-life

51.5 to 1.8 h, as compared to a half-life of 7–21 h at 37 �C in

neutral aqueous solutions in vitro (Liu et al., 2006; Yoo et al.,

2007; Zhao et al., 2004). Systemic clearance exceeds the

glomerular filtration rate and total renal blood flow, with

urinary clearance of unchanged drug being 51% (van

Groeningen et al., 1986). This suggests an important role

for non-renal clearance (Chabot et al., 1983; Stresemann &

Lyko, 2008).

In this context, cytidine deaminase (CDA) has been

identified as the key enzyme catalyzing the deamination of

cytidine, deoxycytidine and the cytidine analogues Ara-C,

AZA and DAC, thereby destabilizing these drugs and rapidly

reducing their half-life in vivo (Figure 4). Retroviral over-

expression of CDA caused significant resistance to DAC

in vitro (Eliopoulos et al., 1998), and increased CDA

expression/activity in human males in vivo has been linked

with a reduced half-life of AZA and DAC, and possibly worse

outcomes in MDS patients (Mahfouz et al., 2013). In rhesus

monkeys, co-administration of CDA inhibitors with DAC

improved pharmacokinetic profile and boosted plasma levels

(Ferraris et al., 2014). Thus, a rational to combine inhibitors

of CDA with HMA exists (Karahoca & Momparler, 2013).

The CDA inhibitor tetrahydrouridine (THU) was assessed in

humans in the 1990s and is being revived in clinical trials,

with or without second generation DNMT inhibitors (Ferraris

et al., 2014; Marsh et al., 1993) (Table 1). However, much

Figure 4. Membrane transporters and intracellular metabolism of AZA and DAC. AZA and DAC enter the cell via nucleoside transporters (e.g.
hENT1). After triphosphorylation by the respective enzymes they are incorporated into RNA in the case of AZA, or into DNA in the case of DAC.
Approximately 10–20% of AZA is reduced to DAC by RR, which is followed by incorporation into DNA. However, this step is self-limited and
transient. Excess azanucleosides are rapidly deaminated to uracil-moieties by CDA. It is likely that AID can also perform this step. If the deamination
process occurs on already DNA-incorporated DAC-cytidine residues, this will result in dU:dG mismatches on DNA, and may ultimately lead to DNA
DSBs. AID-triggered DSBs can also be substrates for pro-oncogenic chromosomal translocations. AID may thus trigger leukemic evolution. In
addition, AID targets DNMT1 for proteasomal degradation.

Abbreviations: ABC transporter, ATP-binding cassette transporter; AID, activation induced cytidine deaminase; AZA, 5-azacitidine; C, cytosine;
CDA, cytidine deaminase; CMK, cytidine monophosphate kinase; DAC, 5-aza-20-deoxycytidine; dC, deoxycytidine; DCK, deoxy-cytidine kinase; dG,
deoxyguanine; DNMT1, DNA methyltransferase 1; DPK, diphosphate kinase; DSB, DNA double strand breaks; dU, deoxyuridine; G, guanine; hENT1,
human equilibrative nucleoside transporter 1; P, phosphate; RR, ribonucleotide reductase; U, uridine; UCK, uridine-cytidine kinase.
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care needs to be taken in titrating the dose of CDA inhibitors,

as CDA downregulation was reported to be associated with

toxic death in a patient exposed to the nucleoside analogue

gemcitabine (Mercier et al., 2007).

Since both CDA and activation-induced cytidine deami-

nase (AID) catalyze cytidine deamination, AID is also likely

to be involved in catabolism of cytidine analogues (Figure 4).

AID was originally described as a B-cell specific inducer of

somatic hypermutation and class switch recombination in

immunoglobulin genes, unique to activated germinal center

B-cells. Specifically, AID deaminates the nucleoside cytidine

and converts it to uridine, resulting in dU:dG mismatches on

DNA. This causes DNA mutations and double strand

breakage (Perez-Duran et al., 2007) (Figure 4). Thus, in

B-cells, AID is required for the generation of immunoglobulin

diversity after V(D)J recombination (Honjo et al., 2004), an

effect which is desired. However, via the same mechanism

AID can also cause chromosomal translocations or mutations

in proto-oncogenes, thus promoting tumor formation and/or

leukemic evolution in a variety of hematologic malignancies

(Kinoshita & Nonaka, 2006).

AID has also been shown to associate with and stabilize

DNMT1. In a DNA-replication-dependent manner, AZA/

DAC-substituted DNA binds the active site of AID and

DNMT1. Indeed, AID is thought to target DNMT1 for

ubiquitin-dependent proteasomal degradation, and thus rep-

resents an additional mechanism for DNMT1 depletion

(Figures 3A and 4). As DNMT1 mRNA levels are not

significantly affected, DNMT1 degradation is thought to be

purely post-transcriptional (Tsai et al., 2014).

Therapeutic targeting of AID would theoretically result in:

(i) higher levels of AZA/DAC due to reduced degradation to

uracil-moieties; (ii) reduced genetic instability and thus

reduced risk of cytogenetic evolution and disease progression;

(iii) on the downside, DNMT1 depletion may be slightly

hampered, although one might expect the multitude of

collateral pathways for DNMT1 depletion to compensate for

this. Interestingly, blockade of tumor necrosis factor a
(TNFa) and/or interleukin 12 (IL12) has been shown to

significantly suppress AID expression (Takai et al., 2012).

The Anti-TNFa antibody infliximab and the TNFa-receptor

fusion protein etanercept have been approved for clinical use

in other entities (psoriasis, Crohn’s disease, ulcerative colitis

for infliximab, as well as rheumatoid arthritis, psoriatic

arthritis, ankylosing spondylitis for etanercept), and have also

shown clinical activity in MDS (Deeg et al., 2002; Raza et al.,

2004; Scott et al., 2010a, b; Stasi et al., 2005). The xanthin

derivative pentoxifylline, approved for intermittent claudica-

tion from peripheral artery disease, also reduces the level of

various cytokines, including TNFa; clinical activity in MDS

and AML has been demonstrated (Erikci et al., 2008; Kim

et al., 2006; Raza et al., 2000a, b).

Molecular mechanisms of action of AZA and DAC

DNA-replication-dependent mechanism of DNMT1 depletion

AZA and DAC are inhibitors of DNMT1, which is completely

depleted after HMA exposure, whereas DNMT3A is signifi-

cantly less sensitive, and DNMT3B seems completely resist-

ant to HMA-induced depletion (Ghoshal et al., 2005).

DNMTs recognize C-G dinucleotides as their natural sub-

strate. Formation of a reversible covalent bond between the

DNA and DNMT is initiated by nucleophilic attack, which

drives the transfer of a methyl group (Figures 1 and 3A). The

covalent complex is then usually resolved, resulting in release

of the active DNMT enzyme.

The commonly accepted mechanism of action of HMAs is

based on the initial report that incorporation of these structur-

ally similar cytosine analogues into DNA inhibits the capacity

of DNMTs to methylate DNA (Santi et al., 1984). Once DAC

has been incorporated into DNA as a substitute for cytosine,

DNMTs recognize DAC-G dinucleotides as their substrate.

However, due to the slightly different chemical structure of the

cytosine analogues AZA and DAC, as compared to naturally

occurring cytosine (replacement of the cytosine C-5 by

nitrogen), the covalent bond formation between DNMT1 and

DAC-G becomes irreversible, which is in contrast to the

reversible covalent bond that is formed between DNMT1

and C-G. Therefore, DNMT1 cannot be released from

HMA-substituted DNA following methylation. This results in

DNA-replication-dependent covalent trapping, depletion of

functional DNMTs and loss of DNA methylation marks (Santi

et al., 1984). In addition, the unavailability of DNMT1 prevents

methylation of the newly replicated DNA strand. Thus,

aberrant DNA methylation patterns are no longer reproduced

in the daughter cells, leading to DNA demethylation and

subsequent gene (re-)activation (Christman, 2002; Stresemann

& Lyko, 2008). If re-expression of tumor suppressor genes

occurs, these may subsequently inhibit malignant proliferation.

Depending on which genes are re-induced, this may lead to an

effective host anti-leukemia immune response via ameliorated

antigen presentation through up-regulation of proteins

involved in (tumor) antigen processing and re-induction of

various cytokines and chemokines (Figure 3).

DNA-replication-independent mechanisms of DNMT1

depletion

Several observations show that the formation of tight covalent

complexes between DNMT1 and HMA-substituted DNA

alone cannot explain many aspects of HMA mechanism of

action, implicating additional DNA-replication-independent

mechanisms of action (Table 2). In brief, DNMT1 activity

decreases much faster than incorporation of HMAs into DNA

(Creusot et al., 1982; Ghoshal et al., 2002, 2005), and

DNMT1 depletion occurs even in the absence of (i) DNA

replication and cell division (Datta et al., 2012; Easwaran

et al., 2004; Ghoshal et al., 2005; Gius et al., 2004; Reither

et al., 2003), and/or (ii) incorporation of AZA into DNA

(Aimiuwu et al., 2012). This is, in part, thought to be due to

the conserved KEN-box, which is a signature sequence for

proteasomal degradation (Ghoshal et al., 2005). The data

detailed in Table 2 indicate that DNA-replication-dependent

covalent bond formation between AZA/DAC-substituted

DNA and DNMT1 is not always essential for enzyme

degradation.

The following alternative DNA-replication and DNA-

DNMT1 covalent bond formation independent pathway for

HMA-mediated DNMT1 depletion has been proposed: HMAs

induce degradation of DNMT1 in the nucleus via a
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proteasomal pathway that is dependent on HMA-induced

hyperphosphorylation of DNMT1 by protein kinase C delta

(PKCd) (Figure 3B). Phosphorylated DNMT1 is then targeted

to the ubiquitination machinery, with ensuing rapid protea-

somal degradation. Multiple domains within DNMT1,

including the KEN-box, nuclear localization signal (NLS)

and bromo-adjacent homology (BAH) domains, are required

for this process (Datta et al., 2012; Ghoshal et al., 2005). The

importance of the conserved KEN-box is underlined by the

observation that a DNMT1-KEN-box mutant is resistant to

AZA/DAC-mediated degradation (Ghoshal et al., 2005). In

this regard, both DNMT3A and 3B lack KEN-box, which

explains why they are not targeted for proteasomal degrad-

ation by HMAs (Ghoshal et al., 2005). Both BAH and NLS

are required for nuclear localization of DNMT1, which

explains their necessity for HMA-induced degradation.

Deletion of either of these domains results in cytoplasmic

localization of DNMT1 (Ghoshal et al., 2005).

Although PKC mutations are very uncommon in AML

(Redig & Platanias, 2008), the expression of various PKCs,

including PKCd, is often altered in both solid tumors and

hematologic malignancies (Parker et al., 2014). PKCs are

regarded as oncogenes and as participants in carcinogenesis

and leukemogenesis (Koivunen et al., 2006; Steinberg, 2004).

Elevated PKCd expression has been described in several

hematologic malignancies, including 45% of AML patients

(Pearn et al., 2007).

PKCd agonists would, in theory, enhance HMA-mediated

DNMT1-depletion and possibly result in enhanced blast cell

apoptosis via other mechanisms, as has been observed in solid

tumors (Datta et al., 2012; Easwaran et al., 2004; Mochly-

Rosen et al., 2012; Reither et al., 2003). PEP005, is an

activator of various PKC isoenzymes, but its antileukemic

effects on primary AML cells in vitro rely upon the activation

of PKCd (Kedei et al., 2004). These include: (i) reduction of

the stem cell marker CXCR4, which is important for AML

cell migration; (ii) induction of differentiation and increase in

the expression of lineage-associated markers; (iii) induction

of apoptosis in leukemic cells, but not in normal CD34+

hematopoietic cells; (iv) immunomodulatory effects such as

increased T-cell recruitment, direct T-cell stimulatory effects,

upregulation of T-cell co-stimulatory molecules CD80 and

CD86 on dendritic cells, and induction of anticancer humoral

immune responses with enhanced antibody dependent cellular

cytotoxicity (Ersvaer et al., 2007, 2010; Hampson et al., 2005;

Olsnes et al., 2009). Thus, PKCd agonists such as PEP005 are

a tantalizing target in AML. Although PKCd modulators have

been assessed in vitro and in murine models as a targeted

cancer therapy, clinical trials have thus far only been

performed with topical formulations in actinic keratosis, for

which approval was gained. Systemic formulations have not

yet reached clinical trials (Mochly-Rosen et al., 2012).

RNA-dependent inhibition of ribonucleotide

reductase (RR) by AZA

As mentioned above, the majority (80–90%) of AZA is

incorporated into RNA, resulting in mRNA and protein

metabolism disruption, leading to apoptosis (Figure 3C;

Aimiuwu et al., 2012; Hollenbach et al., 2010; Li et al., 1970).

The first reports of AZA-mediated alteration in the processing

of tRNA and rRNA, as well as inhibition of protein synthesis

go as far back as 1973 (Cihak et al., 1974; Glover & Leyland-

Jones, 1987; Lu & Randerath, 1980; Reichman & Penman,

1973).

Ribonucleotide reductase (RR) is the rate-limiting enzyme

in DNA synthesis and consists of two subunits, RRM1 and

RRM2. It generates the deoxyribonucleotides required for

DNA synthesis and/or repair. AZA has recently been shown

to be a potent and specific inhibitor of RRM2 in a murine

AML model, AML cell lines, as well as in primary bone

marrow cells from AML patients (Aimiuwu et al., 2012).

Table 2. DNA-replication-independent mechanisms of DNMT1 depletion.

DNA-replication-independent mechanisms of DNMT1 depletion References

1 DNMT1 activity decreases much faster than incorporation of HMAs into DNA (as early as 6 h after HMA
exposure)

Creusot et al. (1982)

2 Proteasomal degradation of DNMT1 starts earlier than the incorporation of HMAs into DNA and the
subsequent covalent complex formation with DNMT1.

Ghoshal et al. (2005)

3 Only minor substitution of 5-azacytosine for cytosine in DNA (approximately 0.3%) seems to be sufficient to
inactivate more than 95% of DNMT1

Creusot et al. (1982)

4 The depletion of DNMT1 occurs even in the presence of a potent inhibitor of
DNA-synthesis. Therefore, HMA-induced alterations in gene expression and DNMT1 degradation can
also occur independently of cell division and in the absence of DNA replication

Ghoshal et al. (2005),
Gius et al. (2004)

5 Although all three DNMTs have the capacity to bind HMA-incorporated DNA, only DNMT1 is rapidly,
selectively and completely depleted after HMA exposure. This is thought to be due to the conserved KEN-
box, which is a signature sequence for proteasomal degradation, located near the N-terminus of DNMT1
(but not DNMT3A/B)

Datta et al. (2012),
Ghoshal et al. (2002, 2005)

6 Dose-dependent degradation of DNMT1 still occurs in cells expressing aberrant DNMT1 that has lost the
ability to bind (HMA-substituted) DNA due to mutation at the DNMT1 catalytic site, which participates in
covalent bond formation between DNMT1 and C-G or DAC-G dinucleotides in the DNA

Datta et al. (2012),
Reither et al. (2003)

7 RR knockout blocks the conversion of AZA-MP to DAC-MP, and thus abrogates AZA incorporation into
DNA. However, DNMT protein levels were depleted none the less, indicating that DNA-replication-
independent mechanisms must be involved

Aimiuwu et al. (2012)

8 It has been shown that DNMT1 not only loads onto chromatin in S-phase, but also during G2 and M-phases Easwaran et al. (2004)

AZA, 5-azacitidine; C, cytosine; DAC, 5-aza-20-deoxycytidine azacitidine; DNMT, DNA methyltransferase; G, guanine; HMA, hypomethylating
agents; MP, monophosphate; RR, ribonucleotide reductase.
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Incorporation of AZA into RNA decreases RRM2 mRNA

stability and inhibits RRM2 gene expression. Inhibition

and/or down-regulation of RR causes a major perturbation

of the deoxyribonucleotide pool, with a significant dose-

dependent decrease of intracellular levels of all four

deoxyribonucleotide levels by 60–90%. Furthermore, the

conversion of AZA-diphosphate to DAC-diphosphate is

terminated in a self-limited manner (Aimiuwu et al., 2012).

These findings underline a profoundly different mode of

action between AZA and DAC, which may explain the

differences in observed clinical activities.

Interestingly, the RR inhibitor hydroxyurea was reported to

block the ability of both AZA and DAC to induce DNA

demethylation. This block was linked to cell cycle arrest in

S-phase, thus inhibiting DNA-replication-dependent mechan-

isms of both drugs (Choi et al., 2007). This antagonism could be

avoided with sequential treatment of hydroxyurea followed by

AZA or DAC (Choi et al., 2007).

Similarities and differences in dose-dependent effects and

mechanisms of action of AZA and DAC

AZA and DAC are usually viewed as mechanistically similar

DNA HMAs. As mentioned above, it has only recently been

(re-)acknowledged that AZA is mainly incorporated into

RNA, whereas DAC is exclusively incorporated into DNA.

Thus, the contention that AZA and DAC are interchangeable

drugs (Coke versus Pepsi) needs to be rethought as it

overlooks the additional mechanisms of action inherent to

AZA (but not DAC). These are mediated via incorporation of

AZA into newly synthesized RNA (including rRNAs, tRNAs,

mRNAs and microRNAs), and result in the inhibition of

protein synthesis.

Hypomethylating activity of AZA and DAC is only

observed at low concentrations. In AML cell lines, DNMT1

levels are dramatically reduced with 100 mM DAC or 1 mM

AZA. Furthermore, DNA hypomethylation occurs at even

lower concentrations (30 nM DAC or 300 nM AZA)

(Hollenbach et al., 2010). The difference in potency between

AZA and DAC is reflected by the lower clinically used dosages

(DAC:20 mg/m2 days 1–5; AZA: 75 mg/m2 days 1–7), and may

be explained by the fact that�85% of AZA is incorporated into

RNA and only �15% into DNA (Stresemann & Lyko, 2008).

However, only minor substitution of 5-azacytosine for cytosine

in DNA (approximately 0.3%) seems sufficient to inactivate

more than 95% of DNMT1 (Creusot et al., 1982). The potent

DNA hypomethylating activities of AZA and DAC are not

observed at higher concentrations (�3–10mM), reflecting

direct cytotoxicity, which is mediated by induction of apoptosis

through DNA double strand breaks (Hollenbach et al., 2010).

Quantitative measurements of intracellular AZA-triphos-

phate and DAC-triphosphate levels are crucial, as they

represent the amount of ‘‘activated’’ drug available for

RNA- and DNA-incorporation, respectively. Furthermore,

little is known about the quantitative pharmacokinetics of

both drugs, and insight into this area may help improve dosing

regimens. Several months ago, the first assay for quantitative

detection of AZA-triphosphate in peripheral blood mono-

nuclear cells was published (Derissen et al., 2014). Although

sample number was very limited, AZA-triphosphate levels

were 2.5–55 times higher than DAC-triphosphate concentra-

tions previously published by the same group (Derissen

et al., 2014; Jansen et al., 2012). This reflects the com-

mon difference between ribonucleotide (incorporated into

RNA) and deoxyribonucleotide (incorporated into DNA)

concentrations; endogenous ribonucleotide concentrations are

typically several orders of magnitude higher than the corres-

ponding deoxyribonucleotide concentrations (Cohen et al.,

2009).

In vitro comparison of both drugs in human AML cell lines

supports distinction of AZA and DAC as non-equivalent

agents. Although shared mechanisms of action were revealed

for DNA-incorporation-mediated markers of activity for AZA

and DAC (e.g. DNMT1 depletion, DNA hypomethylation and

DNA damage induction), distinctly different effects in their

action on sensitivity/cell viability (AZA had a greater effect

on reduction of cell viability), total protein synthesis (reduced

only by AZA), and gene expression were reported

(Hollenbach et al., 2010). HMA-modulated gene expression

profiles were largely non-overlapping and drug-specific. Only

5–25% of the identified genes were regulated by both drugs.

Generally, AZA regulated a greater number of genes than

DAC (approximately twice as many after 48 h). AZA

significantly down-regulated genes involved in the cell

cycle, cell division and mitosis, whereas DAC preferentially

up-regulated genes involved in cell differentiation (Flotho

et al., 2009; Hollenbach et al., 2010). Mechanisms of

resistance are also at least partly non-overlapping (Qin

et al., 2009).

In summary, the differential effects of both drugs are very

likely attributed to the incorporation of AZA into RNA.

Importantly, AZA may have activity during all phases of the

cell cycle via RNA incorporation, whereas DAC incorpor-

ation into DNA is restricted to S-phase, and may limit the

number of affected cells at any given time (Hollenbach et al.,

2010).

Initially, it was believed that DAC would be the more

potent inhibitor of DNA hypomethylation (compared to

AZA), as it can more readily be incorporated into DNA

(100% DAC incorporation into DNA, as compared to 10–20%

in the case of AZA) (Jones et al., 1983). However, survival

data indirectly suggest clinical superiority of AZA (Fenaux

et al., 2009; Gurion et al., 2010; Kantarjian et al., 2012;

Kumar et al., 2010; Lee et al., 2013). It is thought that this

may be precisely due to, and not despite, the fact that AZA is

mainly incorporated into RNA (and not DNA) (Santini,

2009).

Effect of HMAs on transcriptional regulation

Effect of HMAs on DNA demethylation – correlation with

response?

As previously discussed, cancer cells usually exhibit global

hypomethylation and local hypermethylation of promoter

regions. The events underlying genomic hypomethylation and

localized hypermethylation of tumor suppressor genes in

cancer cells, and why or how these types of genes are

targeted, remain unclear. Interactions between regions of

chromatin are pervasive and highly cell-type specific, and the

mechanisms responsible for regulating the activity and
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kinetics of de novo methylation are poorly understood. In a

model using colorectal cancer cell lines treated with DAC, it

seems that feedback mediated regulation of DNMT activity

remains intact in non-CIMP cells, but is defect in CIMP cells.

In the latter, remethylation started without time-delay at a

significantly slower rate, and continued at a constant low level

(Wodarz et al., 2013). Thus, HMAs only achieve transient

reactivation, with transcriptional silencing being restored

approximately 2–4 weeks after drug exposure (Wodarz et al.,

2013; Wong et al., 2013). This is why it is essential to adhere

to the 4weekly treatment regimen.

Although aberrant DNA methylation is the most studied

epigenetic alteration in MDS and AML, its role in prognosis

and response to therapy is still unclear. Total genomic 5-mC

levels decreased on average by 14% in AML patients treated

with DAC (Klco et al., 2013; Yang et al., 2006), and global

reductions in methylation were also observed in isolated AML

blasts (Claus et al., 2013). Both oral and subcutaneous

application of AZA significantly decreased both the number,

as well as the methylation level, of highly methylated loci.

Maximal effects were observed at day 15, but methylation

levels returned to near-baseline level by the end of each cycle

(day 28) (Garcia-Manero et al., 2011). Hypomethylation

induced by HMAs results in significant variation in nuclear

texture patterns, higher-order chromatin organization, distri-

bution of heterochromatin regions, and ultimately in chroma-

tin decondensation (Poplineau et al., 2013). Although

aberrant DNA methylation has primarily been studied in the

context of promoter CpG-islands in MDS and AML, it must

be borne in mind, that CpG-islands represent only a small

fraction of the methylome. In this regard, a very recent

genome-wide methylation study demonstrated that differen-

tial methylation in AML was most pronounced in genomic

areas far from CpG-islands, so-called ‘‘open sea regions’’ (Qu

et al., 2014). In this context, DAC induces methylation

changes with a preference for regions with higher baseline

methylation. CpG-islands within gene bodies showed the

same extent of DAC-induced hypomethylation as CpGs in

promoter regions (Klco et al., 2013; Yan et al., 2012), but

conflicting results exist (Wong et al., 2013).

Although some authors have observed significant correl-

ation of HMA-induced hypomethylation with response and

overall survival (Shen et al., 2010; Yang et al., 2006),

uncertainty remains regarding the prognostic value of

hypomethylation induction (Khan et al., 2013; Shen et al.,

2010; Voso et al., 2014). Global methylation does not seem to

differ between responders and non-responders to AZA or

DAC (Daskalakis et al., 2002; Fandy et al., 2009).

Hypomethylation occurred independently of the presence of

significant disease and/or persistent cytogenetic aberrations

(Yan et al., 2012). This failure to discriminate clinical

responders from non-responders based on baseline methyla-

tion levels and/or changes in methylation treatment, has been

attributed to the limitations of current techniques available to

measure ‘‘global’’ DNA methylation (Voso et al., 2014).

Measurement of global methylation levels cannot differentiate

whether measured changes in methylation reflect: (i) thera-

peutic hypomethylation of the MDS/AML clone; (ii)

cytoreduction resulting in decreased leukemia burden; or

(iii) if they are a result of normal bone marrow recovery at the

time of disease remission. It must further be considered that

global methylation levels in blood DNA may vary in relation

with age, gender, alcohol drinken, white blood cell count, as

well as with the method used for methylation detection

(Maegawa et al., 2014; Zhu et al., 2012). New methods, such

as single-cell DNA-methylation analyses, may be more

appropriate (Lorthongpanich et al., 2013).

Effect of HMAs on histone modifications –

combinatorial therapeutic approaches

Genome-wide methylation studies have revealed that although

HMAs induce global demethylation, only a limited number of

genes are significantly reactivated, indicating the CpG

demethylation is essential, but not sufficient to induce gene

reactivation (Yang et al., 2012). As delineated above,

methylation of DNA promoter elements and post-translational

methylation/acetylation of histones, act in concert to epigen-

etically regulate gene expression. The movement of promoters

and enhancers in and out of higher-order chromatin structures

are associated with histone modifications. Again, the factors

governing these changes are incompletely understood.

There is evidence of crosstalk between DNA methylation

and histone post-translational modifications, whereby histone

modifications are thought to provide labile transcriptional

repression, and DNA methylation results in more permanent

gene silencing (Cedar & Bergman, 2009; Ikegami et al., 2009;

Raynal et al., 2012). Although detailed studies of histone

modifications in MDS and AML remain to be described, they

are thought to be critically involved in hematologic diseases,

including leukemias (Issa, 2010). Several years ago, it was

demonstrated that DAC induced gene expression is not

necessarily dependent on DNA demethylation: DAC was

shown to force expression from genes with persisting

promoter CgP-island hypermethylation, which suggests that

DAC is capable of influencing other factors involved in gene

expression (Mossman et al., 2010). Recent data indicate that

long-term transcriptional reactivation of epigenetically

silenced genes with DAC cannot be adequately explained by

DNA hypomethylation alone.

It is becoming increasingly clear, that HMA induced gene

reactivation not only involves DNA methylation states, but

also the balance between histone H3K4 and H3K27 methy-

lation, as well as H3 acetylation. These histone modifications

clearly define solid tumor cell lines with alternate respon-

siveness to HMA treatment (Mayor et al., 2011; Mossman

et al., 2010). In a first step, DAC induces DNA demethylation,

which is followed by rapid enrichment of (i) acetylated

(ac)H3K9/14, (ii) trimethlyated H3K4(me3), and (iii) the

histone variant H2A.Z, at demethylated promoter regions.

This ultimately results in nucleosome depletion, which plays a

key role in reconstructing chromatin architecture around

demethylated promoters, leading to transcriptional activation

(Yang et al., 2012). Of relevance, H2A.Z was shown to

promote DAC induced gene re-expression, but had minimal

effects on constitutively active genes (Yang et al., 2012). It

has been demonstrated that long-term gene reactivation

requires increased H3 acetylation, increased H3K4 trimethy-

lation, hypomethylation of H3K27, in addition to DNA

hypomethylation (Mossman et al., 2010). In contrast,

270 L. Pleyer & R. Greil Drug Metab Rev, 2015; 47(2): 252–279



hypermethylated genes that did not show increased H3

acetylation were only transiently re-expressed by DAC,

before reverting to an inactive state (Mossman et al., 2010).

This has been further underlined by intriguing observations

that HDAC inhibitors can reactivate silenced genes without

affecting their hypermethylated promoter state (Raynal et al.,

2012).

All of the above findings provide a preclinical rational to

combine DNMT inhibitors with drugs that inhibit

histone methylation (inhibitors of HMTs) and/or facilitate

histone acetylation (HDAC inhibitors). In vitro synergistic

data provides theoretical promise of combining DNA-HMAs

with HDAC-inhibitors (Zhu & Otterson, 2003) and/or inhibi-

tors of histone methylation (Fiskus et al., 2009; Momparler

et al., 2012, 2014; Zhou et al., 2011). However, clinically

relevant results are yet to be demonstrated (Garcia-Manero,

2012; Quintas-Cardama et al., 2011; Stintzing et al., 2011).

Conclusions

Knowledge regarding the exact role of methylation and, in

particular, oncoprotein-driven site-specific methylation is

scarce. Measurable changes in methylation are likely markers

of drug-bioavailability and adequate concentration, and

appear necessary for response to HMA. However, demethyla-

tion of promoter regions by itself is insufficient for gene

reactivation and response, and requires additional epigenetic

changes in histones/nucleosomes.

A plethora of aberrations (e.g. loss-/gain-of-function

mutations or up-/down-regulation) in components of the

methylation machinery have been implicated in the develop-

ment of MDS/AML. Moreover, as mere assessment of

changes in global methylation status is unlikely to predict

response or overall survival to commonly used HMAs in these

patients, many of these components have become targets for

predicting treatment outcomes. In particular, data have shown

that mutational assessment of DNMT3A and TET2 may

provide prognostic information for the likelihood of response

and progression-free survival in patients treated with HMAs.

Modulation of HOX genes and the transcription factor PU.1

may also be relevant for response prediction. Proteins

involved in the intracellular transport and metabolism of

HMAs are also under investigation as potential biomarkers for

response or resistance to HMA therapy.

In addition to these potential predictors of treatment

outcomes with HMAs, many components of the methylation

machinery have been identified as novel therapeutic targets

themselves. Notable examples include mutant IDH1 and

UHRF1. It is clear from the data discussed in this review that

the HMAs AZA and DAC have only partly overlapping

mechanisms of action. This is likely due to AZA being

incorporated into both DNA and RNA, while DAC is

incorporated into DNA only. These differing biochemical

interactions set the stage for us to speculate that there may be

additive or synergistic effects when both drugs are combined.

In the last decade, much insight has been gained

regarding the epigenetic machinery, as well as on basic

molecular mechanisms of action of HMAs. However, despite

this new wealth in knowledge, almost nothing is known

about the precise factors that translate above discussed

modes of action into clinical efficacy. Our current under-

standing remains rudimentary regarding how, why, and in

whom, HMAs result in clinical efficacy significantly

prolonging overall survival in approximately half of the

patients, while being inefficacious in the other half. Further

genome-wide analyses of the methylome is expected to bring

more clarity into the complexity of epigenetic dysregulation

in MDS and AML. Hopefully, methylation signatures will be

reveiled, that can be used for prognostication, therapeutic

decision making, and/or monitoring of therapeutic response.
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