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ABSTRACT
Promoter DNA hypermethylation and hence silencing of e.g. tumour suppressor 
genes is considered to be an important step in carcinogenesis and has been associated 
with poor outcome in patients with myelodysplastic syndromes (MDS). In contrast to 
many other chemotherapeutic agents, the DNA hypomethylating compound 5-
azacytidine has a positive therapeutic effect in patients with high-risk myelodysplastic 
syndromes (MDS); however, the lack of knowledge about its mechanism of action 
hampers clinical development of the drug. The first aim of the thesis was to assess the 
pharmocodynamic properties of 5-azacytidine, and the mechanism of 5-azacytidine-
induced apoptosis as well as its link with DNA methylation. Secondly, we 
investigated the role of gene-specific methylation status for the outcome of induction 
chemotherapy in a cohort of patients high-risk MDS and MDS-AML, and assessed 
global and gene-specific (p15INK4B) methylation patterns in another cohort of patients 
with low and intermediate-risk MDS. 5-azacytidine induced dose-dependent 
hypomethylation and growth inhibition, as well as a complex pattern of apoptotic 
mechanisms regulated by multiple and separate pathways. Furthermore, we 
demonstrated a possible link between apoptosis and hypomethylation. We showed 
that optimal cellular effects of 5-azacytidine could be achieved by shorter exposure 
times than expected. Translated to shorter treatment duration in patients, this may 
eventually lead to superior and more cost-effective and convenient clinical treatment 
schedules. P15INK4B methylation plus methylation of CDH or HIC gene was more 
frequent in patients with conventional high-risk features, such as adverse karyotype 
and high percentage of marrow blasts. DNA hypermethylation of multiple surrogate 
genes correlated with the percentage of blasts and marrow CD34 expression, but not 
with the degree of inefficient haematopoiesis. We demonstrated a significant negative 
impact of promoter methylation status on the outcome of conventional induction 
chemotherapy in high-risk MDS and MDS-AML, a finding that may have significant 
impact on the clinical management of patients with high-risk myeloid disease. Global 
and gene-specific DNA methylation pattern in MDS correlated with each other in the 
sense that more advanced MDS, characterized by p15INK4B methylation showed higher 
global DNA methylation than those with unmethylated p15INK4B. Global methylation 
status did not correlate with conventional risk factors, but was more pronounced in 
patients with severe erythroid failure. Patients with stable disease maintained their 
global DNA methylation level over time, and disease progression was associated with 
an increase in global DNA methylation in only half of the cases. To conclude, these 
studies provide important knowledge about the cellular mechanisms of 5-azacytidine 
and role of DNA methylation in patients with MDS and MDS-AML. 
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1. LIST OF ABBREVIATIONS 

AIF apoptosis inducing factor MDR multidrug resistance gene 
AML acute myeloid leukaemia MDS myelodysplastic syndromes 
ANT adenine nucleotide translocator MDS-U MDS unclassified 

APSCT allogenic peripheral stem cell 
transplantation MeCP methyl-CpG binding protein 

ATG antithymocyte globulin miRNA micro RNA 
ATP adenosine triphosphate MPR multi resistance-associated protein 

Caspases cysteine-rich aspartate-specific 
proteases MPT mitochondrial permeability 

transition 
CDH E-cadherin mRNA messenger RNA 

CMML chronic myelomonocytic 
leukaemia PARP poly(ADP-ribose) polymerase  

CpG cytosine-phosphate-guanine pi-RNA piwi-interacting RNA 
CR complete remission PR partial remission 
CSA cyclosporin-A RA refractory anaemia 

DD death domain RAEB refractory anaemia with excess 
blast 

DFS disease free survival RARS refractory anaemia with ringed 
sideroblasts 

DIABLO direct IAP binding protein with 
low pl RCMD refractory cytopenia with 

multilineage dysplasia 

DISC death inducing signalling 
complex 

RCMD-RS RCMD with ringed sideroblasts 

DNA deoxyribonucleic acid RIC reduced intensity conditioning 
DNMT DNA methyltransferase RISC RNA interfering silencing complex 
dsRNA double stranded RNA RNA ribonucleic acid 
EPO erythropoietin RNAi RNA interference 
ER estrogen receptor RNase ribonuclease 
FAB French-American-British ROS reactive oxygen species 
FADD Fas-associated death domain SAM S-adenosyl-methionine 

FDA US Food and Drug 
Administration 

SCT allogenic stem cell transplantation 

G-CSF granulocyte colony-stimulating 
factor shRNA short-hairpin RNA 

GM-CSF granulocyte-macrophage 
colony-stimulating factor siRNA short interfering dsRNA 

HAT histone acetyltransferase Smac second mitochondrial activator of 
caspases

HDAC histone deacetylase smRNA small modulatory RNA 
HIC hypermethylated in cancer tBid truncated Bid 
HIV human immunodeficiency virus TNF tumour necrosis factor 

IAP inhibitors of apoptosis proteins TRADD TNF-receptor-associated death 
domain 

IPSS international prognostic scoring 
system TRD transcription repression domain 

LDH lactate dehydrogenase VDAC voltage dependent anion channel 

LRP lung resistance-associated 
protein WHO World Health Organization 

MBD methyl-CpG binding domain 
protein WPSS WHO-based prognostic scoring 

system 
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2. INTRODUCTION 
1. Epigenetics 

The diversity of genetic constitution explains the dissimilarity between two 
species, for example between man and mouse. The genetic constitution may also 
explain the variations between two individuals from the same species. However, 
genetic variations alone could not explain the dissimilarity between different tissues 
or cells within a single individual. Although genetically identical, the cells of a single 
individual have different phenotypes and functions. The muscle, blood, skin and other 
cells of an individual have the same DNA sequence (genotype), but vary radically in 
terms of functionality and structure (phenotype). Hence other regulatory systems 
must be functional for regulating gene expression. Those regulatory systems fall into 
the broad headings of epigenetics. 

The Greek ‘epi-’ prefix of the word ‘epigenetics’ implies features that are ‘on 
top of’ or ‘in addition to’ genetics. Thus the term epigenetics encompasses events that 
influence gene function, but is on top of or in addition to the traditional molecular 
basis for inheritance. Epigenetics has been defined as modifications of DNA or 
associated factors with information content other than the DNA sequence itself, 
which are maintained during cell division (Feinberg and Tycko 2004). 

The term ‘epigenetics’ was originally coined by the developmental biologist 
Conrad Waddington (1905-1975) as “the branch of biology which studies the causal 
interactions between genes and their products which bring the phenotype into being”. 
However the modern ‘epigenetics’ was re-introduced in 1983 (Feinberg and Tycko 
2004) and the topic has become increasingly visible in the field of cell biology and 
cancer. Development is, by definition, epigenetic (Reik 2007). Differences in the 
programmes for gene expression, which result in the development of different organs 
and tissues, occur without changes to the DNA sequence. Subsets of the ~30,000 
genes in our genome are active in different tissues and organs, depending on their 
regulation by different sets or combinations of transcription factors. This indicates 
that if all the genes of liver-specific transcription factors are activated in a brain cell 
while inactivating all brain-specific transcription factors, the brain cell would turn 
into a liver cell. Moreover, cellular differentiation processes (development of an 
individual from an unstructured egg) rely strongly on epigenetics rather than inherited 
DNA sequence only (Reik 2007). However epigenetic modulation is not always 
inherited (Reik 2007) and has been shown to be affected by age (Fraga et al. 2005; 
Wong et al. 2005), environment (Bird 2007) and early maternal care (Weaver et al.
2004). 
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1.1 Epigenetic modulation 
Epigenetic modulation plays a critical role in embryogenesis and 

development, as well as in carcinogenesis and other diseases (Jones and Laird 1999; 
Jones and Baylin 2002; Baylin and Ohm 2006; Klose and Bird 2006). It is a rapidly 
expanding field and at present the boundaries of it are redefined quite shortly. At the 
moment epigenetics could be divided into three broad headings; DNA methylation, 
histone modifications and RNA regulatory systems. 

1.1.1 DNA methylation 
DNA methylation is the most studied and characterized epigenetic alteration. 

Two contrasting changes in methylation have been associated with neoplasia; global 
hypomethylation of the genome and regional hypermethylation at CpG (cytosine-
phosphate-guanine) dinucleotides. The importance of hypomethylation for 
tumourigenesis is still somewhat unclear, although it has been associated with 
genomic instability (Jones and Baylin 2002). 

 DNA methylation, catalyzed by DNA methyltransferases (DNMTs), involves 
transferring of a methyl group from a methyl donor, S-adenosyl-methionine (SAM), 
predominantly to the C-5 position of the cytosine ring, resulting in 5-methylcytosine 
(me-C) (Figure 1) (Bird 2002). In mammals, me-C is found in approximately 4% of 
genomic DNA, primarily in CpG sequences. Although CpG dinucleotides occur at 
lower than expected frequencies throughout the mammalian genome, a subset of CpG 
dinucleotides rich regions, known as CpG islands, are found in or near promoter 
regions of genes, where transcription is initiated (Herman and Baylin 2003; Baylin 
2005). Methylation in a gene promoter region (CpG islands) generally correlates with 
a silenced gene (Jones and Laird 1999; Bird 2002; Jones and Baylin 2002). 

In the bulk of genomic DNA about 80% of CpG dinucleotides that are not 
associated with CpG islands are heavily methylated. In contrast, dinucleotides in the 
CpG islands, which account for around 1% of the genome and are especially 
associated with gene promoters, are usually unmethylated allowing gene expression 
to occur (Bird 2002). Promoter DNA methylation is used by mammalian cells to 
maintain a normal expression pattern; for example regulation of imprinted gene 

Figure 1. Conversion of cytosine to 5-methylcytosine. 
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expression and X-chromosome inactivation, among others (Csankovszki et al. 2001; 
Jones and Takai 2001; Kaneda et al. 2004). 

It is considered that epigenetic gene inactivation is at least as common as, if 
not more frequent, than mutational events in cancer (Herman et al. 1994; Merlo et al.
1995; Herman 1999; Jones and Baylin 2002; Leone et al. 2002). The role of DNA 
methylation in initiation and/or progression of cancer are implicated by the large 
number of genes that are found to undergo hypermethylation in various malignancies. 
Many of these genes play a role in regulating cell growth, differentiation, signal 
transduction and DNA repair, while others are involved in tumour metastasis and 
angiogenesis (Table 1). In addition, tumour suppressor genes are inactivated by 
hypermethylation in various cancers including haematopoietic malignancies (Table 
2). 

1.1.1.1 DNA methyltransferase (DNMT) 
DNMT is a family of enzymes that catalyze transfer of a methyl group from a 

methyl donor, SAM, to cytosine residues in DNA. In mammals, three families of 
DNMTs (cytosine-5) have been identified: DNMT1, DNMT2, DNMT3A and 
DNMT3B (Bestor 2000). These enzymes can superficially be separated into de novo
or maintenance methyltransferase. De novo methyltransferases mediate establishment 
of new DNA methylation patterns. Maintenance methyltransferases continue to 
preserve the methylation pattern through cell divisions that has already been 
established by de novo methyltransferases. 

DNMT1 is the most abundant and largest (184 kDa) DNA methyltransferase 
(Kim et al. 2002). It has high affinity for hemimethylated (when one strand is 
methylated) CpG dinucleotides strands. Further, inactivation of the mouse DNMT1 
gene by gene targeting results in extensive demethylation of all sequences examined 
(Li et al. 1992; Lei et al. 1996). Although there is no direct evidence, these findings 
suggest that DNMT1 functions as a major maintenance methyltransferase in vivo
(Yoder et al. 1997). 

DNMT2 is a much smaller molecule with a molecular size of 45 kDa (Kim et 
al. 2002). It is the first DNA cytosine methyltransferase to be identified to methylate 
tRNA in a vertebrate (Goll et al. 2006). The cytoplasmic localization of DNMT2 
contrasts with the exclusive nuclear localization of DNMT1 and DNMT3 (Leonhardt
et al. 1992; Bachman et al. 2001). Inactivation of DNMT2 gene in mouse embryonic 
stem cells by gene targeting perturbs neither de novo nor maintenance methylation of 
proviral DNA (Okano et al. 1998b). However although a biological role is not yet 
discovered for DNMT2 in any species, a role in some aspects of centromere function 
has been proposed (Yoder et al. 1997). 

DNMT3a and DNMT3b are intermediate in size (100-130 kDa) (Kim et al.
2002). Inactivation of DNMT3a and DNMT3b genes by gene targeting blocks de 
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novo methylation in embryonic stem cells and early embryos, but has no effect on 
maintenance of imprinted methylation patterns (Okano et al. 1999). These results 
indicate that both DNMT3a and DNMT3b function primarily as de novo
methyltransferases. 

Interestingly, it has been reported that for translational purposes, cancer cells 
may be different in that DNMT1 is not responsible alone for maintaining abnormal 
gene hypermethylation, both DNMT1 and DNMT3b may cooperate on this function 
(Rhee et al. 2002). The same group also has shown indirectly that methylation 
activities other than DNMT1 can maintain the methylation of most of the genome 
(Rhee et al. 2000). Moreover, it has been shown that murine DNMT3 has no 
preference for hemimethylated versus unmethylated oligonucleotides in vitro (Okano
et al. 1998a). Therefore although there is a tendency to consider each DNA 
methyltransferases either to be de novo or maintenance methyl transferase, the real 
situation might not be that simple (Bestor 2000). 

1.1.1.2 The Methyl-Binding Domain Proteins 

Methyl-CpG binding domain proteins (MBDs) can influence DNA 
methylation pattern, rather than directly modifying them. They usually bind to 
methylated sequences in DNA, and thereby influence transcription. Initially two 
methyl-binding activities were identified within eukaryotic cells, and these identified 
complexes were termed methyl-CpG binding protein 1 (MeCP1) and MeCP2 
(Meehan et al. 1989; Lewis et al. 1992). Later MeCP1 was shown to be a complex of 
MBD2, MBD3 and the multisubunit protein corepressor NuRD complex (Cross et al.
1997; Ng et al. 1999; Feng and Zhang 2001; Feng et al. 2002); whereas MeCP2 is a 
single protein. From these proteins, a common MBD was identified and used to 
identify a family of proteins that include MBD1, MBD2, MBD3, MBD4 and MeCP2 
(Figure 2) (Hendrich and Bird 1998; Hendrich et al. 1999). 

The MBD proteins MBD1, MBD2 and MeCP2 repress transcription from 
methylated promoters in vitro and in vivo via the association of their transcription 
repression domain (TRD) with a corepressor complex (Sansom et al. 2007). 
Furthermore, MBD1 has been reported to cooperate with the DNA damage protein 
(methylpurine-DNA glycosylase) in transcriptional repression and DNA repair, 
suggesting a direct role of MBD1 in sensing base damage in chromatin (Watanabe et 
al. 2003). Of all the MBD proteins, only MBD3 cannot specifically bind methylated 
DNA (Saito and Ishikawa 2002), and required MBD2 to recruit it to methylated 
DNA. Unlike the other MBD proteins, there is little evidence of MBD4 to function as 
transcriptional repressor; instead MBD4 primarily acts as methylation-specific DNA 
repair protein (Sansom et al. 2003), interacting with the mismatch repair (MMR) 
family of DNA repair proteins (Bellacosa et al. 1999). Interestingly, Kaiso, a protein 
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which is structurally unrelated to MBD proteins, has been reported to repress 
transcription in both a methylation-dependent and sequence-specific manner 
(Prokhortchouk et al. 2001). 

The exact relation between the MBD proteins is yet to be discovered. 
However in addition to gene expression, MBD family of proteins have been linked to 
multiple and diverse functions in tumourigenesis; several MBD proteins seem to 
augment tumourigenesis, whilst MBD4 seems to function primarily as a DNA repair 
protein. The fact that MBD2 knockout mice are viable and strongly resistant to 
tumourigenesis makes MBD2, of all the MBD proteins, the most ideal and relevant 
therapeutic target (Sansom et al. 2007). 

1.1.2 Histone modifications 
Histone modifications, and in particular the posttranslational modifications of 

their amino-terminal tail domain, are critical for gene expressions (Egger et al. 2004). 
Histones are highly conserved protein and chief component of chromatin. They act as 
spools around which DNA is coiled. They are grouped into five major classes. Two 
copies of H2A, H2B, H3 and H4 bind to about 200 base pairs of DNA to form the 
repeating structure of chromatin, the nucleosome, with H1 binding to the linker 
sequence (Figure 3). The H3 and H4 histones have long tails protruding from the 
nucleosome which can be covalently modified at several places. Modifications of the 

Figure 2. Schematic structure of major MBD proteins. (Abbreviations: BTB/POZ, 
broad complex, tramtrack, bric a brac/pox virus zinc finger; GR, alternate glycin and 
arginie repeats). 
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tail include acetylation, methylation, phosphorylation, ubiquitination, sumoylation, 
ADP ribosylation, glycosylation, biotinylation and carbonylation (Strahl and Allis 
2000; Turner 2002). These modifications cause chromatin to be distinguished in two 
categories, as detected by cytological studies. Firstly heterochromatin, which is 
generally condensed and transcriptionally inactive, hence regarded as ‘silent’ 
chromatin. Secondly euchromatin, which is not condensed and favourable for gene 
transcription, thus regarded as ‘open’ chromatin. 

1.1.3 RNA regulatory system 
RNA regulatory system is the latest addition to the network of epigenetic 

control functions. This is a highly conserved gene silencing mechanism and plays an 
important role in regulation of gene expression. 

1.1.3.1 RNA interference 
RNA interference (RNAi): RNAi was first discovered in plants in 1990 by 

Rich Jorgenson and his team (Napoli et al. 1990). RNAi is an evolutionally conserved 
gene silencing mechanism present in a variety of eukaryotic species. RNAi serves as 
a safeguard for maintaining the genomic integrity. It protects the host from viral 
infections and invasion by mobile genetic elements by degrading the exogenous 

Figure 3. Schematic presentation of histone and its modifications. 
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genomic material (viral RNA). In recent years, RNAi has become a powerful tool to 
probe gene function and to rationalize drug design.  

1.1.3.1.1 Mechanism of RNAi 

RNAi uses double stranded RNA (dsRNA) to trigger degradation or 
translation repression of homologous RNA targets in a sequence-specific manner 
(Figure 4). dsRNA, produced by endogenous genes, invading viruses, transposons or 
experimental transgenes, are initially recognised by a dsRNA binding protein (RDE-
4/R2D2) (Tabara et al. 2002; Liu et al. 2003). Subsequent mechanism is mediated by 
activation of two major molecules; the initial activity of major endonuclease Dicer 
(an RNAse III family enzyme), followed by the activity of the RNA interfering 
silencing complex (RISC) (Chiu and Rana 2002). Dicer cleaves the long dsRNA in an 
adenosine triphosphate (ATP) dependent reaction into short interfering double 
stranded RNAs (siRNAs), 21-23 nucleotides duplex RNAs with overhanging 3´ ends. 
siRNAs are incorporated into RISC and RISC then unwinds siRNA using a helicase 
and subsequently binds to the free antisense strand. The antisense strand of the duplex 
directs RISC to recognise and cleave cognated target RNAs, which undergoes 
specific base pairing and endonucleolytic cleavage. This leads to the degradation of 
the unprotected and single-stranded target RNA. 

The dicer also cleaves the 60-70 nucleotide long precursor microRNA (pre-
miRNA) into miRNA, which are similar size as siRNAs. The pre-miRNAs, whose 
structures are imperfectly complementary to each strand, are generated from 
endogenous stem loop precursors or hairpins, named primary-miRNA (pri-miRNA). 
The pri-miRNA are cleaved by Drosha RNase III in the nucleus (Lee et al. 2003) and 
exported to cytoplasm for further processing by Dicer. The complex of activated 
RISC and miRNA binds the 3’UTR of specific miRNAs, which triggers cleavage by 
perfect base pairing, or translational repression by partial base-pair recognition 
(Hutvagner and Zamore 2002a; Hutvagner and Zamore 2002b, Llave et al. 2002; 
Doench et al. 2003). 

1.1.3.1.2 Functional use of RNAi 

The RNAi pathway is often used in experimental biology to study the function 
of genes in cell culture and in vivo in model organisms. In this method, dsRNA is 
synthesized with a sequence complementary to a gene of interest and introduced into 
cells, where it is recognized as an exogenous genetic material and activates the RNAi 
pathway. Subsequently, a decrease in the expression of a targeted gene, followed by 
its physiological role can be studied. 
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The possibility of using RNAi in therapy is promising. At present, the 
possibility is suggested to the following conditions: inhibition of viral gene 
expression in cancer cells, knockdown of host receptors and coreceptors for viruses 
(e.g. HIV), silencing of genes (e.g. Hepatitis A, Hepatitis B), inhibition of viral 
replication (e.g. measles) and silencing of genes that are differentially regulated in 
tumours or genes involved in the cell cycle. 

RNAi has been used for applications in biotechnology. It has been used to 
produce lower levels of natural plant toxins (cotton seed), reduced levels of allergens 
(tomato), decreased the precursors of likely carcinogens in plants (tobacco) and 
resistance to common plant viruses. 

1.1.3.1. Recent developments  

In addition to naturally occurring and synthetic siRNAs, there have been 
recent publications of alternative forms of RNAi; Piwi-interacting RNAs (pi-RNAs), 
small modulatory RNAs (smRNAs) and short-hairpin RNAs (shRNAs). 

pi-RNA are single stranded RNAs (25-31 nucleotides) and shown to associate 
to Piwi protein (a subclass of Argonaute proteins) and human RecQ1 protein to form 

Figure 4. Schematic presentation of RNA interference pathways. 
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a Piwi-interacting RNA complex (piRC). These complexes are thought to regulate the 
genome within developing sperm cells (Carthew 2006). 

smRNA are short, double stranded RNAs which are found in the nucleus of 
neural stem cells of mice. It has been shown to play a critical role in mediating 
neuronal differentiation through dsRNA/protein interaction (Kuwabara et al. 2004). 

shRNA are synthetically manufactured based on naturally occurring miRNAs 
structure. They can be expressed by plasmid vectors or endogenously inserted into the 
genome. They contain inverted repeat of 19-29 nucleotides with the desired sequence 
separated by 6-9 base pairs (Medema 2004). 

1.1.3.2 RNA induced gene transcription 
Recently there have been reports that small double stranded RNAs can induce 

gene transcription (Li et al. 2006; Janowski et al. 2007). It has been shown that by 
targeting the promoter region of genes by dsRNAs one can induce potent and long-
lasting transcriptional activation in a sequence specific manner (Li et al. 2006). 
Although the exact mechanism is presently unknown, it has been reported that this 
process required the Argonaute 2 protein and is associated with histone changes 
linked to gene activation (Li et al. 2006). 

1.1.4 Gene reactivation by influencing chromatin configuration  
Reversible chromatin rearrangements can influence gene expression by two 

interdependent mechanisms: (1) DNA methylation and (2) histone modifications 
(such as, acetylation, methylation, phosphorylation, etc.). They cause changes in 
chromatin structure and thereby regulate gene expression, e.g. the accessibility of 
chromatin to transcription regulator proteins. In contrast, RNA regulatory system is 
believed not to be involved in this process but rather act at the transcriptional level of 
gene silencing, mostly by binding to antisense strand of DNA or acting through 
mRNA. 

DNA hypermethylation has been shown to promote gene repression by 
several mechanisms. Firstly, by sterically inhibiting the binding of activating 
transcription factors to gene promoters, thereby repressing gene activation directly. 
Secondly, through recruitment of several methyl-binding domain proteins (MBDs) 
that recognizes methylated DNA. These protein themselves can inhibit gene 
transcription, or bind chromatin-remodelling proteins and transcription-regulatory 
complexes which lead to formation of ‘silent’ chromatin and subsequent gene 
silencing (Bird and Wolfe 1999). Apart from their methylation ability, DNMTs can 
induce gene silencing by acting as transcriptional repressor by themselves or by 
serving as binding scaffolds for transcriptional repressors, histone deacetylases and 
histone methyltransferases. Hence, DNMTs not only maintains DNA methylation but 
also may directly target, in a heritable manner, transcriptionally repressive chromatin 
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to the genome during DNA replication (Robertson et al. 2000; Rountree et al. 2000; 
Fuks et al. 2003). 

Histone modifications, alone or in combinations, determine the chromatin 
functional properties (Kouzarides 2002; Martin and Zhang 2005). The best studied 
histone modification is histone acetylation which is controlled by histone 
acetyltransferases (HATs) and histone deacetylases (HDACs). Histone acetylation is 
generally associated with ‘open’ and transcriptionally active chromatin, whereas 
histone deacetylation correlates with ‘silent’ condensed chromatin and transcriptional 
repression (Struhl 1998).  

DNA methylation and histone acetylation are interconnected in gene 
silencing. HDACs are recruited by MBDs after binding of these to methylated DNA, 
resulting in chromatin remodelling and transcriptional silencing (Bird and Wolfe 
1999). Moreover, a direct link between DNA methylation and histone acetylation 
exists by direct interaction between DNMTs and HDACs (Robertson et al. 2000; 
Rountree et al. 2000). DNMTs have been suggested to repress transcription using 
deacetylase activity, independent of their methylation capacity. DNA methylation and 
histone deacetylation are crucial in X chromosome inactivation, genomic imprinting 
and establishment of tissue specific gene expression (Jaenisch and Bird 2003). 
However, aberrant epigenetic regulation of gene expression also plays a major role in 
the development of cancer. 

Rb:retinoblastoma; CDKN2A:cyclin-dependent kinase inhibitor 2A (p16); CDKN2B:cyclin-dependent 
kinase inhibitor 2B (p15); ARF:alternative reading frame; hMLH1:human mutL homolog 1; 06-
MGMT:0-6-methylguanine DNA methyltransferase; GST-Pi:glutathinone S-transferase P; 
BRCA1:breast cancer 1; DAP:death associated protein; VHL:vonHippel-Lindau tumour suppressor; 
APC:adenomatosis polyposis coli; LKB1:LKB subfamily protein kinase; TIMP-3:tissue inhibitor of 
metalloproteinase-3; THBS1:thrombospondin-1; ER- :estrogen receptor- ; RAR-beta:retinoic acid 
receptor-beta; SOCS-1:suppressor of cytokine signaling-1. 

1.1.5 Methylation and cancer 
For more than 20 years, it has been known that promoter methylation pattern 

in tumour cells is altered in comparison to normal cells (Feinberg and Vogelstein 
1983). Different cellular pathways in cancer are reported to be disrupted by promoter 
methylation and associated gene silencing (Table I) (Herman and Baylin 2003). 

Table I. Disrupted cellular pathways by promoter hypermethylation of 
genes in cancer. 
Pathway Genes 
Altered cell cycle control Rb, p16, p15, p14, p73 
Repair of DNA damage MLH1, O6-MGMT, GST-Pi, 

BRCA1 
Apoptosis DAP kinase, caspase 8 
Tumour-cell invasion or tumour 
architecture 

E-cadherin, VHL, APC, LKB1, 
TIMP-3, THBS1 

Growth-factor response  ER, RAR-beta, SOCS-1 
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Interestingly, promoter hypermethylation in cancer is accompanied by genome-wide 
or global DNA hypomethylation (Feinberg and Tycko 2004). 

A large number of tumours, including haematological tumours, have been 
reported to carry a high level of specific promoter methylation in tumour suppressor 
genes, which are normally unmethylated (Table II). Inactivation of these tumour 
suppressor genes presumably results in a growth advantage of the tumour cells. 
Therefore, it is essential to gain more knowledge of the role of specific methylation in 
tumour development to be able to use it for diagnosis and treatment. 

1.1.6 Hypomethylating drugs  
It is obvious from the type of genes that are inactivated by promoter 

methylation in tumours, that reactivation of these genes possible could have an anti-
tumour effect. In experimental settings hypomethylating drugs, such as 5-azacytidine 
and 5-aza-2’-deoxycytidine (Decitabine), have been shown to cause removal of 
methylation from promoter CpG islands and thus activation of silenced genes 
(Silverman et al. 1993). These findings make the reversal of gene silencing an 
attractive target for therapy. 

5-azacytidine and Decitabine has been shown to restore gene transcription in 
cell lines with hypermethylated genes (Daskalakis et al. 2002; Khan et al. 2006). 
Interestingly, both 5-azacytidine and Decitabine are not new drugs but was 
synthesized more than 40 years ago by Sorm and colleagues. Their early studies using 
high doses in acute leukaemia were less impressive (Karon et al. 1973; Steuber et al.
1996). The relatively recent discovery of the hypomethylating properties of the drugs 
in low doses launched a new interest amongst researchers and clinicians. Both 5-
azacytidine and Decitabine have showed promising results in MDS patients 
(Silverman et al. 2002; Kantarjian et al. 2006). The following summary focuses on 5-
azacytidine. 

Table II. Gene-promoter hypermethylation in cancer. 

Gene Tumour type Function Reference 
VHL Renal clear cell Promotes angiogenesis (Herman et al. 1994) 
p16INK4A Lymphoma, solid 

tumours 
Cyclin-dependent 
kinase inhibitor 

(Herman et al. 1995) 

p15INK4B MDS, AML, lymphoid 
leukaemia 

Cyclin-dependent 
kinase inhibitor 

(Herman et al. 1997; 
Uchida et al. 1997) 

hMLH1 Colon, gastric and 
endometrial carcinoma 

DNA mismatch repair (Esteller et al. 2001) 

BRCA1 Breast and ovarian 
carcinoma 

DNA damage repair (Esteller et al. 2001) 
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1.1.6.1 5-azacytidine and methylation 
5-azacytidine has been shown to alter the course of MDS disease, especially 

for high risk group of patients (Silverman et al. 2002). It also has been shown to 
prolong time to leukaemic transformation or death (Silverman et al. 2002). Moreover, 
it improves the quality of life in MDS patients (Kornblith et al. 2002). For these 
results, it was approved by the Food and Drug Administration (FDA) in 2006 for use 
in MDS (Kaminskas et al. 2005). 

2.2. Programmed cell death  
Programmed cell death occurs during organ development and plays an 

important role in cellular homeostasis (Jaattela 2004). The principal criterion of 
programmed cell death or active cell death that distinguishes from the accidental 
necrosis is the participation of active cellular processes. These cellular processes can 
be inhibited by interfering cellular signalling (Leist and Jaattela 2001). Three types of 
cell death are acknowledged at present: apoptosis (type I), autophagy (type II) and 
necrosis (type III) (Figure 5) (Lockshin and Zakeri 2004; Kim 2005). 

2.2.1 Apoptosis 
Apoptosis is a process of programmed killing of a cell or cells in multicellular 

organisms. It involves a series of coordinated biological and morphological events 
resulting in cell death, but without causing inflammation of surrounding tissue; which 
distinguishes it from necrosis. Apoptosis leads to a safe disposal of the dead cell with 
its organelles and fragments and is an essential process in embryonic development 
and organogenesis, as well as a natural endpoint in the life span of cells (Jacobson et 

Cell deaths

Physiological or 
programmed cell death

Necrotic cell death 
(Type III)

Cytoplasmic type of degradation 
(Type IIIB) 

Non-lysomal degradation
(Type IIIA) 

Autophagic cell death
(Type II) 

Apoptotic cell death
(Type I) 

Other cell death 
Ubiquination-proteasome 

MMPs

Figure 5. Schematic presentation of different types of cell death. 
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al. 1997). Apoptosis is also involved in many pathological conditions, e.g. when a 
cell is damaged beyond repair by infection (virus, bacteria, etc), mutation, or injury 
(ionizing radiation, toxic drugs, etc). 

2.2.1.1 Definition 
Apoptosis is an energy-dependent, asynchronous, genetically controlled 

process by which unnecessary or damaged single cells self-destruct when the 
apoptosis genes are activated (Martin 1993; Earnshaw 1995). Apoptotic cells share a 
number of common features, such as cell shrinkage, membrane blebbing, nuclear 
condensation, chromatin condensation and cleavage, formation of pyknotic bodies, 
externalization of phosphatidylserine on the plasma membrane, break down of DNA 
into smaller fragments and phagocytosis by macrophages. 

2.2.1.2 Clinical implications 
Deregulation of apoptosis has been reported to be associated with a number of 

diseases and pathological conditions. A lower than normal apoptotic rate has been 
observed in the process of carcinogenesis, and in diseases like leukaemia and 
lymphoma, auto-immunity, viral infections and intimal hyperplasia of blood vessels 
(Kam and Ferch 2000). Excessive apoptosis has been observed in ischemic heart 
disease, stroke, neurodegenerative diseases, sepsis, bacillary dysentery (Shigella 
dysenteriae) and multiple organs dysfunction syndromes (Kam and Ferch 2000). In 
addition, increased apoptosis of haematopoietic progenitors is a hallmark of low-risk 
MDS, which will be further discussed. 

Tumour development may be explained as an imbalance between cell division 
and cell death (Hanahan and Weinberg 2000). Defects in the apoptotic machinery or 
pathways are common findings in tumours leading to growth advantage of tumour 
cells and to progressive conversion of normal cells to tumour cells (Hanahan and 
Weinberg 2000). 

2.2.1.3 The apoptotic process 
The apoptotic process starts with an appropriate stimulus, which can be either 

extracellular or intracellular. The “initiation” and “decision” phases constitute the 
genetic check-point of cell death, during which a cell decides whether the injury or 
need for apoptosis is unavoidable or not. When a decision of apoptosis is taken, the 
cell enters the “execution’’ phase during which the central apoptotic events including 
proteolysis and mitochondrial inactivation take place. The process of apoptosis is 
controlled by a wide variety of cell signals. These signals can originate either 
extracellularly, through the extrinsic pathway, or intracellularly through the intrinsic 
pathway (Figure 6) (Hengartner 2000). Initiation of apoptosis following a ligand-
receptor mediated reaction is considered as an extrinsic pathway (Schmitz et al.
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2000). The intrinsic pathway involves mainly triggering, regulation and amplification 
of apoptotic signals by mitochondria, but also by endoplasmic reticulum, lysosomes 
and nucleus (Debatin et al. 2002). 

2.2.1.3.1 The extrinsic pathway 
Binding of ligands to their death receptors, for example FasL to 

Fas/CD95/Apo1, TRAIL to tumour necrosis factor (TNF) receptor, mediate cell death 
via the extrinsic pathway. These complexes recruit adaptor proteins containing death 
domain (DD), such as Fas-associated death domain (FADD) and TNF-receptor-
associated death domain (TRADD). The adaptor proteins bind to procaspase-8, 
resulting in formation of death inducing signalling complex (DISC). This results in 
cleavage and activation of procaspase-8. Active caspase-8 is released from the 
complex as a heterotetramer of two small and two large subunits. It serves as an 
initiator caspase and activates downstream caspases resulting in activation of cellular 
death substrates, usually by cleaving them. Moreover, caspase-8 can cleave pro-
apoptotic Bid to truncated Bid (tBid). Bid is involved in the regulation of intrinsic 
mitochondrial pathway of apoptosis. Therefore the extrinsic and intrinsic pathways 
are not independent, but rather interrelated pathways (Hengartner 2000; Krammer 
2000). 

Figure 6. Intrinsic (mitochondrial) & extrinsic (dealth receptor) 
apoptotic pathways. 
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2.2.1.3.2 The intrinsic pathway 
The exact mechanism of induction of the intrinsic pathway is still not fully 

revealed but is considered to involve activation of the mitochondrial pathway 
followed by subsequent activation of downstream caspases. Numerous cell damage 
pathways converge on mitochondria and induce loss of mitochondrial membrane 
potential ( m), increased permeabilization of mitochondrial membrane, and release 
of mitochondrial proteins, such as cytochrome c, apoptosis inducing factor (AIF), 
second mitochondrial activator of caspases (Smac)/Direct inhibitors of apoptosis 
proteins (IAP) binding protein with low pl (DIABLO), endonuclease G and 
Omi/HtrA2 into cytosol (van Loo et al. 2002). 

2.2.1.4 Caspases 
The caspases (cysteine-rich aspartate-specific proteases) comprise a large 

family of cysteine-proteases. Caspases are synthesized as inactive proenzymes and 
located in different intracellular compartments.  Activation of caspases is induced by 
cleavage of the proenzymes (Cohen 1997). Upon activation they get in contact with 
their substrates and initiate a specific function. Caspase targets involve Bcl-2 
proteins, DNA repair proteins (e.g. PARP, DNA-PKcs), cytoskeleton components 
(e.g. actin, lamin), proteins involved in cell cycle control, cell adhesion, transcription 
factors, RNA synthesis and splicing, signal transduction, adaptor proteins, membrane 
receptors and cytokines. Apart from apoptosis, caspases are involved in maturation of 
pro-inflammatory cytokines (caspase-1, -4 and -5) (Fadeel et al. 2000), differentiation 
of skeletal muscle (caspase-3) (Fernando et al. 2002), terminal differentiation of 
keratinocytes (Weil et al. 1999), the lens fibre cells of the eye (Ishizaki et al. 1998), 
T-cell maturation and proliferation (Sarin et al. 1996; Kennedy et al. 1999) and 
haematopoiesis (Zermati et al. 2001; De Botton et al. 2002; Carlile et al. 2004). 

In mammals, 14 members of the caspase family have been reported. Although 
over expression of all caspases resulted in cell death, not all of them are involved in 
apoptosis. Caspase-1, -4, -5, -13 and -14 have limited or yet unknown roles in the 
apoptotic machinery. Caspase-2, -8, -9 and -10 belong to the ‘initiator’ caspases. 
These enzymes are usually believed to be located upstream in the apoptotic pathways 
and are involved in the activation of other caspases. Caspase-3, -6 and -7 belong to 
the ‘effector’ caspases. They function downstream in the apoptotic pathways by 
cleaving proteins in the cytoskeleton, cytoplasm and nucleus. The degradation of 
numerous structural and regulatory proteins during apoptosis is important for 
morphological and biochemical changes, which can be detected in apoptotic cells like 
DNA fragmentation, chromatin condensation, membrane blebbing and cell shrinkage 
(Cohen 1997). 
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2.2.1.5 The Bcl-2 family proteins 
Bcl-2 protein family plays an important role in the regulatory system of 

apoptosis. It consists of a large group of proteins, which have the ability to induce and 
augment, as well as inhibit apoptosis. Most Bcl-2 family members possess a 
hydrophobic C-terminal transmembrane domain (membrane anchor), which allows 
them to localize into membranes such as the mitochondrial membrane, the 
endoplasmic reticulum and the nuclear membrane (Krajewski et al. 1993; Lithgow et 
al. 1994). Functionally, Bcl-2 proteins can be divided into anti-apoptotic (Bcl-2, 
BclXL, Bcl-w, Mcl-1) and pro-apoptotic proteins (Bid, Bax, Bak, Bcl-XS, Bad, Puma, 
Noxa). The mechanisms regulating the function of Bcl-2 include transcriptional 
control of gene expression, post-translational events such as phosphorylation, 
proteolysis and induction of conformational changes (Fadeel et al. 1999). Bcl-2 
proteins regulate mitochondrial protein and ion release by influencing the 
mitochondrial outer membrane permeability (Muchmore et al. 1996; Minn et al.
1997; Schendel et al. 1997). Cleavage of Bid to truncated-Bid (tBid) is known to 
activate its pro-apoptotic function (Chou et al. 1999). The pro-apoptotic proteins, Bax 
and Bak, facilitate cytochrome c release from mitochondria and thereby play an 
important role in the intrinsic apoptotic pathway. Upon apoptosis induction, 
monomeric Bax oligomerizes (Tan et al. 1999) and translocates to the mitochondrial 
outer membrane (Wolter et al. 1997; Griffiths et al. 1999) to induce release of 
cytochrome c. Translocation to mitochondria is often needed for the Bcl-2 family 
proteins (tBid, Bax, Bak, Bcl-XL) to regulate apoptotic function (Fadeel et al. 1999). 
Transcriptional regulation is important for some pro-apoptotic members, for example 
Noxa and Puma can be induced by p53 (Villunger et al. 2003). Physical interaction 
and dimerization with other Bcl-2 family proteins is also a way to regulate their 
function. The anti-apoptotic members appear to function, at least in part, by 
antagonizing pro-apoptotic members, and vice versa. The ability to form homo- and 
hetero-dimers relates to their different function during apoptosis and the balance or 
ratio of anti- vs. pro-apoptotic proteins may determine the final outcome of a cell 
(Fadeel et al. 1999). 

2.2.1.6 Mitochondria 
Fundamental metabolic processes, like oxidative phosphorylation of adenine, 

the electron transport in the respiratory chain, the -oxidation of fatty acids, citric 
acid cycle (Krebs cycle) and parts of the urea cycle, occur in mitochondria. Therefore, 
it is not surprising when it was suggested that mitochondria have a central 
executioner and/or regulator function in cells undergoing apoptosis (Kroemer et al.
1997; Green and Reed 1998; Mignotte and Vayssiere 1998). More and more evidence 
suggests that many apoptotic signalling pathways converge at the mitochondrial level, 
where signals are processed through series of molecular events resulting in release of 
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mitochondrial proteins or potent death factors, which can trigger both caspase-
dependent and –independent apoptosis (Wang 2001). 

Mitochondria are surrounded by a double membrane system. Mitochondrial 
regulation of apoptosis results from permeabilization of the outer membrane and 
release of intermembrane proteins into the cytosol. This process is regulated by pro-
apoptotic Bcl-2 family members, such as Bax and Bak. Upon activation, these 
proteins translocate to mitochondria, insert into the outer membrane and form a large 
enough pore in the outer membrane to release cytochrome c (Eskes et al. 1998; 
Antonsson et al. 2000; Eskes et al. 2000). This process can also be regulated by 
mitochondrial permeability transition (MPT) pore complex (Gogvadze et al. 2001) 
which consists of the Voltage dependent anion channel (VDAC), Adenine nucleotide 
translocator (ANT) and mitochondrial cyclophilin D (Mayer and Oberbauer 2003). 
Activators of MPT pore are calcium, cytosolic alkalinization, oxidative stress, low 
mitochondrial transmembrane potential, high pyridine nucleotide and thiol oxidation 
(Crompton 2000). The anti-apoptotic proteins, such as Bcl-2 and Bcl-XL, can inhibit 
release mitochondrial of mitochondrial proteins and thereby impede apoptosis 
(Shimizu et al. 1999). 

Interestingly, mitochondria-medicated apoptosis might be involved in 
cytotoxic induced DNA double-strand breaks and cell death (Krammer 1999). The 
link between DNA damage and mitochondria is not yet fully understood but may 
depend on the activation of caspase-2 within the nucleus and subsequently targeting 
of mitochondria and release of cytochrome c (Lassus et al. 2002; Robertson et al.
2002; Zhivotovsky and Orrenius 2005). 

2.2.1.7 Cytochrome c 
It has been reported that apoptosis mediated by mitochondria requires the 

release of cytochrome c into the cytosol (Liu et al. 1996; Goldstein et al. 2000). 
Cytochrome c is crucial for formation of the apoptosome and subsequent initiation of 
apoptosis through the intrinsic pathway (Riedl and Salvesen 2007). Presence of 
cytochrome c and dATP/ATP promotes oligomerization of Apaf-1, which otherwise 
exists in a monomeric form, and thereby assembly of a wheel-shaped signalling 
platform known as the apoptosome (Acehan et al. 2002). This large protein complex 
then binds and activates procaspase-9 (Srinivasula et al. 1998), which in turn leads to 
activation of procaspase-3 and cell death (Zou et al. 1997). 

2.2.1.8 Cytosolic acidification 
Cytosolic acidification has been linked with apoptosis, especially in drug-

induced apoptosis (Rosato et al. 2003; Ahmad et al. 2004; Kanno et al. 2004; Munoz-
Gamez et al. 2005; Schmidt-Mende et al. 2006). This is further supported by the 
finding that inhibition of inhibition of cytosolic acidification reduces drug-induced 



26

apoptosis (Pervaiz and Clement 2002; Kanno et al. 2004). Acidification of the 
cytosolic compartment has been shown to create an environment facilitating efficient 
death execution (Pervaiz and Clement 2002). The increase in cytosolic acidification is 
shown to be due to production of reactive oxygen species (ROS) within the cell. The 
link between ROS production and apoptosis is still unclear, but may involve 
intracellular ROS in some steps of the apoptotic execution (Clement et al. 1998; 
Simizu et al. 1998; Mansat-de Mas et al. 1999; Hirpara et al. 2001; Fleury et al.
2002). Moreover, mitochondria have been suggested, either directly or indirectly, to 
be the prime source of ROS during drug-induced apoptosis (Quillet-Mary et al. 1997; 
Hirpara et al. 2001; Childs et al. 2002; Fleury et al. 2002). Even so it is unclear 
whether ROS generation is a critical initial trigger or a downstream effect of caspase-
mediated mitochondrial damage. 

2.2.1.9 Poly(ADP-ribose) polymerase (PARP) 
Poly(ADP-ribose) polymerase (PARP) mediates post-translational 

modifications of proteins by poly(ADP-ribosyl)ation (Schreiber et al. 2006). So far 
17 members of poly(ADP-ribose) polymerase (PARP) have been recognized. PARP-
1 is the first protein to be discovered within the PARP family of proteins and also the 
most extensively studied of all PARP family proteins. PARP-1 is found in nuclei and 
is involved in cellular response to DNA damage and DNA metabolism (de Murcia et 
al. 1997). However with the discoveries of new members of the PARP family, it was 
found that they not only participate in the first line defence against genotoxins but 
also in the regulation of various cellular processes including genomic stability, 
transcriptional control, cell death and transformation (Schreiber et al. 2006; Miwa 
and Masutani 2007). 

2.2.2 5-azacytidine and apoptosis 
5-azacytidine is known to induce apoptosis (Ueno et al. 2002; Khan et al.

2006; Kiziltepe et al. 2007). However, the role of 5-azacytidine in apoptosis and cell 
death is not well studied, and yet largely unknown. This is largely explained by the 
difficult chemical properties of azacytidine leading to poor solubility and stability in 
vitro. Only few studies have shed light on the subject and even then with 
contradictory results. There is agreement that 5-azacytidine induce DNA strand 
breaks (Murakami et al. 1995; Kiziltepe et al. 2007; Morales-Ramirez et al. 2007), 
which eventually might lead to apoptosis. It has also been suggested that 5-
azacytidine may demethylate and thus re-express silenced cell cycle control genes, 
hence inducing growth inhibition of tumour cells (Murakami et al. 1995; Ueno et al.
2002; Khan et al. 2006). However, it has been proposed that 5-azacytidine not only 
effects DNA (Li et al. 1970; Snyder and Lachmann 1989) but also RNA (Lu and 
Randerath 1979; Cohen and Glazer 1985) metabolism. In fact, Murakami T et al
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suggested a preference for RNA at low concentration of 5-azacytidine (Murakami et 
al. 1995). 

Although many studies have suggested 5-azacytidine-induced cell cycle 
arrest, there are disputes regarding which steps in the cell cycle that are affected. 
While G0/G1 phase involvement was shown by Ueno et al. (Ueno et al. 2002), Wang 
et al. showed involvement also of or only of the G2 phase (Wang et al. 1998), and 
Murakami et al suggested involvement of both S and G2 phase. However, one of the 
studies included this thesis showed involvement of all G0/G1, S and G2 phases at 
different doses of 5-azacytidine (Khan et al. 2006). 

Additionally, Kilzitepe T et al. (Kiziltepe et al. 2007) has shown that 5-
azacytidine-induced apoptosis is both caspase-dependent and independent, at least in 
multiple myeloma cell lines. They reported elevation of caspase-8 and -9, which 
could be blocked only partially by a pan-caspase inhibitor, z-VAD-fmk. Moreover, 
mRNA level of Fas was found to be elevated in 5-azacytidine-induced apoptosis 
further supporting the activation of the caspase-8 pathway The same study also 
reported that 5-azacytidine-induced apoptosis is independent of p53 function; 
however Ueno et al. (Ueno et al. 2002) showed elevation of p53 expression prior to 
apoptosis in 5-azacytidine-treated cells. Kilzitepe T et al. also suggested that proteins 
involved in the response to DNA damage (e.g. PARP, Chk-2, ATR, etc) play a role in 
5-azacytidine-induced apoptosis. Among Bcl-2 family proteins, a significant increase 
in the pro-apoptotic proteins (Bax, Puma and Noxa) were evident following 
azacytidine treatment, while no changes were seen in anti-apoptotic proteins (Bcl-2 
and Bcl-XL). In addition 5-azacytidine caused cleavage of the anti-apoptotic protein, 
Mcl-1 and release of pro-apoptotic proteins, AIF and EndoG into the cytosol. Again, 
further studies are necessary to support the findings of 5-azacytidine-induced 
cytotoxicity. 

2.3. Myelodysplastic Syndromes 
Myelodysplastic syndromes (MDS) constitute a heterogeneous group of 

neoplastic clonal bone marrow stem cell disorders. Clinically, MDS is characterized 
by bone marrow failure and a propensity for development towards AML. The bone 
marrow failure results in ineffective haematopoiesis and subsequent cytopenia, which 
may range from mild to severe. While some patients present with only mild anaemia, 
thrombocytopenia or neutropenia, severe pancytopenia is present in other cases. 
Morphologically, MDS is characterized by the presence of dysplastic morphological 
changes in one or more cell line in the bone marrow. 

2.3.1 The historical perspective 
Initially, MDS was considered to be a form of anaemia. In 1907, ‘anemia 

pseudoaplastica’ was the first term used to describe MDS (Luzzatto 1907). In 1938, 
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100 anaemic cases were defined as refractory anaemia (RA) (Rhoades and Barker 
1938). After summarizing these and other cases, Hamilton-Paterson (Hamilton-
Paterson 1949) recognized a group of patients with refractory anaemia, who 
progressed to acute leukaemia, and introduced the term ‘pre-leukaemic anaemia’. In 
1953, Block et al. (Block et al. 1953) expanded the definition to include also 
multilineage cytopenias and further supported the findings of Hamilton-Paterson 
(Hamilton-Paterson 1949). Later, Björkman (Bjorkman 1956) described the clinical 
feature of refractory anaemia with ringed sideroblasts. In 1973, first Saarni and 
Linman (Saarni and Linman 1973) and later on Linman and Bagby (Linman and 
Bagby 1976) developed the first criteria for the ‘preleukaemic syndrome’. They 
suggested this syndrome to be a primary bone marrow disease characterized by 
peripheral cytopenias, marrow hypercellularity, disordered precursor maturation and 
ultimate transformation to AML. In 1976, Bennett and his colleagues (Bennett et al.
1976) proposed the first French-American-British (FAB) classification for AML and 
MDS (dysmyelopoietic syndromes). This FAB classification was revised for MDS by 
the same group in 1982 (Bennett et al. 1982). In 1993, Morel et al. (Morel et al.
1993) reported that the cytogenetics analysis has a strong independent prognostic 
value in de novo MDS. The International Prognostic Scoring System (IPSS) was 
introduced in 1997 following a review of 816 cases of MDS (Greenberg et al. 1997). 

2.3.2 Epidemiology 
Although MDS appear in all age groups, it predominantly affects elderly 

individuals with a median age of 70-75 years at diagnosis (Mufti 2004). Depending 
on the propensity for bone marrow investigation in case of mild cytopenia in elderly 
individuals, the incidence of MDS varies between countries, but is estimated to 4-
5/100000/year (Germing et al. 2007). The incidence increases with age (Aul et al.
2001). Due to a longer life expectancy in the Western world, increased awareness of 
MDS, an increased use of chemotherapy and environmental influence; a raise in the 
incidence of MDS over time has been suggested, however not confirmed (Aul et al.
1998b). The incidence of MDS is slightly higher in men than in women (Aul et al.
1998a), while chronic myelomonocytic leukaemia (CMML) shows a male 
predominance (Ribera et al. 1987). 

While approximately 90% of MDS cases are of unknown aetiology, 10% of 
patients present with a history of previous exposure to chemotherapy and/or 
irradiation (Rosenfeld and List 2000; Hofmann et al. 2004). Rare cases also present 
with a family history of myelodysplastic or leukaemic disorders. Differential 
diagnoses, such as megaloblastic anaemia due to vitamin deficiency, other 
haematological malignancies, chronic liver disease, hypothyroidism, Human 
Immunodeficiency Virus (HIV) infection, cytotoxic treatment, as well as intoxication 
with heavy metals and consistent exposure to benzene should be ruled out. 
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2.3.3 Clinical and morphological diagnosis 
A proportion of patients with MDS is asymptomatic at the time of initial 

diagnosis and may be diagnosed after routine blood sampling. The diagnostic process 
is often initiated by a finding of unexplained cytopenia. The clinical symptoms of 
MDS are mostly caused by mild to severe cytopenias and subsequent complications. 
Anaemia is the most common cytopenia, about 80% of patients present with a 
haemoglobin concentration below 10g/dl, and transfusion need develops in a majority 
of these patients. Anaemia leads to weakness, fatigue, reduced quality of life and 
dyspnoea (Hellstrom-Lindberg et al. 2003). Around 25-30% of individuals of MDS 
present with leukopenia and neutropenia at the time of diagnosis, which may lead to 
recurrent infections. In case of thrombocytopenia, patients may have bleeding 
symptoms, but fewer than 10% present initially with serious bleeding (Hofmann and 
Koeffler 2005). 

A diagnosis of MDS is based on the finding of dysplastic features of bone 
marrow precursors in combination with peripheral cytopenia. Mild marrow dysplasia 
can sometimes be seen even in normal individuals (Bain 1996), therefore, dysplastic 
features should be present in a significant proportion (>10%) of marrow cells to 
diagnose MDS. At least 200 marrow cells and 20 megakaryocytes should be 
evaluated (Bowen et al. 2003).  

Table III. The WHO classification of MDS. 
Category 
Refractory anaemia 
Refractory anaemia with ring sideroblasts 
Refractory cytopenia with multilineage dysplasia 
Refractory anaemia with multilineage dysplasia and ring sideroblasts 
Refractory anaemia with excess blasts type I and II 
5q syndrome 
Myelodysplastic syndrome - unclassified 

2.3.4 Classifications 
The FAB classification divided MDS into five different subtypes: refractory 

anaemia (RA), RA with ringed sideroblasts (RARS), RA with excess of blasts 
(RAEB), chronic myelomonocytic leukaemia (CMML) and RAEB in transformation 
(RAEB-t) (Bennett et al. 1982). This classification was mainly based on 
morphological features in blood and bone marrow, and percentage of myeloblasts and 
ringed sideroblasts in the bone marrow. The WHO classification, published 2001, 
incorporated information about the importance of dysplasia, detailed blast counts, and 
cytogenetics (Vardiman et al. 2002). WHO divides MDS into 8 different groups 
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(Table III). The major changes included the creation of additional categories (e.g., 5q- 
syndrome), distinction of unilineage from multilineage dysplasias in the refractory 
anaemias, and subdivision of the refractory anaemias with excess blasts into two 
categories based on bone marrow blast percentage.  

2.3.5 Prognosis 
MDS is a heterogeneous disease, and it is important to predict the outcome of 

an individual patient in order to plan for management and treatment. The overall 
survival of patients can differ from several years to a few months. Death is usually a 
consequence of complication to bone marrow failure and cytopenia, or caused by 
transformation to AML. Over the last 20 years different attempts have been made to 
estimate the prognosis for individual patients taking into account the number of 
cytopenias, the percentage of myeloblasts in bone marrow or blood, type of 
cytogenetics abnormalities, dysplastic features in non-erythroid cells, and serum 
lactate dehydrogenase (LDH) level (in particular for CMML patients). 

Table IV. International Prognostic Scoring System (IPSS) for untreated 
MDS (Greenberg et al., 1997). 

Score value Prognostic 
variables 0 0.5 1.0 1.5 2.0 

BM blasts (%) <5 5-10 - 10-20 21-30 
Karyotype* Good Intermediate Poor   
Cytopenias 0/1 2/3    

*Good: N, 5q-, 20q-, -Y; Poor: -7, 7q-, complex ( 3 abnormalities); Intermediate: other

Risk groups Low Score 0 
 Intermediate-1 Score 0.5-1.0 
 Intermediate-2 Score 1.0-1.5 
 High Score 1.5-2.0 

Figure 7. Prognosis of survival and evolution to AML for MDS 
patients depending on IPSS. ("Originally published in Blood. Greenberg et al.
1997;89. © the American Society of Hematology").
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Currently, the most reliable prognostic tool is considered to be the 
International Prognostic Scoring System (IPSS) (Greenberg et al. 1997), which was 
developed in close collaboration with groups involved in other MDS scoring systems. 
IPSS divides MDS into four different risk groups: Low, INT-1, INT-2 and High 
(Table IV). A significant difference regarding overall survival and propensity for 
leukaemic transformation is evident between these different risk groups and hence 
treatment strategies for these groups also differ. This scoring system takes into 
account the blast percentage, karyotype and number of cytopenias The IPSS is widely 
accepted and currently the most accurate prognostic assessment tool. However, as the 
new information regarding the molecular pathogenesis of MDS will be discovered, 
these classifications and scoring systems will continue to evolve with time. Recently, 
the WPSS (WHO classification-based prognostic scoring system) scoring system, 
including also the presence or absence of transfusion need was published (Malcovati
et al. 2007). The WPSS system now needs to be evaluated in independent patient 
cohorts. 

2.3.6 Low-risk and high-risk MDS 
Even though IPSS divides MDS in four different risk groups, many 

investigators and clinicians tend to speak about “low-risk” and “high-risk” MDS. 
‘Low-risk MDS’ encompass the IPSS Low and INT-1 risk groups (Low/INT-1), 
whereas ‘high-risk MDS’ includes the IPSS INT-2 and High-risk groups (INT-
2/High). The median survival in low-risk and high-risk MDS is 5.7-3.5 and 1.2-0.4 
years, respectively, as seen in Figure 7 (Greenberg et al. 1997). The distinct 
difference between the low- and high-risk MDS in terms of overall survival, quality 
of life, evolution to AML, pathologic features of the malignant clone and bone 
marrow, is relevant since it affects the choice of therapy. As expected, treatment 
strategies vary considerable between these two groups. The most relevant therapeutic 
goals for patients with low-risk MDS are to improve erythroid output and reduce 
cytopenia in general, to reduce MDS-related morbidity, and to maintain or improve 
quality of life. For patients with high-risk MDS patients, treatment aims at improving 
survival or, if possible, at cure. Here, more intense therapies, such as anti-leukaemic 
induction chemotherapy and/or bone marrow stem cell transplantation, are 
considered. Considering the advanced age of MDS patients, only one third of these 
high-risk patients qualify for intensive therapy (Bowen et al. 2003; Fenaux 2005; 
Hofmann and Koeffler 2005), and even if a complete remission (CR) is achieved, the 
incidence of relapse is close to 100% and overall survival is short (Wattel et al. 1997; 
Beran 2000). Hence, new therapeutic approaches both for inducing and maintaining 
remission are warranted.  Supportive care may be the only choice of treatment for 
older patients with a poor performance status. 
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2.3.7 Pathogenesis of MDS 
MDS is sometimes viewed as a two-phase disorder: early-phase (low-risk 

MDS) and late-phase (high-risk MDS) (Fenaux 2005). Deregulation of tumour 
suppressor genes, DNA repair genes and enzymes, and immunological abnormalities; 
have been suggested as causes for development towards MDS and further evolution 
to AML. MDS is a clonal disorder. In a stepwise progression of disease, normal stem 
cells must acquire an initial genetic and/or epigenetic insult to develop early-phase 
MDS clones. Then, additional genetic and/or epigenetic insults are required to 
develop late-phase MDS or AML. 

The pathogenesis of early-phase MDS comprises certain chromosomal 
rearrangements, activation of apoptotic pathways, increased medullary angiogenesis 
and immune mechanisms, all of which may be a consequence of an initial genetic 
insult. Indeed, increased apoptosis of bone marrow progenitor cells is a hallmark of 
early-phase MDS. In addition, accumulation of genetic insults in the early-phase 
MDS clones may provide a proliferative advantage and a capacity to avoid apoptosis, 
and eventually lead to late-phase MDS and progression to AML. Evidently, reduced 
apoptosis and arrested differentiation of myeloid progenitors are characteristic 
features of late-phase MDS resulting in blast accumulation in bone marrow, 
pancytopenia and eventually leukaemic transformation. 

The events leading to disease progression of MDS and AML evolution are 
incompletely understood. Several mechanisms are considered to be part of a stepwise 
disease progression. Firstly, reduced expression of p15INK4B (a cyclin dependent 
kinase inhibitor gene) by DNA promoter hypermethylation is much more frequent in 
patients with more 10% bone marrow blast (INT-2/High) compared with patients 
with less than 10% bone marrow blast (Low/INT-1) (Quesnel et al. 1998). Secondly, 
when reduced expression of p15INK4B, the gene Hypermethylated in Cancer-1 (HIC1),
E-cadherin (CDH1) and estrogen receptor (ER) by DNA promoter hypermethylation 
were considered, a coexisting hypermethylation of 3 genes was more frequent in 
late-phase MDS compared with early-phase MDS (Aggerholm et al. 2006). Thirdly, 
activation of the ras gene (important for cell proliferation) by point mutations has 
been suggested to be associated with poor outcome, and is found in 10-15% of 
patients with MDS (Hirai et al. 1988; Hirai 2003). Fourthly, the internal tandem 
duplication of Flt3 gene, which play role in cell survival, proliferation and 
differentiation, is found in 5% MDS and is suggested to be linked to poor prognosis 
(Horiike et al. 1997; Yokota et al. 1997). Fifthly, inactivation of the tumour 
suppressor gene p53 by mutation or deletion is detected in 5-10% of MDS and is 
frequent in particular in secondary MDS and MDS with 17p deletion, and is 
suggested to play a role in leukaemic progression (Sugimoto et al. 1993). 

Increasing evidence suggests a difference in the pathogenesis between 
different subgroup of MDS. More detailed information is required to complete the 
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puzzle, and only then newer treatment regimens could be developed to target the 
distinct pathologic mechanisms. Pathobiology-based therapies may be essential to 
increase the response rate – and cure rate - in high-risk MDS. 

2.3.7.1 DNA Methylation in MDS  
Gene inactivation by promoter methylation is suggested to be critical in 

myelodysplastic syndromes (MDS) and acute myeloid leukaemia (AML) as in many 
other haematological malignancies (Table IV). In MDS, p15INK4B hypermethylation 
occurs in around 50% of MDS patients and is associated with shorter survival, as well 
as disease and leukaemic progression (Uchida et al. 1997; Quesnel et al. 1998; Tien
et al. 2001; Aggerholm et al. 2006). Moreover, recent reports suggested that promoter 
methylation of p15INK4B and other genes constitute an independent negative 
prognostic factor for progression free survival and overall survival in MDS (Shen et 
al. 2005; Aggerholm et al. 2006). Hence, promoter methylation of genes is critical for 
MDS and should therefore be included in the list as target to treat MDS. Therefore, 
methylation of more than a single gene or more appropriately changes in global 
methylation might be considered while evaluating the methylation pattern in tumours. 
Unfortunately, the lack of sensitive and accurate methods to detect global methylation 
has restricted the methylation findings to be used in global context. 

2.3.7.2 Apoptosis in MDS  
Increased apoptosis of bone marrow progenitor cells is a hallmark of MDS 

(Parker and Mufti 2000; Mundle 2001; Parker and Mufti 2004). It is generally 
believed that the regulatory and/or pathophysiological pathway of apoptosis is 
deregulated leading to cytopenias. Increased cell death in bone marrow cells also can 
explain the typical finding in MDS of peripheral cytopenias regardless of 
hypercellular bone marrow. The cause for the increased apoptosis of myelodysplastic 
bone morrow progenitor cells is incompletely understood. Moreover, due to a lack of 

Table V. Gene-promoter hypermethylation in MDS and acute leukaemia. 
Gene Chromosome Function MDS (%) AML (%) 

p15INK4B 9p21 Cyclin-dependent 
kinase inhibitor 0-59 30-90 

HIC-1 17p13 Putative tumour 
suppressor gene  10 

E-Cadherin 16q22 Ca2 dependent 
intracellular adhesion N.K. 32-78 

ER- 6q25 Estrogen receptor N.K. 70-90 
CALC1 11p15 Ca2 bone reabsorption 25-60 50-90 

p16INK41 9p21 Cyclin-dependent 
kinase inhibitor 0 0 
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reliable marker for clonality in many cases of MDS, it is still not possible to detect 
whether apoptosis affect mainly clonal cells or also normal haematopoietic progenitor 
cells. 

2.3.7.2.1 The extrinsic pathway 
Death receptors (Fas, TNF- , TRAIL-R), as well as adapter Fas-associated 

death domain (FADD) are reported to be over-expressed and to trigger apoptosis in 
low-risk or ‘early-stage’ MDS (Fontenay-Roupie et al. 1999; Mundle et al. 1999a; 
Mundle et al. 1999b; Zang et al. 2001; Claessens et al. 2002). One study reported that 
Fas-mediated apoptosis is important in MDS with trisomy 8, but not in MDS with 
other cytogenetics abnormalities (Sloand et al. 2002). However, attempts to block the 
extrinsic pathway gave contradictory results; one study showed that blocking of 
apoptosis by inhibition of the FADD function led to decreased caspase activity and 
reduced cell death in early-stage MDS (Claessens et al. 2005); whereas another study 
could not inhibit apoptosis using antibodies against Fas-receptor in RARS patients 
(Hellstrom-Lindberg et al. 2001). Such discrepancies may in fact be explained by 
differences within the subgroups of MDS patients. 

Changes in the level of cytokines, such as IL-3, IL-6, IFN- , TGF-  and TNF-
, have been shown to be elevated in serum of MDS patients (Rosenfeld and List 

2000). Furthermore, inhibition of TNF-  has been shown to reduce apoptosis and 
increase haematopoietic colony growth, but has failed to be effective in the clinical 
setting (Gersuk et al. 1998; Raza 2000). 

2.3.7.2.2 The intrinsic pathway 
The intrinsic pathway is suggested to be critical for the apoptosis in MDS 

(Span et al. 2005). Important players in the intrinsic pathway, like mitochondria and 
Bcl-2 family members, have been shown to be responsible for initiating and 
amplifying the apoptotic process. In RARS, the characteristic ringed sideroblasts are 
due to excess iron bound to aberrant mitochondrial ferritin (MtF), unlike in normal 
erythropoiesis (Cazzola et al. 2003). It is unclear whether the iron accumulation 
disturbs or results from the mitochondrial dysfunction. Moreover, mitochondrial 
DNA mutations (Gattermann 2000) or mutations of nuclear encoded mitochondrial 
proteins (Craven et al. 2005) have been reported in MDS. 

The ratios between pro- and anti-apoptotic Bcl-2 family member proteins are 
proposed to differ between low-risk and high-risk MDS, and MDS followed by AML. 
Leukaemic progression is shown to associate with an increased relative expression of 
the anti-apoptotic family of Bcl-2 members (Parker et al. 1998; Parker and Mufti 
2000), and an altered c-myc:Bcl-2 ratio (Rajapaksa et al. 1996). 
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2.3.7.3 The paradox in MDS 
Genetic or epigenetic alterations in cancer are usually believed to be 

associated with gain of survival function (anti-apoptotic) and/or growth advantage 
(expansion or proliferation) over normal clone. In contrast to that, MDS progenitors 
show an excess in apoptosis and yet a growth advantage. Hence, the excess of 
apoptosis at the progenitor level must somehow be linked to a gain of function either 
in survival or growth at the stem cell level. Moreover, an increase ratio between cell 
death and proliferation should logically give rise to elimination of progenitor cells 
and lead to a development of hypocellular bone marrow; which is contradictory to the 
findings of the usually hypercellular bone marrow in MDS. One hypothesis to explain 
this dilemma is that the clonal alterations that offer growth advantage for proliferating 
stem cells, upon initiation of the differentiation programme, leads to inhibition of 
maturation and excessive cell death. 

2.3.8 Treatment 
A variety of different therapeutic approaches are employed to treat different 

subcategories of the disease and a thorough and precise diagnosis is critical for a 
successful treatment. Even then, selecting the best treatment option could be a 
challenge. An individual assessment of the patients should be made along with a 
decision whether to make an attempt to cure the patients, or to aim at improvement of 
symptoms, improved quality of life and hopefully overall survival. The choice of 
treatment varies considerably between low-risk and high-risk MDS. 

2.3.8.1 Supportive care 
Supportive care in MDS includes transfusion therapy and treatment and 

prevention of infections and bleeding. It also includes regular follow-up and 
observation of progression of disease. As progressive and symptomatic anaemia is a 
frequent finding in MDS, transfusions with packed red blood cell are often required 
(Sanz et al. 1989). However, prolonged transfusion therapy will eventually lead to 
iron overload, which might necessitate iron chelation therapy. 

2.3.8.2 Stem cell transplantation 
Allogenic stem cell transplantation (SCT) is currently the only curative 

therapeutic approach for MDS, and should be considered in patients with high-risk 
MDS and age <60-65 years. A significant risk of treatment related mortality and 
morbidity is associated with this treatment. Treatment outcome various between 
patients and depends on age, morphology and cytogenetics. A better outcome is 
observed in patients with young age and with shorter disease duration (Appelbaum 
and Anderson 1998). Patients with less than 10% blast, favourable cytogenetics and 
primary MDS respond better to SCT (Runde et al. 1998). However, the cure rate in 
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unselected patient cohorts is still less than 50%, primarily due to a high relapse rate, 
and to high treatment-related mortality (De Witte et al. 1997). Disease-free survival is 
even lower in high-risk MDS, often below 10-20%. Hence, a very important goal is to 
find strategies to improve the outcome of SCT in high-risk MDS. 

Reduced intensity conditioning (RIC) regimen followed by stem cell 
transplantation, is another strategy assessed in several clinical trials (Luger and Sacks 
2002; Chan et al. 2003; Taussig et al. 2003). As expected, the treatment-related 
mortality and morbidity was much less than for the conventional transplant regimen. 
However, disease free survival (DFS) and overall survival are comparable, due to a 
higher relapse rate. Nevertheless, taking into account that patients selected for this 
treatment were older and not suitable for conventional allogenic transplantation, this 
regimen could prove to be helpful at least in a subset of MDS patients. 

Autologous transplantation (APSCT) in MDS has been reported to lead to 
durable remissions in a subset of MDS patients (De Witte et al. 1997; Wattel et al.
1999). However it has not clearly been demonstrated that APSCT is better than 
conventional high-dose chemotherapy, this treatment may be an option for younger 
patients with normal cytogenetics and without an appropriate donor. 

2.3.8.3 Chemotherapy 
In both MDS and AML, the abnormal clone has usually a survival and growth 

advantage over the normal precursors. Currently the mechanism of suppression of 
normal haematopoiesis is incompletely understood. Chemotherapy aims at 
eradicating the abnormal clone in bone marrow. In MDS compared to de novo AML, 
however, recovery of normal haematopoiesis is less probable due to the underlying 
marrow failure, which may result in prolonged pancytopenia after cytotoxic therapy. 

2.3.8.3.1 High-dose or intensive chemotherapy 
Intensive chemotherapy may be recommended in high-risk MDS (INT-

2/High) with absence of multiple independent adverse risk factors, such as high age, 
complex karyotype, poor performance status, and long disease duration. (Bowen et al.
2003). The most commonly used AML-type regimens are combinations of cytosine 
arabinoside (ara-C) with any of the anthracyclines. Poor long-term survival, high 
relapse rate, prolonged drug-induced aplasia and functional drug resistance are the 
major hindrances to overcome for this treatment strategy (Estey et al. 1997; Wattel et 
al. 1997; Beran 2000; Ribrag et al. 2003). 

2.3.8.3.2 Low-dose or non-intensive chemotherapy 
Low-dose chemotherapy with ara-C has been reported to improve peripheral 

blood values and reduce blast counts in around 30% of MDS, but no studies have 
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shown that this treatment improves overall survival rate (Hellstrom-Lindberg et al.
1992; Miller et al. 1992). 

2.3.8.3.2.1 Hypomethylating therapy 

Recently, several studies have reported a promising effect of low-dose 
treatment with the hypomethylating drugs 5-azacytidine (Vidaza®) and decitabine 
(Dacogen®) in MDS. Both 5-azacytidine and decitabine has been shown to prolong 
time to leukaemic transformation and death (Silverman et al. 2002; Kantarjian et al.
2006). A randomized controlled trial comparing 5-azacytidine with supportive care 
was reported by Silverman et al. (Silverman et al. 2002). Haematological 
improvement was observed in 5% of control patients, compared to 60% in 5-
azacytidine-treated patients (Cheson et al. 2006). Complete and partial response rates 
were observed in 7% and 16% of the treated patients, respectively. A significant 
increase in time to death or AML transformation and improved quality of life was 
seen in 5-azacytidine-treated patients, compared to patients receiving supportive care 
only, but no significant overall survival advantage was observed in this study (p=0.1). 
Based on these data, 5-azacytidine was the first drug to be approved by the U.S. Food 
and Drug Administration (FDA) for the treatment of high-risk MDS. Decitabine was 
also recently approved by FDA for treatment of MDS based on a randomized study 
(Kantarjian et al. 2006). Similar to 5-azacytidine, time to death or AML 
transformation and quality of life was improved in the treated group compared to 
patients receiving only supportive care, but no significant difference in median 
survival was observed between these two groups (p=0.6). The schedules for 
administration of decitabine were more cumbersome and patients were often 
hospitalized during treatment. For both 5-azacytidine and decitabine, repeated 
treatment courses were required before a response could be confidently evaluated. 
The European Agency for the Evaluation of Medical Products (EMEA) required a 
confirmatory trial, which recently has been preliminary reported. The results from 
this large randomized study show that azacytidine significantly improves survival 
compared to conventional treatment consisting of supportive care, low-dose ara-C or 
induction chemotherapy (0<0.0001) (Fenaux et al. 2007). 

Although one can argue that the overall response rate is not very impressive, 
around 17-23%, these drugs are emerging as the best treatments options for the high-
risk MDS patients who are not eligible for bone marrow transplantation. However, it 
is likely that optimal doses and dosing schedules for azacytidine have not yet been 
discovered, which is one of the reasons for the present thesis work (Kantarjian et al.
2007). 
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2.3.8.3.2.2 Mechanisms of hypomethylating drugs in MDS:  

Whether the clinical effect of 5-azacytidine is due to their DNA 
hypomethylating effects or to cytotoxic effects is still not apparent. The decreased 
response rate of high-risk MDS to conventional chemotherapy has in part been 
suggested to be due to increased expression of drug resistance genes, such as MDR1 
(multidrug resistance 1), MRP1 (multi resistance-associated protein 1) and LRP (lung 
resistance-associated protein) (Lepelley et al. 1994; Wattel et al. 1998; Poulain et al.
2000; Kurata et al. 2006). It is important to distinguish the role of epigenetic 
inactivation in the attainment of drug resistance, and methylation has been suggested 
to be an important event in MDR development during chemotherapy (Glasspool et al.
2006; Vidal et al. 2007). Hence, it is theoretically possible that hypomethylating 
drugs can suppress multidrug resistance phenotype and become a useful tool for the 
treatment of cancer, including MDS. Understanding of these mechanisms is essential 
in order to learn how to combine azacytidine and decitabine with other therapies, 
hence improving treatment strategies. 

2.3.8.4 Haematopoietic growth factors 
Patients with RA, RARS and RAEB-1 respond poorly to chemotherapy. The 

myeloid growth factors granulocyte-macrophage colony-stimulating factor (GM-
CSF) and granulocyte colony-stimulating factor (G-CSF) may increase peripheral 
neutrophil count, and erythropoietin (EPO) may improve haemoglobin levels in low-
risk MDS (Negrin et al. 1990; Hellstrom-Lindberg et al. 1995; Yoshida et al. 1995; 
Negrin et al.1996). Around 20-30 % of patients with low-risk MDS and anaemia 
respond to erythropoietin. It is well documented that RA patients respond better than 
RARS to monotherapy with EPO (21% vs.7.5%) (Hellstrom-Lindberg 1995; 
Hellstrom-Lindberg et al. 1998). The respond rate to EPO may be improved by the 
addition of G-CSF, which acts synergistically with EPO on dysplastic erythropoiesis, 
in particular in RARS (Tehranchi et al. 2003; Howe et al. 2004; Jadersten et al. 2005; 
Tehranchi et al.2005). Importantly, treatment with growth factors did not increase the 
risk for leukaemic transformation (Jadersten et al. 2005). Thrombocytopenia in MDS 
may be treated conservatively, with platelet transfusions in case of bleeding. 
Recently, thrombopoietic growth factors have emerged, which may add to the 
therapeutic arsenal in the future (Rice 2006). 

2.3.8.5 Immunosuppressive therapies 
Immunosuppressive treatment with antithymocyte globin (ATG) and 

cyclosporine-A (CSA) can induce prolonged response duration in selected patients 
(Molldrem et al. 1997; Catalano et al. 2000; Molldrem et al. 2002; Broliden et al.
2006). Treatment with ATG in younger patients with low-risk MDS may induce 
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responses in 44-64% of patients, while responses in elderly patients are far less 
common. A recent studies within the Nordic MDS group indicated that patients with 
higher risk features should not be treated with ATG, since there was an increased risk 
for AML transformation after treatment (Broliden et al. 2006). Treatment with CSA 
in low-risk MDS, particularly RA, has been shown to improve in haemoglobin and/or 
platelet level in half of the patients (Catalano et al. 2000). 

2.3.8.5 Novel therapies 
Lenalidomide (Revlimid®), an orally administered thalidomide analogue, is 

an immunomodulating drug recently approved by FDA for the treatment of MDS. 
The results of the two large phase II trials have been published (List et al. 2006a; List
et al. 2006b) and a randomized phase III trial has recently been closed. Lenalidomide 
has been shown to be very effective to promote erythropoiesis and induce cytogenetic 
remission in transfusion-dependent low-risk MDS with del(5q) (5q- syndrome). Two-
thirds of the patients become transfusion-independent and the overall erythroid 
response was approximately 75%. The effect of lenalidomide in non-5q low-risk 
MDS is less impressive and needs further evaluation (Raza et al. 2007). 

Arsenic oxide (ATO) has been shown to induce tri-lineage haematopoietic 
response in MDS patients (List et al. 2003). In two parallel phase II studies, 
haematological improvement including sustainable transfusion independency was 
observed in approximately 30% of patients (Vey 2004). The drug was reported to be 
well tolerated treatment also in elderly patients. 
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3. AIM OF THE THESIS 

The aim of the thesis was to investigate the role of DNA methylation and the 
therapeutic substance 5-azacytidine in MDS. The specific aims leading to a step-by-
step increase in the knowledge and understanding of in particular high-risk MDS 
were: 

I. The study investigated the pharmacodynamics of 5-azacytidine in myeloid cells 
with the aim of developing better treatment schedules. 

II. The study aimed at a deeper understanding of the molecular mechanisms behind 
5-azacytidine-induced cytotoxicity, by studying the association between drug-
induced apoptosis and DNA methylation status in myeloid cell lines. 

III. The study assessed the prognostic role of global and gene specific methylation 
(p15INK4B) in relation to conventional risk factors in patients with MDS. 
Moreover, a longitudinal study was performed. 

IV. The aim of the study was to assess gene specific promoter DNA methylation 
status in high-risk MDS and MDS-AML patients and to investigate its role for 
the outcome of induction chemotherapy 
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4. MATERIALS AND METHODS 
All information about manufacturers and companies can be found in the 

respective papers. 

4.1 Sample selections, cell culture and incubation techniques 
4.1.1 Patient (Paper III & IV)  

Paper III encompassed consecutive patients with high-risk MDS and MDS-
AML included in a prospective multicenter clinical within the Nordic MDS Group. 
Paper IV included consecutive patients included in the MDS Biobank at Karolinska 
University Hospital Huddinge. For details, please see the respective papers. 

4.1.2 Bone marrow sampling (Paper III-IV) 
MNC were isolated from bone marrow by density gradient technique through 

Lymphoprep. If MNC yield was sufficient, CD34 positive cells were purified by 
magnetic cell sorting using the CD34 Progenitor Cell Isolation Kit according to the 
manufacturer’s guidelines. For future methylation analyses, the cells were stored as 
pellet in -80ºC. 

4.1.3 Cell line and cell culture (Paper I-II) 
P39, HL60 and Jurkat cell lines were used in the studies. Cell line experiments 

were principally performed with the P39 myeloid cell line, originally derived from a 
patient with MDS-CMML. Cells were cultured in RPMI 1640 medium with 
Glutamax-1 supplemented with 10% heat inactivated foetal bovine serum at 37ºC in a 
humidified 5% CO2 in air. In paper I, penicillin (25 IU/ml) and streptomycin (25 
µg/ml) were added in culture medium. Prior to adding azacytidine, cells were 
cultured for at least 12 hours to reach exponential growth phase. 

4.1.4 Drug dilution, Dose and Dosage (Paper I-II) 
Azacytidine was diluted with sterile H2O and filtered through sterile Star 

plastic syringe filter (0.22 m, non-pyrogenic filter) just before adding to the 
positions. Cells were incubated with final concentrations of 0.1, 0.25, 0.5, 0.75, 1, 2, 
3, 4 and 8 M for 1, 2, 4, 8, 12, 24, 48 and 72 hours. In the pharmacodynamic studies 
(Paper I), cells were washed with PBS every 24 hours during continuous drug 
exposure, and drug was re-added at the same concentration; in contrast the drug was 
added once only at the beginning of the experiments in paper II. Moreover, cytosine 
arabinoside (ara-C) was also diluted in sterile water and used at final concentrations 
of 0.08, 0.5, 1 and 2 M. 
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4.1.5 Incubation with inhibitors (Paper II) 
Caspase inhibitors Z-VDVAD-fmk (caspase-2), Z-DEVD-fmk (caspase-3-

like), Z-IETD-fmk (caspase-8), Z-LEHD-fmk (caspase-9) and Z-VAD-fmk (pan-
caspase inhibitor) were added at final concentration of 10-40 µM. PARP inhibitors, 
nicotinamide and 3-aminobenzamide were used in 1 and 10 mM, respectively. The 
ionophore monensin, an inhibitor of cytosolic acidification, was used at a 
concentration of 20, 50 and 100 nM. All inhibitors were added 1 hour prior to adding 
azacytidine. 

4.2 Methylation assays 
4.2.1 Measurement of global DNA methylation by LUMA (Paper II-
III)

Genomic DNA was extracted using GeneElute  DNA extraction kit. 
Restriction enzymes (HpaII, MspI, and EcoRI), were purchased from New England 
Biolabs. PSQ™ 96 SNP reagents for pyrosequencing were purchased from Biotage. 
LUMA was run as described elsewhere in detail (Karimi et al. 2006). Briefly, 
genomic DNA (200-500 ng) was cleaved with HpaII+EcoRI and MspI+EcoRI in two 
separate reactions in 96-well Pyrosequencing plates. The digestion reactions were 
run in the PSQ96™MA system. Peak heights were calculated using the PSQ96™MA 
software. The HpaII/EcoRI and MspI/EcoRI ratios were calculated as 
(dGTP+dCTP)/dATP for the respective reactions. The DNA methylation assay was 
defined as HpaII/MspI ratio or more appropriately by (HpaII/EcoRI)/(MspI/EcoRI) 
ratio. If DNA is completely unmethylated the HpaII/MspI ratio would be 1.0, and if 
DNA is 100% methylated the HpaII/MspI ratio would approach zero. 

4.2.2 Gene-specific methylation assay by bisulfite-DGGE (Paper I, 
III-IV)

Genomic DNA was treated with sodium bisulfite as described previously 
(Zeschnigk et al. 1997). PCR specific for the bisulfite reacted E-cadherin, ER and
HIC promoters was carried out in a final volume of 25 µl containing 50-100 ng of 
bisulfite-modified DNA, 1x TEMPase PCR Buffer I with 1.5 mM MgCl2, 0.2 mM 
cresol red, 12% sucrose, 0.2 mM each dNTP, GC-clamped 0.5 µM each forward and 
reverse (Aggerholm et al. 2006) primers and 0.75 units of TEMPase HotStart DNA 
Polymerase. The enzyme was activated by incubation at 95C for 15 min followed by 
40 cycles of 95C for 30s, 48C for 30s, 72C for 30s and a final extension at 72C for 
5 min. PCR was performed in a PX2 Thermal cycler. PCR products were examined 
by electrophoresis in a 2.5% agarose gel. Ten µl of the GC-clamped PCR-product 
were loaded on to a 10% denaturant/6% polyacrylamide – 70% denaturant/12% 
polyacrylamide double gradient gel. Gels were run at 160 V for 270 minutes in 1x 
Tris acetate/EDTA buffer kept at a constant temperature of 55C. After 
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electrophoresis, gels were stained in 1x Tris acetate/EDTA buffer containing 
ethidium bromide (2 µg/ml) and photographed under UV transillumination. 

4.3 Apoptosis assays 
4.3.1 Morphological assay of apoptosis (Paper I-II) 

Cytospin slides were stained with May-Grünwald-Giemsa. Apoptosis was 
measured by counting apoptotic cells with typical apoptosis-related morphological 
features (condensed chromatin, fragmented nuclei and shrinkage of cells). Apoptosis 
was estimated as a percentage of minimum 400 counted cells per slide. All 
experiments were performed in triplicates. 

4.3.2 Antibodies and Western blot experiments (Paper II) 
Preparation of cytosolic extracts was described elsewhere (Hellstrom-

Lindberg et al. 2001). Subsequently, whole-cell lysates or supernatant and pellet 
fractions were analyzed by SDS-PAGE at 120 V followed by western blotting. The 
membranes were probed overnight with primary antibody at 4ºC followed by rinsing 
and incubation with a horseradish peroxidase-conjugated secondary antibody. After a 
repeated washing step, bound antibodies were detected using enhanced 
chemiluminescence according to the manufacturer's instructions. Primary antibodies 
were cytochrome c and Bax, Bid, Bcl-2, Caspase-2 and G3PDH. 

4.3.3 Flow cytometry (Paper I-II) 
For flow cytometric analysis, 2-3x105 cells were used. Active caspase-3 was 

measured using FITC-conjugated anti-active-caspase-3 antibody. After fixation with 
2% paraformaldehyde, cells were incubated for 1 hour in dark with the antibody and 
0.02% digitonin. The mitochondrial transmembrane potential ( m) was measured 
using the cationic fluorescent dye tetramethylrhodamine ethyl ester (TMRE, 25 nM), 
which normally accumulates in mitochondria according to the m. Cytosolic pH was 
analyzed using the fluorescent dye Snarf-1 (2.5 M). The cells were incubated 30 min 
at 37ºC in the medium containing the respective dye. Data from the flow cytometry 
were analyzed with the CELL Quest. 

4.3.4 Enzyme activity assay (Paper II) 
To estimate caspase activity, the caspase fluorogenic peptide substrates 

VDVAD-AMC (caspase-2), IETD-AMC (caspase-8) and DEVD-AMC (caspase-3-
like) were used. One million cells were harvested, washed in PBS and stored at –
80ºC. Dry cell pellets were resuspended in 25 µL PBS and added to a microtiter plate 
in combination with the appropriate peptide substrate conjugated to AMC. After 
addition of reaction buffer (100 mM HEPES, 10% sucrose, 5mM dithiothreitol, 0.1% 
nonidet P-40 and 0.1% 3-[(3-cholamidopropyl) dimethylammonio]-1-
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propanesulfonate (CHAPS), pH 7.25) cleavage of the fluorogenic peptide substrate 
was monitored by release of free AMC in a Fluoroscan II plate reader using 355nm 
excitation and 460nm emission wavelengths. Fluorescence units were converted into 
the amount of AMC (pmol) using a standard curve generated with free AMC. Data 
were then analyzed by linear regression. 

4.4 Other assays 
4.4.1 Cell growth (Paper I-II) 

Cell growth was determined daily during experiments, using trypan blue 
exclusion for viability assessment. 

4.4.2 Cell proliferation (DNA synthesis assay using 3H-TdR) (Paper 
I)

Aliquots of 0.1 x 106 cells/0.2 ml medium were incubated for 6 hours in 
triplicates on 96-wells microplates with 1 Ci (20 µl of 50 Ci/ml) 3H-labelled 
thymidine (3H-TdR) at 37ºC. The cells were harvested onto filters with a Cell 
Harvester. The radioactivity was measured in scintillation liquid using a liquid 
scintillation counter and results were expressed as disintegrations per minute (DPM). 

4.4.3 Cell cycle analysis (Paper I) 
Cells were washed, fixed in 70% ice-cold ethanol in PBS and stained with 

hypotonic propidium iodide (PI) solution (20 g/ml) containing DNase-free RNase 
(100 µg/ml). The cell cycle analysis were acquired and analyzed on a FACScan flow 
cytometer using CELL Quest software. 

4.4.4 Sorting apoptotic cells (Paper II) 
P39 cells were treated with 1 M of azacytidine for 24 hours. Apoptotic and 

non-apoptotic cells were sorted using FACSDiVa in a sheath fluid pressure of 30 PSI. 
Since cell shrinkage and nuclear condensation are hallmarks of apoptosis, it was 
possible to sort apoptotic cells by forward and sideward scatter criteria. The accuracy 
of cell sorting was controlled by TMRE-staining. 
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5. RESULTS AND DISCUSSION 
At the commencement of the project in January, 2003, not much was known 

about 5-azacytidine. The results of the initial clinical studies had just been published. 
Interestingly, at the time of the FDA approval of azacytidine, preclinical information 
about the pharmacokinetic and pharmacodynamic properties of the drug, as well as its 
effects on cell lines and in animal models were absent or inadequately documented. 
As expected, there was an emerging interest in the drug leading to an increased 
number of publications. However, many of those were clinical trials, or studies of the 
drug’s hypomethylating property. My research project aimed at a deeper 
understanding of the pharmacodynamic properties of the drug, as well as an 
understanding of how it actually inhibits the growth of malignant myeloid cells 
besides inducing hypomethylation. This naturally led on to the question about how 
DNA methylation status affects outcome of patients with myelodysplastic syndromes 
and acute leukaemia.  

5.1 Pharmacodynamic of 5-azacytidine 
Pharmacokinetic studies of 5-azacytidine were not feasible, mostly due to 

unavailability of suitable and sensitive method, during the time when we initiated our 
projects, and, in fact, valid methods have yet not been published. The relative 
unstable nature of 5-azacytidine plays an impeding role in the development of such a 
method. Hence, after trying to develop pharmacokinetic methods for a number of 
months, we redirected our aims to study the pharmacodynamics of 5-azacytidine and 
managed to provide useful clinical information through this project. 

5.1.1 Effect on cell growth 
5-azacytidine inhibited cell growth of P39 cells in a dose-dependent manner 

(Paper I). Cells tended to recover when they were re-incubated in a drug-free 
medium. Cells exposed to >0.5 M 5-azacytidine recovered more slowly than cells 
exposed to 0.5 M azacytidine. Interestingly, drug exposure time (24, 48 or 72 
hours) had no significant effect on cell growth (Paper I). Therefore, 5-azacytidine 
induced inhibition of cell growth is dose-dependent but time independent.  

5.1.2 Effect on cell proliferation (DNA synthesis assay using 3H-
TdR) 

Similar to its effects on cell growth, 5-azacytidine inhibited proliferation 
(DNA synthesis) of P39 cells in a dose-dependent manner (0.1-1.0 M; Paper I). 
Again, duration of drug exposure (24-48 hours) had no significant effect on cell 
proliferation (Paper I). In contrast to cell growth, however, cells recovered when they 
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were re-incubated in drug-free medium, irrespective of the concentration used (0.1-
1.0 M; Paper I).  

5.1.3 Effect on cell cycle 
The 5-azacytidine-induced dose-dependent increase of apoptosis was also 

confirmed by cell cycle studies (Paper I). A dose-dependent decrease in S phase with 
a similar decrease in G0/G1 and G2/M phases was observed for all the concentrations 
(Figure 8).  

5.1.4 Pharmacodynamic analysis 
A significant decrease (p<0.01) of cell growth and cell proliferation rate 

(DNA synthesis) was observed when P39 cells were incubated for 24 and 48 hours 
with 0.5 and 1.0 M 5-azacytidine (Paper I). However, significant values were not 
obtained when concentrations <0.5 M were used (Paper I). Interestingly, when cells 
were incubated with a total dose of 2 or 3 M, there was no significant difference in 
either parameters if the dose was given as a single dose for 24 hours or divided over 2 
or 3 days (Figure 9) (Paper I). In addition, a nonlinear exponential model and a non-
parametric statistical analysis (Friedman test) showed that 3 or 2 M 5-azacytidine 
given over 24 hours was as effective as 1 M given over 48 or 72 hours in terms of 
cell growth, proliferation and apoptosis. These findings suggested that a more 
convenient dosing schedule might be developed to obtain the optimal benefit for the 
patients undergoing 5-azacytidine treatment. 

Figure 8. P39 cells were treated with 5-azacytidine for 72 hours. Cell cycle 
analysis was performed by flow cytometry using propidium iodide. Values are 
expressed as mean±SD (Paper I).  
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5.2 Methylation 
As mentioned earlier, DNA methylation status has been suggested to play an 

important role in diseases, including MDS. The focus of this research has almost 
exclusively been on gene-specific methylation, since adequate methodology for 
assessing global methylation has not been available. Recent acknowledgement about 
the role of changes in global methylation during disease development has shed light 
on another perspective of DNA methylation. Therefore we decided to explore the role 
of both global and gene specific methylation changes in patients with MDS. 

5.2.1 Global and gene-specific methylation status in patients with 
MDS 

Global methylation status was measured by two parameters; ratios for 
HpaII/EcoRI and HpaII/MspI. Both parameters differed between patients and age-
matched healthy controls (p=0.01 and 0.009, respectively) (Figure 10). Interestingly, 
we found that controls had higher degree of global methylation, measured by 
HpaII/EcoRI and HpaII/MspI (0.54±0.07 and 0.26±0.003, respectively) than patients 
with MDS. It has been shown that during disease development, the promoter region 
becomes hypermethylated while the non-promoter region becomes hypomethylated 
(Feinberg and Tycko 2004). Hence, a considerable methylation status change in both 
promoter and non-promoter region could end up giving the impression of no change 
in the total methylation level quantitatively. Moreover, no significant difference in 
global methylation, measured by HpaII/EcoRI and HpaII/MspI, were found between 
low-risk and high-risk MDS, as defined by IPSS score (p=0.22 and 0.53, 
respectively) (Paper III). 

Figure 9. The effects of azacytidine on cell proliferation (DNA synthesis) 
obtained after either a single or fractionated dose of azacytidine. Cells were 
exposed to a single dose for 24 hours or fractionated total dose over 48 (A) or 72 
(B) hours; followed by incubation for 48 hours in drug-free medium. 
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Gene specific methylation was assessed for p15INK4B, which is the most 
studied gene in MDS, and suggested to be a relevant gene for MDS progression. 
p15INK4B is usually unmethylated in healthy controls. In the present cohort, consisting 
mainly of patients with low and intermediate-risk MDS we found p15INK4B

methylation in 33% of patients with MDS, more frequent in high-risk than in low-risk 
MDS (p=0.003) (Paper III), which is in line with previously published data (Tien et 
al. 2001). 

Figure 10.  Comparison of global methylation, HpaII/EcoRI (A) and 
HpaII/MspI (B), between patients and age-matched healthy controls. Significant 
changes in hypomethylation between patients and age-matched healthy controls 
were evident (p=0.01 and 0.009, respectively for HpaII/EcoRI and HpaII/MspI). 

Figure 11. Global methylation in MDS and healthy controls. MDS patients were 
divided into two groups depending on p15INK4B methylation status and compared 
with age-matched healthy controls. A) HpaII/EcoRI ratios: A significant 
difference was detected between p15INK4B unmethylated and methylated cases 
(p=0.02) and between unmethylated p15INK4B cases and controls (p=0.003) B) 
HpaII/MspI ratios: A significant difference was detected between p15INK4B

unmethylated and methylated cases (p=0.03) and between unmethylated p15INK4B

cases and controls (p=0.003).
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In addition, our result showed a significant difference in global methylation 
between p15INK4B methylated and unmethylated patients, both for HpaII/EcoRI 
(p=0.02) and HpaII/MspI (p=0.03) (Figure 11) (Paper III). Hence we demonstrated 
for the first time, differences in global methylation status between normal individuals 
and low-risk MDS, and between low- and high-risk MDS, as defined by p15INK4B

methylation status. We studied global methylation over time in 8 patients. Four had 
stable disease and stable methylation levels. Interestingly, only 2/4 patients with 
disease progression showed an increase in methylation. Hence, variations in 
methylation status might occur during development and progression of MDS but 
whether this is essential for progression of MDS, or whether the different levels of 
methylation merely reflects different variants of the disease should be further 
investigated. 

5.2.2 Methylation status in relation to outcome of treatment 
We studied the role of gene-specific methylation in relation to the outcome of 

induction chemotherapy (Figure 12). Interestingly, p15INK4B methylation alone was 
not associated with complete remission (CR) rate (p=0.25) (Paper IV). However, 
patients with methylation of p15INK4B plus one other gene had a significantly lower 
CR rate than other patients, and none of the patients with promoter methylation of 
p15INK4B, E-cadherin (CDH) and Hypermethylated in Cancer 1 (HIC) genes achieved 
CR. Among the three genes, hypermethylation of CDH showed the strongest 
association with CR rate (p=0.008). The role of CDH methylation was retained also 
in the multivariate analysis (Paper IV). The finding of hypermethylation as a potential 
mechanism behind resistance to conventional chemotherapeutic agents is a first-in-
class finding that may shed light over the poor outcome of patients with high-risk 

Figure 12. Percentage of CR in patients in comparison with methylation of 
P15, CDH and HIC genes.  
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MDS, and also the high incidence of relapse even after intensive regimens such as 
stem cell transplantation. Since our study is relatively small, 52 patients, the 
observation has first to be confirmed in an independent material. If confirmed, this 
may lead to profound changes in the concept for how demethylating and conventional 
chemotherapeutic agents should be combined. 

5.2.3 Hypomethylating effects of 5-azacytidine 
In the present studies, we showed that 5-azacytidine induces both global and 

gene-specific hypomethylation (Paper I and II).  

5.2.3.1 Global DNA methylation 
5-azacytidine induced global DNA hypomethylation (paper II) in myeloid 

(P39 and HL60) and T-cell (Jurkat) lines. After 48 hours, 0.5 M 5-azacytidine 
induced significant Global DNA methylation for both the parameters (HpaII/MspI
and HpaII/EcoRI) (Figure 13). 

5.2.3.2 Gene specific methylation 
5-azacytidine induced gene specific methylation of CDH1, ER and HIC gene 

in the P39 myeloid cell line (Figure 14) (Paper I). We tested concentrations between 
0.5, 1.0 and 2.0 M for during 24, 48 and 72 hours. The hypomethylating effect was 
more prominent with longer incubation, which probably is explained by the fact that 
azacytidine mainly acts on cells in S-phase. The strongest hypomethylating effect was 

Figure 13. 5-azacytidine (Aza) induced global DNA hypomethylation and 
apoptosis. (A) Aza induced time-dependant effect on HpaII/MspI ratio indicating 
global DNA hypomethylation pattern in P39 cells. Significant hypomethylation 
was observed with 0.5 M after 24 hours (p=0.03) and with 1.0 M Aza after 48 
hours (p=0.006). (B) Global DNA hypomethylation of treated and FACS-sorted 
apoptotic and non-apoptotic cells in comparison to untreated and unsorted cells 
in P39, HL60 and Jurkat cells. Cells were treated with 1 M Aza for 24 hours. 
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observed after incubation with 1 M for 72 hours. Interestingly, hypomethylation was 
less pronounced after incubation with concentrations higher than 1 M. 

5.3 Apoptosis 
Imbalance in apoptotic processes plays a significant role in MDS. As 

mentioned earlier, increased apoptotic rate in low-risk MDS and decreased apoptotic 
rate during disease progression is still a poorly understood phenomenon. The high 
incidence of drug resistance to conventional chemotherapy is a key finding of MDS, 
as well as the poor ability of marrow stem cells to regenerate after cytotoxic injury. 
Previous papers have shown 5-azacytidine can induce apoptosis as well as 
hypomethylation (Silverman et al. 2002; Ueno et al. 2002; Khan et al. 2006), but no 
studies have investigated the relation between these two phenomena. Although the 
efficacy of 5-azacytidine is suggested to be related to its hypomethylating properties, 
the link between the hypomethylating and apoptotic properties of 5-azacytidine has 
not been clarified. Such knowledge is essential for developing better schedules for 
azacytidine, as well as combination therapies including azacytidine, and was therefore 
a target for our studies.  

5.3.1 Morphological assay of apoptosis 
5-azacytidine induced apoptosis in a dose-dependent manner (0.5-2.0 M), 

measured by morphology in P39 and HL60 cells (Figure 15) (Paper I& II); and also 

Figure 14. 5-azacytidine-induced gene specific methylation of CDH1, ER and 
HIC gene, measured by denaturing gradient gel electrophoresis (DGGE). 
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by active caspase-3 and loss of m (Paper II). 5-azacytidine concentration of 0.1 M 
failed to induce significant apoptosis. 

 
5.3.1.1 Bcl2- family members and cytochrome c 

Bcl-2 family proteins are important regulators of the apoptosis process. 
Imbalance of Bcl-2 proteins towards a pro-apoptotic state leads to apoptosis, and vice 
versa. 5-azacytidine induced activation of pro-apoptotic proteins, such as Bid and 
Bax in P39 cells (Paper II). Additionally, inactivation of anti-apoptotic proteins, such 
as Bcl-2, was also evident (Paper II). In addition to inducing a pro-apoptotic 
imbalance of Bcl-2 family proteins, 5-azacytidine also induced release of cytochrome 
c from mitochondria (Figure 16). 

Figure 15. 5-azacytidine-induced morphological apoptotic changes in P39 cells ater 
24 hours. Significant apoptosis was observed with 0.5 and 1.0 M Aza (p<0.001) 
(Paper II). 

Figure 16. 5-azacytidine-induced cytochrome c release, which was related to 
Bid cleavage. Activation of Bid and Bax, inactivation cleabage of Bcl-2 and 
relase of cytochrome c was dose-dependent.
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5.3.1.2 Mitochondrial involvement 
Loss of m is considered to be one of the key regulators of apoptosis and a 

well established indicator of mitochondria-related apoptosis. 5-azacytidine induced 
loss of m in a dose-dependent manner (Figure 17). 

5.3.1.3 Induction of DNA damage 
Caspase-2 activation has been shown to link to DNA damage and to act 

upstream of mitochondria (Robertson et al. 2002). Incubation of P39 cells with 5-
azacytidine led to dose-dependent activation and processing of caspase-2 (Figure 18) 
(Paper II). However, inhibition of caspase-2 by Z-VDVAD-fmk failed to block loss 
of m and apoptosis-related morphological changes (Paper II). 

PARP is another enzyme which can act as a sensor for DNA damage and 
become activated (Bouchard et al. 2003). Inhibition of PARP by nicotinamide (NA) 
and 3-aminobenzamide (3AB) only partially blocked loss of m. For example, NA 
and 3AB caused 32 and 34% reduction of loss of m, respectively, when P39 cells 

Figure 17. (A) 5-azacytidine induced mitochondrial alterations in P39, HL60 
and Jurkat cells (Paper II). (B) Significant loss of m was achieved after 12 
hours of incubation with 0.5 M 5-azacytidine in P39 cells (p=0.013 and 0.002 
with 0.5 and 1.0 M; respectively; Paper II). However, no significant increase in 
apoptosis was achieved with 0.1 M of 5-azacytidine at any time point (12, 24 
and 48 hours). 
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were incubated with 1 M of 5-azacytidine for 24 hours. In addition, PARP inhibitors 
also failed to block 5-azacytidine-induced caspase-3 or apoptotic morphology (Paper 
II, data not shown). Interestingly, PARP inhibitors also partially suppressed activation 
(38% reduction) and processing of caspase-2 (Paper II). Hence, these findings 
suggested that 5-azacytidine induced involvement of PARP in mitochondrial 
alteration, and working upstream of caspase-2. 

Figure 18. 5-azacytidine-induced DNA damage evidenced by activation of 
caspase-2. 

Figure 19. (A) 5-azacytidine-induced dose-dependent enzymatic activation of 
caspase-3.( B) Role of caspase inhibitors (10 M) in Aza-induced loss of m
(M1) measured by flowcytometry using the fluorescent dye 
tetramethylrhodamine ethyl ester (TMRE). 
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5.3.1.4 Caspase activation 
As with caspase-2, 5-azacytidine also induced dose-dependent activation of 

caspase-3. (Figure 19A)(Paper II). However, caspase-8, which is an indicator of 
receptor-mediated apoptosis, was not involved in 5-azacytidine-induced apoptosis 
(Paper II). Interestingly, when several caspase inhibitors, such as Z-VDVAD-fmk 
(caspase-2), ZDEVD-fmk (caspase-3-like), Z-IETD-fmk (caspase-8), Z-LEHD-fmk 
(caspase-9) and Z-VAD-fmk (pan-caspase inhibitor), were used at concentrations 
from 10-40 M, it neither blocked 5-azacytidine-induced apoptosis-related 
mitochondrial alterations (Figure 19B) nor morphological changes (Paper II). 

5.3.1.5 Cytosolic acidification 
Intracellular acidification in the non-apoptotic fraction of cells has been 

reported to link with apoptosis induced by cytotoxic drugs. In analogy, 5-azacytidine 
induced intra-cellular acidification in non-apoptotic fraction of P39 cells (Paper II). A 
decrease of 3.2, 9.7 and 11.3 %, measured by mean florescence unit (MFI), were 
observed after 24 hours with 0.5, 1.0 and 2.0 M azacytidine, respectively (Figure 
20A). Monensin stabilized the 5-azacytidine-induced intracellular pH, an increase of 
8.2% MFI when treated with combination of monensin and 1 M 5-azacytidine 
compared to only 1 M 5-azacytidine (Figure 20B). Nonetheless, in contrast to what 
have been reported for several other cytotoxic drugs (Ahmad et al. 2004; Kanno et al.
2004), this stabilization of intracellular pH could neither prevent the early loss of m

nor the late apoptosis-related morphological changes (Paper II). 

Figure 20. (A) 5-azacytidine-induced cytosolic acidification. (B) Stabilization of 
5-azacytidine-induced cytosolic acidification by monensin. 
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5.4 Overview of 5-azacytidine-induced hypomethylation and 
apoptosis 

5-azacytidine induced both hypomethylation and apoptosis in doses that were 
not very toxic and therefore could be related to clinically relevant doses. Interestingly, 
initiation of apoptosis preceded detectable changes in methylation pattern by 12 
hours, but developed in parallel between 24 and 48 hours. However, the initial 
absence of hypomethylation might be explained by a low initial and specific 
hypomethylation not detected by LUMA, leading to re-expression of single crucial 
genes, which might be significant to induce some of the apoptotic pathways in the 
leukaemic cells. Nonetheless, 5-azacytidine-induced decrease in global methylation 
was only evident in the apoptotic but still viable cells, whereas, the non-apoptotic 
cells retained a methylation pattern similar to untreated cells. Our data also indicate 
that azacytidine affects cells in culture according to their cell cycle status, as sorted 
non-apoptotic cells could be induced to apoptosis after a second exposure of 
azacytidine (Paper II). 

Figure 21. Proposed mechanism of 5-azacytidine (Aza) induced hypomethylation 
and apoptosis. DNA hypomethylation causes apoptosis, independently or by DNA 
damage-mediated caspase-2 activation and/or of Bcl-2 family proteins and 
mitochondrial involvement. Inhibition of PARP, caspase-2, cytosolic 
acidification, as well as caspases, separately did not block Aza-induced apoptosis. 
Hence, Aza induces apoptosis in multiple and separately regulated pathways. 
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Conventionally, apoptotic changes in various cellular compartments are 
regarded as mechanistically linked events in a single "program", where activation of 
caspases and proteolysis of intracellular substrates represent a final common pathway 
to cell death. Our work shows that apoptotic pathways may be regulated 
independently. Thus, cells were dying by apoptosis despite prevention of 
mitochondrial deterioration by nicotinamide or 3-aminobenzamide, or inhibition of 
caspases, or stabilization of intracellular pH (Figure 21).  

Re-expression of epigenetically silenced gene has been reported to induce 
apoptosis (Hopkins-Donaldson et al. 2000; Levine et al. 2003; Reu et al. 2006). In 
addition, global methylation has been shown to be associated with chromosomal 
instability (Ehrlich 2002; Deng et al. 2006), and thereby lead to a DNA damage 
mediated apoptosis. Hence, these could be hypothesized as a link between 5-
azacytidine-induced hypomethylation and apoptosis. 

5.5 Efficacy of 5-azacytidine in MDS when other drugs fail 
The exact mechanism for the effectiveness of 5-azacytidine is yet to be 

discovered. However, in the light of our findings we propose the following 
hypotheses: 

1. 5-azacytidine acts via multiple but separately regulated apoptotic pathways, as 
well as hypomethylation. If one of the pathways is blocked, the apoptotic 
mechanism can still prevail. 

2. Hypermethylation of certain genes may be a mechanism behind resistance to 
conventional chemotherapeutic agents. Therefore 5-azacytidine could re-
express the genes and thereby overcome drug resistance of cancer cells. 
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6. CONCLUSIONS
Based on these studies, it can be concluded that: 

5-azacytidine induced dose-dependent hypomethylation as well as a complex 
pattern of apoptotic mechanisms, regulated by multiple and separate 
pathways. Furthermore, apoptosis and hypomethylation occurred in parallel. 

Optimal cellular effects of 5-azacytidine can be achieved by shorter exposure 
times. Translated to shorter treatment duration in patients, this may eventually 
lead to superior and more cost-effective clinical treatment schedules, and 
improved quality of life for the patients. 

Patients with MDS showed a lower overall degree of global methylation than 
normal healthy individuals. Global methylation status did not correlate with 
conventional risk factors in MDS, but was more pronounced in patients with 
severe erythroid failure. 

Global and gene-specific DNA methylation patterns in MDS correlated with 
each other in the sense that more advanced MDS, characterized by p15INK4B

methylation showed higher global DNA methylation than those with 
unmethylated p15INK4B.

Patients with stable disease maintained their global DNA methylation level 
over time, while disease progression was associated with an increase in global 
DNA methylation in half of the cases. Hence, increased methylation is not a 
prerequisite for disease progression. 

P15INK4B methylation plus methylation of CDH or HIC gene was more 
frequent in patients with conventional high-risk features, such as adverse 
karyotype and high percentage of marrow blasts. DNA hypermethylation of 
multiple surrogate genes was associated with the percentage of blasts and 
marrow CD34 expression, but not with the degree of inefficient 
haematopoiesis.  

We demonstrated a significant negative impact of promoter methylation status 
on the outcome of conventional induction chemotherapy in high-risk MDS 
and AML following MDS. This finding may have significant impact on the 
clinical management of patients with high-risk myeloid disease. 
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7. FUTURE PERSPECTIVES 
For future MDS research within the field of methylation, it is fundamental to 

obtain improved understanding of the genetic and epigenetic mechanisms underlying 
the development of MDS. The molecular and cellular mechanisms of MDS resulting 
in aberrant proliferation, differentiation, dysplasia and apoptosis, need to be 
understood in order to improve treatment for patients with MDS. We need improved, 
quicker and uncomplicated methods for detection of global and gene-specific DNA 
methylation for assessment of prognosis as well as for optimal treatment decisions. 
The rate of scientific progress in the experimental studies of methylation and other 
aspects of epigenetics is currently quite rapid and we can expect new results, which 
might include surprises as well as controversies. Our studies show that the 
combination of conventional chemotherapy and hypomethylating agents is a very 
relevant topic for future studies. 
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