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ABSTRACT
DNA methylation is a well-established epigenetic mechanism regulating gene expression. It
has essential functions in cells under physiological as well as pathological conditions. In acute
myeloid leukemia (AML), aberrant DNA methylation has been confirmed in the pathogenesis
and progression of the disease. Changes in DNA methylation of promoters, or other regions,
are studied primarily with respect to pathways that are involved in tumor transformation and
DNA methylation impact on prognosis. Clinical importance of DNA methylation has been
confirmed by a number of recent publications. According to the Cancer Genome Atlas
(TCGA) Research Network, mutations of genes involved in DNA methylation are found in
44% of AML patients at diagnosis. However, the impact of these mutations on specific DNA
methylation and gene expression remains controversial.
We examined 79 AML patients at diagnosis for DNA methylation of 12 selected genes
(CDKN2B, CALCA, CDH1, ESR1, SOCS1, MYOD1, DAPK1, TIMP3, ICAM1, TERT,
CTNNA1, EGR1) – some of them proved as tumor suppressor genes and 24 HOX genes, and
in parallel for mutations in DNMT3A. We observed lower levels of DNA methylation
(P<0.0001) as well as lower numbers of concurrently hypermethylated genes (P<0.0001) in
patients with DNMT3A mutations. Our study of the impact of DNA methylation on prognosis
revealed a relation between higher DNA methylation and better patients' outcome. Lower
levels of methylation were connected with higher relapse rates and inferior overall survival.
By the use of targeted bisulfite sequencing and microarray expression profiling, we analyzed
14 AML patients at diagnosis and CD34+ pool of healthy donors. Hierarchical clustering
analysis of DNA methylation and expression data revealed a novel cluster specific to CBFBMYH11 fusion gene resulting from inversion of chromosome 16 - inv(16) or translocation of
chromosome 16 - t(16;16). Regions unique for this cluster were preferentially hypomethylated
and enriched for genes previously described as overexpressed in CBFB-MYH11 AML.
Further, by comparing all targeted methylation and microarray expression data, PBX3
differential methylation was found to correlate with its gene expression. PBX3 has recently
been shown to be a key interaction partner of HOXA9 during leukemogenesis and we
revealed higher incidence of relapses in PBX3-overexpressing patients.
Altogether, we showed a clear connection between hypomethylation of selected genes and
DNMT3A mutations. We also discovered new genomic regions with aberrant DNA
methylation associated with expression of genes involved in leukemogenesis.
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ABSTRAKT
Metylace DNA je epigenetický mechanismus, který se významnou měrou podílí na regulaci
genové exprese. Nezastupitelnou roli hraje při fyziologických, ale i patologických buněčných
procesech. U akutní myeloidní leukémie (AML) má aberantní metylace DNA důležitou úlohu
v patogenezi a progresi onemocnění. Pozměněná úroveň metylace DNA v promotorových a
dalších oblastech je zkoumána především s ohledem na objasnění signálních drah zapojených
v nádorové transformaci a její význam pro prognózu pacienta. Klinická důležitost metylace
DNA byla potvrzena řadou nedávných publikací. Podle dat iniciativy Cancer Genome Atlas
(TCGA) se u 44% pacientů s AML při diagnóze nacházejí mutace v genech přímo zapojených
do regulace metylace DNA. Nicméně vliv těchto mutací na komplexní změny metylace DNA
i genové exprese zůstává nejednoznačný.
Vyšetřili jsme metylaci DNA u 12 vybraných genů (CDKN2B, CALCA, CDH1, ESR1,
SOCS1, MYOD1, DAPK1, TIMP3, ICAM1, TERT, CTNNA1, EGR1) – některé z nich byly
potvrzeny jako tumor supresorové geny a 24 HOX genů společně s mutacemi v genu
DNMT3A u 79 pacientů s AML při diagnóze. U pacientů s mutacemi v genu DNMT3A jsme
našli nižší úroveň metylace DNA (P<0.0001) i nižší počet současně hypermetylovaných genů
(P<0.0001). Dále jsme objevili spojitost mezi vyšší úrovní metylace a lepší prognózou. Nižší
hladiny metylace byly spojeny s četnější frekvencí relapsů a s horším přežitím.
Targetovaným bisulfitovým sekvenováním a expresním profilováním jsme vyšetřili 14
pacientů s AML při diagnóze a směs CD34+ buněk zdravých dárců. Hierarchická klastrovací
analýza metylačních a expresních dat odhalila nový klastr specifický pro CBFB-MYH11 fúzní
gen vzniklý inverzí chromozomu 16 - inv(16) či translokací chromosomu 16 - t(16;16).
Oblasti unikátní pro tento klastr byly převážně hypometylované a přiřazené ke genům, které
byly již dříve popsány jako zvýšeně exprimované u pacientů s CBFB-MYH11. Korelací
expresních a metylačních dat jsme našli diferenciální metylaci genu PBX3 korelující s jeho
expresí. PBX3 byl nedávno popsán jako klíčový vazebný partner HOXA9 během
leukemogeneze. U pacientů se zvýšenou expresí genu PBX3 jsme detekovali vyšší incidenci
relapsů.
Naše výsledky ukázaly jasnou spojitost mezi hypometylací vybraných genů a mutacemi
v genu DNMT3A. Dále jsme objevili nové genomické oblasti ovlivněné aberantní metylací
DNA, které jsou spojeny s expresí genů zapojených v leukemogenezi.
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I.

INTRODUCTION

1. Epigenetics
Virtually, each cell in human body has the same genetic information (with only few
exceptions such as B and T cells, cells with acquired mutations etc.) and it is also
characterized by a spectrum of its unique proteins, which reflects actively transcribed genes.
Epigenetics is the study of heritable changes in gene expression patterns responsible for
different phenotypes corresponding to one genotype (Berger et al., 2009). In other words,
single genome may give rise to several epigenomes in reaction to environmental conditions,
developmental stages, tissue specificity etc. The epigenome consists of all epigenetic
modifications within a cell or an organism.
DNA is packaged within the nucleus of each cell in the form of chromatin, which is a
complex of DNA, RNA and proteins. Histones are basic proteins and DNA is wrapped around
them to form nucleosome - basic structural unit of chromatin. Chromatin is a highly dynamic
structure and provides functionality to the genome. There are two forms of chromatin in the
nucleus that reflect the activity of underlying DNA – euchromatin and heterochromatin.
Euchromatin marks transcriptionally active DNA that is loosely packed. Heterochromatin is a
hallmark of transcriptionally inactive DNA and is packed densely (Huisinga et al., 2006).
The mechanisms that control packaging of chromatin and thus gene expression are called
epigenetic mechanisms and include histone modifications and chromatin remodelling, DNA
methylation and RNA-based mechanisms. Altogether, these processes decide about switching
on and off of the majority of genes, except for those being constitutively expressed
(housekeeping genes). All three main epigenetic mechanisms often cooperate. Particularly,
DNA methylation and specific histone modifications are often synergistic.

1.1.

DNA methylation

DNA methylation has been studied intensively and has a broad range of functional effects
under physiological as well as pathophysiological conditions. In humans (and mammals in
general), it consists of covalent addition of a methyl group (CH3-) to the fifth carbon of
cytosine residue in the CpG dinucleotides. Non-CpG methylation (CpHpG or CpHpH, where
5

H is A, T or C, ‘p’ represents the phosphodiester bond linking two adjacent nucleotides) is
prevalent in embryonic stem cells and rare in somatic cells (Lister et al., 2009). The addition
of the methyl group is catalysed by DNA methyltransferases (DNMTs). DNMTs act in a
presence of S-adenosyl-L-methionine (SAM), which serves as a donor of the methyl group
(Figure 1-1). DNA methylation occurs as maintenance or de novo. Maintenance of DNA
methylation is responsible for preservation of pre-existing DNA methylation patterns and
enables its transfer between parent and daughter cells. De novo DNA methylation mediates
the formation of a DNA methylation pattern in a response to changing conditions of the
cellular environment. DNMT1 is involved primarily in maintenance methylation, while
DNMT3A and DNMT3B cooperate in de novo DNA methylation (Leonhardt et al., 1992;
Okano et al., 1999). However, DNMT3A and DNMT3B were also described to participate in
the maintaining of methylation status in some cell types (Chen et al., 2003b; Liang et al.,
2002). The importance of DNA methylation is underlined by the fact that DNMT1 and
DNMT3B knockout mice display embryonic lethality and DNMT3A knockout mice are born
alive but die within a few weeks after birth (Li et al., 1992). The action of DNMTs enables
DNA methylation to be a long-term, relatively stable epigenetic trait, whose effects contribute
to maintenance of the cellular phenotype.
CpG dinucleotides are not distributed evenly within the genome, but they are overrepresented
in CpG islands (CGIs). CGIs are predominantly nonmethylated in otherwise heavy
methylated genome and approximately 70% of annotated gene promoters are associated with
them (Saxonov et al., 2006). Methylated cytosines have tendency to turn into thymines
because of spontaneous deamination and as a result CpGs are maintained mainly in the
regions where there is selective pressure to keep them or unmethylated regions such as CGIs.
The definition of a CpG island is a region at least 200 bp long, with a GC content greater than
50%, and with an observed-to-expected CpG ratio greater than 60%. Human genome consists
of 28691 CGIs according to UCSC browser (GRCh37/hg19). There is a strong correlation
between CGIs and transcription initiation. Even CGIs remote from annotated transcription
start sites (TSSs) show evidence for promoter function (Illingworth et al., 2010; Maunakea et
al., 2010).

6

Figure 1-1: Formation of 5-methylcytosine from cytosine by DNA methyltransferase
(DNMT) in the presence of S-adenosyl-L-methionine (SAM) that is converted to S-adenosylL-homocysteine (SAH) (Adapted from Richardson, 2007)

1.2.

Histone modifications and chromatin remodelling

The basic unit of chromatin is nucleosome, which consists of an octamer of two molecules of
each of the four histone molecules (H2A, H2B, H3 and H4), and around which is wrapped
147 bp of DNA. Another type of histone (linker histone, H1) binds to the DNA between the
nucleosomes. The core histones are highly conserved basic proteins with globular domains
around which the DNA is wrapped with relatively unstructured flexible tails that protrude
from the nucleosome. These N-terminal tails are subject to a variety of post-translational
modifications. Histone modifications include acetylation, methylation (mono-, di-, and trimethylation), phosphorylation, ubiquitylation, SUMOylation, biotinylation and ADPribosylation (Berger, 2007). However, there are many other types of histone modifications
(Tan et al., 2011).
The effect of these covalent alterations on chromatin structure is dependent on the type and
location of the modifications. The histone code hypothesis assumes that specific histone
modifications and their combinations represent unique biological functions in regulating of
associated genomic regions (Campos and Reinberg, 2009). Importantly, there is interplay
between DNA methylation and histone modifications, which may work in both directions.
DNA methylation can establish histone modifications or certain histone marks may set DNA
7

methylation patterns. This bidirectional crosstalk is ensured mainly via enzyme interactions
(Cedar and Bergman, 2009). It is now generally accepted that histone modifications provide
labile transcriptional repression whereas DNA methylation represents a more stable silencing
mechanism.
Acetylation and methylation are the most well-characterized histone modifications affecting
chromatin state (Figure 1-2). Histone acetylation mediated by histone acetyltransferases
(HATs) is altogether with trimethylation of H3K4, H3K36 or H3K79 characteristics of
euchromatin. On the contrary, trimethylation of H3K9, H3K27 and H4K20 is enriched in
condensed heterochromatin. Moreover, active and repressive modifications are not always
mutually exclusive as shown by existence of bivalent domains, segments of the nucleosome
array, in which H3K4me3 (an active mark) and H3K27me3 (a repressive mark) coexist on
most individual nucleosomes within the domain (Bernstein et al., 2006). Action of histones
deacetylases (HDACs) leads to transcriptional repression by removing the negatively charged
acetyl group. This results in closer interaction between DNA and histones.

Figure 1-2: Schematic overview of epigenetic modifications and effects on chromatin
structure and accessibility of genes (Adapted from Martens and Stunnenberg, 2013)
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Additionally to histone modifications, chromatin structure is also controlled by chromatin
remodeling complexes. These complexes are represented by families of enzymes that use
energy of ATP hydrolysis to change arrangement or composition of nucleosomes and thus
exposing the DNA-histone contacts. They act in concert with other cellular enzymes in the
regulation of transcription, chromosome segregation, DNA replication, and DNA repair
(Morrison and Shen, 2009).

1.3.

RNA-based epigenetic mechanisms

RNA interference (RNAi) is a mechanism that uses short antisense RNA to inhibit translation
or to degrade cytoplasmic mRNA by post-transcriptional gene silencing.
Three classes of small RNA can regulate genes by targeting transcripts in the cytoplasm.
These are: microRNAs (miRNAs), which are hairpin-derived RNAs with imperfect or perfect
complementarity to targets and cause either translational repression or mRNA degradation;
small interfering RNAs (siRNAs), which have perfect complementarity to targets and cause
transcript degradation; and PIWI-intereacting RNAs (piRNAs), which target transposon
transcripts in animal germ lines (Carthew and Sontheimer, 2009).
Micro-RNAs (miRNAs) are endogenous non-coding RNAs (usually 21-25 nucleotides long)
that regulate gene expression at the posttranscriptional level by targeting messenger RNAs
(mRNAs). miRNAs are derived from imperfect hairpin structures present in long non-coding
RNA precursors or introns (of coding or non-coding genes), and are processed in two
consecutive cleavage steps by Drosha and Dicer (Figure 1-3). They bind to the sites with
perfect or imperfect complementarity in the 3’ untranslated region (UTR) of a target mRNA.
This represses translation (imperfect complementarity) or leads to mRNA degradation
(perfect complementarity), either of which ends up with gene silencing. Genes encoding
miRNA can be regulated by other epigenetics modifications (such as DNA methylation and
histone modifications) similarly to protein-coding genes. In turn, some miRNAs, called epimiRNAs, were recognized to directly target enzymatic effectors involved in epigenetic
modulation. De novo DNA methylation regulated by miRNA was demonstrated in mouse
embryo stem cells (Benetti et al., 2008; Sinkkonen et al., 2008). Therefore, there is an
evidence for a regulatory loop between miRNAs and DNA methylation/histone modifications.
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Figure 1-3: A primary miRNA (pri-miRNA) transcript is transcribed in the nucleus,
processed by enzymes Drosha and Pasha, exported into the cytoplasm and further processed
by Dicer. The mature miRNA represses protein production either by blocking translation or
causing transcript degradation (Adapted from Mack, 2007).
In addition to small regulatory RNAs involved in RNAi, human genome encodes for long
non-coding RNA (lncRNAs) that are usually defined as being longer than 200 nucleotides
(Ponting et al., 2009). The thorough functions of lncRNAs are currently being under heavy
investigations. However, there are several well-known examples of lnc RNAs playing role in
modifying of chromatin. For example, Xist (X-inactive specific transcript) lncRNA recruits
Polycomb Repressive Complex 2 (PRC2) to the inactive X-chromosome where it
trimethylates H3K27 to H3K27me3, which serves as a repressive chromatin mark (Zhao et
al., 2008).
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2. DNA methylation under physiological conditions
Proper establishment and maintenance of DNA methylation patterns are crucial for normal
development and functioning of the adult organism. DNA methylation is involved in a variety
of biological processes and is essential for silencing retroviral elements, regulating tissuespecific gene expression, genomic imprinting, and X chromosome inactivation.
Transposable and viral elements represent approximately half of the mammalian genome and
are inactivated by heavy methylation and/or mutations under normal circumstances (Schulz et
al., 2006; Walsh et al., 1998). If activated (e.g. by global hypomethylation), these elements
are potentially dangerous as their replication and insertion can lead to gene disruption and
DNA mutation, therefore causing genomic instability, which results from changes in genomic
structure and gene function by rearrangements, translocations, insertions, and deletions
(Cordaux and Batzer, 2009).
Early embryogenesis in mammals is the most critical period for the establishment of the
epigenome. During early embryogenesis, the genome becomes widely demethylated and only
small proportion of the genome including imprinted regions remains methylated. The
importance of the almost complete DNA methylation removal lies in re-expression of genes
that are necessary for restoration of totipotency in the pre-implantation embryo (Ng et al.,
2008). The global DNA methylation pattern is then re-established approximately at the time
of implantation. This global de novo DNA methylation is responsible for the onset of bimodal
pattern of methylation that ensures CpG islands remains mainly unmethylated whereas CpGs
in the rest of the genome are rather highly methylated (Cedar and Bergman, 2012). After this
phase, only targeted DNA methylation or demethylation takes place by sequence specific
targeting. This is important for establishing lineage-specific de novo methylation (Santos et
al., 2002) and silencing genes responsible for pluritotency such as OCT3/4 or NANOG
(Gidekel and Bergman, 2002). The second wave of demethylation (completed at embryonic
day 12-13) occurs in primordial germ cells and even imprinted genes are demethylated
(Hajkova et al., 2002; Reik and Walter, 2001). Following this process, methylation patterns of
imprinted genes are re-established by de novo methylation to secure correct transfer of parentof-origin information (Reik and Walter, 2001).
Genomic imprinting is an epigenetic process that involves both DNA methylation and histone
modifications in order to achieve monoallelic gene expression from one parental locus
11

without altering the DNA sequence. About 100 human genes are known to be imprinted.
These genes are located in evolutionarily conserved gene clusters (imprinted domains). These
clusters are controlled by an imprinting control region (ICR). The ICR is CpG rich and
methylated on one of the two parental alleles only and thus exhibits parental allele specific
effect on gene expression (Ferguson-Smith, 2011). Imprinted genes usually function as
regulators of cell growth.
DNA methylation in mammals plays also a central role in the maintenance of the inactive
state of randomly selected one female X chromosome and thus creating so called Barr body.
The process is directed by long non-coding RNA Xist that covers the entire chromosome
(Brown et al., 1991). This is followed by repressive histone modifications such as
deacetylation, H3K27 methylation by the PRC2 resulting in inactivation of many genes
(Cohen et al., 2005; Plath et al., 2003). Finally, DNA methylation provides stable long-term
inactivation (Hellman and Chess, 2007).
Soon after the completion of human genome project it became clear that without additional
information - of how the genome is marked in different tissues during specific developmental
periods - the human genome cannot be fully understood. Therefore, large-scale projects to
map epigenome have been initiated. There are more than 200 different cell types in mammals,
each of them containing the same genome, but using only a small and precisely defined
proportion of available genes (Inbar-Feigenberg et al., 2013). This tissue-specific
differentiation occurs without changes in DNA sequence and is possible due to tissue-specific
epigenetic changes. Differentiation requires a tightly synchronized cooperation of regulatory
proteins that are switched on and off with proper timing and spatial organization. Products of
genes responsible for undifferentiated stage are downregulated, whereas simultaneously genes
promoting differentiation are upregulated (Schönheit et al., 2014). For example, transcription
factor PU.1 is a main driver of myeloid-lineage commitment and its upstream regulatory
element (URE) is involved in PU.1 expression. Epigenetic silencing of PU.1 URE represents
an important regulatory mechanism often involved in pathogenesis of acute myelogenous
leukemia and myelodysplastic syndrome (Curik et al., 2012).

12

3. DNA methylation under pathophysiological conditions
Importantly, epigenetic modifications of chromatin may be modulated by external stimuli,
including nutrition, exercise etc., and thus provide a mechanism by which genome integrate
environmental signals into stable changes of gene expression. Diet constitutes one of the
major environmental factors that have a profound effect on many aspects of health and
disease.

3.1.

DNA methylation and cancer

First report demonstrating a link between DNA methylation changes and cancer was
published in 1983, when it was shown that cancer cells are hypomethylated compared to their
healthy counterparts (Feinberg and Vogelstein, 1983). Hypomethylation was primary found to
occur in repetitive regions, and results in genomic instability as a hallmark of cancer cells
(Eden et al., 2003). In addition, global hypomethylation of DNA has been detected also in
adjacent normal tissues in various cancers (Cho et al., 2010; Suter et al., 2004). Moreover,
global DNA hypomethylation levels measured in peripheral blood leukocytes was described
as a suitable biomarker for cancer risk assessment (Woo and Kim, 2012).
On the other hand, site-specific hypermethylation is often involved in tumor onset and
progression by affecting tumor suppressor genes (TSG). Silencing TSG induced by
hypermethylation results in cell cycle deregulation and subsequent loss of cell cycle control.
Furthermore, affected genes are also often involved in tumor metastatic potential, DNA
repair, cell signaling and apoptosis. Virtually, all cancer types are associated with specific
hypermethylation patterns and silencing of corresponding genes implicated in that certain type
of cancer development (Costello et al., 2000). Also hypomethylation may be site-specific and
thus promoting overexpression of known or putative oncogenes and microRNAs (Singal and
Ginder, 1999; Suzuki et al., 2013).
The fact that DNA methylation changes are detectable in the earliest phases of tumor growth
supports the role of DNA methylation for malignant initialization. Therefore, cancerogenesis
is demonstrably a combination of epigenetic and genetic changes. Identification of driver
epigenetic events is extremely important for developing more targeted epigenetic therapies. It
has been shown that cancer cells cannot survive in the absence of aberrant DNA methylation
of specific promoters (De Carvalho et al., 2012).
13

3.2.

DNA methylation and imprinting diseases

Imprinted genes have essential role in development and for that reason imprinting
abnormalities are often manifested by developmental and neurological disorders. Diseases
with proven role of disrupted imprinting are Prader-Willi and Angelman syndromes (the first
examples of genomic imprinting in humans), Beckwith–Wiedeman, Silver–Russel syndromes,
Albright hereditary osteodystrophy and uniparental disomy (Butler, 2009). In addition,
abnormal imprinting also contributes to a wide range of malignancies (Walter and Paulsen,
2003).

3.3.

DNA methylation and non-cancer diseases

Other chronic diseases than cancer are much less understood in terms of pathological
involvement of DNA methylation. However, there is an evidence of DNA methylation
changes in the biology of heart disease, asthma, depression and diabetes (Begin and Nadeau,
2014; Belot et al., 2013; Cao et al., 2014; Melas et al., 2012).
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4. DNA methylation in preleukemic and leukemic patients
Myelodysplastic syndrome (MDS) is a clonal hematologic disorder characterized by
ineffective hematopoiesis that frequently represents preleukemic disease stage before
progression to acute myeloid leukemia (AML) (Tefferi and Vardiman, 2009). AML is a
heterogeneous leukemia characterized by the blockage of myeloid differentiation at different
stages. DNA methylation may represent a pathological mechanism responsible of MDS/AML
transition. Increasing DNA methylation levels have been observed to correlate with disease
progression from MDS to AML (Jiang et al., 2009). Moreover, a recent study published the
occurrence of early aberrant DNA methylation events in development of AML in a murine
mode of AML driven by hypomorphic expression of PU.1 (Sonnet et al., 2014).
During the past decade, our knowledge about the molecular pathogenesis of MDS and AML
has dramatically improved and novel mutational targets have been identified. These newly
identified mutations often affect epigenetic regulators such as TET2, IDH1/2 DNMT3A,
ASXL1 and EZH2. The frequency of mutations in epigenetic modulators very probably
reflects the importance of epigenetic processes in the development and progression of MDS to
AML. This may be partially responsible for the efficacy of hypomethylating agents in the
treatment of MDS and elderly AML.

4.1.

Myelodysplastic syndrome (MDS)

Disruption of DNA methylation signature has been described at site-specific as well as
genome-wide levels in MDS patients (Figueroa et al., 2009). DNA methylation seems to be
directly involved in the progression of MDS to AML. Jiang and colleagues measured DNA
methylation levels by microarrays in early versus advanced stage MDS and AML. They found
increasing levels of DNA methylation during the disease progression towards AML.
Interestingly, they also performed SNP analysis that did not show increasing numbers of
SNPs in early versus advanced stages of MDS. This led to the idea that DNA methylation
may be the dominant mechanism of MDS to AML transition (Jiang et al., 2009).
Ten eleven translocation 2 (TET2) has been shown to represent one of the most frequently
mutated genes (identified in 19-26% of cases) in MDS (Delhommeau et al., 2009;
Langemeijer et al., 2009; Tefferi et al., 2009). TET2 encodes a protein directly involved in
conversion of 5-methylcytosine to 5-hydroxymethylcytosine and loss of TET2 function by
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gene mutations was associated with widespread disruption of DNA methylation patterns (Ito
et al., 2010).
Interestingly, TET2 mutations have been demonstrated to be mutually exclusive with
mutations of isocitrate dehydrogenase 1 and 2 (IDH1 and IDH2) occurring in 3.5–12% of
MDS patients (Bejar et al., 2011; Patnaik et al., 2012; Rocquain et al., 2010). Mutations of
IDH1/2 are gain of function and result into production of oncometabolite 2-hydroxyglutarate
that is a competitive inhibitor of α-ketoglutarate-dependent dioxygenases of TET family (Xu
et al., 2011). In other words, these two mutations both affect the same pathway by inhibiting
TET2 function and are involved in deregulation of DNA methylation pattern.
Another mutation in a gene directly related to DNA methylation is DNMT3A mutation. It
occurs in about 10% of MDS patients (Haferlach et al., 2014; Walter et al., 2011). The worse
clinical outcome and more rapid progression was proposed for MDS with DNMT3A mutations
(Thol et al., 2011; Walter et al., 2011), however this was not confirmed in further studies
(Bejar et al., 2012; Thol et al., 2012).

4.2.

Acute myeloid leukemia (AML)

Changes in DNA methylation pattern have been confirmed as a hallmark of AML as well as
one of the mechanisms responsible for AML pathogenesis (Sonnet et al., 2014). Mutations of
genes involved in DNA methylation have been revealed in 44% of AML patients at diagnosis
according to Cancer Genome Atlas Research Network (Ley et al., 2013). It is clear that DNA
methylation plays an important role in altering expression of genes that are crucial to
leukemogenesis. DNA methylation profiling of 344 AML samples discovered 16 subclasses
according to methylation signatures (Figueroa et al., 2010b). Some of these subclasses
reflected known cytogenetic or molecular subgroups such as PML-RARA, CBFB-MYH11, and
RUNX1-RUNX1T1 (AML1-ETO). The fact that AML cases could be separated according to
methylation signature, with some clusters highly enriched for specific genetic lesions has been
further confirmed in other studies (Akalin et al., 2012; Hajkova et al., 2014; Ley et al., 2013).
Importantly, even cases with no known genetic lesions enriched for clusters bearing specific
mutations, shared the prognostic implications of the group as a whole (Figueroa et al., 2010b).
Seemingly, epigenetic changes in leukemic cells occur in a specific and distinct manner and
appear to mark AML cases with different prognosis often independently of underlying genetic
changes. Preleukemic hematopoietic stem cells (HSCs) have been shown to be enriched for
16

mutations in genes involved in processes such as DNA methylation, histone modification and
chromatin looping. These “landscaping’’ genes play a central role in global regulation of gene
expression through epigenetic mechanisms and include these genes DNMT3A, IDH1, IDH2,
ASXL1, IKZF1, and the fusion gene CBFB-MYH11. Mutations in proliferative genes such as
NPM1, FLT3-ITD, NRAS, KRAS and others appear later in the leukemic clone evolution.
Importantly, preleukemic HSCs might often persist during remission and serve as a cellular
reservoir for relapse (Corces-Zimmerman et al., 2013). Therefore, targeting the earliest
mutations of epigenetic regulators in preleukemic HSCs will be of great clinical importance
and allow for more durable remissions and the eventual cure of AML.
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5. DNA methylation as a prognostic marker
5.1.

MDS

Cytogenetic abnormalities remain the most valuable independent prognostic factor in MDS.
Cytogenetic subgroups, bone marrow blast percentage, and cytopenias define MDS
prognostic groups according to the International Prognostic Scoring System (IPSS), which is
applied in clinical practice (Greenberg et al., 2012). However, new and increasing amount of
data about MDS molecular pathogenesis are arising from genomic studies. Many mutations of
genes involved in the epigenetic or the splicing machinery showed relevance in the
pathogenesis and outcome of MDS patients. Apparently, based on many studies, DNA
methylation itself has a significant importance for the prognosis of MDS. From a
methodological perspective, we can either follow site-specific or global DNA methylation
levels. The epigenetic complexity of MDS was revealed by numerous single locus and more
recently genome-wide studies of DNA methylation.
Gene CDKN2B (cyclin-dependent kinase inhibitor 2B) belongs among the best known genes
that are often inactivated by hypermethylation in MDS and is believed to contribute to the
initiation and progression of MDS. The protein encoded by CDKN2B negatively regulates the
cell cycle by inhibiting cyclin-dependent kinases (CDKs) 4 and 6, and cyclin D-CDK4/6
complexes. CDKN2B methylation was found to be more frequent in high-risk MDS (RAEB)
at the time of diagnosis, and to be associated with progression to AML (Cechova et al., 2012;
Kim et al., 2010; Tien et al., 2001; Quesnel et al., 1998; Uchida et al., 1997). SOCS1
(suppressor of cytokine signaling-1) hypermethylation was shown to be associated with poor
survival and occurred more frequently in normo-/hypercellular MDS patients than in
hypoplastic MDS patients (Huang et al., 2008). Recently, researchers reported connection
between high levels of global DNA methylation and a shorter overall survival as well as a
negative trend for leukemia-free survival within patients with de novo MDS (Calvo et al.,
2014).
As DNA hypomethylating agents are the only class of drugs approved for the treatment of
patients with higher-risk MDS, identifying patients who are most likely to respond to
treatment with hypomethylation treatment would be of immediate clinical utility. TET2
mutations have been proved to be associated with higher response rates to hypomethylating
agents, particularly when ASXL1 is not mutated (Bejar et al., 2014).
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5.2.

AML

Long-term survival is achieved in approximately 40% of younger (age<60 years) and
approximately 10% of older (age≥60 years) AML patients (Ferrara and Schiffer, 2013).
Therefore, looking for novel molecular aberrations associated with clinical outcome and
serving as potential therapeutical target is of a great importance. Nowadays, clinical practice
takes into consideration only cytogenetic and genetic lesions occurring in AML, whereas
other factors, including epigenetic changes, are not considered. Cytogenetic and molecular
genetic aberrations affecting the AML prognosis according to European Leukemia Net are
shown in Table 1-1.
Genetic Group
Subsets
Favorable
t(8;21)(q22;q22); RUNX1-RUNX1T1
inv(16)(p13.1q22) or t(16;16)(p13.1;q22); CBFB-MYH11
Mutated NPM1 without FLT3-ITD (normal karyotype)
Mutated CEBPA (normal karyotype)
Intermediate-I
Mutated NPM1 and FLT3-ITD (normal karyotype)
Wild-type NPM1 and FLT3-ITD (normal karyotype)
Wild-type NPM1 without FLT3-ITD (normal karyotype)
Intermediate-II t(9;11)(p22;q23); MLLT3-MLL
Cytogenetic abnormalities not classified as favorable or adverse
Adverse
inv(3)(q21q26.2) or t(3;3)(q21;q26.2); RPN1-EVI1
t(6;9)(p23;q34); DEK-NUP214
t(v;11)(v;q23); MLL rearranged
–5 or del(5q)
–7
abnl(17p)
Complex karyotype
Table 1-1: List of cytogenetic and genetic lesions in connection with prognosis in AML
patients according to ELN; ITD - internal tandem duplication (Adapted from Mrózek et al.,
2012)
However, to this date many studies have described that epigenetic changes, including DNA
methylation, have a prognostic impact in AML patients (Alvarez et al., 2010; Bullinger et al.,
2010; Figueroa et al., 2010b; Ley et al., 2013; Itonaga et al., 2014; Marcucci et al., 2014).
First studies evaluating DNA methylation in terms of AML prognosis were usually assessing
DNA methylation levels of a few single genes. Genes like CDKN2B, SOCS1, ESR1, ECAD
and several others stayed for a long time in the forefront of interest of researchers studying
DNA methylation prognostic impact. However, their methylation status in correlation to
prognosis was shown to be rather ambiguous (Chen et al., 2003a; Shimamoto et al., 2005).
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Genomic mutations of DNMT3A have been proved to be of prognostic relevance in AML
patients (Ley et al., 2010; Marcucci et al., 2012; Marková et al., 2012; Ribeiro et al., 2012).
However, the high relevance of DNMT3A enzyme for AML pathogenesis is also indicated by
high prevalence of so-called DNMT3A epimutations. The epimutations are defined as
heritable changes in gene activity not caused by changes in DNA sequence itself.
Interestingly, such epimutations by aberrant DNA methylation of an internal DNMT3A
promoter were recently described in about 40% of AML (Jost et al., 2013). These higher
DNMT3A methylation levels were associated with the similar changes in gene expression
pattern and poor prognosis as observed in DNMT3A-mutated AML patients. These data
suggest that both mutations and epimutations (DNA methylation status) of DNMT3A may be
taken into account for risk stratification.
The expression of myeloperoxidase (MPO), which is routinely measured by cytochemistry,
serves as marker of AML to determine the hematopoietic lineage of immature blasts as
myeloid and also provides information about the prognosis of AML patients (Matsuo et al.,
2003; Miyawaki et al., 2011). Itonaga et al. found that DNA methylation status of the MPO
gene correlated with both its expression and enzymatic activity in CD34+ cells from AML
samples (Itonaga et al., 2014). AML with high MPO levels (defined as > 50% MPO-positive
blasts by a cytochemical staining) displayed higher toxicity of chemotherapy through the
increased production of reactive oxygen species and the nitration of proteins, which leads to a
better treatment response (Nakazato et al., 2007; Sawayama et al., 2008). Interestingly,
opposite DNA methylation and expression patterns were found between MPO and DNMT3B
genes. As the function of DNMT3B is de novo DNA methylation, DNMT3B might methylate
and thus regulate MPO transcription (Itonaga et al., 2014).
Rather than assessment of DNA methylation of a single gene, DNA methylation status of
multiple loci is showing to be more predictive of prognosis. For example, methylation status
of loci associated with hematopoietic stem cells differentiation (n=561) was proved to be
independent prognostic factor in human AML in a total of 688 patients (Bartholdy et al.,
2014).
Marcucci et al. (2014) recently identified seven genes (CD34, RHOC, SCRN1, F2RL1,
FAM92A1, MIR155HG, and VWA8), whose differential methylation and expression is
associated with overall survival. They applied integrated approach that encompasses both
genetic and epigenetic information for prognostication and treatment response prediction.
Firstly, they looked for the prognostic DNA methylation profiles associated with known
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prognostic gene mutations. Secondly, they selected differentially methylated regions with
both impact on survival and influencing gene expression levels of adjacent genes. Finally,
they ended up with above mentioned seven genes, for which the lower the expression
(corresponding to higher DNA methylation) the better the outcome.
Not only methylation but hydroxymethylation of 5-methylcytosine (5-mC) as well might be
used for prediction of prognosis. High global 5-hydroxymethylcytosine (5-hmC) levels in
AML conferred to a worse prognosis in AML. On the other hand, global levels of 5-mC did
not have an effect on AML outcome (Kroeze et al., 2014).
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6. DNA methylation and gene expression
The human genome contains ~20 000 protein-coding genes (Collins et al., 2004). Specific
gene expression patterns are reprogrammed according to cell/tissue-specific requirements and
the transcriptional regulation is mediated by the interplay of ubiquitous and tissue-specific
transcription factors (TFs), and the epigenetic regulatory machinery. The fact that the control
of gene expression cannot be attributed solely to the functions of TFs is nicely demonstrated
on MPO (myeloperoxidase) gene regulation. Binding sites of TFs such as RUNX1 and
CEBPA are located within MPO regulatory (enhancer) regions and are considered as
important positive regulators of MPO in normal hematopoietic cells (Austin et al., 1998; Yao
et al., 2008). However, both CEBPA-double mutant and t(8;21) AML (resulting in RUNX1RUNXT1 fusion gene) were associated with high MPO positivity despite the dominant
negative effect of CEBPA double mutation on wild-type CEBPA activity and RUNX1RUNXT1 on RUNX1. This suggests different regulation of MPO in leukemic cells than in
normal hematopoietic cells, which is in agreement with DNA methylation involvement in
MPO regulation that has been recently observed in CD34+ AML blasts (Itonaga et al., 2014).
First studies demonstrating that DNA methylation is involved in gene regulation and cell
differentiation are from the 1970s and early 1980s (Holliday and Pugh, 1975; Compere and
Palmiter, 1981). Originally, increased DNA methylation of promoter regions has been
associated with decreased transcriptional activity of adjacent genes. In contrast, new methods
enabling the analysis of DNA in different genomic contexts showed that DNA methylation
within gene bodies has a positive effect on transcription and can also affect alternative
splicing. Currently, it is obvious that the function of DNA methylation depend on genomic
context and external stimuli, and has a more complex relationship with gene transcription
(Hellman and Chess, 2007; Aran et al., 2011).
Basically, DNA methylation is a chemical marking system causing gene repression through
affecting transcription factor binding and changing chromatin structure (Cedar and Bergman,
2012).
Transcriptional enhancers are distal positive DNA regulatory elements (often located far from
the transcription start sites) that influence tissue-specific expression through physical
interactions with gene promoters (Figure 1- 4).
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Figure 1-4: Mechanisms of action for enhancer’s regulatory regions (Adapted from
http://genocon.org/assignment-2012/assignment-a/basic-science-a-eukaryotic-promoter/)
There are hundreds of thousands of transcriptional enhancers predicted in mammalian
genomes (Bulger and Groudine, 2011). The enhancer methylation has been revealed to be
more closely related to changes in gene expression than promoter methylation (Aran et al.,
2013). Aran et al. (2013) also proved the tendency of enhancers to show gradual methylation
differences between cell types. This supports a model, in which a single enhancer site can
mediate distinct transcription levels over wide ranges of tissues and cell types (Figure 1-5).

Figure 1-5: Two models of how enhancers control cell-type specific expression levels. (A)
The traditional model with enhancers acting like cell-type-specific switches of gene
transcription, each of them supports expression in a given cell type (or types). (B) A refined
model showing that even a single enhancer site may functions as a dimmer switch, mediating
gradients of transcription levels across many cell types as long as the promoter is
unmethylated and thus permissive for transcription. (Adapted from Aran et al., 2013)
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Other transcriptional regulatory elements apart from promoters and enhancers are silencers
and insulators. All these belong among cis-regulatory regions that collectively modulate the
magnitude, timing, and cell-specificity of gene expression (Maston et al., 2006). On the
contrary to enhancers, silencers are negative regulatory sequences that decrease basal level of
transcription initiated by promoter sequences (Figure 1-6).

Figure 1-6: Mechanisms of action for silencer’s regulatory regions (Adapted from
http://genocon.org/assignment-2012/assignment-a/basic-science-a-eukaryotic-promoter/)
Insulators are regions ensuring chromatin boundaries that are essential to define chromatin
and expression domains, in which enhancers and silencers are allowed to interact with
promoters of genes within the same cluster (Figure 1-7). Insulators are involved in regulation
of gene imprinting, monoallelic gene expression, as well as in X-chromosome inactivation
(Fedoriw et al., 2004; Filippova et al., 2005; Ling et al., 2006). CTCF (CCCTC-binding
factor) is a highly conserved DNA-binding protein that functions mainly as transcriptional
repressor and interacts with insulators. Importantly, CTCF binds to target DNA sequence in a
DNA-methylation-dependent manner and regulates spreading of DNA methylation (Wang et
al., 2012; Zampieri et al., 2012).
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Figure 1-7: Schematic representation of insulator’s blocking enhancer or silencer signals if
physically positioned between these cis-regulatory elements and pertinent gene promoters
(Adapted from http://genocon.org/assignment-2012/assignment-a/basic-science-a-eukaryoticpromoter/ )
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7. DNA methylation and epiregulatory genes
Recently, genome-wide mutational studies have enabled the discovery of recurrent genetic
abnormalities in AML affecting epigenetic regulators involved in DNA methylation
regulation such as: TET2, IDH1, IDH2 and DNMT3A.

7.1.

DNMT3A

DNMT3 protein family has 3 members: de novo DNA methyltransferases DNMT3A and
DNMT3B, and DNA methyltransferase 3-like protein DNMT3L. DNMT3L is an
enzymatically inactive paralogue that functions as a regulatory factor for DNMT3A and
DNMT3B and cooperates with them to methylate DNA (Suetake et al., 2004).
The carboxy-terminal domain of human DNMT3L was shown to interact with the catalytic
domain of DNMT3A and to form DNMT3L-DNMT3A dimers. These DNMT3L-DNMT3A
dimers showed further dimerization through DNMT3A–DNMT3A interaction, forming a
tetrameric complex with two active sites (Jia et al., 2007).
In 2010, the advent of massively parallel sequencing enabled the discovery of recurrent
mutations of DNMT3A in AML patients (Ley et al., 2010; Yamashita et al., 2010). DNMT3A
mutations are found in approximately 20% of AML (Ley et al., 2010; Patel et al., 2012) and
10% of MDS (Haferlach et al., 2014; Walter et al., 2011).
The majority of DNMT3A mutations are missense and occurs throughout DNMT3A exons
with the majority at arginine codon 882 (R882-mutations) near the carboxyl terminus of the
DNMT3A protein, leading to an amino acid exchange from arginine to histidine (R882H),
cysteine (R882C), proline (R882P), serine (R882S) and glycine (R882G) – listed by their
frequency (Marcucci et al., 2012). The non–R882-DNMT3A mutations include nonsense,
frameshift, and splice-site mutations (Figure 1-8).
Importantly, DNMT3A mutations observed in AML were shown to disrupt DNMT3A
tetramerization and the processive methylation of human promoters in vitro (Holz-Schietinger
et al., 2012; Russler-Germain et al., 2014).
DNMT3A-null hematopoietic stem cells (HSCs) showed impaired HSC differentiation and
concomitant HSC accumulation in bone marrow. Upregulation of HSC multipotency genes
and concurrent downregulation of differentiation factors were observed in DNMT3A-null
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HSC. These data point to DNMT3A participation in the epigenetic silencing of HSC
regulatory genes and thereby enabling efficient differentiation (Challen et al., 2012).

Figure 1-8: Location of mutations in the DNMT3A gene as observed in the study of Walter et
al. (2011); PWWP - proline–tryptophan–tryptophan–proline domain, ZNF - zinc-finger
domain, MTase – methyltransferase domain, * stop codon (Adapted from Walter et al., 2011)

7.2.

TET2

The TET family of genes encodes α-ketoglutarate–dependent dioxygenase enzymes involved
in active DNA demethylation (Figueroa et al., 2010a). TET enzymes participate in DNA
demethylation via oxidation of the 5-methylcytosine (5-mC) to 5-hydroxymethylcytosine (5hmC).
5-hmC is an intermediate that can be further oxidized by TET proteins to products that are
recognized by thymine-DNA glycosylase (TDG). TDG subsequently activates the base
excision repair pathway which replaces the modified cytosine with an unmodified and
unmethylated cytosine (He et al., 2011). TET2 mutations are mutually exclusive with IDH1/2
mutations in patients with myeloid malignancies, which points to their convergent mechanism
of action as explained below.
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7.3.

IDH1/IDH2

IDH1 and IDH2 are enzymes involved in citrate metabolism (Figueroa et al., 2010a).
Normally, they catalyze the oxidative decarboxylation of isocitrate to α-ketoglutarate. IDH1/2
mutations lead to enzymatic gain of function that results in reduction of α-ketoglutarate to 2hydroxyglutarate.

Subsequently,

decrease

in

α-ketoglutarate

and

increase

in

2-

hydroxyglutarate results in competitive inhibition of α-ketoglutarate-dependent reactions and
thus the function of TET enzymes. TET2 and IDH1/2 mutations both lead to significantly
decreased 5-hmC levels (Kroeze et al., 2014) and disrupted DNA demethylation (Figure 1-9).

Figure 1-9: (a) Normal function of IDH1/2, TET2 and DNMT3A enzymes in DNA
methylation and gene expression. (b) Pathogenic mechanism of mutated IDH1/2 and
DNMT3A in gene silencing in AML (Adapted from Im et al., 2014).
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8. Methods for DNA methylation study
The basis for studying DNA methylation changes is to distinguish cytosine from 5methylcytosine base in the DNA sequence. The choice of appropriate DNA methylation
analysis approach is dependent mainly upon the objectives of the study. Basically, we can
study DNA methylation from the global or locus-specific perspective.

8.1.

Global DNA methylation analysis

High-performance liquid chromatography (HPLC) enables to quantify global DNA
methylation levels and is still considered as a gold standard because of being highly
quantitative and reproducible. DNA is digested and followed by HPLC analysis. The single
nucleotides are separated according to size and both cytosine and methylated cytosine are
quantified. The main disadvantage of HPLC is that it requires relatively large amounts of
DNA, which may be a problem when analyzing clinical samples.
Therefore surrogate methods have been developed including PCR based methods which
estimate the methylation status of major genomic repeat elements e.g. Alu and LINE1 (Yang
et al., 2004) and methylation sensitive restriction assays such as the luminometric methylation
assay (LUMA) (Karimi et al., 2006).
The methylation status of Alu and LINE1 repeats is assessed from bisulfite converted DNA
often by pyrosequencing. Bisulfite treatment of DNA leads to conversion of non-methylated
cytosine to uracil residues and these are converted to thymidine in a subsequent PCR reaction
(Figure 1-10). Therefore, the ratio of cytosine/converted thymidine residues of particular
CpG and hence the entire examined region determines the methylation status.

Figure 1-10: Bisulfite conversion of unmethylated cytosine into uracil, which is replaced by
thymidine in the subsequent PCR step (Adapted from Weller et al., 2010)
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In the LUMA assay, DNA samples are digested in 2 parallel reactions with the isoschizomers
MspI (methylation independent digestion) and HpaII (methylation sensitive – does not digest
when methylation occurs), which recognize the same sequence (CCGG). They cut
differentially according to the methylation state of the internal cytosine residue. The digestion
ratio HpaII/MspI and the resulting methylation levels can be determined by pyrosequencing.

8.2.

Locus-specific analysis

In general, three main approaches exist in locus-specific DNA methylation analysis. These are
based either on bisulfite conversion or use of methylation-sensitive/insensitive restriction
enzymes or immuno-precipitation of methylated DNA. Further, the precise methodology is
chosen also accordingly whether we study single locus-specific or genome-wide DNA
methylation.
8.2.1. Single-locus approaches
Single-locus approaches comprise bisulfite (pyro-) sequencing, methylation-specific PCR
(MSP), MethyLight, methylation-specific high-resolution melting (MS-HRM), combined
bisulfite restriction analysis (COBRA) and plenty of others.
These methods are usually utilized for verification and validation of single-locus DNA
methylation changes in large validation cohorts, thereby reducing their cost.
Bisulfite sequencing has been long considered as a gold standard for DNA methylation
studies. It uses primers that do not contain CpG themselves and surround region of interest
that is usually rich of CpGs. The PCR product is then sequenced either directly or after
cloning of the amplified fragment. Only sequencing of cloned amplicons give us the
information of quantitative DNA methylation levels in single CpGs (Li and Tollefsbol, 2011).
This methodology is very time consuming and therefore not useful on a global scale.
MethyLight PCR is fluorescence-based quantitative PCR using methylation-specific primers
and probe (all of them usually designed to overlap CpGs of interest). The levels of DNA
methylation are expressed as percentage of methylated reference (PMR), which ranges from 0
(unmethylated) to 1 (100% methylated). MethyLight is a highly sensitive assay, capable of
detecting methylated alleles in the presence of a 10 000-fold excess of unmethylated alleles
(Eads et al., 2000). Methylation specific PCR-based techniques are among the easiest and
quickest methods for DNA methylation analysis that have the potential for screening of a
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large number of samples, however they offer information about DNA methylation of only
very limited number of CpGs.

8.2.2. Genome-wide approaches
The technological advances of several recent years have enabled to study DNA methylation
by genome-wide and high-resolution approaches. Large epigenomic projects are ongoing and
broadening our knowledge of epigenetics involvement in cancer as well as non-cancer disease
development and progression. However, the complex genomic and epigenomic data are still
challenging in terms of data processing and interpretation. Several large-scale initiatives (such
as International Human Epigenome Consortium – IHEC and the European BLUEPRINT
project) aim to produce DNA methylation maps for various cell types and diseases.
Whole-genome bisulfite sequencing (WGBS) represents truly comprehensive and highresolution method (single-base resolution) that enables to study DNA methylation throughout
the genome. WGBS combines sodium bisulfite conversion of DNA with massively parallel
DNA sequencing. As mentioned above, DNA treatment with sodium bisulphite results in
DNA-methylation dependent changes in DNA sequence. Unmethylated cytosines appear as
thymines in sequencing reads, whereas methylated cytosines remain as cytosines. It gives
quantitative measurements of DNA methylation because of multiple independent reads that
are aligned to a reference sequences (Ji et al., 2014). However, even if the prices of highthroughput technologies are falling, the use of WGBS for DNA methylation profiling of a
large number of samples is still not financially reasonable and achievable in most laboratories.
Targeted bisulfite sequencing (TBS) may provide a good alternative to WGBS if we can
restrict our interest to selected regions of genome (Ivanov et al., 2013). For example,
SureSelectXT Human Methyl-Seq (Agilent) system enables to study DNA methylation of
approximately 84 megabases of the genome. The targeted regions comprise CpG islands, CpG
shores and shelves, as well as tissue-specific differentially methylated regions (DMRs).
Specific cRNA probes are used to capture these regions of interests. Subsequently, captured
DNA fragments are converted by bisulfite treatment and then amplified by primers that are
complementary to specific adapters added previously to captured DNA. This library is then
sequenced by high-throughput sequencing with higher coverage than WGBS libraries.
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II.

AIMS OF THE THESIS

This thesis deals with aberrant DNA methylation changes in patients with acute myeloid
leukemia. The topic reflects the increasing interest in DNA methylation involvement in
disease initiation and progression as well as DNA methylation impact on AML prognosis.
Mutations of genes involved in DNA methylation are found in approximately 44% of AML
patients at diagnosis. However, the impact of these mutations on specific DNA methylation
and gene expression changes remains controversial. The effect of DNA methylation changes
is greatly dependent on the location of differentially methylated regions (DMRs). New
approaches using massively parallel sequencing enable studying of DMRs scattered
throughout the genome.
Our aim was to find DMRs in different subgroups of AML and to evaluate their effects on
gene expression and prognosis in terms of overall survival and disease-free survival.
Knowledge of genes affected by aberrant DNA methylation is important for more detailed
understanding of pathways involved in the leukemic transformation. Moreover, DNA
methylation is a reversible process, therefore the knowledge of location and extent of aberrant
DNA methylation represents a great potential for therapy. The link between gene expression
and DNA methylation data is also needed to find pathologically relevant DNA methylation
changes, especially because many (or even the majority of) DMRs reflect the tissue of origin
and not leukemia (cancer) specific changes.
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III. MATERIALS AND METHODS
2.1. DNMT3A mutations and DNA methylation in AML
2.1.1.

Patients

Bone marrow or peripheral blood samples from 79 AML patients at the time of diagnosis
were collected. Median age was 53 years (19–81 years) and the female/male ratio was 45/34.
Six patients had therapy-related AML, 5 had secondary AML (after MDS/MPN) and 68 had
de novo AML. Patients with a favorable cytogenetic profile – t(15;17), inv(16) or t(16;16),
t(8;21) – were not included in this study, because DNMT3A mutations do not occur within this
group. Clinical characteristics of patients (including routinely examined markers FLT3-ITD,
NPM1 and cytogenetic prognostic group according to Marchesi et al., 2011) are summarized
in Table 2-1. Patients’ written consent was obtained and the study was approved by the
Institutional Ethics Committee.
Patient
number

Sex

Age

Material

% blasts
at diagnosis

White Cells
Count (×109/L)

Prognostic
group

FLT3-ITD

NPM1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

F
F
F
M
F
F
M
F
F
M
F
F
M
M
M
F
M
F
M
M
F
F
M
M
F
M
F
F
F
M

54
52
48
81
26
61
74
68
52
49
68
44
56
44
60
62
48
51
66
40
54
28
60
65
53
56
51
66
47
37

PB
PB
PB
PB
BM
PB
PB
BM
PB
PB
BM
PB
PB
PB
PB
PB
PB
PB
PB
PB
PB
PB
PB
PB
PB
PB
PB
PB
PB
PB

61
71
5
27
82
19
17
5
4
12
14
NK
63
25
54
12
75
37
60
54
58
22
27
63
40
50
80
15
36
86

48
79
1
19
213
8
79
2
1
75
31
NK
247
175
3
133
53
15
6
82
69
2
79
16
37
18
70
7
6
123

IR
IR
IR
IR
NA
NA
HR
IR
IR
IR
IR
IR
NA
IR
HR
IR
IR
IR
IR
IR
NA
HR
IR
HR
IR
0
IR
NA
IR
IR

1
1
0
1
0
0
0
0
0
0
0
NA
1
1
0
0
1
1
0
1
1
0
1
0
0
0
1
0
0
1

1
1
0
1
0
0
NA
0
1
1
0
1
0
0
0
1
1
1
0
1
1
0
1
0
0
NA
1
1
0
0
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Patient
number

Sex

Age

Material

% blasts
at diagnosis

White Cells
Count (×109/L)

Prognostic
group

FLT3-ITD

NPM1

31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79

F
F
F
F
M
F
F
F
F
F
F
M
M
F
F
F
F
M
M
M
M
M
M
F
M
F
M
M
M
F
F
F
F
M
F
F
M
M
F
M
F
M
F
F
F
M
F
M
M

36
55
31
53
34
46
50
43
52
56
42
62
65
53
30
56
37
43
40
32
66
63
63
59
20
62
60
50
60
58
61
52
58
46
65
74
53
52
54
47
19
63
42
56
66
35
33
62
55

PB
PB
PB
PB
PB
PB
PB
PB
PB
BM
PB
BM
PB
BM
PB
PB
PB
PB
PB
PB
PB
PB
PB
PB
PB
PB
BM
PB
PB
PB
PB
BM
PB
PB
PB
PB
PB
PB
PB
PB
PB
PB
PB
PB
BM
PB
PB
PB
PB

93
40
9
65
1
29
71
72
80
88
71
64
25
9
79
95
86
18
64
7
37
34
64
5
60
10
62
54
67
12
29
86
54
97
96
NK
39
75
64
NK
17
NK
NK
69
29
16
5
37
87

12
4
4
3
17
9
80
147
59
61
50
1
67
24
74
40
12
3
2
2
163
33
7
2
40
1
2
8
22
17
55
1
212
115
23
9
11
65
95
3
55
NK
2
122
92
3
3
10
35

IR
HR
IR
HR
IR
HR
IR
IR
IR
IR
HR
IR
IR
IR
IR
NA
IR
IR
NA
HR
IR
HR
IR
IR
IR
IR
IR
NA
IR
IR
IR
IR
IR
IR
IR
IR
IR
NA
IR
NA
IR
IR
IR
IR
HR
IR
IR
IR
IR

0
0
0
0
0
0
1
1
1
1
0
0
1
0
1
0
1
0
0
0
1
0
0
0
1
0
0
0
0
1
0
0
0
1
0
1
0
0
1
0
0
0
0
1
0
0
0
0
0

0
NA
0
0
0
NA
1
0
1
1
0
0
0
0
NA
1
0
1
0
0
0
0
1
0
0
0
0
1
0
1
1
0
1
0
1
1
0
NA
1
NA
0
1
0
1
0
0
0
0
0

Table 2-1: AML patients examined for DNMT3A mutational status and DNA methylation of
selected genes; F-female, M-male, PB-peripheral blood, BM-bone marrow, NK-not known,
IR-intermediate risk, HR-high risk, NA-not analyzed
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2.1.2.

Sample preparation

Mononuclear cells (MNC) from peripheral blood (PB) or bone marrow (BM) of AML patients
at diagnosis were separated by Ficoll gradient centrifugation (Histopaque, Sigma-Aldrich,
Steinheim, Germany) and then stabilized in RLT buffer (Qiagen, Hilden, Germany). DNA
and RNA were extracted from peripheral blood or bone marrow mononuclear cells (PB MNC
or BM MNC) using AllPrep DNA/RNA Mini Kit (Qiagen). Bisulfite conversion was
performed from 1µg DNA by EpiTect Bisulfite Kit (Qiagen) and eluted into 40 µl EB buffer.
cDNA was prepared using M-MLV (Moloney Murine Leukemia)

reverse transcriptase

(Promega, Madison, WI, USA).

2.1.3.

Methylation specific RQ-PCR (MethyLight)

Bisulfite-treated DNA (BS DNA) was amplified using methylation-specific TaqMan probe
placed within the area bounded by the methylation-specific primers. ACTB gene, amplifying
the bisulfite-converted DNA regardless of its methylation status, served as a control gene to
determine quality of BS DNA. Primer and probe sequences used in this study were taken from
Eads et al. (2001) and Friedrich et al. (2005). CTNNA1 and EGR1 primers and probes were
designed using Beacon Designer 7 (PREMIER Biosoft, Palo Alto, CA, USA). All sequences
are shown in Table 2-2.
name

Sequence (5’ – 3’)

ACTB - F

TGGTGATGGAGGAGGTTTAGTAAGT

ACTB - R

AACCAATAAAACCTACTCCTCCCTTAA

ACTB probe

6-FAM-ACCACCACCCAACACACAATAACAAACACA-TAMRA

CALCA - F

GTTTTGGAAGTATGAGGGTGACG

CALCA - R

TTCCCGCCGCTATAAATCG

CALCA probe

6-FAM-ATTCCGCCAATACACAACAACCAATAAACG-TAMRA

CDH1 - F

AGGGTTATCGCGTTTATGCG

CDH1 - R

TTCACCTACCGACCACAACCA

CDH1 probe

6-FAM-ACTAACGACCCGCCCACCCGA-TAMRA

CDKN2B - F

AGGAAGGAGAGAGTGCGTCG

CDKN2B - R

CGAATAATCCACCGTTAACCG

CDKN2B probe

6-FAM-TTAACGACACTCTTCCCTTCTTTCCCACG-TAMRA

CTNNA1 - F

TTAGGGGTTATTTTCGGTTTAAGTTTT

CTNNA1 - R

AAATCTAACAACGCCGAACCG

CTNNA1 probe

6-FAM-AAAACCTCTTCCTCCCCGCCGCC-TAMRA

DAPK1 - F

TCGTCGTCGTTTCGGTTAGTT

DAPK1 - R

TCCCTCCGAAACGCTATCG

DAPK1 probe

6-FAM-CGACCATAAACGCCAACGCCG-TAMRA
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EGR1 - F

GAGATTTTAGCGCGTAGAATTTGG

EGR1 - R

ACCGATCCTACGACGACGA

EGR1 probe

6FAM-ACTAACTACGACGACGAATAACGACGACGA-TAMRA

ESR1 - F

GGCGTTCGTTTTGGGATTG

ESR1 - R

GCCGACACGCGAACTCTAA

ESR1 probe

6-FAM-CGATAAAACCGAACGACCCGACGA-TAMRA

ICAM1 - F

GGTTAGCGAGGGAGGATGATT

ICAM1 - R

TCCCCTCCGAAACAAATACTACAA

ICAM1 probe

6-FAM-TTCCGAACTAACAAAATACCCGAACCGAAA-TAMRA

MYOD1 - F

GAGCGCGCGTAGTTAGCG

MYOD1 - R

TCCGACACGCCCTTTCC

MYOD1 probe

6-FAM-CTCCAACACCCGACTACTATATCCGCGAAA-TAMRA

SOCS1 - F

GCGTCGAGTTCGTGGGTATTT

SOCS1 - R

CCGAAACCATCTTCACGCTAA

SOCS1 probe

6-FAM-ACAATTCCGCTAACGACTATCGCGCA-TAMRA

TERT - F

GGATTCGCGGGTATAGACGTT

TERT - R

CGAAATCCGCGCGAAA

TERT probe

6-FAM-CCCAATCCCTCCGCCACGTAAAA-TAMRA

TIMP3 - F

GCGTCGGAGGTTAAGGTTGTT

TIMP3 - R

CTCTCCAAAATTACCGTACGCG

TIMP3 probe

6-FAM-AACTCGCTCGCCCGCCGAA-TAMRA

Table 2-2: MethyLight primer and probe sequences
Levels of DNA methylation were expressed as a percentage of methylated reference (PMR).
Commercially available fully methylated human DNA (Qiagen) was used as a positive
reference. PMR values were calculated as depicted in Ogino et al. (2006). In brief,
GENE/ACTB ratio of a sample was divided GENE/ACTB ratio of a fully methylated human
DNA (Qiagen) and multiplying by 100.
As a negative reference, 20 blood samples (MNC) from healthy donors samples were
examined for each gene to set DNA methylation cut-off considered as a value above which
the DNA methylation is regarded as aberrant. These values varied for individual genes, but
overall they always gave PMR>1. CDKN2B gene displayed the highest levels of basal DNA
methylation and PMR>4 was considered as aberrantly methylated (hypermethylated).
TaqMan Universal Master Mix II (Applied Biosystems, Foster City, CA, USA) and
manufacturerʼs recommended PCR reaction conditions were used for amplification.
Amplification and data analysis were carried out using the Rotor Gene 3000A thermocycler
(Corbett Research, Sydney, Australia).

2.1.4.

Methyl RQ-PCR Arrays

We used Human Homeobox (HOX) Genes DNA Methylation PCR Array (SABiosciences,
Frederick, USA) to profile DNA methylation levels of HOX genes (n=24) (HOXA1, HOXA2,
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HOXA4, HOXA5, HOXA6, HOXA7, HOXA9, HOXA11, HOXA13, HOXB1, HOXB2, HOXB3,
HOXB4, HOXB5, HOXB6, HOXB7, HOXB8, HOXB9, HOXB13, HOXC8, HOXD3, HOXD10,
HOXD11, HOXD13). This restriction enzyme-based technology was described by Kim et al.
(2011). Briefly, genomic DNA is treated with a combination of methylation-sensitive (Ms)
and/or methylation dependent (Md) enzymes. Subsequent RQ-PCR enables comparison of Ct
values between particular enzymatic reactions and thus assessment of DNA methylation
levels (Figure 2-1).

Figure 2-1: Principle of Methyl RQ-PCR Arrays – DNA sample is split into 4 reactions and
treated with different restriction enzymes (or their combination), Ct for individual reactions is
compared and DNA methylation is assessed accordingly (Adapted from
http://www.sabiosciences.com/Manual/1070653.pdf)
PCR reactions were performed using Opticon RQ-PCR machine (Bio-Rad, Hercules, CA,
USA). Detailed description of sample preparation and PCR reaction conditions are provided
in

the

manufacturer’s

protocol

(http://www.sabiosciences.com/Manual/1070653.pdf).

Methylation rates above (resp. under) mean + 3 standard deviations (SD) of healthy donors’
DNA methylation levels were used to set a cut-off value for hypermethylation (resp.
hypomethylation) in AML samples.
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2.1.5.

Direct sequencing

Sequencing analysis of DNMT3A was performed to detect mutations between amino acids
300 and 930 (where DNMT3A mutations occur according to Ley et al., 2010). Primer
sequences and PCR reaction conditions were used as described previously (Marková et al.,
2012). Direct sequencing was performed on ABI Prism 310 genetic analyzer (Perkin-Elmer,
Wellesley, MA, USA) using Big Dye® Terminator kit v.3.1 (Applied Biosystems).

2.1.6.

Conventional and molecular cytogenetics

Standard chromosomal preparation techniques for bone marrow cells were used. Twenty-two
mitoses were analyzed using an IKAROS imaging system for karyotyping (MetaSystems,
Altlussheim, Germany). Chromosomal abnormalities were verified by FISH with Vysis DNA
probes (Abbott Laboratories, Abbott Park, IL, USA) and mFISH/mBAND using XCyte color
kits (MetaSystems), according to standard protocols. At least 20 metaphases were evaluated
using an Axio-Imager Z1 microscope (Zeiss) and an IKAROS/ISIS computer analysis system
(MetaSystems).

2.1.7.

Statistical analysis

For analyses of quantitative data, medians were detected and non-parametric two-tailed
Mann-Whitney tests were performed. Kaplan–Meier curves and two-sided log-rank test were
used to estimate the overall survival and to compare differences between survival curves. The
relations between the parameters compared in contingency tables were analyzed using the χ2
test. All tests were conducted at a level of significance of 0.05 using GraphPad Prism4
software (GraphPad Software, San Diego, CA, USA).
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2.2. Targeted bisulfite sequencing in AML
2.2.1.

Patients

For targeted bisulfite sequencing, 14 AML patients at diagnosis (Table 2-3) and pooled
CD34+ cells from 4 healthy donors were sequenced. Genes selected based on targeted
bisulfite sequencing results were examined using 454 bisulfite pyrosequencing in a larger
cohort of AML patients (Table 2-4). Informed consent was obtained from all patients and
healthy blood donors enrolled in the study.

sample

genetic aberration

clinical characterization

ID

FAB

gender

material

subtype

%
blasts

AML_1

CBFB-MYH11, FLT3-ITD

de novo AML

AML M4

male

BM

68

AML_2

CBFB-MYH11

de novo AML

AML M4

female

PB

40

AML_3

NPM1

therapy-related AML*

AML M1

female

PB

67

*

AML_4

MLL-PTD

therapy-related AML

AML M4

female

BM

42

AML_5

NPM1, DNMT3A, FLT3-ITD

AML with multilineage

AML M2

female

PB

58

AML M1

female

BM

82

dysplasia
AML_6

none

AML with multilineage
dysplasia

AML_7

NPM1, DNMT3A, FLT3-ITD

de novo AML

AML M4

male

BM

94

AML_8

FLT3-ITD

de novo AML

AML M1

male

BM

87

AML_9

FLT3-ITD

de novo AML

AML M1

male

BM

89

AML_10

NPM1, FLT3-ITD

de novo AML

AML M2

female

BM

75

AML_11

MLL-PTD

de novo AML

AML M1

male

BM

92

AML_12

MLL-PTD, CEBPA

de novo AML

AML M1

female

PB

80

AML_13

NPM1, CEBPA

AML after MDS

AML M6

male

PB

60

AML_14

none

AML after MDS

AML M2

male

PB

44

males

PB

CD34+

pool of 4 CD34+ healthy
control cells

Table 2-3: Characteristics of AML subjected to targeted bisulfite sequencing and gene
expression profiling; AML_1 to AML_14 are AML patients at diagnosis that were subjected
to targeted bisulfite sequencing and gene expression profiling; CD34+ is a healthy control’s
pool; *after breast cancer; BM – bone marrow, PB – peripheral blood
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1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

SAMPLE ID

FAB subtype

CBFB-MYH11

material

% blasts

R 690
L 794
P 445
N 399
M 034
K 826
J 776
F 435
I 032
G 721
G 800
A 422
A 773
B 598
C 171
C 434
D 240
D 521
E 175
O 794
R 785
J 521
L 115
L 162
L 568
F 584
F 606
F 847
F 832
F 863
F 864
F 852
V 964
Z 200
Z 906
J 197
J 264
M 995
O 232
L 769
M 398
M 476
G 923
Z 180
F 194
F 281
F 337
F 488
V 401
Z 302
Z 468
Z 941
J 916
L 623
F 40
Nx1 MNC
Nx2 MNC
Nx3 MNC
Nx4 MNC
Nx5 MNC
Nx97 CD34+
Nx98 CD34+
Nx99 CD34+
Nx100 CD34+
Nx101 CD34+

AML M4
AML M2
AML M2
AML M4
AML M4
AML M4
AML M4
AML M2
AML M4
AML M4
AML M4
AML M2
AML M4
AML M4
AML M4
AML M4
AML M4
AML M1
AML M4
AML M4
AML M4
AML M5a
AML M5b
AML M5b
AML M5a
AML M4
AML M4
AML M2
AML M4
AML M4
AML M2
AML M6
AML M2
AML M2
AML M1
AML M2
AML M3
AML M3
AML M3
AML M4
AML M4
AML M4
AML M4
AML M4
AML M4
AML M4
AML M4
AML M4
AML M2
AML M1
AML M1
AML M5a
AML M4
AML M4
AML M0
healthy donor
healthy donor
healthy donor
healthy donor
healthy donor
healthy donor
healthy donor
healthy donor
healthy donor
healthy donor

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+
-

BM
PB
BM
BM
BM
BM
BM
PB
BM
BM
PB
BM
BM
BM
BM
BM
BM
BM
BM
BM
BM
PB
PB
PB
PB
PB
PB
PB
PB
PB
PB
PB
PB
PB
PB
PB
BM
BM
BM
BM
BM
BM
PB
PB
PB
PB
PB
PB
PB
PB
PB
PB
BM
BM
PB
PB
PB
PB
PB
PB
PB
PB
PB
PB
PB

55
47
47
57
32
56
33
45
35
22
77
14
NA
60
67
57
37
85
62
30
38
29
41
57
54
66
72
64
53
75
72
64
58
80
95
80
NA
79
NA
60
39
42
54
39
12
34
69
27
37
60
97
84
68
28
71
-

Table 2-4: Characteristics of AML patients examined by 454 bisulfite pyrosequencing to
validate hypomethylation of selected loci and overexpression of corresponding genes in
CBFB-MYH11 AML; BM – bone marrow, PB – peripheral blood, MNC – mononuclear cells
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2.2.2.

Sample preparation

Mononuclear cells (MNC) from peripheral blood (PB) or bone marrow (BM) of the AML
patients at diagnosis were separated by Ficoll gradient centrifugation (Histopaque). CD34+
cells were harvested from buffy coats of healthy blood donors using MicroBead kits (Miltenyi
Biotec GmbH, Bergisch Gladbach, Germany). The CD34+ pool was created by mixing of 4
individual healthy blood donors’ separated cells (all of them men aged 42 to 58 years old,
median age 45.5). DNA and RNA were extracted using AllPrep DNA/RNA Mini Kit
(Qiagen). Bisulfite conversion was performed from 1 µg of DNA by EpiTect Bisulfite Kit
(Qiagen) and eluted into 40 µl of EB buffer. cDNA was prepared using M-MLV (Moloney
Murine Leukemia) reverse transcriptase (Promega).

2.2.3.

Targeted bisulfite sequencing

Preparation of targeted bisulfite libraries started with 3 µg of genomic DNA and was carried
out using SureSelectXT Human Methyl-Seq kit (Agilent, Agilent Technologies, Santa Clara,
CA, USA) according to the manufacturer’s instructions. Libraries were multiplexed into 4
pools and each pool was sequenced on 2 HiSeqTM2000 (Illumina, San Diego, CA, USA) lanes
using 105 bp paired-end sequencing reads with average coverage of 83 – ranging from 46 to
131.

2.2.4.

454 bisulfite pyrosequencing

Bisulfite-treated (BS) DNA was subjected to 2-round PCR. In the 1st round of PCR, locispecific primers with M13 universal tails were used to amplify regions of interest.
Subsequently, primers specific to M13 universal tails now tailed with 454-specific sequencing
primers and a unique barcode sequence (MID) were applied to the 2nd PCR. Loci-specific
primers were designed with Methyl Primer Express v1.0 software (Applied Biosystems Inc.
Foster City, CA, USA; see Table 2-5). HotStarTaq DNA polymerase (Qiagen) and
manufacturer’s recommended PCR reaction conditions were used for amplification. 2 µl of
BS DNA was added to the 1st round PCR and 1 µl of 100x diluted 1st round PCR product was
subjected to the 2nd round PCR. PCR cycling conditions were as follows: 1st round PCR –
initial denaturation (15 min at 95 °C), followed by 35 cycles of denaturation (30 s at 94 °C),
annealing (30 s at Ta °C, Ta – annealing temperature, see Table 2-5) and extension (1min at
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72 °C), final extension (10 min at 72 °C); 2nd round of PCR - initial denaturation (15 min at
95 °C), followed by 26 cycles of denaturation (30 s at 94 °C), annealing (30 s at 60 °C) and
extension (1 min at 72 °C), final extension (5 min at 72 °C). All amplicons after 2nd round of
PCR (up to 288 for one run) were purified using Agencourt AMPureXP magnetic beads
(Beckman Coulter, Fullerton, CA, USA) and Biomek ® FXP Laboratory Automation
Workstation (Beckman Coulter). Precise concentration of amplicons were determined using
Quant-iT™ PicoGreen dsDNA Assay Kit (Life Technologies, Carlsbad, CA, USA) and
amplicons were equimolarly pooled to obtain amplicon library with 109 fragments/µl
concentration. Subsequent procedures were carried out according to 454 amplicon sequencing
manuals (454 Life Sciences, Roche Applied Science, Branford, CT, USA) on the GS Junior
sequencer (Roche). An average overall coverage of 225 reads was observed (ranging from 53
to 659 for individual amplicons).

name

1st PCR - loci specific part - forward

1st PCR - loci specific part - reverse

Ta (annealling
temperature) (°C)

MN1_region1

GGTATAGGYGGTGTGAATT

ACCCCATACTACCCAACC

60

MN1_region2

AGAAGTTTGGAGAATGTTGATGT

CCCCACATCCTACCATATCTTA

60

SPARC_region1

TGGAGTTTTTTTTTTTAAGGAA

AAAAACCCAAACATCAAATATC

60

SPARC_region2

TTTTGTAAATTTGTAAGGGAAGA

ACCTTTCCCTTCTATAATTACACC

60

ST18

GGGTTTTATTATGTTGGTTAGGTT

TTAATAAATTTTCCCCCAAAAA

58

DHRS3

TTGGGGTATTTTTAAATGATTG

TATCACTACCTTTTAAAAAACAATCAC

60

PBX3

TAGTTGAGAGTTGTTGTTTTTGG

TCCTAACATCCAATCTCCC

60

Table 2-5: 454 bisulfite primers and annealing temperatures used to amplify regions of
interest

2.2.5.

mRNA microarray profiling

Gene expression profiles from 14 AML patients and 4 CD34+ cells of healthy controls were
generated by HumanHT-12 v4 Expression BeadChip Kit (Illumina). The chip scanning was
done with a BeadStation 500 instrument (Illumina).

2.2.6.

Quantitative real-time PCR (RQ-PCR)

The expression levels of selected genes were assessed with TaqMan Gene Expression Assays
(Life Technologies) – see Table 2-6 for individual Assay IDs. GAPDH was utilized as a
housekeeping gene. Amplification was carried out with TaqMan Universal Master Mix II
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(Life Technologies) and recommended cycling conditions. Each sample was run in duplicates
on a StepOne instrument (Life Technologies).

Gene name
GAPDH
MN1
SPARC
ST18
DHRS3
PBX3

Assay ID
Hs02758991_g1
Hs00159202_m1
Hs00234160_m1
Hs00608494_m1
Hs00191073_m1
Hs00608415_m1

Table 2-6: TaqMan gene expression assays IDs (Life Technologies)

2.2.7.

Molecular genetics

The presence of internal tandem duplication (ITD) in the juxtamembrane (JM) and tyrosine
kinase 1 (TKD1) domains (exons 12-14) of FLT3 gene and the presence of CBFB-MYH11
fusion transcript at diagnosis was detected as described previously (Marková et al., 2009).
Further, we examined mutations in NPM1 (Pitiot et al., 2007), CEBPA (Fuchs et al., 2008)
and DNMT3A (Marková et al., 2012) and intragenic MLL abnormalities such as partial tandem
duplications (MLL-PTD) by direct sequencing (Shiah et al., 2002).

2.2.8.

Cytogenetics

Cytogenetics was examined as described in Section 2.1.6.

2.2.9.

Data processing and statistics

Data from targeted bisulfite sequencing were processed and evaluated using freely available
programs: (i) FastQC (Krueger et al., 2012) - quality control of reads, (ii) Trimmomatic
(Lohse et al., 2012) - removal of adapters/primer-dimers and bases with low-quality scores,
(iii) Bismark (Krueger et al., 2011) - methylation-aware alignment of reads to the reference
genome and computation of methylation ratios. Differentially methylated target regions were
assigned to genes using the on-line annotation tool GREAT (McLean et al., 2010). Quantile
normalization and subtraction of background was applied to the raw microarray expression
data in BeadStudio Data Analysis Software (Illumina). Raw data from 454 pyrosequencing
were processed using a filter template to relax the stringency of the original valley filter
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(kindly provided by Dr. Esteban Czwan, Roche). This step was necessary due to the lower
complexity of bisulfite treated DNA containing long stretches of homopolymers.
Data from 454 pyrosequencing were aligned to a reference in GS Amplicon Variant Analyzer
(AVA) (Roche) software and DNA methylation levels were assessed using the web-based
software BISMA (Rohde et al., 2010).
Kaplan–Meier curves and two-sided log-rank test were used to estimate the overall survival
and to compare differences between survival curves. The relations between qualitative
parameters were compared in contingency tables using Fisher’s exact test. For analyses of
quantitative data, medians were detected and non-parametric two-tailed Mann-Whitney tests
were performed. All these tests were conducted at a level of significance of 0.05 using
GraphPad Prism4 software (GraphPad Software).
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3. RESULTS
3.1. DNMT3A mutations and DNA methylation in AML
3.1.1.

DNA methylation of 12 selected gene by MethyLight

MethyLight assessment of 12 selected genes showed the following frequencies of
hypermethylation in AML patients at diagnosis (n=79): CDKN2B (49%), CALCA (43%),
SOCS1 (24%), CDH1 (22%), MYOD1 (18%), ESR1 (14%), DAPK1 (5%), ICAM1 (4%),
TERT (2.5%). TIMP3, CTNNA1 and EGR1 were not found to be hypermethylated when
compared with healthy donor blood samples (n=20). Overall, 70% of AML patients had at
least 1 gene hypermethylated at the time of diagnosis. We categorized DNA methylation
levels for individual genes as follows: low (<15% of PMR), intermediate (≥15% and <50% of
PMR) and high (≥50% of PMR). The gene displaying the highest levels of methylation was
ESR1 followed by CALCA and SOCS1. For cumulative DNA methylation assessment, we
semi-quantitatively assigned low DNA methylation level to 1, intermediate to 2 and high to 3.
Then the cumulative DNA methylation value for the respective sample was taken as the sum
of DNA methylation levels for individual genes (range 0-13; median 2). ESR1 methylation
was most predictive for concurrent hypermethylation of other genes (P<0.001). The median
number of methylated genes was 1 (range 0-6) with 12 AML patients having 4 and more
simultaneously hypermethylated genes at the same time. When available (n=10) we compared
results obtained from PB MNC to those from BM MNC and found that the resulting value
was always in the same DNA methylation category (negative, low, intermediate or high).
Based on this, we concluded that there was no significant difference in assessing DNA
methylation from PB or BM.

3.1.2.

HOX genes DNA methylation profiling

HOX genes methylation profiling revealed the following set of differentially methylated genes
(n=12) when compared to healthy donor samples: HOXA4, HOXA5, HOXA6, HOXB13,
HOXB3, HOXB4, HOXB7, HOXB8, HOXC8, HOXD10, HOXD11 and HOXD3. In general,
the levels of DNA methylation were lower in patients with DNMT3A mutation (Figure 3-1).
The most frequently hypermethylated gene regardless of DNMT3A mutational status was
HOXA4. On the contrary, the most frequently hypomethylated gene was HOXB3 within
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mutated DNMT3A cohort and HOXA5 gene independently of DNMT3A status. The remaining
genes were hypermethylated preferentially in the wild-type subgroup.

Figure 3-1: Differences between DNA methylation levels of HOX genes in a representative
AML patient with wild-type DNMT3A (A), with mutated DNMT3A (B) and healthy donor
sample (C); UM-unmethylated, IM-intermediately methylated, HM-hypermethylated

3.1.3.

DNMT3A mutational analysis

Sequencing of cDNA from PB or BM of 79 AML patients at diagnosis revealed that 32 of 79
(41%) AML patients had DNMT3A mutation. The reason for higher DNMT3A mutation
incidence (compared to published data) in our patients’ cohort consists in preferential
selection of AML patients with a higher percentage of probability of this mutation (it means
normal karyotype and mutations in NPM1 and/or FLT3). 20 patients had a single nucleotide
change at arginine codon R882 (15 had R882H and 5 had R882C). 6 patients had non-R882
missense mutations and 3 patients displayed frameshift mutations (2 deletions and 1
insertion). 3 patients carried two different mutations at the same time.
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3.1.4.

Relationship between DNA methylation, DNMT3A mutations and
other parameters

We found a strong correlation between DNA methylation and DNMT3A mutations. DNA
methylation levels (P<0.0001) as well as numbers of simultaneously methylated genes
(P<0.0001) were significantly lower in patients with mutated DNMT3A (Figure 3-2).
Numbers of cases with no methylation at any of studied genes (zero methylation) also differed
significantly (18 versus 6 in mutated versus wild-type DNMT3A, 56% versus 13% of cases
respectively, P<0.001).

Figure 3-2: (A) Decreased cumulative DNA methylation levels and (B) numbers of
hypermethylated genes in AML patients with mutated (mut) vs wild-type (wt) DNMT3A
The same trend was obvious for HOX genes. We observed lower levels of DNA methylation
in patients with mutated DNMT3A even when compared to healthy donor sample (Figure 31).
There was no difference between the most frequent types of DNMT3A mutations, i.e.
R882H/R882C, and other types of mutations, when assessing their impact on DNA
methylation.
Using the same approach we evaluated whether there was a connection between DNA
methylation and age, gender, percentage of blasts (PB and BM) or cytogenetic risk group
(intermediate versus high risk). DNA methylation levels or numbers of HM genes were
independent of these parameters.
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3.1.5.

DNA methylation impact on prognosis

We subdivided AML patients according to the sums of their semi-quantitatively assessed
levels of DNA methylation (cumulative DNA methylation) – into the following groups: low
(0-1) and high (2 and more) DNA methylation levels. The same was done for the numbers of
simultaneously hypermethylated (HM) genes: low (0-2) and high (3-6) numbers of
concurrently HM genes. These categories based on DNA methylation status were used for
subsequent statistical analysis. Only the 6 most frequently hypermethylated genes (CDKN2B,
CALCA, SOCS1, CDH1, MYOD1 and ESR1 - genes that were hypermethylated in more than
10% of patients) were involved in this analysis.
Achievement of complete remission (CR) and cumulative incidence of relapse
First, we analyzed the impact of DNA methylation levels and numbers of HM genes on CR
rates. We did not find any correlation either for overall DNA methylation levels or for
individually studied genes. However, when analyzing relapse rates in the context of DNA
methylation, we identified the influence of DNA methylation on cumulative incidence of
relapse (Figure 3-3). Higher DNA methylation levels (P=0.053) and numbers of HM genes
(P=0.012) were connected with lower incidence of relapse.

Figure 3-3: Cumulative incidence of relapse in AML patients according to their DNA
methylation levels (A) and numbers of hypermethylated (HM) genes (B) assessed by
MethyLight RQ-PCR; low (0-1) and high (2 and more) DNA methylation levels – taken as a
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sum of DNA methylation levels of individual genes in one sample; low (0-2) and high (2-6)
numbers of HM genes – numbers of concurrently HM genes in one sample
Survival analysis
We correlated DNA methylation of individual genes and overall survival (OS). The most
informative gene was SOCS1, which was connected with better OS when hypermethylated in
its promoter region (P=0.04) (Figure 3-4A). The same trend was obvious for the remaining
genes (e.g. CDKN2B, P=0.06, Figure 3-4B).
Further, we compared OS for patients with low and high levels of cumulative DNA
methylation as well as for low and high numbers of concurrently methylated genes (Figure 34C and D). Our results suggest that patients with lower levels of DNA methylation
(P=0.0274) or with lower numbers of hypermethylated genes (P=0.012) have a worse OS
compared to those with higher DNA methylation at multiple loci.

Figure 3-4: Overall survival according to the methylation status of SOCS1 gene (A),
CDKN2B gene (B), DNA methylation levels (C) and numbers of concurrently
hypermethylated (HM) genes (D); low (0-1) and high (2 and more) DNA methylation levels –
taken as a sum of DNA methylation levels of individual genes in one sample; low (0-2) and
high (2-6) numbers of HM genes – numbers of concurrently HM genes in one sample
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3.2. Targeted bisulfite sequencing in AML patients
In this study, 84 megabases (Mb) of 14 AML genomes and one CD34+ pool of cells from
healthy donors were captured for DNA methylation and gene expression profiling was
performed in the same samples. The aim was to identify specific methylation profiles
reflecting genetic and clinical background of AML patients, and to find differentially
methylated genes with potential impact on AML pathogenesis based on the correlation of
methylation and expression data.

3.2.1.

Targeted bisulfite sequencing results

For 15 samples (Table 2-3 in MATERIALS AND METHODS) Agilent’s SureSelectXT
Human Methyl-Seq system (Agilent) was used to interrogate DNA methylation of selected
regions (84 Mb) of their genomes.
For all samples, on-target rates were very good (about 95% for +/- 100 bp), while the
percentage of targets above 20x coverage varied more widely (between ~ 70% and 90%).
Targeted methylation data were correlated with previously obtained whole-genome bisulfite
(WGBS) data for 3 cross-experiment (targeted/WGBS) samples. Taking into account
positions with minimal coverage of 10, there was a strong positive correlation in all cases
(Table 3-1).

Sample IDs (targeted/WGBS)
Pearson R
AML_5/D
0.9773
AML_90/B
0.9775
CD34+/E
0.9658
Table 3-1: Pearson correlation coefficient (R) for DNA methylation levels at CpGs examined
by both targeted and whole genome bisulfite sequencing (WGBS)
The hierarchical clustering analysis was done with the R package Pvclust (Suzuki et
Shimodaira, 2006) using the correlation as a distance measure and Ward’s method. Only
positions of autosomes (i.e. excluding mitochondria and sex chromosome calls) with coverage
at least 10 and available for all samples (n=2 010 310) were included in the analysis.
From the clinical and molecular characteristics, inv(16)/t(16;16) AML patients (AML_1 and
AML_2) with CBFB-MYH11 fusion gene clustered together. In Figure 3-5, CBFB-MYH11
methylation cluster is shown. None of the other molecular abnormalities (i.e. DNMT3A
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mutations, MLL-PTD, NPM1 mutations, FLT3-ITD and CEBPA mutations) formed clusters
and we did not observe any effect of clinical status of AML (de novo, therapy-related, or
AML with myelodysplasia-related changes).

Figure 3-5: Hierarchical DNA methylation clustering using the correlation as a distance
measure and Ward’s method of all CpGs (n=2 010 310) (A), CpGs inside CGIs (B), CpGs
outside CGIs(C) and 1931 most variable CpGs – from unmethylated (green, 0) to completely
methylated (red, 1) (D) indicating CBFB-MYH11 methylation cluster (in ellipse), other
molecular abnormalities did not form clusters neither clinical characteristics did; AML_1 to
AML_14 – AML patients; CD34_pool – healthy control’s CD34+ pool
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FLT3-ITD was an additional molecular aberration in one of the CBFB-MYH11 AML patient
(sample AML_1), nevertheless it did not influence the clustering coherency of these two
CBFB-MYH11 AML samples. Moreover, there was no specific methylation pattern in two
AML patients (samples AML_8 and AML_9) with FLT3-ITD as their single molecular lesion.
It is noteworthy that one of the CBFB-MYH11 sample was derived from BM (sample
AML_1) while the other (sample AML_2) from PB. Importantly, not even this had any effect
on their clustering consistency. We investigated this uniformity between the results from BM
and PB in more details using 454 pyrosequencing in a larger number of patients (see below
Section 3.2.3.).
Altogether, there were three AML patients with MLL-PTD, two of which had no other
molecular aberration and one of which had an additional CEBPA mutation. Patients with
MLL-PTD, even those who had it as the only aberration, did not form a unique methylation
subgroup as it has been indicated (Whitman et al., 2008). Further, there were two AML
patients (sample AML_5 and AML_8) with simultaneous DNMT3A, NPM1 mutations and
FLT3-ITD. We did not observe any specific methylation pattern for these triple-mutated
patients as it has been recently described (Ley et al., 2013). Finally, neither NPM1 nor CEBPA
mutations were coupled with any prevalent methylation signature.
However, the selection of these 14 AML patients was done randomly throughout various
clinical subgroups (de novo, secondary after MDS, secondary after breast cancer, AML with
dysplasia) with the aim to find common DNA methylation changes among diverse AML
subtypes. Therefore, we cannot make any general conclusions with regard to the
existence/non-existence of specific DNA methylation (gene expression) profiles other than
those demonstrated in CBFB-MYH11 AML, which were sufficiently verified in a validation
cohort (see below Section 3.2.3.).

3.2.2.

Gene expression profiling results

Clustering of gene expression data for 8 884 genes with detection P value ≤ 0.05 in all 14
AML patients and 4 CD34+ healthy control samples confirmed the CBFB-MYH11 cluster
(Figure 3-6). Consistent with the DNA methylation data, no other characteristics formed
clusters.
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Figure 3-6: Hierarchical gene expression clustering of altogether 8884 genes with a detection
P value ≤ 0.05 in all 14 AML patients (AML_1 to AML_14) and 4 CD34+ healthy control
samples confirmed CBFB-MYH11 cluster (in ellipse)

3.2.3.

Hypomethylation signature in inv(16)/t(16;16) AML

We extracted genomic regions being uniquely differentially methylated (DMRs) in
inv(16)/t(16;16) patients. There was a clear tendency towards hypomethylation with 125 out
of 182 regions (69%) displaying lower DNA methylation levels compared to the healthy
donors’ CD34+ pool of cells. All CBFB-MYH11 unique DMRs were uploaded to the on-line
annotation tool GREAT (McLean et al., 2010) and enrichment for genes described as
upregulated in inv(16) AML patients was observed (reported in Valk et al., 2010; ID:
VALK_AML_CLUSTER_9; Table 3-2).
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Term

Binom.

Binom. Raw

Binom.

Rank

P-value

FDR Q-value

Top 40 genes from cluster 9 of AML

Binom.

Binom.

Fold

Observed Region

Enrichment

Hits

1

5.5035E-09

0.000013065

13.536

10

2

2.3261E-07

0.00027611

39.4534

5

expression profile; 87% of the samples are
FAB M4 or M5 subtype, all have inv(16)
inversion producing the CBFB-MYH11
fusion
Genes within amplicon 12q24 identified in
a copy number alterations study of 191
breast tumor samples.

Table 3-2: Enrichment terms observed of unique inv(16)/t(16;16) DMRs in GREAT (on-line
annotation tool)
This enrichment set comprised 10 genomic regions assigned to 6 genes – MN1, SPARC, ST18,
DHRS3, FAM171A1 and BAHCC1 (Table 3-3).

Gene

Region (distance to TSS)

Region (coordinates hg19/GRCh37)

BAHCC1

unnamed (-6353)

chr17:79,367,022-79,367,353

unnamed (+18013)

chr17:79,391,444-79,391,663

DHRS3

unnamed (+277390)

chr1:12,400,325-12,400,536

FAM171A1

unnamed (-344921)

chr10:15,757,912-15,758,047

MN1

unnamed (+2287),

chr22:28,194,969-28,195,430

unnamed (+3731)

chr22:28,192,652-28,194,859

unnamed (+6182)

chr22:28,191,249-28,191,360

unnamed (+1052)

chr5:151,065,344-151,065,586

unnamed (+14640)

chr5:151,051,743-151,052,012

unnamed (+275740)

chr8:53,046,630-53,046,768

SPARC

ST18

Table 3-3: Genomic regions enriched and associated with genes being previously described
as upregulated in inv(16)/t(16;16) AML
MN1, SPARC, ST18, FAM171A1 and DHRS3 were chosen for hypomethylation validation by
454 bisulfite pyrosequencing. As we were primarily interested in hypomethylation associated
with overexpression, BAHCC1 was excluded from the methylation/expression validation,
because its expression levels were undetectable in AML as well as in healthy donors’ samples
according to microarray expression data. For MN1 and SPARC, two regions per gene were
studied.
Altogether 21 AML with inv(16)/t(16;16), 15 AML M4 without inv(16)/t(16;16), 19 other
AML (1 AML M0, 3 AML M1, 6 AML M2, 3 AML M3, 3 AML M5a, 2 AML M5b, 1 AML
M6) and 10 healthy controls (see Table 2-4 in MATERIALS AND METHODS for patients’
characteristics) were examined.
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Importantly, as we used either PB or BM as a starting material, we investigated whether there
is a concordance between DNA methylation results from PB and BM in 10 AML patients
with both materials at diagnosis available. We found high correlation between PB and BM
results for all of the studied regions (R=0.96).
DNA methylation of individual regions (corresponding to individual amplicons) was
expressed as an average DNA methylation of all CpGs in that particular region. Average
levels of DNA methylation in assigned regulatory regions of MN1, SPARC, ST18 and DHRS3
were significantly lower for inv(16)/t(16;16) versus non-inv(16)/t(16;16) AML M4, other
AML subtypes and healthy controls (P<0.0001) (see Figure 3-7).

B.
1.00

SPARC (region1) methylation

MN1 (region1) methylation

A.
***

0.75
0.50
0.25
0.00

1.00

***
0.75
0.50
0.25
0.00
inv(16)
healthy
inv(16)
AMLnon-inv(16)
AML M4 other
other AML
AML healthy
controls

inv(16)AMLnon-inv(16)
other AML
healthy
inv(16)
AML M4 other
AMLhealthy
controls
AML
AML M4
controls
n=21

n=15

n=19

AML M4

n=21

C.

n=15

controls
n=19

n=10

D.
***

1.00
DHRS3 methylation

1.00
ST18 methylation

AML

n=10

0.75
0.50
0.25
0.00

inv(16) AML

AML M4

n=21

n=15

inv(16)
AML

other AML healthy controls

non-inv(16) other AML
AML M4
n=19

healthy
controls
n=10

***
0.75
0.50
0.25
0.00

inv(16) AML

AML M4

n=21

n=15

inv(16)
AML

other AML healthy controls

non-inv(16) other AML
AML M4
n=19

healthy
controls
n=10

Figure 3-7: Hypomethylation of MN1 (A), SPARC (B), ST18 (C) and DHRS3 (D) putative
regulatory regions in inv(16)/t(16;16) patients compared to AML M4 without
inv(16)/t(16;16), other AML subtypes and healthy controls; asterisks correspond to
statistically significant changes of expression in inv(16)/t(16;16) patients versus other groups,
***P<0.0001
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For MN1, even the second studied region (MN1_region 2) displayed lower levels of
methylation in inv(16)/t(16;16) AML (Figure 3-8A). For SPARC, the second studied region
(SPARC_region_2) had consistently low DNA methylation levels in all AML and healthy
donors examined (Figure 3-8B).

Figure 3-8: (A) MN1_region 2 hypomethylation in inv(16)/t(16;16) patients compared to
AML M4 without inv(16)/t(16;16), other AML subtypes and healthy controls; (B)
SPARC_region 2 methylation levels are the same when compared AML M4 without
inv(16)/t(16;16), other AML subtypes and healthy controls
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SPARC_region 2 overlaps promoter region of SPARC (see Figure 3-9) and low levels of
DNA methylation in all AML subtypes and healthy donors indicate that there are no
methylation differences in SPARC promoter with connection to differential expression.
Therefore rather methylation of SPARC_region 1 (located aprox. 1 kb upstream from TSS)
has a potential impact on SPARC expression.

Figure 3-9: Location of SPARC_region 1 and SPARC_region 2 according to UCSC browser
(hg19/GRCh37), lane highlighted in turquoise indicates the original region designated as
hypomethylated (chr5:151,065,344-151,065,586; as seen in Table 3-3)
Sequencing of FAM171A1 failed twice in all samples probably due to the low complexity of
the amplicon (because of the long stretches of identical bases – homopolymers) introduced
after bisulfite conversion and FAM171A1 was therefore excluded from further analysis.
The 454-pyrosequencing results point to the site-specific CBFB-MYH11 hypomethylation
signature of genomic regions assigned to MN1, SPARC, ST18 and DHRS3.

3.2.4.

Expression levels of genes hypomethylated in inv(16)/t(16;16) AML

Further, we evaluated expression levels of MN1, SPARC, ST18 and DHRS3 by TaqMan gene
expression assays in all samples already examined by 454 pyrosequencing. As can be seen in
Figure 3-10, inv(16)/t(16;16) patients had higher average levels of expression for all 4 genes
in comparison to other non-inv(16)/t(16;16) AML samples, but only in ST18 when compared
to healthy donors.
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Figure 3-10: Expression of hypomethylated genes in inv(16)/t(16;16) AML measured by
TaqMan gene expression assays. Relative expression value of MN1 (A), SPARC (B), ST18
(C) and DHRS3 (D) in inv(16)/t(16;16) AML patients versus other AML subtypes and healthy
control cells; MNC – mononuclear cells; asterisks correspond to statistically significant
changes of expression, ***P<0.0001, *P<0.05, ns – not significant
Accordingly, ST18 was the most overexpressed gene in inv(16)/t(16;16) AML compared to
CD34+ cells of healthy controls in the microarray expression data. However, expression of all
3 remaining genes – MN1, SPARC, and DHRS3 – was also upregulated in inv(16)/t(16;16)
AML (approximately 3-times higher than in CD34+ cells of healthy controls) according to the
microarray expression data. Due to this inconsistency, we decided to re-measure gene
expression by the use of SYBR Green quantitative real-time PCR (RQ-PCR). This approach
gave us results more similar to those observed by Illumina expression microarrays. As seen in
Figure 3-11, differences in the gene expression levels between inv(16)/t(16;16) AML and
healthy controls increased significantly for MN1 and SPARC. For DHRS3, the ratio of
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expression between inv(16)/t(16;16) and healthy donors changed only slightly, and for ST18
remained practically the same.

Figure 3-11: Expression of hypomethylated genes in inv(16)/t(16;16) AML measured by
SYBR Green RQ-PCR. Relative expression value of MN1 (A), SPARC (B), ST18 (C) and
DHRS3 (D) in inv(16)/t(16;16) AML patients versus other AML subtypes and healthy control
cells; MNC – mononuclear cells; asterisks correspond to statistically significant changes of
expression, ***P < 0.0001, *P < 0.05, **P < 0.01, ns – not significant.
One possible explanation of this discrepancy is the genomic location of primers. SYBR Green
RQ-PCR primers for MN1 and SPARC are located within the same exons as are the probes on
the Illumina expression microarray, while TaqMan primers for MN1 and SPARC have
different, exon-exon locations. On the contrary, both types of primers (TaqMan and SYBR
Green) for ST18 and DHRS3 have exon-exon locations. We checked SYBR Green RQ-PCR
products specificity by melting analysis in all samples and no unspecificity was detected. It
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seems that in this particular case the selection of PCR detection system may influence results
in a considerable manner. In general, this issue deserves further exploration.
Interestingly, overexpression of MN1, SPARC, ST18 and DHRS3 if present in noninv(16)/t(16;16) patients was not accompanied with their hypomethylation suggesting
different mechanisms of gene regulation in various AML subtypes.
In summary, ST18 is the only conclusively overexpressed gene in inv(16)/t(16;16) compared
to other AML subtypes and healthy donors, irrespectively of the RQ-PCR system used. MN1
is significantly overexpressed in comparison with healthy donors’ MNC and not CD34+ cells
when using TaqMan RQ-PCR and in comparison with both (MNC and CD34+) when using
SYBR Green RQ-PCR.

3.2.5.

Correlation of methylation data with expression

For each transcription start site (TSS), a window was defined from 5 kb up- to 1 kb
downstream of that TSS. Targeted regions overlapping this window were associated with the
gene of the given TSS. GENCODE v14 gene annotation was used for assigning DNA
methylation of target regions to corresponding genes. Expression and methylation data were
then correlated using Spearman rank tests. The small sample size did not allow for filtering
based on P values and thus an ad hoc measure was employed, requiring strong anti-correlation
(R≤-0.7), and a change of methylation between control and at least one AML sample 2-fold or
greater (with either the control or at least one of the AMLs having methylation ratio 0.3 or
greater). These strict filtering parameters resulted in a list of 163 genomic regions assigned to
130 unique genes (see Table 3-4).
GENE
ACSS2
ADAP2
ADAT3
ADRB2
ATP1B1
BMI1
BST2
CA2
CALCOCO2
CBR1
CCND3
CCRN4L
CCS
CD164
CD33
CD68
CEBPA
CEBPD
CENPK
CEP70
CFD
CNDP2

TARGET_CHROM
chr20
chr17
chr19
chr5
chr1
chr10
chr19
chr8
chr17
chr21
chr6
chr4
chr11
chr6
chr19
chr17
chr19
chr8
chr5
chr3
chr19
chr18

TARGET_START
33464966
29281030
1904333
148206072
169078706
22612876
17515437
86376799
46930257
37442001
41906160
139935971
66362849
109700750
51728476
7483729
33790605
48648466
64858023
138311618
859906
72167080

TARGET_END
33465230
29281250
1904759
148207490
169078861
22613291
17516583
86377214
46930389
37442781
41906560
139936175
66363001
109701074
51728696
7483984
33790805
48648876
64858215
138312038
860092
72167276
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SPEARMAN R
-0.764285714
-0.810714286
-0.7
-0.792857143
-0.839285714
-0.710714286
-0.707142857
-0.817857143
-0.767857143
-0.718498946
-0.785714286
-0.835714286
-0.760714286
-0.717857143
-0.832142857
-0.778571429
-0.810714286
-0.810714286
-0.760714286
-0.746428571
-0.7
-0.785714286

P-VAL
0.001392934
0.000385627
0.004876431
0.000674029
0.000104309
0.004055074
0.004315957
0.000297101
0.001282224
0.002547614
0.000820674
0.000129819
0.00151044
0.003569791
0.000157771
0.000987991
0.000385627
0.000385627
0.00151044
0.002054613
0.004876431
0.000820674

GENE
COPB1
COPS6
CPD
CRAMP1L
CTSD
CTSZ
CXXC5
CYB5R4
CYFIP2
DAPK1
DAPK1
DAPK1
DENND1C
DHX58
DOK3
DRAM1
DUSP5
EGFL7
EGFL7
EGFL7
EGFL7
EXOC3
FAH
FAM116B
FCER1G
GBA
GFI1
GFI1
GP9
GPR27
GPT2
GRHPR
GSDMD
GYG1
H1F0
H1F0
HAVCR2
HCP5
HOXA6
HOXA6
HOXB5
HS1BP3
CHCHD10
IKZF4
IL5RA
IRF8
ITGA5
ITGA5
KCTD5
LAMA5
LAMA5
LAMA5
LAPTM4B
LRG1
LRG1
LSM10
LTBR
LY6E
LY6E
LYZ
MICB
MLKL
MPO
MPO
MPO
MPO
MPO
MS4A6A
MVP
NANS
NAPRT1
NARFL

TARGET_CHROM
chr11
chr7
chr17
chr16
chr11
chr20
chr5
chr6
chr5
chr9
chr9
chr9
chr19
chr17
chr5
chr12
chr10
chr9
chr9
chr9
chr9
chr5
chr15
chr22
chr1
chr1
chr1
chr1
chr3
chr3
chr16
chr9
chr8
chr3
chr22
chr22
chr5
chr6
chr7
chr7
chr17
chr2
chr22
chr12
chr3
chr16
chr12
chr12
chr16
chr20
chr20
chr20
chr8
chr19
chr19
chr1
chr12
chr8
chr8
chr12
chr6
chr16
chr17
chr17
chr17
chr17
chr17
chr11
chr16
chr9
chr8
chr16

TARGET_START
14483215
99683218
28707102
1665570
1783438
57582820
139058258
84564383
156693897
90113886
90253959
90114645
6481860
40264125
176937023
102272451
112255953
139553141
139552566
139555513
139554964
448679
80446341
50752498
161184162
155211457
92952837
92952101
128777261
71804008
46918603
37426974
144638788
148708182
38201302
38198926
156536032
31430591
27189096
27187816
46669071
20793229
24108993
56415185
3151638
85931958
54806108
54809129
2736547
60884710
60885939
60891354
98788927
4539703
4539846
36856756
6493743
144103396
144099460
69742122
31465689
74732324
56348952
56355148
56352852
56355525
56357884
59949869
29826518
100818356
144660714
787782

TARGET_END
14483349
99683374
28707322
1665855
1784266
57583795
139059027
84564603
156693997
90114242
90254163
90114845
6482139
40264520
176937281
102272655
112256087
139553811
139553118
139555841
139555243
448859
80446561
50752918
161184514
155211862
92953141
92952781
128777421
71804470
46919077
37427339
144638982
148708359
38202163
38199093
156536470
31431697
27189339
27189057
46669237
20793493
24109443
56415381
3152038
85932716
54806328
54809349
2737257
60885390
60886491
60892402
98789073
4539813
4540162
36856976
6494327
144103880
144099768
69742342
31466045
74732544
56349172
56355500
56353005
56355771
56358088
59950743
29826730
100818519
144660908
788208
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SPEARMAN R
-0.705987771
-0.773905582
-0.760714286
-0.760714286
-0.732142857
-0.821428571
-0.707142857
-0.742857143
-0.877569609
-0.771428571
-0.760714286
-0.7274355
-0.703571429
-0.742857143
-0.792857143
-0.742857143
-0.721428571
-0.707142857
-0.728571429
-0.703571429
-0.732142857
-0.85
-0.803571429
-0.728571429
-0.739285714
-0.746428571
-0.746428571
-0.710714286
-0.775
-0.7
-0.7
-0.732142857
-0.728571429
-0.703571429
-0.903571429
-0.85
-0.796428571
-0.710714286
-0.739285714
-0.739285714
-0.760714286
-0.842857143
-0.832142857
-0.728571429
-0.782142857
-0.814285714
-0.771428571
-0.714285714
-0.860714286
-0.814285714
-0.903571429
-0.914285714
-0.814285714
-0.803571429
-0.846428571
-0.782142857
-0.789285714
-0.796428571
-0.725
-0.710714286
-0.725
-0.767857143
-0.785714286
-0.728571429
-0.735714286
-0.753571429
-0.803571429
-0.846428571
-0.742857143
-0.746428571
-0.707142857
-0.832142857

P-VAL
0.003268121
0.000709709
0.00151044
0.00151044
0.00273334
0.000257815
0.004315957
0.002210817
1.71672E-05
0.001178019
0.00151044
0.00211562
0.004589592
0.002210817
0.000674029
0.002210817
0.003344533
0.004315957
0.002926708
0.004589592
0.00273334
4.1025E-05
0.000488677
0.002926708
0.002375766
0.002054613
0.002054613
0.004055074
0.001080033
0.004876431
0.004876431
0.00273334
0.002926708
0.004589592
0
4.1025E-05
0.000607857
0.004055074
0.002375766
0.002375766
0.00151044
8.10976E-05
0.000157771
0.002926708
0.000901624
0.000339644
0.001178019
0.003806497
0
0.000339644
0
0
0.000339644
0.000488677
6.00471E-05
0.000901624
0.00074489
0.000607857
0.003130307
0.004055074
0.003130307
0.001282224
0.000820674
0.002926708
0.002549818
0.001767061
0.000488677
6.00471E-05
0.002210817
0.002054613
0.004315957
0.000157771

GENE
NCOA4
NLRP3
NTHL1
NUDT5
PAM
PBX3
PBX3
PBX3
PBX3
PCK2
PDK3
PDXK
PFN1
PGM1
PGM1
POLE4
POR
POR
PPP2R5B
PRDX2
PRRT3
PSME2
PUM1
RAB34
RAB34
RDH13
RDH13
RDH13
REC8
RFC3
RNF13
RNF166
RNH1
S100A6
SCYL1
SEC23B
SELL
SEMA4A
SEMA4C
SH2D1A
SH2D1A
SLC27A3
SLC35E3
SLC4A2
SLC9A3R1
SOD1
SPRY1
ST3GAL4
ST3GAL4
ST3GAL4
STK11IP
SUCLG1
SYTL1
TATDN3
TMED2
TMEM159
TWISTNB
UBXN2B
UGP2
UGP2
VAMP5
VAMP5
VAMP5
VIM
ZNF185
ZNF185
ZNF511
ZNF511
ZNF783

TARGET_CHROM
chr10
chr1
chr16
chr10
chr5
chr9
chr9
chr9
chr9
chr14
chrX
chr21
chr17
chr1
chr1
chr2
chr7
chr7
chr11
chr19
chr3
chr14
chr1
chr17
chr17
chr19
chr19
chr19
chr14
chr13
chr3
chr16
chr11
chr1
chr11
chr20
chr1
chr1
chr2
chrX
chrX
chr1
chr12
chr7
chr17
chr21
chr4
chr11
chr11
chr11
chr2
chr2
chr1
chr1
chr12
chr16
chr7
chr8
chr2
chr2
chr2
chr2
chr2
chr10
chrX
chrX
chr10
chr10
chr7

TARGET_START
51569768
247581374
2094580
12221928
102091942
128511925
128510831
128511207
128511530
24564724
24512148
45146925
4854355
64058505
64058656
75185084
75580749
75596590
64694165
12911835
9992997
24615194
31535493
27043848
27045224
55582525
55549718
55549312
24640944
34388360
149534154
88769377
503195
153509168
65291863
18491413
169677759
156124396
97533237
123480383
123479855
153747250
69139387
150758329
72754479
33032975
124321580
126261433
126245792
126226744
220473153
84662934
27669082
212968052
124070100
21168413
19740646
59324507
64069920
64083014
85811112
85811688
85811276
17273289
152086264
152086499
135122626
135123715
148981993

TARGET_END
51569988
247581501
2094760
12222140
102092270
128512121
128511183
128511459
128511685
24564967
24512616
45147161
4854551
64058637
64058938
75185258
75580923
75596950
64694912
12913289
9993279
24615335
31535648
27044912
27045692
55582733
55549906
55549692
24641992
34388527
149534296
88769797
504359
153509568
65292053
18491633
169677979
156124545
97533763
123480647
123480360
153747975
69139507
150758724
72754699
33033275
124321814
126261741
126245939
126226930
220473945
84663116
27669634
212968272
124070304
21168549
19740763
59324984
64070236
64083165
85811248
85811937
85811486
17273613
152086480
152087059
135123690
135123850
148982740

SPEARMAN R
-0.842577377
-0.782142857
-0.757142857
-0.803571429
-0.875
-0.892478851
-0.703571429
-0.767857143
-0.739946676
-0.721428571
-0.832142857
-0.717857143
-0.725
-0.732142857
-0.753571429
-0.764285714
-0.885714286
-0.728571429
-0.7
-0.7
-0.864285714
-0.831099528
-0.721428571
-0.72564819
-0.705987771
-0.817857143
-0.828571429
-0.857142857
-0.725
-0.823950284
-0.789285714
-0.821428571
-0.735714286
-0.845398014
-0.75
-0.860714286
-0.860714286
-0.7
-0.732142857
-0.739285714
-0.710714286
-0.832142857
-0.764969028
-0.732142857
-0.756032473
-0.710714286
-0.721428571
-0.857142857
-0.753571429
-0.735714286
-0.753571429
-0.739285714
-0.821428571
-0.803571429
-0.7
-0.749579969
-0.720286257
-0.775
-0.825737595
-0.753571429
-0.757142857
-0.814285714
-0.817857143
-0.778571429
-0.732142857
-0.8
-0.842857143
-0.867857143
-0.753571429

P-VAL
8.05412E-05
0.000901624
0.001635045
0.000488677
0
7.6612E-06
0.004589592
0.001282224
0.001611572
0.003344533
0.000157771
0.003569791
0.003130307
0.00273334
0.001767061
0.001392934
0
0.002926708
0.004876431
0.004876431
0
0.000123591
0.003344533
0.002196932
0.003268121
0.000297101
0.000188316
8.56585E-06
0.003130307
0.000158882
0.00074489
0.000257815
0.002549818
7.21258E-05
0.001906807
0
0
0.004876431
0.00273334
0.002375766
0.004055074
0.000157771
0.000891948
0.00273334
0.001110391
0.004055074
0.003344533
8.56585E-06
0.001767061
0.002549818
0.001767061
0.002375766
0.000257815
0.000488677
0.004876431
0.001293515
0.002456016
0.001080033
0.000149368
0.001767061
0.001635045
0.000339644
0.000297101
0.000987991
0.00273334
0.000546146
8.10976E-05
0
0.001767061

Table 3-4: Genes with strong anti-correlation (R≤-0.7) between DNA methylation and
expression, and with change of methylation between control and at least one AML sample
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2-fold or greater (with either the control or at least one of the AMLs having methylation ratio
0.3 or greater); 163 genomic regions assigned to 130 unique genes
Among these genes, we chose PBX3 and GFI1 to validate the association between DNA
methylation and gene expression changes observed in this cohort of 14 AML samples (Table
3-4).

3.2.6.

PBX3 and GFI1 differential methylation involved in their expression
regulation

The DMRs associated with PBX3 are located downstream (-160 to -1451 bp) of annotated
CpG island (for exact location see Table 3-4 and Figure 3-12 – highlighted in turquoise
lane). We focused on a DMR encompassing a TAF1 binding site (PBX3_DMR see Figure 312, chr9:128,510,974-128,511,259 according to GRCh37/hg19). TAF1 encodes the largest
subunit of TFIID and this subunit binds to core promoter sequences encompassing TSSs.

Figure 3-12: Location of PBX3 DMRs highlighted in turquoise lane according to UCSC
browser (hg19/GRCh37), PBX3_DMR (marked in red) overlapping TAF1 binding site
(chr9:128,510,974-128,511,259) was examined by 454 bisulfite pyrosequencing
We measured the expression of PBX3 mRNA in 123 AML diagnostic samples and 15 healthy
controls (Figure 3-13).

63

Figure 3-13: PBX3 relative gene expression levels in AML patients at diagnosis versus
healthy controls’ samples
24% of AML had down- and 22% upregulated PBX3 expression (with a minimum change in
the expression of more than 2-fold and at the same time of more than one order of magnitude
from healthy donors’ PBX3 average expression).
454 pyrosequencing established the role of DNA methylation in down- and upregulation of
PBX3 in 30 AML patients at diagnosis (all of them with blast count ≥ 60%; Figure 3-14).

Figure 3-14: DNA methylation levels in AML patients with upregulated (up), downregulated
(down) and normal levels of PBX3 expression demonstrating the impact of PBX3 methylation
on expression; upregulation and downregulation was defined as a change in expression of at
least one order of magnitude as well as 2-fold from healthy donors’ average PBX3 expression;
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asterisks correspond to statistically significant changes of methylation, ***P<0.0001,
**P=0.002
Elevated levels of PBX3 were connected with hypomethylation of a regulatory region (median
methylation level 0.25, range 0.15 – 0.36; P<0.0001), whereas decreased levels of expression
with hypermethylation (median methylation level 0.51, range 0.31 – 0.98; P=0.002). Control
samples of healthy donors and AML samples with normal PBX3 expression displayed
intermediate levels of methylation (median 0.35, range 0.19 – 0.51).
These results demonstrate the link between PBX3 expression and DNA methylation levels of
the PBX3 regulatory region located downstream of the PBX3 annotated CpG island.
Regarding GFI1, we examined a 409 bp long region within the GFI1 promoter (chr1:92
952 229 - 92 952 637 according to GRCh37/hg19). Average DNA methylation levels of
healthy controls (n=14) fluctuated around 3.86%. Very similar to that, DNA methylation
levels of AML within normal gene expression range were 4.54%. Only a minority of AML
samples (3/64) showed decreased GFI1 expression levels. However, all 3 GFI1downregulated patients displayed higher methylation levels – 22.8%, 28.9% and 19%,
respectively. On the contrary, upregulation of GFI1 was not connected with any significant
changes of DNA methylation levels, probably due to the fact that normal DNA methylation
levels were already low, therefore any further decrease would not have a functional role.
To sum up, we validated the link between the levels of DNA methylation and expression
levels for PBX3 and GFI1.

3.2.7.

PBX3 expression levels and their impact on prognosis of AML

Because PBX3 is one of the four genes, whose common expression signature was described as
having an impact on overall survival (OS) in AML patients (Dickson et al., 2013), we decided
to evaluate its expression levels in terms of OS and relapse-free survival (RFS). Only patients
receiving standard curative therapy and those who did not die during the first induction were
included in this analysis. Altogether 40 AML patients were assessed, 21/40 had low and 19/40
had high expression levels. Low and high expression levels were defined as a change in
expression of at least one order of magnitude as well as 2-fold from healthy donors’ average
PBX3 expression.
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Figure 3-15: (A) Kaplan–Meier curves of overall survival (OS) in AML with low versus high
expression of PBX3 displaying no significant difference between these two groups of AML
patients; (B) Cumulative incidence of relapse showing higher relapse rates in PBX3overexpressing AML patients (P=0.004)
We did not observe any effect of PBX3 expression levels on OS in AML patients (Figure 315A), however we found higher relapse rates in AML patients with overexpressed PBX3
(Figure 3-15B, P=0.004).
We also performed multivariate analysis for both OS and RFS. Firstly, we tested the
following parameters by univariate analysis: age, white blood count (WBC), complete
remission after induction therapy (CR after induction), good/intermediate/poor prognosis
according to cytogenetics, PBX3 expression and FLT3-ITD status. For OS, only CR after
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induction was statistically significant in both univariate and multivariate analyses (P < 0.001).
For RFS, parameters significant in univariate testing (WBC, CR after induction, FLT3-ITD
status and PBX3 expression) were evaluated by Cox regression. Only CR after induction and
PBX3 expression retained statistical significance (P = 0.002 and P = 0.028, respectively) in
multivariate testing.
Furthermore, we evaluated whether there is an association between PBX3 expression levels
and presence of MLL-PTD or belonging to prognostically adverse AML subgroup. No such
correlation was found, on the other hand there was no PBX3-overexpressing patient among
AML patients within the prognostically favorable subgroup (0/6 cases from prognostically
favorable versus 26/46 cases from prognostically intermediate or adverse subgroup
overexpress PBX3, 0 versus 57% respectively, P=0.02).Leukemic transformation mediated by
MLL-fusion proteins has been suggested to be dependent on the presence of PBX3 expression
(Li et al., 2013). In our cohort, all three MLL-translocated patients, two with MLLT3-MLL
(MLL-AF9) and one with MLL-MLLT1 (MLL-ENL), had upregulated PBX3 expression, but
the low number of MLL translocations limited statistical testing of this association.
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4. DISCUSSION
4.1. DNMT3A mutations and DNA methylation in AML
DNA methylation as a crucial epigenetic mechanism is involved in regulating chromatin state,
its remodelling and subsequent gene expression. DNMT3A is an enzyme catalyzing de novo
addition of methyl (CH3-) group to the cytosine base. Generally, cancer cells are often
characterized by site-specific hypermethylation of tumor suppressor genes that leads to their
silencing. This abnormal hypermethylation is thought to be a consequence of altered DNA
methyltransferase activity. Presumably, de novo DNA methyltransferases (such as DNMT3A)
may be responsible for the onset of hypermethylator phenotype in many cancers, including
leukemias. Mutations in DNMT3A have been discovered in approximately 30% of AML
patients with normal karyotype and were shown to be connected with shorter overall survival
and/or disease-free survival (Ley et al., 2010; Thol et al., 2011; Marková et al., 2012;
Marcucci et al., 2012; Ley et al., 2013). Our assumption was that if the leukemic clone has a
DNMT3A mutation, there may be a block of one of the possible mechanisms of acquiring
hypermethylation. In other words, there would be a tendency to hypomethylation when
compared to wild-type DNMT3A AML patients. Therefore we examined the impact of
DNMT3A mutation on DNA methylation levels of selected genes (n=9) as well as HOX genes
(n=24).
Our results indicated that there is a significant link between DNMT3A mutational status and
DNA methylation state in AML patients. Firstly, we identified AML patients with mutated
DNMT3A to have lower cumulative DNA methylation levels of selected genes as well as
HOX genes. Secondly, they had less concurrently hypermethylated (HM) genes compared to
the patients with wild-type DNMT3A (Hájková et al., 2012). At the time we published these
results, this was the first report showing such a clear correlation. None of the previous studies
had addressed this issue by using the highly sensitive approach of methylation specific realtime PCR (MethyLight). Thol et al. did not reveal differences in global DNA methylation
levels in DNMT3A mutated versus wild-type cohorts (Thol et al., 2011). Consistently, Ley et
al. found that genomes with or without DNMT3A mutations displayed virtually identical 5methylcytosine content, but when using a more specific approach of MeDIP-chip analysis,
they detected 182 genomic regions hypomethylated within DNMT3A-mutated subgroup.
HOXA6 and HOXB3 genes were among genes associated to these hypomethylated regions
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(Ley et al., 2010), which is in agreement with our results. Aditionally, a work by Yan et al.
also using MeDIP-chip analysis showed the presence of hypomethylated CpG islands in the
HOXB cluster (Yan et al., 2011). These findings are also consistent with our results showing
that AML patients with DNMT3A mutation have lower levels of DNA methylation in HOX
genes. Interestingly, HOX DNA methylation levels within DNMT3A-mutated AML patients
were even lower than those observed in healthy donor samples. Not only numbers and levels
of hypermethylated genes were decreased among patients with mutated DNMT3A but also
numbers of cases with so called zero methylation (i.e. none of the studied genes was
methylated) were significantly lower. Very recently, a study has been published showing that
the R882H DNMT3A mutation inhibits wild-type DNMT3A enzyme by blocking its ability to
form active tetramers (Russler-Germain et al., 2014). Furthermore, they analyzed DNA
methylation differences in DNMT3A mutant and wild-type AML with normal karyotype using
the Illumina 450K array platform and found that mean methylation values are slightly but
significantly lower at AML patients with R882 mutations compared to wild-type DNMT3A.
Non-R882 mutations did not demonstrate a significant difference in mean methylation relative
wild-type samples. Moreover, they also validated hypomethylation observed upstream from
the CDKN2B gene, which we detected as well. Altogether, their findings demonstrate that
normal karyotype AML with DNMT3A mutations at R882 exhibit local hypomethylation at
specific CpG residues, which are found throughout the genome (Russler-Germain et al.,
2014). Inconsistently with Russler-Germain et al. (2014), we did not find any difference
within the R882 versus non-R882 DNMT3A mutations, which may be very probably caused
by lower numbers of AML samples and lower numbers of genes in our study. In 2014,
another study confirmed DNMT3A mutations in connection with hypomethylation that
preferentially affects HOX genes and CpG islands (CGIs) in general (Qu et al., 2014). Based
on this recent and growing evidence, DNMT3A is obviously an important player in
determining the methylome of normal karyotype AML patients and eventually DNMT3A
mutations were consistently proved to be linked to site-specific hypomethylation all over the
genome.
Next, we focused on the impact of DNA methylation on prognosis. Based on DNMT3A
mutations’ negative influence on the outcome (Ley et al., 2010; Thol et al., 2011; Marková et
al., 2012; Tie et al., 2014), our presumption was that DNA hypomethylation rather than DNA
hypermethylation of promoter regions of studied genes could be connected with unfavorable
outcome. The prognostic relevance of DNMT3A mutational status has been reported in detail
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for larger intermediate-risk AML patient cohort by colleagues previously (Marková et al.,
2012) and was not the subject of this work. In the current study, we performed statistical
analysis taking into account both levels of DNA methylation as well as numbers of
concurrently hypermethylated (HM) genes, and revealed better overall survival (OS) when
more HM genes were present and when levels of methylation were higher. The same was
observed for cumulative rates of relapse - they were higher when less DNA methylation was
present. These findings are somewhat surprising when considering the general concept that
inactivation of TSGs might be rather accompanied by a negative prognostic impact due to
their role as genome keepers. However, such findings have already been observed also by
other groups. The most supportive observations to ours were made by Deneberg et al. (2011).
They found that CDKN2B methylation, along with increased genome-wide promoterassociated methylation, was connected with better OS and relapse-free survival (RFS). Very
similar revelations were described by Kroeger et al. who also found increased DNA
methylation of multiple studied genes connected with favorable prognosis (Kroeger et al.,
2007). Furthermore, methylation of CEBPA was shown to be associated with a better
treatment response, OS and RFS (Lin et al., 2011). Recent study also revealed higher DNA
methylation levels to be an indicator of enhanced survival (Qu et al., 2014). Marcucci et al.
(2014) recently described seven genes (CD34, RHOC, SCRN1, F2RL1, FAM92A1,
MIR155HG, and VWA8), which were connected to better outcome when methylated and thus
downregulated. On the other hand, there are a number of studies reporting adverse outcome
due to the higher promoter-associated methylation (Alvarez et al., 2010; Christiansen et al.,
2003; Shimamoto et al., 2005). Most recently, stem cell commitment–associated methylation
has been shown to be an independent prognostic factor for poorer overall survival in AML
(Bartholdy et al., 2014).
All these reports including our data show growing evidence of DNA methylation impact on
assessing prognosis. This importance is strengthened by increasing numbers of recently
revealed mutations in genes playing role in epigenetic mechanisms. But still, more studies are
needed to clarify the relation between DNA methylation and patients’ outcome. Our study
provided only preliminary data regarding the influence of DNA methylation on prognosis of
AML patients within intermediate and high risk groups. Nowadays, the trend is to examine
DNA methylation status using more comprehensive approaches like DNA methylation
microarrays and massively parallel sequencing, which enable to study specific DNA
methylation signatures having a prognostic role in AML. Obviously, there might be
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differences between particular genes being hypermethylated and their prognostic impact. We
can hypothesize that hypermethylation of genes involved in specific cellular pathways may
make these cells more prone and sensitive to chemotherapy treatment. Better understanding of
biological differences between AML with different DNA methylation levels at particular
genomic regions may certainly bring clinical benefits for patients.

4.2. Targeted bisulfite sequencing in AML patients
4.2.1.

Hypomethylation in inv(16)/t(16;16) AML

We discovered a CBFB-MYH11, i.e. inv(16)/t(16;16), specific hypomethylation that may play
a role in upregulation of some previously described inv(16)/t(16;16) overexpressed genes
(Valk et al., 2004). We analyzed DNA methylation and expression data of MN1, SPARC,
ST18 and DHRS3 in 55 AML patients at diagnosis and 10 healthy controls. Lower
methylation levels of these genes in inv(16)/t(16;16) patients versus other AML and healthy
donors

were

confirmed.

When

measured

by

TaqMan

gene

expression

assays,

inv(16)/t(16;16)-specific overexpression of MN1, SPARC, ST18 and DHRS3 was found with
respect to non-inv(16)/t(16;16) AML, but only in ST18 in comparison with healthy donors.
This was inconsistent with the Illumina microarray expression data as well as previously
published data (Valk et al., 2004), which both showed upregulation of all these genes in
comparison with healthy donors. Therefore, we re-measured the results using SYBR Green
RQ-PCR and we obtained different values from TaqMan RQ-PCR experiment. In SYBR
Green RQ-PCR experiment, changes in expression levels (between inv(16)/t(16;16) AML and
healthy donors) were also significant for MN1 and SPARC. We excluded both the role of PCR
nonspecificity and DNA contamination. Interestingly, MN1 and SPARC primers for SYBR
Green RQ-PCR, and MN1 and SPARC probes on the expression microarray, are localized
within the same exons, while MN1 and SPARC TaqMan probes have different, exon-exon
localizations. Nevertheless, we cannot claim that this is the only reason for the different
results, but the location of primers certainly may play a role when there are different isoforms
and splicing variants of a specific gene. This issue definitively needs deeper examination in
future studies. It is of interest that the results obtained by SYBR Green RQ-PCR are in
agreement with the publicly available data (GSE34823) of the study of Bletiere et al. (2012).
Average gene expression levels of MN1, SPARC and ST18 extracted from the above71

mentioned dataset are higher in inv(16)/t(16;16) AML in comparison with healthy donors’
bone marrow (4-times for MN1 and SPARC, 7-times for ST18), and DHRS3 expression is
basically the same in both groups.
Further, we also extracted the data from The Cancer Genome Atlas (TCGA, https://tcgadata.nci.nih.gov/tcga/) and they confirmed a link between hypomethylation of MN1 and
DHRS3 regulatory regions and their overexpression in inv(16)/t(16;16) AML when compared
with AML samples with normal karyotype (healthy controls data were not available).
Regulatory regions corresponding to remaining genes lacked information of their methylation
status in TCGA due to the absence of appropriate CpGs in Illumina 450K array platform used
in TCGA study (Ley et al., 2013). This supports the profitability of studying DNA
methylation using targeted bisulfite sequencing, which provides more complex coverage than
microarray-based techniques.
The hypomethylation pattern that we discovered in inv(16)/t(16;16) AML patients is
remarkable also with respect to the very recently published data (Mandoli et al., 2014). For
the first time, their study revealed the involvement of CBFB-MYH11 fusion protein not only
in repression but also in transcriptional activation. The direct involvement of CBFB-MYH11
in overexpression of MN1, ST18 and SPARC is supported with 2-fold downregulation of these
genes upon CBFB-MYH11 knockdown as reported in their work. However, none of the 1874
high-confidence CBFB-MYH11 binding sites (Mandoli et al., 2014) overlaps with any of the
hypomethylated regions reported here. DHRS3 was among the genes upregulated upon
CBFB-MYH11 knockdown, which is in agreement with its questionable upregulation in
inv(16)/t(16;16) AML.
An important question is whether this hypomethylation really plays a causal role in regulation
of expression in all of these genes, because there were great differences in localization of
hypomethylated regions with respect to TSSs of individual genes. With regard to MN1 and
SPARC, the hypomethylation is located not far from their TSSs, which makes the assumption
of their role in the expression of these genes more straightforward. Moreover, MN1 and
SPARC potential regulatory regions overlap regions of active chromatin (enhancers) in
mobilized

CD34+

cells

as

observed

in

the

EpiGenome

Browser

(http://epigenomegateway.wustl.edu/browser) suggesting a role of these regions in
transcription regulation. On the contrary, differentially hypomethylated sites assigned by
GREAT to ST18 and DHRS3 are placed much farther from their TSSs, specifically
approximately 275 kilobases (kb) downstream for ST18 and 277 kb upstream for DHRS3.
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ST18 and DHRS3 assigned regulatory regions are placed within chromatin marked with low
transcription activity and enhancer, respectively (in mobilized CD34+ cells, data from
EpiGenome Browser).
Inv(16)/t(16;16) rearrangement results in the disruption of the myosin heavy chain 11
(MYH11) gene at 16p13 and the core binding factor beta (CBFB) gene at 16q22.
Inv(16)/t(16;16) together with t(8;21) resulting in RUNX1-RUNX1T1 (AML1-ETO) represent
core-binding factor acute myeloid leukemias (CBF AMLs). CBF AMLs are associated with a
relatively favorable prognosis. Although t(8;21) and inv(16)/t(16;16) AML are usually
grouped and reported together in clinical studies, considerable experimental evidences have
emerged that they represent two distinct entities and should be considered separately for
further studies. Supportively with these findings, we did not observe either hypomethylation
or overexpression of inv(16)/t(16;16) assigned genes in t(8;21) AML.
MN1 expression levels have been shown to stratify prognosis of cytogenetically normal AML
patients and its overexpression is connected with a poor outcome of cytogenetically normal
AML patients (Heuser et al., 2006; Langer et al., 2009). Nevertheless, inv(16)/t(16;16) AML
patients are generally associated with a good prognosis (Grimwade et al., 1998; Mrózek et al.,
2008) in spite of their frequent MN1 overexpression. Functional studies have proved that
MN1 cooperates with CBFB-MYH11 in developing AML in vivo and that neither CBFBMYH11 nor MN1 alone are capable of promoting leukemia (Carella et al., 2007). According
to our results it seems that hypomethylation is present uniquely in inv(16)/t(16;16) AML
patients in both MN1 assigned regions (none of the other AML subtypes or healthy controls
displayed MN1 hypomethylation in our cohort). So it supports the theory that upregulation of
some genes that might involve MN1 is crucial for inv(16)/t(16;16) leukemogenesis and
hypomethylation may be therefore needed to ensure stable overexpression of critical genes.
Apparently the mechanism of MN1 upregulation is different in non-inv(16)/t(16;16) AML
patients or potentially hypomethylation of other regulatory areas located elsewhere may be
involved. Besides, hypomethylation as an underlying mechanism of high MN1 expression in
inv(16)/t(16;16) pediatric AML patients has been presented at ASH 2014 conference
(Larmonie et al., 2014).
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4.2.2.

Differentially expressed and methylated genes

Correlation between targeted DNA methylation and microarray expression data of 14 AML
patients and a healthy controls’ CD34+ pool revealed PBX3 differential methylation and gene
expression. PBX3 (pre-B-cell leukemia homeobox 3) is part of the three amino acid loop
extension (TALE) family of transcription factors, which include the products of the PBX and
MEIS genes and are capable of heterodimerization with the HOX proteins (Chang et al.,
1996). Recently, PBX3 was reported to have a synergistic effect with HOXA9 in transforming
normal hematopoietic progenitor cells in vitro as well as in vivo (Li et al., 2013). Moreover,
PBX3 is one of the four genes (HOXA6, HOXA9, PBX3 and MEIS1), whose common
expression signature was shown to influence overall survival in cytogenetically normal AML
(Dickson et al., 2013). All evidence points to an important role of PBX3 in leukemogenesis.
This is the first report uncovering DNA methylation as a plausible regulator of PBX3
expression. We found a strong negative correlation between levels of PBX3 methylation and
expression in 8 healthy donors’ samples and 30 AML patients at diagnosis (P<0.0001 and
P=0.002 for upregulation and downregulation, respectively). Localization of PBX3
differential methylation overlaps TAF1 binding site according to ENCODE ChIP-Seq data
from UCSC genome browser (http://genome.ucsc.edu/). TAFs (TBP-associated factors) create
a stable complex with TBP (TATA-binding protein) and RNAPII (RNA polymerase II) to
form a preinitiation complex, so we may assume that DNA methylation status of TAF1
binding site can directly influence the accessibility of DNA for transcription enzymes. The
probability of transcription initiation is possibly dependent on whether the DNA methylation
is low with high expression rates or DNA methylation is high with decreased expression or
finally intermediate DNA methylation corresponding to in-between expression levels. As
PBX3 has a CpG island (CGI) overlapping its TSS, we also looked at its methylation status.
Based on targeted methylation data, there was no methylation present either in AML or
healthy controls. Therefore, methylation status of downstream located control element rather
than CGI methylation is most likely crucial for PBX3 expression.
Further we focused on potential prognostic significance of PBX3 expression in terms of
overall survival (OS) and incidence of relapse. High PBX3 expression levels were not related
to different OS compared to AML patients with low PBX3 expression, however relapse rates
were significantly higher in PBX3-overexpressing patients by both univariate and multivariate
testing. This suggests more aggressive phenotype/course of disease of these patients, which is
not reflected in the OS probably due to the early and effective treatment of relapses – often
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followed by bone marrow transplantation. We also showed that PBX3 overexpression did not
occur in AML patients within cytogenetically favorable subgroup.
We also validated the methylation/expression correlation stated in the Table 3-4 also for
GFI1. Moreover, correlations stated in Table 3-4 are further supported by the presence of
genes, for which the role of DNA methylation was already published such as MPO (Itonaga et
al., 2014), CEBPA, DAPK1, IRF8 and PRDX2 (Jiang et al., 2014; Schneider et al., 2014).
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5. CONCLUSIONS
Our results confirmed the important role of DNA methylation in pathogenesis of AML.
Recently, DNMT3A mutations and CBFB-MYH11 fusion gene have been shown to be
overrepresented among genetic lesions affecting preleukemic hematopoietic stem cells. We
described a profound effect of these aberrations on DNA methylation patterns in AML, which
is consistent with their landscaping function (role in global expression changes) of mutations
occurring in the early stages of AML development.
Firstly, we discovered a clear association between DNMT3A mutations and specific
hypomethylation of selected genes (CDKN2B, CALCA, SOCS1, CDH1, MYOD1,ESR1,
DAPK1, TIMP3 and ICAM1) and HOX genes (HOXA1, HOXA2, HOXA4, HOXA5, HOXA6,
HOXA7, HOXA9, HOXA11, HOXA13, HOXB1, HOXB2, HOXB3, HOXB4, HOXB5, HOXB6,
HOXB7, HOXB8, HOXB9, HOXB13, HOXC8, HOXD3, HOXD10, HOXD11, HOXD13).
Previously, global measurements of DNA methylation content failed to detect differences
between DNMT3 mutant and wild-type AML. Only recently, studies describing the local
genome-wide hypomethylation and the dominant-negative effects of DNMT3A mutations
have appeared. These recent studies confirmed our observations of hypomethylation in
selected genes as well as HOX genes. Moreover, there is a growing evidence for site-specific
global hypomethylation connected with unfavorable outcome, which is also consistent with
our pilot results of lower DNA methylation (at multiple loci) impact on AML prognosis.
Secondly, we found a new hypomethylation signature specific for inv(16)/t(16;16) AML
patients that may be responsible for overexpression of some genes that are crucial for
inv(16)/t(16;16) pathogenesis – such as ST18, MN1, SPARC and DHRS3. MN1 gene is likely
to be a key gene involved in the pathogenesis of inv(16)/t(16;16) AML and hypomethylation
in the regulatory region near its TSS in inv(16)/t(16;16) AML patients was confirmed, even
on the basis of publicly available data from TCGA. Furthermore, we explored new regulatory
region for PBX3 and association of its methylation with PBX3 expression. Therefore, targeted
bisulfite sequencing represents a convenient approach in terms of genome coverage and
informativeness with a great potential to reveal new regulatory regions of genes involved in
leukemic transformation. We also tested the usability of PBX3 expression levels for
assessment of AML prognosis. The pathological relevance of high PBX3 expression was
proved by increased incidences of relapses in univariate as well as multivariate analysis.
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Our results described new genomic regions being differentially methylated in specific
subtypes of AML and will be the basis of further studies aiming to elucidate molecular
mechanisms of AML. Specifically, we plan to perform functional analysis of selected
genomic regions in term of DNA methylation influence on expression of assigned genes.
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6. LIST OF ABBREVIATIONS
5-hmC
5-mC
AML
ASXL1
BAHCC1
BM
BS DNA
CALCA
CBF AML
CBFB
CDH1
CDKs
CDKN2B
cDNA
CEBPA
CGIs
ChIP-seq
COBRA
CpG
CR
CTCF
CTNNA1
DAPK1
DHRS3
DMRs
DNA
DNMTs
DNMT1
DNMT3A
DNMT3B
DNMT3L
EGR1
ENCODE
ESR1
EZH2
FAM171A1
FISH
FLT3
GFI1
H3K4
H3K4me3
H3K9
H3K27
H3K27me3
H3K36
H3K79
H4K20

5-hydroxymethylcytosine
5-methylcytosine
acute myeloid leukemia
additional sex combs like transcriptional regulator 1
BAH domain and coiled-coil containing 1
bone marrow
bisulfite-treated DNA
calcitonin-related polypeptide alpha
core-binding factor acute myeloid leukemia
core-binding factor, beta subunit
cadherin 1, type 1, E-cadherin
cyclin-dependent kinases
cyclin-dependent kinase inhibitor 2B
complementary DNA
CCAAT/enhancer binding protein, alpha subunit
CpG islands
chromatin immunoprecipitation sequencing
combined bisulfite restriction analysis
cytosine-guanine dinucleotide
complete remission
CCCTC-binding factor
catenin (cadherin-associated protein), alpha 1
death-associated protein kinase 1
dehydrogenase/reductase (SDR family) member 3
differentially methylated regions
deoxyribonucleic acid
DNA methyltransferases
DNA methyltransferase 1
DNA methyltransferase 3A
DNA methyltransferase 3B
DNA methyltransferase 3-like
early growth response 1
Encyclopedia of DNA Elements
estrogen receptor 1
enhancer of zeste 2 polycomb repressive complex 2 subunit
family with sequence similarity 171, member A1
fluorescence in situ hybridization
fms-related tyrosine kinase 3
growth factor independent 1 transcription repressor
lysine 4 of histone H3
trimethylated lysine 4 of histone H3
lysine 9 of histone H3
lysine 27 of histone H3
trimethylated lysine 27 of histone H3
lysine 36 of histone H3
lysine 79 of histone H3
lysine 20 of histone H4
78

HATs
HM
HSCs
HDACs
HOX
HPLC
IDH1/2
ICAM1
ICR
Inv(16)
IPSS
IRF8
ITD
KRAS
LINE1
lncRNA
LUMA
MDS
miRNA
MLL
MN1
MNC
MPO
mRNA
MS-HRM
MSP
MYH11
MYOD1
NPM1
NRAS
OS
PB
PBX3
piRNA
PML-RARA
PMR
PRC2
PRDX2
PTD
PU.1
R882
R882H/C/P/S/G
RAEB
RFS
RNA
RNAi
RNAPII
RQ-PCR

Histone Acetyltransferases
hypermethylated
hematopoietic stem cells
histone deacetylases
homeobox genes
high-performance liquid chromatography
isocitrate dehydrogenase 1/2
intercellular adhesion molecule 1
imprinting control region
inversion of chromosome 16
International Prognostic Scoring System
interferon regulatory factor 8
internal tandem duplication
kirsten rat sarcoma viral oncogene homolog
Long Interspersed Element 1
long non-coding RNA
luminometric methylation assay
myelodysplastic syndrome
micro-RNA
mixed-lineag leukemia
meningioma (disrupted in balanced translocation) 1
mononuclear cells
myeloperoxidase
messenger ribonucleic acid
methylation-specific high resolution melting
methylation-specific PCR
myosin, heavy chain 11, smooth muscle
myogenic differentiation 1
nucleophosmin (nucleolar phosphoprotein B23, numatrin)
neuroblastoma RAS viral (v-ras) oncogene homolog
overall survival
peripheral blood
pre-B-cell leukemia homeobox 3
PIWI-interacting RNA
promyelocytic leukemia-retinoic acid receptor-alpha
percentage of methylated reference
Polycomb Reppresive Complex 2
peroxiredoxin 2
partial tandem duplication
Spi-1 proto-oncogene
arginine codon 882
missense mutations at arginine codon to histidine/cysteine/proline/
serine/glycine
refractory anemia with excess blasts
relapse-free survival
ribonucleic acid
RNA interference
RNA polymerase II
real-time quantitative polymerase chain reaction
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RUNX1-RUNX1T1
SAH
SAM
siRNA
SOCS1
SPARC
ST18
TAF1
TBP
TBS
TCGA
TDG
TERT
TET2
TFIID
TFs
TIMP3
TSS
URE
UTR
WGBS
Xist

runt-related transcription factor 1- runt-related transcription factor 1
S-adenosyl-L-homocysteine
S-adenosyl-L-methionine
small interfering RNA
suppressor of cytokine signalling-1
secreted protein, acidic, cysteine-rich
suppression of tumorigenicity 18
TATA box binding protein-associated factor 1
TATA box binding protein
targeted bisulfite sequencing
the Cancer Genome Atlas
thymine-DNA glycosylase
telomerase reverse transcriptase
ten eleven translocation 2
trancription factor II D
transcription factors
tissue inhibitor of metalloproteinase 3
transcription start site
upstream regulatory region
untranslated region
whole-genome bisulfite sequencing
X-inactive specific transcript
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a b s t r a c t
We examined 79 acute myeloid leukemia (AML) patients for DNA methylation of 12 tumor suppressor
genes (TSG) and 24 homeobox domain (Hox) genes, and additionally for mutations in DNMT3A gene.
We observed lower levels of DNA methylation (P < 0.0001) as well as smaller numbers of concurrently
hypermethylated genes (P < 0.0001) in patients with DNMT3A mutations. Our study of the impact of DNA
methylation on prognosis in intermediate and high risk AML patients revealed a relation between higher
DNA methylation and better patients’ outcome. Lower DNA methylation was linked with higher relapse
rates and an inferior overall survival.
© 2012 Elsevier Ltd. All rights reserved.

1. Introduction
Genetic and epigenetic changes have been established in the
pathogenesis of acute myeloid leukemia (AML) [1–3]. Currently,
mutations of genes involved in regulation of epigenetic processes
(such as DNMT3A, TET2, EZH2, ASXL1, IDH1/2 etc.) are coming to
the fore [4,5]. These mutations, together with other genetic alterations (e.g. gene translocations, deregulated gene expression etc.)
affecting genes involved in epigenetic pathways, may give rise to
epigenetically deregulated tumor cells. Presumably, DNA methylation signature may be inﬂuenced by the alterations of these
epigenetic regulatory genes. Therefore, it will be of great importance to link information on such genetic lesions to epigenetic
aberrations. Mutations in DNMT3A gene encoding the enzyme
DNA methyltransferase 3A have recently been observed in approximately 20% of AML cases and correlated with a poor clinical
outcome [6,7].
DNA methyltransferases (DNMTs) are a family of enzymes that
catalyze the transfer of a methyl group to cytosine, forming 5methylcytosine. DNMT3A and DNMT3B are preferentially de novo
methyltransferases establishing a new pattern of DNA methylation, while the role of DNMT1 is to maintain the DNA methylation
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pattern during cell division [8]. DNA methylation has two prominent effects in the cell. Firstly, it stabilizes the genome by
hypermethylation of repetitive sequences. Secondly, DNA methylation is involved in the process of switching on/off of genes that are
regulated from promoter or another regulatory region containing
CpG rich regions called CpG islands (CGI). It is reported that about
60% of human genes contains CGI in their promoter regions [9].
The importance of DNA methylation is underlined by the fact that
DNMT1 and DNMT3B knockout mice displayed embryonic lethality
and DNMT3A knockout mice are born alive but die within a few
weeks after birth [10]. In humans, germ-line mutation in DNMT3B
results in global hypomethylation and chromosomal instability, as
seen in patients with ICF (immunodeﬁciency, centrosome instability and facial anomalies) syndrome [11,12].
The purpose of this study was to evaluate the impact of DNMT3A
mutations on DNA methylation levels of selected genes. Based on
previously mentioned facts, we hypothesized that mutations of the
DNMT3A gene might directly inﬂuence the content of methylated
cytosine compared to cells with wild-type DNMT3A. However,
DNMT3A mutations have not been found to dramatically alter 5methylcytosine content and global DNA methylation levels in AML
genomes [6,7]. Therefore we applied a more speciﬁc approach
focusing on selected genes and their DNA methylation levels using
real-time PCR (RQ–PCR) with methylation speciﬁc primers and
probe (MethyLight) and methylation speciﬁc cleavage of DNA followed by RQ–PCR to assess whether there is a difference between
methylation levels of particular promoter regions in AML patients
with wild-type versus mutated DNMT3A. For these purposes, we
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examined 12 tumor suppressor genes (TSG) (CDKN2B, CALCA, CDH1,
ESR1, SOCS1, MYOD1, DAPK1, TIMP3, ICAM1, TERT, CTNNA1, and
EGR1) by MethyLight. Most of these genes have been described
as hypermethylated in hematological or other malignancies previously [13–16]. Additionally, we looked at the DNA methylation
status of homeobox domain (Hox) genes by DNA methylation PCR
arrays, as Hox genes are involved in leukemogenesis and Yan
et al. [17] have recently found hypomethylated CpG islands in the
promoter region of HOXB cluster in AML patients with mutated
DNMT3A.
2. Materials and methods
2.1. Patients
Bone marrow or peripheral blood samples from 79 AML patients at the time
of diagnosis were collected. The median age was 53 years (19–81 years) and the
female/male ratio was 45/34. Six patients had therapy-related AML, 5 had secondary
AML (after MDS/MPN) and 68 had de novo AML. Patients with a favorable cytogenetic proﬁle – t(15;17), inv(16) or t(16;16), t(8;21) – were not included in this
study. Clinical characteristics of patients (including routinely examined markers
FLT3/ITD, NPM1 and cytogenetic prognostic group according to Marchesi et al. [18])
are summarized in Table S1. Patients’ written consent was obtained and the study
was approved by the Institutional Ethics Committee.
2.2. Sample preparation
Mononuclear cells (MNC) from peripheral blood (PB) or bone marrow
(BM) at diagnosis were separated by Ficoll gradient centrifugation (Histopaque,
Sigma–Aldrich, Steinheim, Germany) and then stabilized in RLT buffer (Qiagen,
Hilden, Germany).
2.3. DNA&RNA isolation, bisulﬁte conversion and reverse transcription
DNA and RNA were extracted from peripheral blood or bone marrow mononuclear cells (PB MNC or BM MNC) using AllPrep DNA/RNA Mini Kit (Qiagen). Bisulﬁte
conversion was performed from 1 g DNA by EpiTect Bisulﬁte Kit (Qiagen) and
eluted into 40 l EB buffer. cDNA was prepared as described in Marková et al. [19].
2.4. Methylation speciﬁc qPCR (MethyLight)
Bisulﬁte-treated DNA (BS DNA) was ampliﬁed using methylation-speciﬁc TaqMan probe placed within the area bounded by the methylation-speciﬁc primers.
The principle and validation of MethyLight technology is summed up in the work
of Eads et al. [20]. ACTB gene, amplifying the bisulﬁte-converted DNA regardless of
its methylation status, served as a control gene to determine a quality of BS DNA.
Primer and probe sequences were taken from [21,22]. CTNNA1 and EGR1 primers
and probes were designed using Beacon Designer 7 (PREMIER Biosoft, Palo Alto, CA,
USA) and the sequences are shown in Table S2. Levels of DNA methylation were
expressed as a percentage of methylated reference (PMR). Commercially available
fully methylated human DNA (Qiagen) was used as a positive reference. As a negative reference, 20 normal blood samples (MNC) were examined for each gene to set
a DNA methylation cut-off deﬁned as the value above which the DNA methylation
is considered aberrant. These values varied for individual genes, but overall always
resulted in PMR > 1. CDKN2B gene displayed the highest levels of basal DNA methylation and PMR > 4 were considered aberrantly methylated. TaqMan Universal Master
Mix II (Applied Biosystems, Foster City, CA, USA) and manufacturer’s recommended
PCR reaction conditions were used for ampliﬁcation. Ampliﬁcation and data analysis were carried out using the Rotor Gene 3000A thermocycler (Corbett Research,
Sydney, Australia). PMR values were calculated as depicted in Ogino et al. [23].
2.5. Methyl RQ-PCR arrays
We used Human Homeobox Genes DNA Methylation PCR Array (SABiosciences,
Frederick, USA) to proﬁle DNA methylation levels of Hox genes (n = 24) (HOXA1,
HOXA2, HOXA4, HOXA5, HOXA6, HOXA7, HOXA9, HOXA11, HOXA13, HOXB1, HOXB2,
HOXB3, HOXB4, HOXB5, HOXB6, HOXB7, HOXB8, HOXB9, HOXB13, HOXC8, HOXD3,
HOXD10, HOXD11, HOXD13). This novel restriction enzyme-based technology was
described by Kim et al. [24]. Brieﬂy, genomic DNA is treated with a combination
of methylation-sensitive (Ms) and/or methylation dependent (Md) enzymes. Subsequent RQ-PCR enables comparison of Ct values between particular enzymatic
reactions and thus assessment of DNA methylation levels. PCR reactions were
performed using Opticon RQ-PCR machine (Bio-Rad, Hercules, CA, USA). Detailed
description of sample preparation and PCR reaction conditions are provided in the
manufacturer’s protocol. A methylation rate above “mean + 3 standard deviations”
of healthy donor’s DNA methylation levels was used to set the cut-off value for
aberrant DNA methylation.
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2.6. Direct sequencing
Sequencing analysis was performed to detect mutations between amino acids
300 and 930 (where DNMT3A mutations occur according to Ley et al. [6]). Primer
sequences and PCR reaction conditions were described previously [25]. Direct
sequencing was performed on ABI Prism 310 genetic analyzer (Perkin-Elmer,
Wellesley, MA, USA) using Big Dye® Terminator kit v.3.1 (Applied Biosystems).
2.7. Conventional and molecular cytogenetics
Standard chromosomal preparation techniques for bone marrow cells were
used. Twenty-two mitoses were analyzed using an IKAROS imaging system for karyotyping (MetaSystems, Altlussheim, Germany). Chromosomal abnormalities were
veriﬁed by FISH with Vysis DNA probes (Abbott Laboratories, Abbott Park, IL, USA)
and mFISH/mBAND using XCyte color kits (MetaSystems), according to standard
protocols. At least 20 metaphases were evaluated using an Axio-Imager Z1 microscope (Zeiss) and an IKAROS/ISIS computer analysis system (MetaSystems).
2.8. Statistical analysis
For analyses of quantitative data, medians were calculated and non-parametric
two-tailed Mann–Whitney tests were performed. Kaplan–Meier curves and twosided log-rank test were used to estimate the overall survival and to compare
differences between survival curves. The relations between the parameters compared in contingency tables were analyzed using the 2 test. All tests were conducted
at a level of signiﬁcance of 0.05 using GraphPad Prism4 software (GraphPad Software, San Diego, CA, USA).

3. Results
3.1. DNA methylation of 12 selected TSG by MethyLight
MethyLight assessment of 12 TSG showed the following frequencies of hypermethylation in AML patients at diagnosis (n = 79):
CDKN2B (49%), CALCA (43%), SOCS1 (24%), CDH1 (22%), MYOD1 (18%),
ESR1 (14%), DAPK1 (5%), ICAM1 (4%), TERT (2.5%). TIMP3, CTNNA1
and EGR1 were not found to be hypermethylated when compared
with healthy donors’ blood samples (n = 20). Overall, 70% of AML
patients had at least 1 gene hypermethylated at the time of diagnosis. We categorized DNA methylation levels for individual genes as
follows: low (<15% of PMR), intermediate (≥15% and <50% of PMR)
and high (≥50% of PMR). The gene displaying the highest levels of
methylation was ESR1 followed by CALCA and SOCS1. For cumulative
DNA methylation assessment, we semi-quantitatively assigned low
DNA methylation level to 1, intermediate to 2 and high to 3. Then
the cumulative DNA methylation value for the respective sample
was taken as the sum of DNA methylation levels for individual
genes (range 0–13; median 2). ESR1 methylation was most predictive for concurrent hypermethylation of other genes (P < 0.001).
The median number of methylated genes was 1 (range 0–6) with
12 AML patients having 4 and more simultaneously hypermethylated genes at the same time. When available (n = 10) we compared
results obtained from PB MNC to those from BM MNC and found
that the resulting value was always in the same DNA methylation
category (negative, low, intermediate or high). Based on this, we
concluded that there was no signiﬁcant difference in assessing DNA
methylation from PB or BM.
3.2. Hox genes DNA methylation proﬁling
Hox genes methylation proﬁling revealed the following set of
differentially methylated genes (n = 12) when compared to healthy
donor samples: HOXA4, HOXA5, HOXA6, HOXB13, HOXB3, HOXB4,
HOXB7, HOXB8, HOXC8, HOXD10, HOXD11 and HOXD3. In general,
the levels of DNA methylation were lower in patients with DNMT3A
mutation (see Section 3.4.). The most frequently hypermethylated
gene regardless of DNMT3A mutational status was HOXA4. On the
contrary, the most frequently hypomethylated gene was HOXB3
within mutated DNMT3A cohort and HOXA5 gene independently of
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Fig. 1. Decreased cumulative DNA methylation levels (A) and numbers of hypermethylated genes (B) in AML patients with mutated (mut) vs wild-type (wt) DNMT3A.

DNMT3A status. The remaining genes were hypermethylated preferentially in the DNMT3A wild-type subgroup.
3.3. DNMT3A mutational analysis
Sequencing of cDNA from PB or BM of 79 AML patients at diagnosis revealed that 32 of 79 (41%) AML patients had DNMT3A mutation.
The higher DNMT3A mutation incidence (compared to published
data) in our patients’ cohort is due to the preferential selection of
AML patients with a higher percentage of probability of this mutation (normal karyotype and mutations in NPM1 and/or FLT3). 20
patients had a single nucleotide change at codon Arg882 (15 had
Arg882His and 5 had Arg882Cys). 6 patients had another missense
mutation and 3 patients displayed frameshift mutations (2 deletions and 1 insertion). 3 patients carried two different mutations at
the same time.

hypermethylated (HM) genes: low (0–2) and high (3–6) numbers
of concurrently HM genes. These categories based on DNA methylation status were used for subsequent statistical analysis. Only the
6 most frequently hypermethylated genes (CDKN2B, CALCA, SOCS1,
CDH1, MYOD1 and ESR1 – genes that were hypermethylated in more
than 10% of patients) were involved in this analysis.

3.4. Relationship between DNA methylation, DNMT3A mutations
and other parameters
We found a strong correlation between DNA methylation and
DNMT3A mutations. DNA methylation levels (P < 0.001) as well
as numbers of simultaneously methylated genes (P < 0.001) were
signiﬁcantly lower in patients with mutated DNMT3A (Fig. 1).
The number of cases with no methylation in any of the studied
genes (zero methylation) also differed signiﬁcantly (18 versus 6 in
mutated versus wild-type DNMT3A, 56% versus 13% of cases respectively, P < 0.001).
The same trend was obvious for Hox genes (a representative example is shown in Fig. 2). We observed lower levels of
DNA methylation in patients with mutated DNMT3A even when
compared to healthy donor sample (Fig. 2). There was no difference between the most frequent types of DNMT3A mutations, i.e.
Arg882His/Arg882Cys, and other types of mutations, when assessing their impact on DNA methylation.
Using the same approach, we evaluated whether there was a
connection between DNA methylation and age, gender, percentage
of blasts (PB and BM) or cytogenetic risk group (intermediate versus
high risk). DNA methylation levels or numbers of HM genes were
independent of these parameters (data not shown).
3.5. DNA methylation impact on prognosis
We subdivided AML patients according to the sums of their
semi-quantitatively assessed levels of DNA methylation (cumulative DNA methylation) (see Section 3.1.) – into the following
groups: low (0–1) and high (2 and more) DNA methylation
levels. The same was done for the number of simultaneously

Fig. 2. Differences between DNA methylation levels of HOX genes in a representative AML patient with wild-type DNMT3A (A), with mutated DNMT3A (B) and
healthy donor sample (C); UM, unmethylated; IM, intermediately methylated; HM,
hypermethylated.
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Fig. 3. Cumulative incidence of relapse in AML patients according to their DNA methylation levels (A) and numbers of hypermethylated (HM) genes (B) assessed by MethyLight
PCR; low (0–1) and high (2 and more) DNA methylation levels – taken as a sum of DNA methylation levels of individual genes in one sample; low (0–2) and high (2–6)
numbers of HM genes – numbers of concurrently HM genes in one sample.

3.5.1. Achievement of complete remission (CR) and cumulative
incidence of relapse
First we analyzed the impact of DNA methylation levels and
numbers of HM genes on CR rates. We did not ﬁnd any correlation
for either overall DNA methylation levels or individually studied
genes. However, when analyzing relapse rates in the context of
DNA methylation, we identiﬁed the inﬂuence of DNA methylation
on a cumulative incidence of relapse (Fig. 3). Higher DNA methylation levels (P = 0.053) and numbers of HM genes (P = 0.012) were
connected with the lower incidence of relapse.
3.5.2. Survival analysis
We correlated DNA methylation of individual genes and overall survival (OS). The most informative gene was SOCS1, which
was connected with better OS when hypermethylated in its promoter region (P = 0.04) (Fig. 4A). The same trend was obvious for
the remaining genes (e.g. CDKN2B, P = 0.06, Fig. 4B).
Further, we compared OS for patients with low and high levels of
cumulative DNA methylation as well as for low and high numbers of
concurrently methylated genes (Fig. 4C and D). Our results suggest
that patients with lower levels of DNA methylation (P = 0.0274) or
with smaller numbers of hypermethylated genes (P = 0.012) have
a worse OS compared to those with higher DNA methylation at
multiple loci.
4. Discussion
DNA methylation as a crucial epigenetic mechanism is involved
in regulating chromatin state, its remodeling and subsequent gene
expression. DNMT3A is an enzyme catalyzing de novo addition
of methyl (CH3 ) group to the cytosine base. Generally, cancer cells are characterized by site-speciﬁc hypermethylation of
tumor suppressor genes that leads to their silencing. This abnormal hypermethylation is thought to be a consequence of altered

DNA methyltransferase activity. Presumably, de novo DNA methyltransferases (as DNMT3A) may be responsible for the onset of
hypermethylator phenotype in many cancers, including leukemia.
Recently, mutations in DNMT3A have been discovered in AML
patients and have been shown to be connected with shorter overall
survival and/or disease-free survival [6,7,25]. Our assumption was
that if a leukemic clone has a DNMT3A mutation, there may be a
block in one of the possible mechanisms of acquiring hypermethylation. In other words, there will be a tendency to hypomethylation
when compared to wild-type DNMT3A leukemic cells. Therefore,
we examined the impact of DNMT3A mutation on DNA methylation levels of selected tumor suppressor genes (n = 10) as well as
Hox genes (n = 24).
The present study indicates that there is a signiﬁcant link
between DNMT3A mutational status and DNA methylation state in
AML patients within an intermediate and high risk group. Firstly,
we identiﬁed AML patients with mutated DNMT3A to have lower
cumulative DNA methylation levels of selected tumor suppressor
genes as well as Hox genes. Secondly, they have less concurrently
hypermethylated genes compared to the patients with wild-type
DNMT3A. To the best of our knowledge, this is the ﬁrst report
showing such a clear correlation. None of the previous studies
has addressed this issue by using the highly sensitive approach of
methylation speciﬁc real-time PCR (MethyLight). Thol et al. did not
reveal differential methylation levels in DNMT3A mutated versus
wild-type cohorts [7]. Ley et al. found that genomes with or without
DNMT3A mutations displayed virtually identical 5-methylcytosine
content, but when using a more speciﬁc approach of MeDIPchip analysis, they detected 182 genomic regions hypomethylated
within the DNMT3A-mutated subgroup [6]. Finally, another work
by Yan et al. also using MeDIP-chip analysis showed the presence
of hypomethylated CpG islands in the HOXB cluster [17]. This ﬁnding is consistent with our results showing that AML patients with
DNMT3A mutation have lower levels of DNA methylation in Hox
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Fig. 4. Overall survival according to the methylation status of SOCS1 gene (A), CDKN2B gene (B), DNA methylation levels (C) and numbers of concurrently hypermethylated
(HM) genes (D); low (0–1) and high (2 and more) DNA methylation levels – taken as a sum of DNA methylation levels of individual genes in one sample; low (0–2) and high
(2–6) numbers of HM genes – numbers of concurrently HM genes in one sample.

genes. Interestingly, Hox DNA methylation levels within DNMT3Amutated AML patients were even lower than those observed in
healthy donor samples (Fig. 2). Not only numbers and levels
of hypermethylated genes were decreased among patients with
mutated DNMT3A but also numbers of cases with so called zero
methylation (i.e. none of the studied genes was methylated) were
signiﬁcantly lower. This supports the theory about the functional
relation between the absence of hypermethylation phenotype and
mutation in DNMT3A.
Furthermore, we focused on the impact of DNA methylation on
prognosis. Based on DNMT3A mutation negative inﬂuence on the
outcome [6,7,25], our presumption was that DNA hypomethylation
rather than DNA hypermethylation of promoter regions of studied
genes could be connected with unfavorable outcome. The prognostic relevance of DNMT3A mutational status has been reported
in detail for larger intermediate-risk AML patients’ cohort in our
previous study [25]. In the current study, we performed a statistical
analysis taking into account both levels of DNA methylation as well
as numbers of concurrently hypermethylated genes, and revealed
better OS when more HM genes were present and when levels of
methylation were higher. The same was observed for cumulative
rates of relapse – they were higher when less DNA methylation was
present. These ﬁndings are somewhat surprising when considering the general concept that inactivation of TSG might be rather
accompanied by a negative prognostic impact due to their role as
genome keepers. However, such observations have already been
done also by other groups. Most supportive observations to ours
were made by Deneberg et al. [26]. They found that CDKN2B methylation, along with increased genome-wide promoter-associated
methylation, was connected with better OS and disease-free survival (DFS). Very similar revelations were described by Kroeger et al.
who found increased DNA methylation of multiple studied genes
connected with favorable prognosis [27]. Furthermore, methylation of CEBPA was shown to be associated with better treatment

response, OS and DFS [28]. On the other hand, there are a number
of studies reporting adverse outcome due to promoter-associated
methylation [29–31].
All these reports, including our data, show the growing evidence
of DNA methylation impact on assessing prognosis. This importance is strengthened by increasing numbers of recently revealed
mutations in genes playing role in epigenetic mechanisms. More
studies are needed to clarify the relation between DNA methylation and patients’ outcome. The present study provides preliminary
data regarding the inﬂuence of DNA methylation on prognosis of
AML patients within intermediate and high risk groups. Obviously,
there might be differences between particular genes being hypermethylated and their prognostic impact. We can hypothesize that
hypermethylation of genes involved in speciﬁc cellular pathways
may make these cells more prone and sensitive to chemotherapy
treatment. Better understanding of biological differences between
AML with less and more DNA methylation may bring clinical beneﬁts for patients.
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Abstract
Background: Studying DNA methylation changes in the context of structural rearrangements and point mutations
as well as gene expression changes enables the identification of genes that are important for disease onset and
progression in different subtypes of acute myeloid leukemia (AML) patients. The aim of this study was to identify
differentially methylated genes with potential impact on AML pathogenesis based on the correlation of methylation
and expression data.
Methods: The primary method of studying DNA methylation changes was targeted bisulfite sequencing capturing
approximately 84 megabases (Mb) of the genome in 14 diagnostic AML patients and a healthy donors’ CD34+
pool. Subsequently, selected DNA methylation changes were confirmed by 454 bisulfite pyrosequencing in a larger
cohort of samples. Furthermore, we addressed gene expression by microarray profiling and correlated methylation
of regions adjacent to transcription start sites with expression of corresponding genes.
Results: Here, we report a novel hypomethylation pattern, specific to CBFB-MYH11 fusion resulting from inv(16)
rearrangement that is associated with genes previously described as upregulated in inv(16) AML. We assume that
this hypomethylation and corresponding overexpresion occurs in the genes whose function is important in inv(16)
leukemogenesis. Further, by comparing all targeted methylation and microarray expression data, PBX3 differential
methylation was found to correlate with its gene expression. PBX3 has been recently shown to be a key interaction
partner of HOX genes during leukemogenesis and we revealed higher incidence of relapses in PBX3-overexpressing
patients.
Conclusions: We discovered new genomic regions with aberrant DNA methylation that are associated with
expression of genes involved in leukemogenesis. Our results demonstrate the potential of the targeted approach
for DNA methylation studies to reveal new regulatory regions.
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Background
Changes in DNA methylation patterns are a known hallmark of acute myeloid leukemia (AML) and underlie AML
pathogenesis [1]. DNA methylation in patients with AML
has been studied extensively and may reflect either specific
molecular abnormalities or characterize a group of patients
without an apparent molecular aberration. Specific translocations such as PML-RARA, AML1-ETO (RUNX1RUNX1T1), MLL translocations or CBFB-MYH11 fusion,
as well as CEBPA, NPM1, IDH1/IDH2, DNMT3A, TET2
and RUNX1 mutations have been described to display
distinct methylation signatures [2-4]. These epigenetic
profiles are usually accompanied by specific gene expression features. Studying genes that are epigenetically
deregulated in different groups of patients may contribute to a more detailed understanding of pathways involved in the leukemic transformation. Importantly, the
effect of DNA methylation changes is greatly dependent
on the location of differentially methylated regions
(DMRs) [5]. New approaches using next-generation sequencing enable studying of DMRs scattered throughout
the genome and targeted bisulfite sequencing offers a reasonably balanced ratio between cost and informativeness
(number of CpGs covered) [6]. The link between gene expression and DNA methylation data is needed to find
pathologically relevant DNA methylation changes, especially because many (or even the majority of) DMRs reflect the tissue of origin and not leukemia (cancer) specific
changes [7].
In this study, 84 megabases (Mb) of 14 AML genomes
and one CD34+ pool of cells from healthy donors were
captured for DNA methylation and gene expression
profiling. The aim was to identify differentially methylated genes with potential impact on AML pathogenesis
based on the correlation of methylation and expression
data.
AML patients with CBFB-MYH11 fusion (CBFB - Corebinding factor, beta subunit; MYH11 - Myosin, heavy
chain 11) resulting from inv(16) rearrangement clustered
together in a hierarchal DNA methylation and expression
analysis. The majority of differentially methylated regions
unique for CBFB-MYH11 patients were hypomethylated
and genes assigned to such regions were previously described as overexpressed in inv(16) AML [8].
PBX3 (pre-B-cell leukemia homeobox 3), recently
demonstrated as an important cofactor of HOXA9 in
leukemogenesis [9], was validated as a gene whose gene
expression levels correlated with DNA methylation of
its putative regulatory region across AML subtypes. The
importance of PBX3 is underlined by the fact that
PBX3-overexpressing patients relapse more frequently. In
summary, we discovered new genomic regions affected by
aberrant DNA methylation that are associated with expression of genes implicated in leukemogenesis.
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Results
Inv(16) methylation and expression cluster

We performed targeted bisulfite sequencing to discover
specific methylation changes in 14 AML samples of diverse clinical and genetic background versus a pool of
CD34+ healthy control cells (see Table 1 for patients’
characteristics). Agilent’s SureSelectXT Human MethylSeq system was used to interrogate DNA methylation of
selected regions (84 megabases in total) of their genomes. These targeted regions comprise CpG islands,
CpG shores and shelves, as well as cancer and tissuespecific DMRs. For all samples, on-target rates were
very good (about 95% for +/− 100 bp), while the percentage of targets above 20× coverage varied more
widely (between ~ 70% and 90%). Targeted methylation
data were correlated with previously obtained wholegenome bisulfite (WGBS) data (unpublished) for 3
cross-experiment (WGBS/target enrichment) samples.
Taking into account positions with minimal coverage of
10, there was a strong positive correlation (R ≥ 0.97) in
all cases.
The hierarchal clustering analysis was done with the R
package Pvclust [10] using the correlation as a distance
measure and Ward’s method. Only positions of autosomes (i.e. excluding mitochondria and sex chromosome
calls) with coverage at least 10 and available for all samples (n = 2 010 310) were included in the analysis. From
the clinical and molecular characteristics, only CBFBMYH11 patients (samples 1 and 2) clustered together. In
Figure 1A, clustering of all CpGs is shown (for separate
clustering of CpGs inside or outside CpG islands see the
Additional file 1: Figure S1A and S1B). None of the other
molecular abnormalities formed clusters and we did not
observe any effect of clinical status of AML (de novo,
therapy-related, or AML with myelodysplasia-related
changes). One of the inv(16) sample was derived from
BM (sample 1) while the other (sample 2) from PB. Importantly, this had no effect on their clustering consistency.
We investigated this uniformity between the results from
BM and PB in more details using 454 pyrosequencing in a
larger number of patients (see below).
Clustering of gene expression data for 8 884 genes with
detection P value ≤ 0.05 in all 14 AML patients and 4
CD34+ healthy control cells confirmed the inv(16) cluster
(Figure 1B). Consistent with the DNA methylation data,
no other characteristics formed clusters. The selection of
these 14 AML patients was done randomly throughout
various clinical subgroups (de novo, secondary after MDS,
secondary after breast cancer, AML with dysplasia) with
the aim to find common DNA methylation changes
among diverse AML subtypes. Therefore, we cannot make
any general conclusions with regard to the existence/nonexistence of specific DNA methylation/gene expression
profiles other than those demontrated in inv(16) AML,
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Table 1 Characteristics of AML patients
Sample ID

Genetic aberration

Clinical characterization

FAB subtype

Gender

Material

% blasts

AML_1

CBFB-MYH11, FLT3-ITD

de novo AML

AML M4

male

BM

68

AML_2

CBFB-MYH11

de novo AML

AML M4

female

PB

40

AML_3

NPM1

therapy-related AML*

AML M1

female

PB

67

AML_4

MLL-PTD

therapy-related AML*

AML M4

female

BM

42

AML_5

NPM1, DNMT3A, FLT3-ITD

AML with multilineage dysplasia

AML M2

female

PB

58

AML_6

none

AML with multilineage dysplasia

AML M1

female

BM

82

AML_7

NPM1, DNMT3A, FLT3-ITD

de novo AML

AML M4

male

BM

94

AML_8

FLT3-ITD

de novo AML

AML M1

male

BM

87

AML_9

FLT3-ITD

de novo AML

AML M1

male

BM

89

AML_10

NPM1, FLT3-ITD

de novo AML

AML M2

female

BM

75

AML_11

MLL-PTD

de novo AML

AML M1

male

BM

92

AML_12

MLL-PTD, CEBPA

de novo AML

AML M1

female

PB

80

AML_13

NPM1, CEBPA

AML after MDS

AML M6

male

PB

60

AML_14

none

AML after MDS

AML M2

male

PB

44

CD34+

pool of 4 CD34+ healthy control cells

males

AML_1 to AML_14 are AML patients at diagnosis that were subjected to targeted bisulfite sequencing and gene expression profiling; CD34+ is a healthy control’s
pool; *after breast cancer; BM – bone marrow, PB – peripheral blood.

which were sufficiently verified in a validation cohort
(see below).
Hypomethylation signature of inv(16) AML patients

We extracted genomic regions being uniquely differentially methylated in CBFB-MYH11 patients. There was a
clear tendency towards hypomethylation with 125 out of
182 regions (69%) displaying lower DNA methylation
levels compared to the healthy donors’ CD34+ pool of
cells. All CBFB-MYH11 DMRs were uploaded to GREAT
[11] and enrichment for genes previously described as upregulated in inv(16) AML patients was observed (reported
in ref. [8], ID: VALK_AML_CLUSTER_9; Additional file 2:
Table S1). This enrichment set comprised 10 genomic
regions assigned to 6 genes – MN1, SPARC, ST18, DHRS3,
FAM171A and BAHCC1 (see Additional file 3: Table S2).
MN1, SPARC, ST18, FAM171A and DHRS3 were chosen
for hypomethylation validation by 454 bisulfite pyrosequencing. As we were primarily interested in hypomethylation associated with overexpression, BAHCC1 was
excluded from the methylation/expression validation,
because its expression levels were undetectable in
AML as well as in healthy donors’ samples according
to microarray expression data. For MN1 and SPARC,
two regions per gene were studied.
In summary, altogether 21 inv(16) AML, 15 non-inv(16)
AML M4, 19 other AML (1 AML M0, 3 AML M1, 6
AML M2, 3 AML M3, 3 AML M5a, 2 AML M5b, 1
AML M6) and 10 healthy controls were examined. DNA
methylation of individual regions (corresponding to individual amplicons) was expressed as an average DNA

methylation of all CpGs in that particular region. Average
levels of DNA methylation in assigned regulatory regions
of MN1, SPARC, ST18 and DHRS3 were significantly
lower for inv(16) versus non-inv(16) AML M4, other
AML subtypes and healthy controls (P < 0.0001) (see
Figure 2). Sequencing of FAM171A failed twice in all
samples probably due to the low complexity of the
amplicon (because of the long stretches of identical
bases – homopolymers) introduced after bisulfite conversion and FAM171A was therefore excluded from
further analysis. For MN1, both of the studied regions
displayed lower levels of methylation (for MN1_region_2 hypomethylation graph see Additional file 4:
Figure S2A). For SPARC, the second studied region
(SPARC_region_2) had low DNA methylation levels in
inv(16) as well as in other AML and healthy donors
(see Additional file 4: Figure S2B). Therefore only methylation of region 1 has a potential impact on SPARC expression.
The 454-pyrosequencing results point to the site-specific
CBFB-MYH11 hypomethylation signature of genomic regions assigned to MN1, SPARC, ST18 and DHRS3.
As we used either PB or BM as a starting material, we
investigated whether there is a concordance between
DNA methylation results from PB and BM in 10 AML
patients with both materials at diagnosis available. We
found high correlation between PB and BM results for
all of the studied regions (R = 0.96).
Further, we evaluated expression levels of MN1, SPARC,
ST18 and DHRS3 by TaqMan gene expression assays in all
samples already examined by 454 pyrosequencing. As can
be seen in Figure 3, inv(16) patients had higher average
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levels of expression for all 4 genes in comparison to other
non-inv(16) AML samples, but only in ST18 when compared to healthy donors.
Accordingly, ST18 was the most overexpressed gene in
inv(16) AML compared to CD34+ cells of healthy controls
in the microarray expression data. However, expression
for all 3 remaining genes – MN1, SPARC, and DHRS3 –
was also upregulated in inv(16) AML (approximately
3-times higher than in CD34+ cells of healthy controls).
Due to this inconsistency, we decided to re-measure
gene expression by the use of SybrGreen RQ-PCR. This
approach gave us results more similar to those observed by Illumina expression microarrays. As seen in
Figure 4, differences in the gene expression levels between inv(16) AML and healthy controls increased significantly for MN1 and SPARC. For DHRS3, the ratio of
expression between inv (16) and healthy donors changed only slightly, and for ST18 remained the same. One
possible explanation of this discrepancy is the genomic
location of primers. SybrGreen RQ-PCR primers for
MN1 and SPARC are located within the same exons as
are the probes on the Illumina expression microarray,
while TaqMan primers for MN1 and SPARC have
different, exon-exon locations. On the contrary, both
types of primers (TaqMan and SybrGreen) for ST18 and
DHRS3 have exon-exon locations. We checked SybrGreen RQ-PCR products specificity by melting analysis
in all samples and no unspecificity was detected.
It seems that in this particular case the selection of
PCR detection system may influence results in a
considerable manner. In general, this issue deserves further exploration.
In summary, ST18 is the only overexpressed gene
in inv(16) compared to other AML subtypes and
healthy donors, irrespectively of the RQ-PCR system
used.
Correlation of methylation data with expression

Figure 1 Inv(16) methylation and expression cluster. (A)
Hierarchal DNA methylation clustering of CpGs (n = 2 010 310) using
the correlation as a distance measure and Ward’s method (AML_1 to
AML_14 – AML patients; CD34_pool – healthy control’s CD34+ pool)
indicating CBFB-MYH11 methylation cluster (in ellipse), other
molecular abnormalities did not form clusters neither clinical
characteristics did it; (B) Hierarchal gene expression clustering of
altogether 8884 genes with a detection P value ≤ 0.05 in all 14 AML
patients (AML_1 to AML_14) and 4 CD34+ healthy control cells
confirmed inv(16) cluster (in ellipse).

For each transcription start site (TSS), a window was
defined from 5 kb up- to 1 kb downstream of that TSS.
Targeted regions overlapping this window were associated with the gene of the given TSS. GENCODE v14
gene annotation was used for assigning DNA methylation of target regions to corresponding genes. Expression and methylation data were then correlated using
Spearman rank tests. The small sample size did not allow
for filtering based on P values and thus an ad hoc measure
was employed, requiring strong anti-correlation (R ≤ −0.7),
and a change of methylation between control and at least
one AML sample 2-fold or greater (with either the control
or at least one of the AMLs having methylation ratio 0.3
or greater). These strict filtering parameters resulted in a
list of 163 genomic regions assigned to 130 unique genes
(see Additional file 5: Table S3). Among these genes, we
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Figure 2 Hypomethylation signature in inv(16) AML. Hypomethylation of MN1 (A), SPARC (B), ST18 (C) and DHRS3 (D) regulatory regions in
inv(16) patients compared to AML M4 without inv(16), other AML subtypes and healthy controls; asterisks correspond to statistically significant
changes of expression in inv(16) patients versus other groups, ***P < 0.0001.

chose PBX3 and GFI1 to validate the association between
DNA methylation and gene expression changes observed
in this cohort of 14 AML patients.

PBX3 and GFI1 differential methylation is involved in their
expression regulation

The DMRs associated with PBX3 are located downstream (−160 to −1451 bp) of annotated CpG island (for
exact location see Additional file 5: Table S3). We focused
on a DMR encompassing a TAF1 binding site (chr9:128
510 974–128 511 259 according to GRCh37/hg19). TAF1
encodes the largest subunit of TFIID and this subunit
binds to core promoter sequences encompassing TSSs.
We measured the expression of PBX3 mRNA in 123
AML diagnostic samples and 15 healthy controls (for a
graph see Additional file 6: Figure S3). 24% of AML had
down- and 22% upregulated PBX3 expression (with a
minimum change in the expression of more than 2-fold
and at the same time of more than one order of magnitude from healthy donors’ PBX3 average expression).
454 pyrosequencing established the role of DNA methylation in down- and upregulation of PBX3 in 30 AML
patients at diagnosis (all of them with blast count ≥ 60%;
Figure 5). Elevated levels of PBX3 were connected with

hypomethylation of a regulatory region (median methylation level 0.25, range 0.15 – 0.36; P < 0.0001), whereas
decreased levels of expression with hypermethylation
(median methylation level 0.51, range 0.31 – 0.98; P =
0.002). Control samples of healthy donors and AML
samples with normal PBX3 expression displayed intermediate levels of methylation (median 0.35, range 0.19 –
0.51). These results demonstrate the link between PBX3
expression and DNA methylation levels of the PBX3 regulatory region located downstream of the PBX3 annotated
CpG island.
Regarding GFI1, we examined a 409 bp long region
within the GFI1 promoter (chr1:92 952 229–92 952
637). Average DNA methylation levels of healthy controls (n = 14) fluctuated around 3.86%. Very similar to
that, DNA methylation levels of AML within normal
gene expression range were 4.54%. Only a minority of
AML samples (3/64) showed decreased GFI1 expression
levels. However, all 3 GFI1-downregulated patients displayed higher methylation levels – 22.8%, 28.9% and
19%, respectively. On the contrary, upregulation of GFI1
was not connected with any significant changes of DNA
methylation levels, probably due to the fact that normal
DNA methylation levels were already low, therefore any
further decrease would not have a functional role.
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Figure 3 Expression of hypomethylated genes in inv(16) AML measured by TaqMan gene expression assays. Relative expression value of
MN1 (A), SPARC (B), ST18 (C) and DHRS3 (D) in inv(16) AML patients versus other AML subtypes and healthy control cells; MNC – mononuclear
cells; asterisks correspond to statistically significant changes of expression, ***P < 0.0001, *P < 0.05, ns – not significant.

PBX3 expression levels and their impact on prognosis of
AML patients

Because PBX3 is one of the four genes, whose common
expression signature was described as having an impact
on overall survival (OS) in AML patients [12], we decided to evaluate its expression levels in terms of OS
and relapse-free survival (RFS). Only patients receiving
standard curative therapy and those who did not die
during the first induction were included in this analysis.
Altogether 40 AML patients were assessed, 21/40 had
low and 19/40 had high expression levels. Low and high
expression levels were defined as a change in expression
of at least one order of magnitude as well as 2-fold from
healthy donors’ average PBX3 expression.
We did not observe any effect of PBX3 expression levels
on OS in AML patients (Figure 6A), however we found
higher relapse rates in AML patients with overexpressed
PBX3 (Figure 6B, P = 0.004).
We also performed multivariate analysis for both OS
and RFS. Firstly, we tested the following parameters by
univariate analysis: age, white blood count (WBC),
complete remission after induction therapy (CR after
induction), good/intermediate/poor prognosis according to cytogenetics, PBX3 expression and FLT3-ITD

status. For OS, only CR after induction was statistically
significant in both univariate and multivariate analyses
(P < 0.001). For RFS, parameters significant in univariate testing (WBC, CR after induction, FLT3-ITD status
and PBX3 expression) were evaluated by Cox regression.
Only CR after induction and PBX3 expression retained
statistical significance (P = 0.002 and P = 0.028, respectively) in multivariate testing.
Furthermore, we evaluated whether there is an association between PBX3 expression levels and presence of
MLL-PTD or belonging to prognostically adverse AML
subgroup. No such correlation was found, on the other
hand there was no PBX3-overexpressing patient among
AML patients within the prognostically favourable subgroup (0/6 cases from prognostically favourable versus
26/46 cases from prognostically intermediate or adverse
subgroup overexpress PBX3, 0% versus 57% respectively,
P = 0.02). Leukemic transformation mediated by MLLfusion proteins has been suggested to be dependent on
the presence of PBX3 expression [9]. In our cohort, all
three MLL-translocated patients, two with MLLT3-MLL
(MLL-AF9) and one with MLL-MLLT1 (MLL-ENL), had
upregulated PBX3 expression, but the low number of MLL
translocations limited statistical testing of this association.

Hájková et al. Journal of Hematology & Oncology 2014, 7:66
http://www.jhoonline.org/content/7/1/66

Page 7 of 12

Figure 4 Expression of hypomethylated genes in inv(16) AML measured by SybrGreen RQ-PCR. Relative expression value of MN1 (A),
SPARC (B), ST18 (C) and DHRS3 (D) in inv(16) AML patients versus other AML subtypes and healthy control cells; MNC – mononuclear cells;
asterisks correspond to statistically significant changes of expression, ***P < 0.0001, *P < 0.05, **P < 0.01, ns – not significant.

Figure 5 PBX3 expression levels associated with DNA
methylation of its downstream located regulatory region. DNA
methylation levels in AML patients with upregulated (up),
downregulated (down) and normal levels of PBX3 expression
demonstrating the impact of PBX3 methylation on expression;
upregulation and downregulation was defined as a change in
expression of at least one order of magnitude as well as 2-fold
from healthy donors’ average PBX3 expression; asterisks
correspond to statistically significant changes of methylation,
***P < 0.0001, **P = 0.002.

Discussion
Here, we report a CBFB-MYH11, i.e. inv(16), specific hypomethylation that may play a role in upregulation of
some previously described inv(16) overexpressed genes
[8]. We analysed DNA methylation and expression data of
MN1, SPARC, ST18 and DHRS3 in 55 AML patients and
10 healthy controls. Lower methylation levels of these
genes in inv(16) patients versus other AML and healthy
donors were confirmed. When measured by TaqMan gene
expression assays, inv(16)-specific overexpression of MN1,
SPARC, ST18 and DHRS3 was found with respect to noninv(16) AML, but only in ST18 in comparison with healthy
donors. This was inconsistent with the Illumina microarray
expression data as well as previously published data [8].
Therefore, we re-measured the results using SybrGreen
RQ-PCR and we obtained different values. In this RQPCR experiment, changes in expression levels (between
inv(16) AML and healthy donors) were also significant for
MN1 and SPARC. We excluded both the role of PCR nonspecificity and DNA contamination. Interestingly, MN1
and SPARC primers for SybrGreen RQ-PCR, and MN1
and SPARC probes on the expression microarray, are localized within the same exons, while MN1 and SPARC
TaqMan probes have different, exon-exon localizations.
We cannot claim that this is the only reason for the
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Figure 6 Impact of PBX3 expression levels on prognosis. (A)
Kaplan–Meier curves of overall survival (OS) in AML with low versus
high expression of PBX3 displaying no significant difference between
these two groups of AML patients; (B) Cumulative incidence of
relapse showing higher relapse rates in PBX3-overexpressing AML
patients (P = 0.004).

different results, this issue definitively needs deeper
examination in future studies. It is of interest that the
results obtained by SybrGreen RQ-PCR are in agreement with the publicly available data (GSE34823) of
the study of Bletiere et al. [13].
Average gene expression levels of MN1, SPARC and
ST18 extracted from the above-mentioned dataset are
higher in inv(16) AML in comparison with healthy donors’ bone marrow (4-times for MN1 and SPARC, 7-times
for ST18), and DHRS3 expression is basically the same in
both groups.
Further, we extracted the data from The Cancer Genome
Atlas (TCGA, https://tcga-data.nci.nih.gov/tcga/) and they
also confirmed a link between hypomethylation of MN1
and DHRS3 regulatory regions and their overexpression in
inv(16) AML when compared with AML samples with
normal karyotype (healthy controls data were not available). Regulatory regions corresponding to remaining
genes lacked information of their methylation status in
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TCGA due to the absence of appropriate CpGs in
HumanMethylation450 BeadChip used at TCGA study
[3]. This supports the profitability of studying DNA
methylation using targeted bisulfite sequencing, which
provides more complex coverage than microarray based
techniques.
The hypomethylation pattern that we discovered in
inv(16) AML patients is remarkable also with respect to
the very recently published data of Mandoli and colleagues [14]. For the first time, their study revealed the
involvement of CBFB-MYH11 not only in repression but
as well in transcriptional activation. The direct involvement of CBFB-MYH11 in overexpression of MN1, ST18
and SPARC is supported with 2-fold downregulation of
these genes upon CBFB-MYH11 knockdown as reported
in their work. However, none of the 1874 high-confidence
CBFB-MYH11 binding sites [14] overlaps with any of the
hypomethylated regions reported here. DHRS3 was among
the genes upregulated upon CBFB-MYH11 knockdown,
which is in agreement with its disputable upregulation in
inv(16) AML. There were great differences in localization
of hypomethylated regions with respect to TSSs of individual genes. With regard to MN1 and SPARC, the hypomethylation was located not far from their TSSs (for
location see Additional file 3: Table S2), which makes the
assumption of their role in the expression of these genes
more straightforward. Moreover, MN1 and SPARC potential regulatory regions overlap regions of active chromatin
(enhancers) in mobilized CD34+ cells as observed in the
EpiGenome Browser (http://epigenomegateway.wustl.edu/
browser) suggesting a role of these regions in transcription
regulation. On the contrary, differentially hypomethylated
sites assigned by GREAT to ST18 and DHRS3 are placed
much farther from their TSSs, specifically approximately
275 kilobases (kb) downstream for ST18 and 277 kb upstream for DHRS3. ST18 and DHRS3 assigned regulatory
regions are placed within chromatin marked with low
transcription activity and enhancer, respectively (in mobilized CD34+ cells, data from EpiGenome Browser).
MN1 expression levels have been shown to stratify
prognosis of cytogenetically normal (CN) AML patients
and its overexpression is connected with a poor outcome
of CN-AML patients [15,16]. Nevertheless, inv(16) AML
patients are generally associated with a good prognosis
[17,18] in spite of their frequent MN1 overexpression.
Functional studies have proved that overexpression of
MN1 cooperates with inv(16) in developing AML in vivo
and that neither inv(16) or MN1 alone are capable of
promoting leukemia [19]. According to our results it
seems that hypomethylation is present uniquely in inv
(16) AML patients in both MN1 assigned regions (none
of the other AML subtypes or healthy controls displayed
MN1 hypomethylation in our cohort). So it supports the
theory that upregulation of some genes that might involve
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MN1 is crucial for inv(16) leukemogenesis and hypomethylation may be therefore needed to ensure stable overexpression of critical genes. Apparently the mechanism
of MN1 upregulation is different in non-inv(16) AML
patients or potentially hypomethylation of other regulatory areas located elsewhere may be involved.
Correlation between targeted DNA methylation and
microarray expression data of 14 AML patients and a
healthy controls’ CD34+ pool revealed PBX3 differential
methylation and gene expression. PBX3 (pre-B-cell
leukemia homeobox 3) is part of the three amino acid
loop extension (TALE) family of transcription factors,
which include the products of the Pbx and Meis genes
and are capable of heterodimerization with the Hox
proteins [20]. Recently, PBX3 was reported to have a
synergistic effect with HOXA9 in transforming normal
hematopoietic progenitor cells in vitro as well as in vivo
[8]. Moreover, PBX3 is one of the four genes (HOXA6,
HOXA9, PBX3 and MEIS1), whose common expression
signature was shown to influence overall survival in
CN-AML [12]. All evidence points to an important role
of PBX3 in leukemogenesis. This is the first report
uncovering DNA methylation as a plausible regulator of
PBX3 expression. We found a strong negative correlation between levels of PBX3 methylation and expression in 8 healthy donors’ samples and 30 AML patients
at diagnosis (P < 0.0001 and P = 0.002 for upregulation
and downregulation, respectively). Localization of PBX3
differential methylation overlaps TAF1 binding site according to ENCODE ChIP-Seq data from UCSC genome
browser. TAFs (TBP-associated factors) create a stable
complex with TBP (TATA-binding protein) and RNAPII
to form a preinitiation complex, so we may assume that
DNA methylation status of TAF1 binding site can directly
influence the accessibility of DNA for transcription enzymes. The probability of transcription initiation is possibly dependent on whether the DNA methylation is low
with high expression rates or DNA methylation is high
with decreased expression or finally intermediate DNA
methylation corresponding to in-between expression levels.
As PBX3 has a CpG island (CGI) overlapping its TSS, we
also looked at its methylation status. Based on targeted
methylation data, there was no methylation present either
in AML or healthy controls. Therefore, methylation status
of downstream located control element rather than CGI
methylation is most likely crucial for PBX3 expression.
Further we focused on potential prognostic significance of
PBX3 expression in terms of overall survival (OS) and incidence of relapse. High PBX3 expression levels were not
related to different OS compared to AML patients with
low PBX3 expression, however relapse rates were significantly higher in PBX3-overexpressing patients by both
univariate and multivariate testing. This suggests more
aggressive phenotype/course of disease of these patients,
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which is not reflected in the OS probably due to the early
and effective treatment of relapses – often followed by
bone marrow transplantation. We also showed that PBX3
overexpression did not occur in AML patients within cytogenetically favourable subgroup.
We validated the methylation/expression correlation
stated in the Additional file 5: Table S3 also for GFI1.
Moreover, the observed correlations are further supported by the presence of genes, for which the role of
DNA methylation is already published such as MPO
[21], CEBPα, DAPK1, IRF8 and PRDX8 [22,23].

Findings
We found a new hypomethylation signature specific for
inv(16) AML patients that may be responsible for overexpression of some genes that are crucial for inv(16)
pathogenesis. MN1 gene is likely to be a key gene involved in the pathogenesis of inv(16) AML and hypomethylation in the regulatory region near its TSS in inv(16)
AML patients was confirmed, even on the basis of publicly
available data from TCGA. Furthermore, we explored new
regulatory region for PBX3 and association of its methylation with PBX3 expression. Therefore, targeted bisulfite
sequencing represents a convenient approach in terms of
genome coverage and informativeness with a great potential to reveal new regulatory regions of genes involved in
leukemic transformation.
Materials and methods
Patients

For targeted bisulfite sequencing, 14 AML patients at
diagnosis (see Table 1) and pooled CD34+ cells from 4
healthy donors were sequenced. Genes selected based
on targeted bisulfite sequencing results were examined
using 454 bisulfite pyrosequencing in a larger cohort
of AML patients (their characteristics are given in
Additional file 7: Table S4). Informed consent was obtained from all patients and healthy blood donors enrolled in the study. The study was approved by the
IHBT Institutional Ethics Committee according to the
Helsinki Declaration.
Sample preparation

Mononuclear cells (MNC) from peripheral blood (PB) or
bone marrow (BM) of the AML patients at diagnosis were
separated by Ficoll gradient centrifugation (Histopaque,
Sigma-Aldrich, Steinheim, Germany). CD34+ cells were
harvested from buffy coats of healthy blood donors
using MicroBead kits (Miltenyi Biotec GmbH, Bergish
Gladbach, Germany). The CD34+ pool was created by
mixing of 4 individual healthy blood donors’ separated
cells (all of them men aged 42 to 58 years old, median
age 45.5). DNA and RNA were extracted using AllPrep
DNA/RNA Mini Kit (Qiagen, Hilden, Germany). Bisulfite
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conversion was performed from 1 μg of DNA by EpiTect
Bisulfite Kit (Qiagen) and eluted into 40 μl of EB buffer.
cDNA was prepared using M-MLV RT (Moloney Murine
Leukemia Virus Reverse Transcriptase, Promega, Madison,
WI, USA).
Targeted bisulfite sequencing

Preparation of targeted bisulfite libraries started with 3 μg
of genomic DNA and was carried out using SureSelectXT
Human Methyl-Seq kit (Agilent, Agilent Technologies, Santa
Clara, CA, USA) according to the manufacturer’s instructions. Libraries were multiplexed into 4 pools and each
pool was sequenced on 2 HiSeq™2000 (Illumina, San
Diego, CA, USA) lanes using 105 bp paired-end sequencing reads with average coverage of 83 – ranging from
46 to 131.
454 bisulfite pyrosequencing

Bisulfite-treated (BS) DNA was subjected to 2-round
PCR. In the 1st round of PCR, loci-specific primers with
M13 universal tails were used to amplify regions of
interest. Subsequently, primers specific to M13 universal
tails now tailed with 454 -specific sequencing primers
and a unique barcode sequence (MID) were applied to
the 2nd PCR. Loci-specific primers were designed with
Methyl Primer Express v1.0 software (Applied Biosystems Inc. Foster City, CA, USA; see Additional file 8:
Table S5 for primer sequences). HotStarTaq DNA polymerase (Qiagen) and manufacturer’s recommended PCR
reaction conditions were used for amplification. 2 μl of
BS DNA was added to the 1st PCR and 1 μl of 100× diluted 1st round PCR product was subjected to the 2nd
PCR. PCR cycling conditions were as follows: 1st round
PCR – initial denaturation (15 min at 95°C), followed by
35 cycles of denaturation (30s at 94°C), annealing (30s at
Ta °C, Ta – annealing temperature, see Additional file 8:
Table S5) and extension (1 min at 72°C), final extension
(10 min at 72°C); 2nd round of PCR - initial denaturation
(15 min at 95°C), followed by 26 cycles of denaturation
(30s at 94°C), annealing (30s at 60°C) and extension
(1 min at 72°C), final extension (5 min at 72°C). All
amplicons after 2nd round of PCR (up to 288 for one
run) were purified using Agencourt AMPureXP magnetic beads (Beckman Coulter, Fullerton, CA, USA)
and Biomek® FXP Laboratory Automation Workstation
(Beckman Coulter). Precise concentration of amplicons
were determined using Quant-iT™ PicoGreen dsDNA
Assay Kit (Life Technologies, Carlsbad, CA, USA) and
amplicons were equimolarly pooled to obtain amplicon
library with 109 fragments/μl concentration. Subsequent
procedures were carried out according to 454 amplicon
sequencing manuals (454 Life Sciences, Roche Applied
Science, Branford, CT, USA) on the GS Junior sequencer (Roche). An average overall coverage of 225 reads
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was observed (ranging from 53 to 659 for individual
amplicons).
mRNA microarray profiling

Gene expression profiles from 14 AML patients and 4
CD34+ cells of healthy controls were generated by
HumanHT-12 v4 Expression BeadChip Kit (Illumina).
The chip scanning was done with a BeadStation 500 instrument (Illumina).
Quantitative real-time PCR (RQ-PCR)

The expression levels of selected genes were assessed
with TaqMan Gene Expression Assays (Life Technologies)
– see Additional file 9: Table S6 for individual Assay IDs.
GAPDH was utilized as a house-keeping gene. Amplification was carried out with TaqMan Universal Master Mix
II (Life Technologies) and recommended cycling conditions. SybrGreen RQ-PCR was performed using QuantiTect SYBR Green PCR Kit (Qiagen) and pre-designed
KiCqStart® SYBR® Green primers (Sigma-Aldrich). Each
sample was run in duplicates on a StepOne instrument
(Life Technologies).
Molecular genetics

The presence of internal tandem duplication (ITD) in
the juxtamembrane (JM) and tyrosine kinase 1 (TKD1)
domains (exons 12–14) of FLT3 gene and the presence
of CBFB-MYH11 fusion transcript at diagnosis was detected as described previously [24]. Further, we examined
mutations in NPM1 [25], CEBPA [26] and DNMT3A [27]
and intragenic MLL abnormalities such as partial tandem
duplications (MLL-PTD) by direct sequencing [28,29].
Cytogenetics

For cytogenetic analyses and fluorescence in situ
hybridization (FISH) the samples of bone marrow were
cultivated for 24 hrs in medium RPMI 1640 with 10%
of fetal calf serum. Twenty G-banded Wright-Giemsa
stained mitoses, if available, were evaluated. The karyotypes
were described following ISCN 2013 nomenclature. For
precise identification of chromosomal aberrations, FISH
with locus specific DNA probes (Vysis, Downers Grove,
IL, USA) and multicolor FISH with color kit probes and
ISIS computer analysis (both from Metasysteme, Altlusheim,
Germany) were used.
Data processing and statistics

Data from targeted bisulfite sequencing were processed
and evaluated using freely available programs: (i) FastQC
[30] (quality control of reads), (ii) Trimmomatic [31]
(removal of adapters/primer-dimers and bases with lowquality scores), (iii) Bismark [32] (methylation-aware alignment of reads to the reference genome and computation of
methylation ratios). Differentially methylated target regions
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were assigned to genes using the on-line annotation tool
GREAT [11]. Quantile normalization and subtraction of
background was applied to the raw microarray expression
data in BeadStudio Data Analysis Software (Illumina). Raw
data from 454 pyrosequencing were processed using a filter template to relax the stringency of the original valley
filter (kindly provided by Dr. Esteban Czwan, Roche). This
step was necessary due to the lower complexity of bisulfite
treated DNA containing long stretches of homopolymers.
The filter template is available on-line (Additional file 10)
and its usage is described in Additional file 11. Data
from 454 pyrosequencing were aligned to a reference
in GS Amplicon Variant Analyzer (AVA) (Roche) software
and DNA methylation levels were assessed using the webbased software BISMA [33].
Kaplan–Meier curves and two-sided log-rank test were
used to estimate the overall survival and to compare differences between survival curves. The relations between
qualitative parameters were compared in contingency tables using Fisher’s exact test. For analyses of quantitative
data, medians were detected and non-parametric twotailed Mann–Whitney tests were performed. All these
tests were conducted at a level of significance of 0.05
using GraphPad Prism4 software (GraphPad Software,
San Diego, CA, USA). Cox regression analysis. was performed applying the SPSS statistical software (SPSS Inc.,
Chicago, IL, USA).

Additional files
Additional file 1: Figure S1. Inv(16) methylation clusters inside and
outside of CGIs. Hierarchal DNA methylation clustering of CpGs inside (A)
and outside (B) of CGIs using the correlation as a distance measure and
Ward’s method (AML_1 to AML_14 – AML patients; CD34_pool – healthy
control’s CD34+ pool) indicating CBFB-MYH11 methylation cluster
(in ellipse) consistently with clustering of all CpGs shown in Figure 1.
Additional file 2: Table S1. Enrichments for inv(16) uniquely
differentially methylated regions (DMRs) as observed in GREAT.
Enrichment terms observed after uploading of uniquely inv(16) DMRs to
on-line annotation tool GREAT [11].
Additional file 3: Table S2. Inv(16) enriched regions. Genomic regions
that were enriched for and associated with genes being previously
described as upregulated in inv(16) AML.
Additional file 4: Figure S2. Region_2 methylation levels of MN1 and
SPARC locus. (A) MN1_region 2 hypomethylation in inv(16) patients
compared to AML M4 without inv(16), other AML subtypes and healthy
controls; (B) SPARC_region 2 methylation levels are the same when
compared AML M4 without inv(16), other AML subtypes and healthy
controls.
Additional file 5: Table S3. Genes with strong negative correlation
between TSS adjacent DNA methylation levels and their expression.
Genes with strong anti-correlation (R ≤ −0.7) between DNA methylation
and expression, and with change of methylation between control and at
least one AML sample 2-fold or greater (with either the control or at least
one of the AMLs having methylation ratio 0.3 or greater); 163 genomic
regions assigned to 130 unique genes.
Additional file 6: Figure S3. Comparison of PBX3 expression levels.
PBX3 relative gene expression levels in AML patients at diagnosis versus
healthy controls’ samples.
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Additional file 7: Table S4. Samples used for inv(16) hypomethylation
validation. Characteristics of AML patients examined by 454 bisulfite
pyrosequencing to validate inv(16) hypomethylation of selected loci;
BM – bone marrow, PB – peripheral blood.
Additional file 8: Table S5. 454 bisulfite primers and annealing
temperatures Primer sequences and annealing temperatures used to
amplify regions of interest.
Additional file 9: Table S6. TaqMan gene expression assays IDs. IDs of
TaqMan probes used to measure gene expression of selected genes.
Additional file 10: Filter template. This template was used for 454 raw
sequencing data reprocessing as described in Additional file 10.
Additional file 11: 454 pyrosequencing – raw data acquisition.
Description of amplicon filter template usage that allowed to obtain
more reads from 454 bisulfite sequencing.
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