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1 Scientific Background 

1.1 Epigenetics 

1.1.1 History 

In the 1950ies, Conrad Waddington introduced the term epigenetics, which 

originates from the greek word “epigenesis” and had been used to describe all 

developmental events that give rise to a mature organism (1). Waddington 

published his model of “the epigenetic landscape” which illustrates how different 

gene expression is connected to cell type differentiation (2). In spite of his 

pioneering idea, Waddington didn’t understand the underlying mechanisms yet. 

Thus, epigenetics was not a focus of research for the next 30 years but regained 

importance in the mid-1970ies and early 1980ies with the detection of DNA 

methylation and histone modifications as mechanisms for regulating transcriptional 

gene expression. At that time, Arthur Riggs proposed that DNA methylases have a 

gene-regulatory function. More substantial evidence supported this theory in 1980 

when Jones and Taylor used the DNA methyltransferase inhibitor 5-azacytidine to 

link methylation and gene expression. Almost contemporary, Michael Grunstein 

and colleagues demonstrated the essential role of histone-tails in the regulation of 

gene expression (5). With the detection of nucleosome remodelling complexes 

and the role of non-coding RNAs as their possible recruiters, epigenetics has 

evolved to a generally accepted subdiscipline of molecular biology (6-13). 

Nowadays epigenetics is defined as a “stably heritable phenotype resulting from 

changes in a chromosome without alterations in the DNA sequence” (14).  
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1.1.2 Chromatin structure 

Considering the size of the human genome which is comprised of 6 billion 

base pairs per cell, the DNA necessarily is packaged in three levels organizing 

and establishing the chromatin structure. Mainly, DNA is wrapped around a 

positively charged group of histone proteins (15). An octamer of these histones 

including 2 copies of H2A, H2B, H3, and H4, respectively, forms one nucleosome 

(16). Each nucleosome contains a stretch of approximately 166bp DNA and 

displays the basic unit that is repeated throughout the structure (17). To build 

higher-order chromatin, the nucleosomes coil into a short fiber termed “30-

nanometer fiber”. They are stabilized by histone H1 binding to the “linker DNA” 

which represents the DNA in between adjacent nucleosomes (18). During cell 

cycle these fibers are further packaged to form coils and loops in order to build an 

even more densely packaged metaphase-chromosome (19).  

Two major forms of chromatin are distinguished. Euchromatin depicts the 

less condensed chromatin structure that is accessible for factors of the 

transcription machinery (transcription factors, RNA polymerase), while 

heterochromatin is densely packed and transcriptionally inactive (Fig.1) (20). 

Moreover, heterochromatin is further split in a constitutive and a facultative 

heterochromatin (21). Although both are associated with transcriptional inhibition, 

facultative heterochromatin can regain transcriptional activity in a temporal context 

for processes such as X-inactivation or tissue specification while constitutive 

heterochromatin ascertains genomic integrity by stably silencing repetitive 

elements, centromeres and telomeres (22-24).  

 

Figure 1. The difference between euchromatic and heterochromatic domains. Euchromatin is 
accessible for transcription marks and constitutes the open chromatin structure. Heterochromatin 
carries repressive marks inhibiting transcription. Adapted from (25).  
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1.1.3 Epigenetic mechanisms and their role in the regulation of 
DNA accessibility 

Unlike the largely static feature of the DNA sequence, the epigenome can 

be altered by environmental signals and these changes can be passed to the next 

cell generation (26). The networks controlling the conformational state of the DNA 

include different mechanisms of DNA methylation, post-translational modifications 

of histones (PTMs), histone variants, chromatin remodelling and non-coding RNAs 

(Fig. 2) (5, 6, 27-29). These modifications contribute to maintain genomic stability 

and to shape a cells gene expression pattern. 

 

Figure 2. The implication of epigenetic mechanisms in chromatin regulation. Five interrelated 
mechanisms are known to regulate chromatin structure and affect cellular processes like 
development and differentiation: DNA methylation, post-translational modifications of histones, 
remodelling complexes, insertion of histone variants and non-coding RNAs (30).  

 

Epigenetic mechanisms regulate transcriptional gene expression. DNA 

methylation in promoter regions is associated with transcriptional gene silencing 

(31). Modifications of histone proteins may result either in gene activation or gene 

inactivation depending on the specific modification and the affected histone 

residue (32). Considered as the main histone modifications, methylation, 

phosphorylation and acetylation play a key role in chromatin organization (33-35). 

Acetylation exclusively takes place at lysine residues of histones 3 and 4 and is 

associated with transcriptional gene activity (36). Major targets for histone 

methylation are lysines and arginines. Depending on the methylated histone 

residue and the number of methyl-groups added, histone methylation results either 

in gene activation or silencing (33, 37). Similar to acetylation, phosphorylation of 

serines, threonines and tyrosines induces a conformational change by introducing 

negative charges and frequently results in a less condensed, transcriptionally 
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active chromatin. However, phosphorylations at specific residues also appear to 

be involved in chromosome condensation during cell division and through 

crosstalk with other PTMs in further biological processes such as DNA repair, 

apoptosis or activation of signalling transduction (38, 39).  

Histone variants are described as the non-canonical histones and are 

mainly found in single gene copies with constitutive expression. Compared to 

canonical histones, histone variants slightly differ in their primary amino acid 

sequence and show strong diversity within eukaryotes. Exchange of histones with 

histone variants can be matched to gene expression, DNA repair, chromosomal 

segregation or kinetochore assembly (40). Figure 3 summarizes histone-tail PTMs 

and histone variants associated with a specific transcriptional state.  

 

Figure 3. Combinations of histone PTMs and variants regulating transcription. DNA wrapped 
around red histones is accessible for transcription factors and the transcriptional machinery, while 
DNA densely packed with blue histones is inaccessible (41).  

 

Incorporation of new histones or histone variants requires ATP-dependent 

chromatin remodellers which can remove, exchange or slide histones along the 

DNA (42). Just recently, focus is put on non-coding RNAs by demonstrating that 

they are able to recruit chromatin-modifying enzymes (43).  

In order to understand the role of the chromatin structure and its regulation 

of transcription, replication and damage repair, the interaction of all these 

mechanisms, their coordination in time and their reversibility should be considered. 

So far, studies particularly highlighted the relationship of DNA methylation and 

histone modification. Fuks et al. reported the binding of DNA methyltransferases 

(DNMTs) to histone deacetylases (HDACs) and demonstrated the interaction of 
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DNMTs with the histone methyltransferase SUV39H1 leading to an expression-

repressive state (44, 45). Additionally, other studies demonstrated how the 

transcriptional repressive histone mark H3K36me3 enables the binding of 

DNMT3a to the chromatin and that histone deacetylation facilitates DNA 

demethylation (46, 47). Besides others, Robertson and Wolffe illustrated a basic 

model of epigenetic transcription repression demonstrating that DNA methylation 

can trigger histone deacetylation (48) (Fig. 4).  

 

Figure 4. Cooperation of DNA methylation and histone deacetylation for transcriptional inhibition. 
To transcriptionally repress a genomic sequence, DNA gets methylated and Methyl-CpG binding 
proteins and co-repressors such as histone deacetylases are recruited. Adapted from (48).  
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1.1.4 DNA methylation 

1.1.4.1 The methyltransfer reaction 
In mammalian cells, DNA methylation predominantly occurs within CpG 

dinucleotides and is catalysed by DNA methyltransferases (DNMTs) which transfer 

a methyl-group from S-Adenosyl-methionine (SAM) to the 5’-carbon of cytosines. 

As proposed by Zangi et al. the DNA acts as substrate but also as a co-factor of 

the biochemical reaction (Fig. 5) (49). To enable the methylation reaction, DNMT 

flips the cytosine out of the DNA helix and modifies it in its active centre (50). 

Through a nucleophilic attack of the enzyme on C6 a covalent bond is formed 

favouring a further nucleophilic attack of C5 on SAM and the transfer of the 

methyl-group. To release the DNMT, a subsequent deprotonation of C5 and 

elimination of the enzyme nucleophile takes place (49).  

 

Figure 5. Chemical reaction of DNA methylation. By the nucleophilic attack of the DNMT’s sulphur 
atom on cytosine C6, C5 attacks the methyl-group donor SAM (or AdoMet) and enables the 
transfer of the methyl-group (-CH3). Subsequent β-elimination releases the enzyme-cytosine 
interaction. Adapted from (51).  

 

 

1.1.4.2 The DNA methylation machinery 
To set up cellular DNA methylation patterns, two classes of DNA 

methylation are distinguished: maintenance and de novo methylation.  
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DNMT1 was found to have an increased preference for hemi-methylated 

DNA (52). In comparison to other DNMT enzymes, DNMT1 is the most abundant 

in somatic cells and occurs relative to other cell cycle phases in an especially high 

level during S-phase (53, 54). DNMT1 co-localizes to the proliferating cell nuclear 

antigen (PCNA), slides along with the replication fork and copies the methylation 

marks from the original to the newly synthesized strand (55, 56). As a result, 

DNMT1 maintains the methylation patterns throughout cell division and restores 

the original methylation pattern in case of DNA damage (57).  

More recently, the strongly conserved family of de novo DNMTs (DNMT3a, 

3b) has been characterized. In contrast to DNMT1, de novo enzymes are highly 

expressed in germ cells, embryonic stem cells and embryos but in a lower extent 

in somatic cells. Thus, their major function is the initial establishment of 

developmental- and tissue-specific methylation patterns and the immobilization of 

newly incorporated transposons (58, 59). In addition, they are thought to harbour a 

proofreading function in case of methylation errors left by DNMT1 (60). Figure 6 

summarizes the operating mechanisms of de novo and maintenance DNMTs.  

 

Figure 6. Pathways of DNA methylation. (A) Methyltransferases DNMT3a and 3b operate de novo 
on unmethlyated DNA. (B) DNMT1 maintains methylation marks by copying them to the newly 
synthesized strand during DNA replication (61).  
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The importance of DNMTs was highlighted in murine DNMT1 knockout and 

knockdown studies demonstrating the severe effects on X-inactivation, genomic 

imprinting and embryonic developmental processes (62-64). Mouse embryos 

lacking DNMT1 showed a genome-wide loss of DNA methylation resulting in 

reactivation of genomic imprints of both parental genomes and of the X 

chromosome that has undergone inactivation during early development (65, 66). 

Similar to DNMT1 deficient embryos which die early within embryonic 

development, DNMT3b and 3a deficiency results in death in the embryonic stage 

or shortly after birth (67). 

 

 

1.1.4.3 DNA methylation is reversible - mechanisms of DNA demethylation 
While somatic cells mainly keep their DNA methylome, global DNA 

demethylation plays an important role in the development of embryos and 

primordial germ cells (PGCs). Before PGCs reset their methylation pattern during 

gametogenesis according to the sex of the developing embryo, they primarily 

undergo a complete eradication of 5-methylcytosines (5mCs) (68). A similar 

process can be observed during embryogenesis, where a constitutive loss of 

5mCs can be monitored in both parental genomes until the early blastocyste stage 

(69, 70). In addition, DNA demethylation occurs during differentiation according to 

the tissue’s identity as it was shown for hematopoietic cells, myocytes, neurons 

and hepatocytes (71-74). Several studies suggested active and passive underlying 

mechanisms and highlighted that their impairment might strongly contribute to 

tumorigenesis (75-79).  

 

1.1.4.3.1 Passive demethylation 

Passive demethylation relies on the lack of DNMT1 activity during several 

rounds of replication resulting in a proceeding dilution of 5mCs. This mechanism 

was linked to the occurrence of 5-hydroxymethylcytosines (5-hmCs) which are 

established through oxidation of 5mCs by a group of proteins termed ten-eleven 

translocation proteins (TET) (80). TET proteins 1-3 are highly conserved in 

metazoans and particularly show abundance in oocytes, zygotes, hematopoietic 

cells and embryonic stem cells (80-85). In addition, TET proteins are capable of 
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inducing further modifications of 5-hmCs such as 5-formylcytosine (5fC) and 5-

carboxylcytosine (5caC) (86, 87). 

Several scenarios have been suggested linking the active modification of 

5mCs to a passive dilution during replication. A plausible model proposes that the 

methylation machinery does not recognize the oxidative derivative given the fact 

that DNMT1 activity is reduced on hemi-hydroxymethylated DNA in vitro (88). This 

is further supported as the signal for TET-mediated oxidation of 5mCs increases in 

the paternal genome after fertilization which is accompanied by elevated levels of 

5fC and 5caC. Thus, due to impaired cognition of the modified and methylated 

bases, DNA methylation is reduced after several cell cycles (83, 89).  

 

1.1.4.3.2 Active demethylation 

Active demethylation describes the direct removal of 5mCs. Similar to 

passive dilution of 5mCs which has been linked to TET activity, active 

mechanisms can depend on the 5mC oxidation by TET proteins. Thus, TET 

proteins can catalyse enzymatic modifications of 5mCs to 5fCs and 5caCs which 

are deaminated, excised by glycosylases and repaired by the base excision repair 

pathway (BER) or the nucleotide excision pathway (NER) (90, 91).  

 

 

1.1.4.4 Methylation distribution throughout the genome 
Approximately 1% of all nucleotides in DNA of human somatic cells are 5-

methylcytosines (5mC). 70-80% of all CpG dinucleotides within the human 

genome are methylated (92). Depending on the genomic location, methylated 

cytosines are either associated with transcriptional gene activity (gene bodies) or 

gene silencing (CpG islands, CGI) (Fig.7) (93, 94).  

Although DNA methylation in promoter regions is generally associated with 

gene silencing, the occurrence of DNA methylation within gene bodies which are 

considered as the regions downstream of exon 1 was demonstrated to positively 

affect gene expression (93, 95, 96). Several studies reported that gene body 

methylation enhances transcription and consider it as the main cause to prevent 

transcription initiation on intragenic promoters (97, 98).  
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Figure 7. DNA methylation patterns of specific genomic regions. (A) An unmethylated CGI 
upstream of a gene (left) leads to transcriptional inhibition, if methylated (right). (B) CpG island 
shores, located 2kB upstream of CGIs, lead to same results as illustrated in (A) after methylation. 
(C) Methylated gene bodies (left) loosing their CH3-marks (right) lead to unregulated and incorrect 
transcription. (D) Initially methlyated repetitive sequences (left) result in chromosomal 
recombination, transposition and genomic instability due to methylation loss (right) (99).  

 

CGIs are defined as stretches of DNA with a length of at least 200bp and a 

GC content higher than 50% (100). CpG dinucleotides are underrepresented in 

genomes of species that extensively use DNA methylation for gene regulation, 

since methylated cytosines are frequently converted to thymines. Repair of the 

resulting TpG mismatches restores the CpG dinucleotides or results in TpA 

dinucleotides. Due to the two repair possibilities, CpG sites are found in lower than 

expected frequencies. CGIs are therefore defined with a CpG observed versus 

expected ratio (CpG O/E ratio) of less than 0.65 (101-103). Moreover, CGIs are 

usually located next to transcription start sites (TSS) and overlap with the 

promoters of 60-70% of human genes. Although the majority of CpG sites within 

the genome is methylated, CpG dinucleotides within CGIs are usually not 

methylated in normal cells with exception of CGIs associated with X-linked, 

imprinted or tissue-specific expressed genes (104-106). Thus, genes associated 

with non-methylated CGIs are frequently connected to a transcriptionally 

permissive chromatin structure (107). Although the responsible mechanisms for 
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maintaining the majority of CGIs unmethylated remain to be clarified, specific CGI 

sequence properties, static binding of TFs preventing the association of DNMTs or 

CpG-binding proteins targeting CGIs for demethylation are considered (108-111). 

Figure 7 illustrates how the methylation state of a specific genomic region affects 

gene expression.  

 

 

1.1.4.5 Mechanism of DNA methylation mediated gene silencing 
DNA methylation suppresses gene transcription by directly or indirectly 

interfering with the binding of transcription factors (TFs). Thus, the presence of 

CpG methylation can negatively affect their affinity towards TF recognition 

sequences (112). In addition, transcriptional silencing can be co-accomplished by 

methylcytosine binding proteins (MBP) which lead to condensed chromatin after 

recruiting co-repressors and histone deacetylases (113-115). Figure 8 summarizes 

different models for transcriptional regulation by DNA methylation.  

Based on comparative studies investigating MeCP2 domain conservation, 

several human proteins were currently found to share a methyl-CpG binding 

domain (MBD) including 2 histone methyltransferases (SETDB1, SETDB2), 2 

histone acetyltransferases (BAZ2A, BAZ2B), MeCP2/MBD proteins (MBD1, 

MBD2, MBD3, MBD4, MeCP2), proteins of the Kaiso family (Kaiso, ZBTB4, 

ZBTB38) and 2 proteins containing a SRA-domain (UHRF1, UHRF2) (116, 117). 

Despite MBD conservation, not all of the MBPs selectively bind methylated DNA 

but collaborate with each other or other proteins to form heterochromatic 

structures. Thus, members such as MBD3 inhibit gene expression by association 

with histone deacetylases and nucleosome remodellers, while MBD1, MBD2 and 

MeCP2 posses a transcriptional repression domain (TRD) (114, 115, 118). 

Additionally, based on the number of cysteine-rich CXXC domains, MBD1 

isoforms with 3 motifs (MBD1v1, MBD1v2) were shown to bind DNA regardless of 

CpG methylation, while isoforms with 2 CXXC motifs (MBD1v3, MBD1v4) were 

found to silence methylated promoters only (119).  

The determinants for MBP distribution and association throughout the 

genome are not clear yet. One scenario hypothesizes a random occupation of 

methylated CpG sites that is just dependent on the abundance of MBP family 

members and the genome-wide methylation density, while others propose 
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sequence-specificities beyond methylated CpGs of MBPs or MBP associated 

factors. Indeed, evidence indicates the presence of consensus sequences for 

MBD family members that allow for discrimination between different methylated 

genomic regions (120, 121). 

Detailed underlying mechanisms how MBPs establish and maintain DNA 

methylation remain unclear. However, growing molecular evidence demonstrates 

that cancer cells exploit these proteins in order to exert transcriptional control. 

Thus, MeCP2, MBD1, MBD2 were found to be involved in gene silencing in a 

variety of cancers including lung, colorectal and haematological malignancies 

(122-128).  

 

Figure 8. Possible methylation-dependent mechanisms regulating transcription. (A) MBPs bind 
methylated CpGs in promoter regions resulting in silencing of downstream genes (left), while non-
methylated CpGs are associated with TFs allowing gene transcription (right). (B) Association of 
methylated CpGs with MBPs in promoters and methylation of enhancer elements block 
transcription factor binding and gene expression (left), while association of TFs with enhancers and 
proteins containing a CXXC domain with promoters permit access of activating histone 
modifications and allow gene expression. (C) Low-CpG-dense but methylated promoters are 
observed not to be bound by MBPs resulting in transcription initiation (129).  
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1.1.5 Methods to detect DNA methylation 

Notable breakthrough in DNA methylation analysis was achieved by 

applying sodium bisulfite (SB) on DNA for further analytical procedures (Fig. 9). 

SB treatment converts cytosines into uraciles but leaves methylated cytosines 

unaffected. Upon PCR uraciles are further turned into thymines while the originally 

methylated cytosines remain cytosines (130-132).  

 

Figure 9. Sodium bisulfite treatment of DNA. (A) The chemical reaction starts with sulfonation of 
C5 followed by hydrolytic deamination to generate uracil sulfonate, which is desulfonated to uracile. 
(B) SB converts cytosines into uraciles if orginially unmethylated but does not affect methylated 
cytosines (133).  

 

 

1.1.5.1 Gene-specific approaches 

1.1.5.1.1 Methylation-specific Polymerase chain reation (MSP) 

MSP depends on the conversion of DNA with SB and the design of two 

primer pairs that discriminate between methylated and unmethylated DNA. To 

analyse methylation of a specific genomic region, the SB-treated DNA is applied 

for two independent PCR reactions using either the primer pair complementing 

methylated DNA or the primer pair complementing unmethylated DNA. If the 

sequence was originally methylated, amplification is only observed with 

methylation-specific primers but not with primers specific for unmethylated DNA 
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and vice versa. Thus, MSP allows to claim whether a sequence is methylated or 

not but forbids quantitative methylation statements (134).  

 

1.1.5.1.2 Combined Bisulfite Reaction Analysis (COBRA) 

COBRA is a quantitative assay to measure DNA methylation of specific 

gene loci by applying genomic DNA to SB treatment and PCR amplification with 

sequence-specific but methylation insensitive primers. Based on the original 

methylation status of the sequence, the resulting amplicons might have lost or 

retained CpG-containing restriction sites (CGCG) upon PCR. The fragments are 

then digested with a restriction enzyme (e.g. BstUI) sensitive for CGCG and 

separated by gel electrophoresis. The band pattern and their intensities reveal 

information about the degree of methylation by comparing the intensities of the 

undigested sequence with that of digested sequences (135).  

 

1.1.5.1.3 Methylation-sensitive high resolution melt analysis (MS-HRM) 

MS-HRM is a sensitive, fast and quantitative method to determine DNA 

methylation levels of a specific gene locus. It is based on SB treatment of genomic 

DNA and a PCR reaction using methylation insensitive primers. During PCR, the 

fluorescent dye EvaGreen intercalates into double-stranded PCR amplicons 

exclusively. After PCR completion, the temperature is raised which leads to 

denaturation of the amplicons. Due to decreasing fluorescence levels, a melting 

curve is obtained. The melting of each amplicon depends on the initial methylation 

state that is reflected by different AT and GC compositions after SB treatment. 

While AT base pairs are bound by just 2, GC dinucleotides are connected with 3 

H-bonds revealing a higher melting temperature for sequences with elevated GC 

content. Thus, melting profiles accurately differentiate between strong and low 

methylated sequences (Fig.10). To calculate methylation levels, MS-HRM has to 

be simultaneously performed with DNA standards with known methylation degree 

(136, 137).  
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Figure 10. Melting curves of methylated and unmethylated samples. Depending on the initial 
methylation level, SB treatment leaves different amounts of GC and AT base pairs behind. Since 
GC and AT bases are bound by 3 and 2 H-bonds respectively, melting of PCR amplicons with 
elevated GC content requires higher melting temperatures than melting of amplicons with elevated 
AT content. This results in clearly distinguishable melting curves. Adapted from (137).  

 

 

1.1.5.2 Genome-wide approaches 

1.1.5.2.1 Methylated DNA immunoprecipitation (MeDIP) in combination with array- 

or sequencing based approaches (MeDIP-chip/MeDIP-seq) 

Before precipitation of methylated DNA, genomic DNA has to be purified 

and sonicated to obtain fragments with a length between 200-1000bp. These 

fragments are denatured, incubated with an anti-5-methylcytidine antibody and 

subsequently precipitated with magnetic beads or salmon sperm DNA blocked 

agarose beads. After removal of the unbound DNA, the antibodies are digested 

and the DNA is amplified in a Whole Genome Amplification (WGA) reaction. For 

analysis with an array-based technology (MeDIP-chip), the input DNA obtained 

after sonication is labelled with cyanine-5 (red) while the precipitated DNA is 

labelled with cyanine-3 (green). Both fractions are then co-hybridized onto a high-

density microarray platform to identify the presence of specific probes and to 

obtain quantitative data (138). On the other hand, the precipitated DNA can be 

sequenced using high throughput sequencing approaches (MeDIP-seq). 

Sequencing of methylated DNA generates short fragments that can be aligned to a 
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reference genome and enable estimations of methylation levels within specific 

genomic regions (98).  

 

1.1.5.2.2 Illumina 450K Bead Chip 

The Infinium HumanMethylation450 Bead Chip is frequently used to profile 

genome-wide DNA methylation changes and covers 485.000 CpG sites. Two 

different chemistry technologies can be applied (Infinium I and II) which cover 99% 

of RefSeq genes and 96% of CGIs if they are combined. At first, genomic DNA is 

BS converted, amplified in a WGA reaction, digested enzymatically and purified. 

By using Infinium I technology, the DNA fragments are hybridized onto the chip 

where they anneal to CpG locus-specific oligomers that are linked to 2 different 

bead types (M-bead, U-bead). The M-bead is associated with the methylated 

query probe with a 3’ terminus matching the originally methylated and not SB-

converted cytosine while the U-bead is associated with the unmethylated query 

probe with a 3’ terminus matching a thymine that represents an originally 

unmethylated cytosine. After hybridization, single base pair extension is performed 

using Biotin-labelled ddNTPs. Single base pair extension is inhibited if there is a 

mismatch of the query site. The array is stained in order to measure the 

fluorescent intensities of both bead types and to calculate the methylation ratio.  

By using Infinium II technology, the DNA fragments anneal to locus-specific 

probes associated with only one bead type. Each allele-specific probe is designed 

to anneal one base upstream from the query site. Depending on the original 

methylation state of the query site, single base pair extension results in addition of 

a biotin-labelled G-base on a methylated query site or of a labelled A-base on a 

unmethylated query site. In contrast to Infinium I assay which uses a single color 

channel for detection of the fluorescent signals, Infinium II assay uses a red 

channel for methylated signals and a green channel for unmethylated signals 

(139-141).  

 

1.1.5.2.3 Reduced Representation Bisulfite Sequencing (RRBS) 

RRBS specifically enriches for CpG dense sequences, whose methylation 

state can be analysed with single base pair resolution. It is based on restriction 

digestion with MspI. According to its recognition site CCGG, the methylation-
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insensitive enzyme generates short fragments ending with a CpG dinucleotide. 

Thus, the large amount of fragments is mainly produced by digestion of CGIs and 

CGI shores. These fragments are further modified during library preparation for the 

Illumina sequencing platform. Beginning with end-repair, the sequences are tailed 

with adenosines and bilaterally ligated to methylated adapters specific for Illumina 

sequencing. Subsequently, the CpG-rich sequences are selected by size to reveal 

fragments ranging from approximately 40 to 220 bp. Before sequencing, the 

fragments are converted with SB and enriched in a PCR reaction with primers 

complementary to the adapters (Fig.11). Alignment and methylation analyses 

require specific software that enables the characterization of methylomes within 

cancer tissues or between different developmental stages and allows for their 

comparison (142).  
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Figure 11. Reduced Representation Bisulfite Sequencing (RRBS) workflow. DNA is enriched after 
MspI digestion, end-repair, A-tailing and size-selection and is finally SB converted before 
sequencing. Adapted from (143).   
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1.2 Chronic myeloid leukemia 

Chronic myeloid leukemia (CML) is a hematologic malignancy with elevated 

numbers of malfunctioning granulocytes and its precursors. The majority of CML 

patients (95%) share a chromosomal abnormality described as the Philadelphia 

chromosome which is suggested as the causing event of disease by leading to the 

expression of a hybrid oncoprotein, a kinase termed BCR/ABL1. The worldwide 

incidence rate is considered to be 1-2 cases in 100.000 people per year (144). 

While CML is a rare disease in children, it counts for 10-15% leukemia cases in 

adults. Men are more frequently diagnosed than women with an average age of 64 

(145).  

CML is a bi- or triphasic disease starting with a chronic phase (CP), 

followed by a potential intermediate accelerated phase (AP) and ending in a 

terminal phase called blast crisis (BC). The initial CP can last for several years 

showing no or only weak symptoms and is characterized by a blast count less than 

10%. In this phase, the majority of blasts still differentiate resulting in a large 

amount of mature but malfunctioning granulocytes. CP may progress into AP with 

increased differentiation arrest and genomic instability indicated by 10-20% blasts 

in blood or bone marrow. About 20% of CML patients skip AP and directly 

progress into BC with elevated levels (>20%) of poorly differentiated myeloid 

blasts (Fig.12) (146). BC-CML resembles the morphological characteristics of an 

acute leukemia and drastically increases mortality due to rising therapy-resistance 

(147, 148).  
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Figure 12. CML evolution from chronic phase to blast crisis. Cell differentiation gets lost during 
transition from CML-CP to advanced phases, which is thought to happen at the stage of CML 
progenitor cells. This leads to elevated levels of myeloid blasts in blood and bone marrow. In 
addition, genetic and molecular alterations in the leukemic clone are believed to drive disease 
evolution resulting in loss of tumor suppressors, telomere shortening and increased genomic 
instability. Adapted from (149).  

 

 

1.2.1 Molecular pathogenesis of CML 

1.2.1.1 Philadelphia chromosome formation and the leukemic stem cell 
model 

In 1960 Peter C. Nowell and David Hungerford detected a unique small 

chromosome in CML leukocytes which they designated as Philadelphia 

chromosome (Ph1). This discovery constituted the first link between a 

chromosomal abnormality and a specific malignancy and revolutionized the 

understanding for CML development (150). In 1973, Ph1 was found to arise 

through a reciprocal translocation event between chromosome 9 and chromosome 

22 shown in Fig.13 (151). This chromosomal rearrangement (t(9;22)(q34;q11)) 

juxtaposes c-ABL (Abelson murine leukemia viral oncogene homolog 1) and BCR 

(Breakpoint Cluster Region gene) on the truncated chromosome 22 resulting in 
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expression of a BCR/ABL1 fusion protein (152). The BCR/ABL1 fusion gene 

encodes a constitutively active kinase which is involved in several oncogenic 

pathways and promotes the leukemic phenotype. Depending on the breakpoint 

within the BCR gene, its size can range from 190 to 230kDa. However, the most 

common one in CML is a burst in the major breakpoint cluster region (M-bcr) 

between BCR-exons 12 and 16 (153). Upon fusion to c-ABL, this results in 

expression of a 210kDa protein (p210BCR/ABL1) (154).  

Interestingly, 5-10% of patients displaying clinical features of CML are Ph1-

deficient but 30-50% of these cases show a BCR rearrangement on chromosome 

22. Thus, these patients appear to have a similar course of disease as Ph1-

positive CML patients, while those lacking the mutation show different clinical and 

genomic characteristics (155).  

 

Figure 13. Formation of Ph1. Reciprocal translocation of the long arms of chromosome 9 and 
chromosome 22 result in the formation of Ph1 carrying the fusion gene of c-ABL and BCR (156). 

 

In 1990 BCR/ABL1 was shown to be sufficient of inducing a CML-like 

disease in a murine model system by Daley et al. (157). Thus, the occurrence of 

Ph1 is believed to be a primary and causative event in CML genesis. However, 

since there are few CML cases without Ph1 or related translocations, there might 

be additional events relevant for disease initiation.  

Ph1 formation was determined to take place at a very early stage within the 

hematopoietic cell lineage (158). The leukemic stem cell model postulates that 

gain of the BCR/ABL1 mutation in hematopoietic stem cells (HSCs) results in 

aberrant differentiation and production of so-called leukemic stem cells (LSCs). 
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Latter share features with normal HSCs and produce a blast population which is 

highly proliferative and shows inhibition of differentiation and apoptosis (159, 160). 

Since different studies demonstrated the presence of BCR/ABL1 in all blood 

lineages of patients in CP-CML, the LSCs are thought to derive from either HSC- 

or multipotent progenitor cell-origin (158, 161). Additional studies suggest that 

LSCs from BC-CML patients derive from more differentiated lineage-restricted 

progenitors which gain a self-renewal capacity through the course of disease 

(162).  

 

 

1.2.1.2 CML disease progression 
The causes for progression of CML from CP to AP/BC are mainly unknown. 

Although BCR/ABL1 triggers CML development and drives cell proliferation and 

survival by deregulating certain signal transduction pathways (e.g. RAF/MAPK, 

PI3K/AKT, JNK/STAT) and by preventing DNA damage repair, secondary lesions 

independent of BCR/ABL1 activity were connected to disease progression (163-

169). These lesions include different karyotypic aberrations which can be detected 

in 50-80% of BC-CML patients. The most common karyotypic aberrations are 

trisomy 8, double Ph1, isochromosome i(17q) and trisomy 19 (170-172). 

Moreover, several mutations have been described that inactivate certain tumor 

suppressor genes (e.g. p53, p16/ARF, Rb) or lead to increased expression of 

oncogenes or proto-oncogenes (e.g. c-MYC, RAS, AML-EVI-1, SET, MDM2). 

Similarly to the chromosomal aberrations, these mutations are considered to be 

additional hits responsible for disease progression (173-176).  

In addition, CML progression was linked to a decreased average length of 

telomeres in AP-/BC-CML patients compared to CP-CML patients. The shortened 

telomere length significantly correlated with a reduced duration for developing AP-

CML (177-179).  

Epigenetic changes during CML progression have not been extensively 

studied so far. However, it has been suggested that they contribute to disease 

progression. An increased methylation frequency in AP/BC-CML compared to CP-

CML was reported for some genes (e.g. TFAP2A, p15INK4A, EBF2) (180-183) (see 

chapter 3.3).  
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1.3 DNA methylation in CML 

Cancer cells have been associated with an aberrant epigenetic landscape 

comprised of global loss of DNA methylation but increased CGI promoter 

methylation and deregulated histone modifications (184, 185). While genome-wide 

hypomethylation results in genomic instability by activating transposable elements, 

satellite repeats and oncogenes, CGI methylation contributes to the transcriptional 

inactivation of tumor suppressor genes, cell cycle regulators and genes involved in 

cell adhesion and DNA repair (186, 187).  

In CML aberrant DNA methylation (referred to as methylation) has been 

documented for a small number of genes which are summarized in Table 1. Allele-

specific methylation of the translocated c-ABL promoter is an early event during 

hematopoietic precursor and mononuclear bone marrow transformation and can 

be observed in a majority of CML patients. Although c-ABL promoter methylation 

does not favour transcription of the BCR/ABL1 fusion gene, it might prevent a 

competition for enhancers and transcription factors with the native BCR promoter 

which enables efficient expression of the BCR/ABL1 transcript (188, 189).  

Genome-wide methylation studies in CML are very rare to date. In a recent 

study, BCR/ABL1 associated DNA methylation changes were determined using a 

murine model system with conditional BCR/ABL1 expression. Induced BCR/ABL1 

expression lead to genome-wide CGI methylation changes which were reversible 

upon BCR/ABL1 repression (190). Another study compared DNA methylation 

profiles of different forms of leukemia and found similar methylation patterns 

between CML patients and Ph1-negative APL (acute promyelocytic leukemia) 

patients but distinct patterns between CML patients and Ph1-positive ALL (acute 

lymphoid leukemia) patients (191).  

Although the cause for DNA methylation changes in tumorigenesis is not 

known to date, deregulation of methylation mediating or demethylating proteins 

might be involved. DNMT expression levels were shown to be elevated in 

advanced CML compared to normal hematopoiesis (192). Moreover, Mancini et al. 

reported that BCR/ABL1 might lead to defects in DNA demethylation by TET2 

inactivation (193).  
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Table 1. Methylated genes in CML patients and their molecular function 

Gene Function Frequency of methylation (%) 

ABL1 Cell adhesion, cell division, 

differentiation, stress response  

20-80 

p15INK4A Cell cycle regulation ~18 

p16INK4A Cell cycle regulation ~8 

TFAP2A Transcriptional regulation 63 

EBF2 Cell differentiation 57 

DAPK1 Programmed cell death  23 

ATG16L2 Autophagy 69 

OSCP1 Molecule transporter ~30 

PDLIM4 Bone development ~20 

NPM2 Chromatin reprogramming ~70 

TRPC4 Cell proliferation, 

neurotransmitter release, 

vasodilation 

>50 

JunB Cell growth N/A 

HOXA Embryonic development 26-79 

CDH13 Cell adhesion 79 

(181-183, 188, 189, 194-197) 

 

  



  32 

2 Aims 

Due to limited data on epigenetic abnormalities in CML, our main goal was to 

elucidate genome-wide DNA methylation changes involved in CML pathogenesis. 

This thesis served as a preliminary study to test RRBS and RNA-seq for leukemia 

cell lines before the study of patient samples. We therefore aimed to: 

 

- analyse the methylome and transcriptome of a BCR/ABL1-positive cell line 

and controls 

- compare DNA methylation patterns with gene expression patterns 

- identify genes transcriptionally regulated by methylation  

- investigate identified genes according to enrichment in terms of molecular 

function, biological processes, disease phenotypes, signalling pathways 

and other GO terms 

- develop gene-specific MS-HRM assays for selected genes to confirm 

RRBS-results and to analyse patient samples 

 

We hypothesized to find methylation and gene expression differences between 

leukemia cell lines and control samples and between a BCR/ABL1-positive and a 

BCR/ABL1-deficient leukemia cell line. Moreover, we expected to correlate 

methylation with gene silencing of specific genes. By analysing these genes 

according to their function and involvement in biological processes, we hoped to 

identify genes which are critical for CML pathogenesis.   
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3 Material & Methods 

3.1 Origin of tumor cell lines 

The human megakaryoblastic cell line MO7e and its BCR/ABL1 transfected 

subline MO7e/p210 were kindly provided by Ao. Univ.-Prof. Dr. Peter Valent 

(Medical University of Vienna). All cell lines were stored in liquid nitrogen until use. 

Mononuclear cells (MNCs) of normal bone marrow (nBM) obtained from 2 

lymphoma patients without BM involvement and peripheral blood (nPB) from 4 

healthy donors served as controls and were isolated using Ficoll (Sigma). For 

gene-specific analyses, MNCs of BM from 6 CML patients (2 CP-CML, 3 AP-CML, 

1 BC-CML) were used. All donors gave written informed consent. This study was 

approved by the ethics committee of the Medical University of Vienna, Austria 

(#1594/2015). 

 

 

3.2 Cell culture  

Material: 

Growth medium RPMI 1640+Glutamax     (Gibco; #145238) 

Fetal Bovine Serum - FCS      (Gibco; #179822) 

Penicillin/Streptomycin (50mg/mL)     (Gibco; #10378016) 

GM-CSF Human 20UE      (Peprotech; 300-03) 

DMSO        (Sigma; D2650) 

Cryotubes        (Nunc) 

 

 

All materials were prewarmed in a 37°C water bath before complementing 

RPMI1640 with 10% FCS and 1% Pen/Strep (antibiotic). For MO7e cells, the 

medium was supplemented with 10ng/mL recombinant human GM-CSF.  

The cell lines were stored in cryotubes in the liquid nitrogen tank and were 

defrosted in a 37°C warm water bath. After thawing, cells were transferred into 

50mL BD falcons containing 5mL prepared growth medium and centrifuged for 5 
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minutes and 1000 rounds per minute (rpm). Before repeating centrifugation, the 

supernatant was discarded and the pellet was resolved in additional 5mL growth 

medium. For culturing in a 37°C warm incubator with conditions of 96% humidity 

and 5% CO2, the cell pellet was dissolved in 15mL growth medium and transferred 

to a T75 cell culture flask (BD falcon). Cells were passaged twice a week by 

addition of prewarmed fresh medium to maintain a confluence of 2x105cells/mL. 

The surplus of cells was freezed in cryotubes in a 1:10 dilution of FCS and DMSO, 

which were stored in a cell freezing box containing methanol. The box was put on -

20°C for 30min, before incubation in -80°C over night and final storage in liquid 

nitrogen.  

“Bürker-Türk” cell counting chamber was used to obtain the number of cells in 

10µL cell suspension. Cells were counted in the 4 large squares (each containing 

16 smaller squares) at the corners of the chamber. The mean value of counted 

cells was inserted into following formula: 

 

𝐶𝑒𝑙𝑙𝑠  𝑝𝑒𝑟  𝑚𝐿 = !"#$%&  !!  !"##$
!"#$%&'  !"#!  ∗  !!!"#$%  !"#$!  ∗  !"#$%"&'

∗ 103 

 

Counted area = 1mm2 

Chamber depth = 0,1mm 

 

 

3.3 Reduced Representation Bisulfite Sequencing 
(RRBS) 

Material: 

1xDPBS      (Lonza; #BE17-512F) 

Wizard SV Genomic DNA Purification kit (Promega; #A2360) 

Proteinase K (20ng/µL)    (New England Biolabs; #nPB1025) 

Elution buffer (EB)     (Qiagen; #19086) 

Qubit High Sensitivity Assay   (Life Technologies; #Q32854) 

MspI restriction enzyme (20 000units/mL) (NEB; #R0106L) 

10x NEB Buffer     (NEB; #2) 

Klenow Polymerase     (NEB; #M0210L) 
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dNTPs      (GE Healthcare; #28-4065-51) 

Epitect control DNA (unmethylated)  (Qiagen; #59665) 

Epitect control DNA (methylated)   (Qiagen; #59655) 

Quick Ligation Kit      (New England Biolabs; #E0542L) 

Illumina TruSeq DNA LT kit (Set A)  (Illumina; #FC-121-2001) 

Ampure XP SPRI beads    (Beckman Coulter; #A63880) 

100% EtOH      (Merck; #204315) 

2x Gotaq qPCR Mastermix    (Promega, #A6002) 

EZ DNA Methylation Direct kit   (Zymo Research; #D5020) 

PfuTurbo Cx Hotstart DNA Polymerase  (Agilent; #600410) 

Experion DNA 1K Analysis Kit for 10 Chips (Biorad; #700-7107) 
 

 

3.3.1 Isolation of genomic DNA from cultured cells 

Cell Lysis 

2-5x105 cells were pelleted by centrifugation for 5 minutes and 200 relative 

centrifugal force (rcf). After removal of the supernatant, each pellet was 

resuspended in 200µL 1xDPBS before repeating the centrifugation step. For cell 

lysis, the supernatant was discarded and each pellet was resuspendend in 150µL 

of Lysis Buffer from the Wizard SV Genomic DNA Purification kit.  

 

Digestion of RNA and proteins 

Cell lysates were mixed with RNase A (4µg/µL, Wizard SV Genomic DNA 

Purification kit) to obtain a final concentration of 50ng/µL. After incubation for 10 

minutes at room temperature, 1µg/µL proteinase K was added and heated to 55°C 

at the thermoblock for 90 minutes.  

 

DNA clean-up and quantification 

Genomic DNA was purified according to protocol instructions of Wizard SV 

Genomic DNA Purification kit with elution in 50µL EB buffer.  

DNA was quantified using a Qubit 3.0 Fluorometer according to the manufacturer’s 

instructions.  
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3.3.2 RRBS library preparation 

Restriction digestion 

MspI digestion was set up over night at 37°C on a thermocycler according to Tab. 

2.   

 

Table 2. MspI digestion.  

Component Amount Final Amount 

10x NEB buffer  2-3µL 1x 

Sample 100ng 100ng 

MspI 1µL 20U 

Nuclease-free H2O up to 30µL final volume 30µL 

 

End-repair and A-tailing 

MspI digested samples were end-repaired and A-tailed without any previous 

clean-up or inactivation of the enzyme according to Tab. 3 and 4.  

 

Table 3. End-repair/A-tailing 

Component Amount Final Amount 

Klenow Polymerase  1µL 5 U 

dNTPs (10mM dATP, 1mM dCTP, 1mM dGTP) 1µL 300uM, 30uM 

Unmethylated control 1µL 1/1000 of library 

Methylated control 1µL 1/1000 of library 

 
Table 4. Cycling conditions during End-repair/A-tailing 

 Temperature Time 

End repair  30°C 20 min 

A-Tailing 37°C 20 min 

Heat inactivation of 

enzymes 

75°C 20 min 

Final 4°C ∞ 
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Adapter ligation 

For adapter ligation, samples were mixed with components shown in Tab. 5, 

incubated at 25°C for 20 minutes and enzymes were finally heat inactivated at 

65°C for 10 minutes. Six adapters from the Illumina TruSeq DNA LT kit (Set A: 

2,4,5,6,7,12) were diluted 1:25 each in EB buffer before combining them for the 

reaction set up.  

 

Table 5. Adapter Ligation 

Component Amount Final Amount 

2x Quick Ligase Buffer 32µL 1x 

Quick Ligase 1µL N/A 

Adapter Index #2 (1:25 diluted) 1.25µL N/A 

 

Size Selection 

Samples were filled up to 110µL with nuclease-free H2O and incubated with 

82.6µL of 1:5 diluted AMPure XP beads for 15 minutes at room temperature. After 

the DNA had bound to the beads, the tubes were put on a magnet and the 

supernatant was discarded. Each pellet was washed twice with freshly prepared 

80% EtOH for 5 seconds, air-dried and eluted in 21µL EB buffer.  

 

Quantification and Pooling 

Mastermix for qPCR was prepared for samples and controls according to Tab 6. 

Primer cocktail was used from the Illumina TruSeq kit.  

 

Table 6. qPCR Mastermix 

Samples 4 8 12 16 

Gotaq qPCR Master Mix  70µL 110µL 150µL 190µL 

PCR Primer Cocktail 14µL 22µL 30µL 38µL 

Nuclease-free H2O 49µL 77µL 105µL 133µL 

 

For each library 19µL Mastermix and 1µL sample were added to one well of a 96-

well plate. All reactions were performed in duplicates. An old library served as 

positive control, a duplicate without sample as negative control. The plate was 
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sealed with an optical seal and incubated in a Step One Plus Real-Time PCR 

Cycler (Applied Biosystems) using following program:  

 

Temperature Time 
98°C 3 min 

95°C 15 sec 

65°C 30 sec 25 cycles 

72°C 30 sec 

72°C 5 min 

4°C ∞ 

 

For library pooling, 17µL of the sample with the maximum Ct value (Ctmax) were 

used and combined with 5 other samples, whose volumes were calculated using 

the formula 17µL x 2-dCT (dCt = Ctmax – Ctsample). The samples were pooled in 

combinations of six according to the calculated volumes. Then 2.5 volumes of 1:5 

diluted AMPure XP beads were added, each reaction was mixed and incubated at 

room temperature for 15 minutes. After putting it on a magnet for 5 minutes, the 

supernatant was carefully removed and each reaction was washed twice with 

100µL 80% EtOH. The beads were air-dried for 10 minutes and resuspended in 

34µL EB buffer.  

 

Bisulfite Conversion 

EZ DNA Methylation Direct kit was used for bisulfite conversion with deviations 

from the manufacturer’s protocol regarding bisulfite concentration, incubation 

temperature, denaturation steps and desulphonation time (Tab. 7).  

 

Table 7. Bisulfite conversion. 

Component Amount Final Amount 

Pool of 6 RRBS libraries 33µL < 600ng 

CT conversion reagent 117µL 0.9x 

 

Reactions were set up and incubated in a thermocycler with following program:  
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Temperature Time  

95°C 1 min  

20 cycles 
60°C 10 min 

4°C ∞  

 

Column clean-up was performed according to the manufacturer’s protocol with 

elution in 20µL M-elution buffer.  

 

Enrichment PCR 

To determine the optimal cycle number (typically Ct-1), qPCR was repeated as 

described before.  

 

Enrichment PCR Mastermix was prepared according to Tab. 8. 

 

Table 8. Mastermix for Enrichment PCR 

Sample Pools 1 

10 x PfuTurbo Cx reaction buffer 30µL 

PCR Primer Cocktail 30µL 

dNTPs (25mM each) 3µL 

PfuTurbo Cx Hotstart DNA Polymerase (2.5U/L) 6µL 

H2O 203µL 

 

To enrich the RRBS libraries, 181µL mastermix and 19µL bisulfite-converted 

sample pool were mixed in a 96-well plate. Each reaction was split in 8 aliquots of 

25µL per well and incubated on a thermocycler:  

 

Temperature Time 
95°C 2 min 

95°C 30 sec 

65°C 30 sec Cycles (optimal number) 

72°C 45 sec 

72°C 7 min 

4°C ∞ 
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Clean-up and Quantification 

For the final clean-up, the 8 aliquots of each reaction were combined and mixed 

with 360µL AMPure XP beads. After 15 minutes at room temperature, tubes were 

put on a magnet for 5 minutes and washed twice with 500µL 80% EtOH for 5 

seconds after removal of the supernatant. The beads were air-dried for 10 minutes 

and DNA was eluted with 15µL EB buffer with an incubation time of 5 minutes at 

room temperature. Thereafter, the tubes were put on a magnet and the DNA 

solution was transferred into new 1.5mL Eppendorf tubes.  

DNA was quantified using a Qubit 3.0 Fluorometer according to the manufacturer’s 

instructions. For sequencing, 30ng of each DNA library were mixed with 7.2µL 

Experion Loading Buffer and quality was checked on an Experion DNA 1K Chip for 

gel electrophoresis.  

 

 

3.4 RNA Sequencing (RNA-Seq) 

Material: 

RNeasy Mini Kit      (Qiagen; #74104) 

TruSeq RNA Sample Preparation Kit   (Illumina; #RS-122-2001)  

 

Total RNA from MO7e and MO7e/p210 cell lines as well as MNCs from nBM and 

nPB was isolated and prepared for sequencing according to the manufacturer’s 

protocols of RNeasy Mini Kit and TruSeq RNA Sample Preparation Kit.  

 

 

3.5 Next-Generation Sequencing (NGS) 

Sequencing of RRBS library pools as well as of adaptor-ligated cDNA was 

performed on an Illumina HiSeq 2000 machine by the group of Christoph Bock in 

the Biomedical Sequencing Facility CeMM. 
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3.6 Methylation-sensitive high resolution melt analysis 
(MS-HRM) 

3.6.1 DNA isolation for MS-HRM 

Material:  

1M Tris (pH 8,0)       (Sigma; #T3038-1L) 

0.5M EDTA (pH 8,0)      (Sigma; #03690) 

SDS 20%        (Biorad; #161-0418) 

Proteinase K (10mg/mL)      (Ambi; #2546) 

Phenol        (Merck; #100206) 

Chloroform:Isoamylalcohol (24:1)     (Sigma; #C0549) 

100% EtOH        (Merck; #100983) 

5M NaCl        (Sigma; #SIG71386) 

 

 

DNA from MO7e, MO7e/p210, patient samples and controls was extracted using 

phenol-chloroform. Each pellet was resuspended in 800µL Proteinase K (PK) 

buffer (Tab. 9) and kept on 50°C for at least 2 hours. Next, every sample was split 

into two Eppendorf tubes and mixed with 400µL phenol. After centrifugation at 

14.000 rpm for 10 minutes, the upper phase containing genomic DNA was 

transferred into a new tube. Then 480µL chloroform and 20µL isoamylalcohol were 

added and tubes were centrifuged at same conditions. After transferring the upper 

phase to a new tube, 1mL of 100% EtOH and 20µL of 5M NaCl were added and 

samples were put on -80°C over night. Defrosted samples were centrifuged at 

14.000 rpm for 5 minutes, supernatant was discarded and 500µL 70% EtOH were 

added before the tubes were centrifuged a second time for 10 minutes and 14.000 

rpm. Afterwards, supernatant was removed and residual ethanol was evaporated 

by keeping the tubes open for several minutes. The pellets were resuspended in 

approximately 100µL nuclease-free H2O, put on 37°C and 700 rpm for 30 minutes 

and stored at 4°C.  
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Table 9. Proteinase K buffer.  

Component 10mL PK buffer 

1M Tris (pH 8,0) 0,5mL 

0.5M EDTA (pH 8,0) 20µL 

SDS 20% 50µL 

Proteinase K 10mg/mL  200µL 

ddH2O 9,23mL 

 
 

3.6.2 Bisulfite conversion of genomic DNA 

Material: 

EpiTect Bisulfite Kit       (Qiagen; #591049) 

 

To analyse DNA methylation within specific genes of leukemia cell lines and 

patient samples, genomic DNA was sodium bisulfite treated prior to MS-HRM 

analysis. Bisulfite conversion was performed on 1µg DNA using the EpiTect 

Bisulfite Kit according to the manufacturer’s instructions.  

 

 

3.6.3 MS-HRM 

Material: 

EpiTect HRM PCR Kit (100)     (Qiagen; #59445) 

EpiTect control DNA (unmethylated)    (Qiagen; #59665) 

EpiTect control DNA (methylated)    (Qiagen; #59655) 

 

Primers were designed with a length between 90-180nt using the sequences from 

ENSEMBL database (GRCh37 release 76) and MethylPrimer Express® software 

(Tab. 10). Methylation insensitive primers were generated using following settings: 

- Primer length: 18-27bp 

- Tm reaction: 56-64°C 

- Tm forward-Tm reverse: <7°C 
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Methylation independence of primers was achieved by setting their location into 

regions without CpG dinucleotides or by randomly incorporating Cs or Ts 

(presented as Y in the primer sequences) and Gs or As (presented as R in the 

primer sequences) into the forward and reverse primers, respectively. Primers 

were diluted in ddH2O to obtain a concentration of 100pmol/µL and mixed 1:10. 

Each reaction was performed by mixing 12.5µL EpiTect HRM Master Mix, 1.9µL 

primer mix, 9.6µL nuclease-free H2O and 1µL genomic DNA. DNA standards were 

maintained by diluting 0% and 100% EpiTect control DNAs to obtain 0%, 10%, 

25%, 50%, 75% and 100% methylated DNA controls. Water blanks served as 

negative controls. Real-Time PCR and melt analysis were performed on a 

RotorGene®Q cycler (Qiagen) with following cycling conditions:  

 

Stage Temperature Time 
Hold 95°C 5 min 

 95°C 10 sec 

40 cycles 55°C 30 sec 

 72°C 10 sec 

Melting  65°C - 99°C Hold for 1 sec in 1st step, hold for 2 sec in 2nd 

step 

 

Results were analysed using the provided RotorGene®Q software by normalising 

and differencing all melting curves against the 0% methylated DNA standard. 

Using the fluorescence maximum of all DNA control standards, a regression line 

was generated enabling methylation calculation (in %) of all tested samples by use 

of the linear equation formula.  

 

Table 10. MS-HRM primer sequences.  

Gene Forward primer (5’ à  3’) Reverse Primer (5’ à  3’) 

TGFBI TGTTGTAGTATAGTAGGTTTYGGG CCAATTCAATACCCCCAAC 

SGK1 GAAGAGTAGTTAGGTAGTTGGGG AACATATACATCACCRCTACAA 

ST3GAL6 GGTGATTTTTYGGTTTYG AACCAAACRAAAACACAACC 
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3.7 Statistical Analyses 

3.7.1 Analyses of RRBS data 

Quality control of raw RRBS data was performed using TrimGalore software 

(http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/).  

Reads were aligned to a virtual, bisulfite treated genome using Bismark software. 

The following commands were performed on a UNIX machine: 

1. perl trim_galore –RRBS *.fastq 

2. perl bismark /~/bismark/HG19/ *_trimmed.fastq 

3. perl bismark_methylation_extractor –s *.sam 

 

For analysis and visualization of data the following softwares were used: Bismark 

MethylKit, Seqmonk 

(http://www.bioinformatics.babraham.ac.uk/projects/seqmonk/), Clustvis, 

Ontologizer, The Panther Classification System, Great Annotation and Genemania 

(198-203).  

 

3.7.1.1 Analysis of RRBS data using Methylkit software 
First, .sam files generated by Bismark were sorted according to chromosomal 

regions using the following command: 

 

sort -k 3,3 -k 4,4n hits.sam > hits.sam.sorted 
 

The sorted Bismark output-files were imported into MethylKit software v0.9.2 (198, 

199). The following R commands were used to analyse differential methylation 

(≥25%) and correlation coefficients between samples, the distribution of 

differentially methylated CpGs along chromosomes and their location within 

genomic regions: 

 
> # read methylation call files 

> filelist <- list(system.file("extdata", "BMA4_CpGout.txt", 

package = "methylKit"), system.file("extdata", 

"Mo7p210_CpGout.txt", package = "methylKit")) 
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> # read the files to a methylRAwList object:myobj 

> myobj = read( filelist, sample.id = list("BMA", 

"Mo7e_p210"), assembly = "hg19", treatment = c(0, 1), context 

= "CpG") 

 

> # calculate correlation between samples 

> getCorrelation(meth,plot=T) 

 
> # find differentially methylated bases 

> myDiff=calculateDiffMeth(meth) 

 

> # get hypermethylated bases with q-value<0.01 and % 

methylation difference>25% 

> myDiff25pHyper=get.methylDiff(myDiff,difference=25, 

qvalue=0.01,type="hyper") 

 

> # get hypomethylated bases with q-value<0.01 and % 

methylation difference>25% 

> myDiff25pHypo=get.methylDiff(myDiff,difference=25, 

qvalue=0.01,type="hypo") 

 

> # annotate differentially methylated 

(hypermethylated/hypomethylated) Cs with promoter/exon/intron 

> gene.obj=read.transcript.features(system.file("extdata", 

"refseq.hg19.txt", package = "methylKit")) 

> diffAnn = annotate.WithGenicParts(myDiff25pHyper,gene.obj) 

 

> plotTargetAnnotation(diffAnn, precedence = TRUE, main = 

"BMA vs MO7e_p210") 

> diffAnn = annotate.WithGenicParts(myDiff25pHypo,gene.obj) 

> plotTargetAnnotation(diffAnn, precedence = TRUE, main = 

"BMA vs MO7e_p210") 

> # annotate differentially methylated 

(hypermethylated/hypomethylated) Cs with CGIs/shores/other 
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> cpg.obj <- read.feature.flank(system.file("extdata", 

"cpgi.hg19.txt", package="methylKit"), feature.flank.name = 

c("CpGi", "shores")) 

> diffCpGann <annotate.WithFeature.Flank(myDiff25pHyper, 

cpg.obj$CpGi, cpg.obj$shores, feature.name = "CpGi", 

flank.name = "shores") 

> plotTargetAnnotation(diffCpGann, col = c("green", "gray", 

"white"), main = "BMA vs MO7e_p210") 

> diffCpGann <annotate.WithFeature.Flank(myDiff25pHypo, 

cpg.obj$CpGi, cpg.obj$shores, feature.name = "CpGi", 

flank.name = "shores") 

> plotTargetAnnotation(diffCpGann, col = c("green", "gray", 

"white"), main = "BMA vs MO7e_p210") 

 

3.7.1.2 Analysis of differential methylation using Seqmonk software 
Output files of Bismark Methylation extractor were imported into SeqMonk v0.27.0 

software using the generic text import with following settings: 

- chromosome to Col: 3 

- Start/End to Col: 4 

- Strand to Col: 2 

 

Data of BMA and BMB were grouped editing the replicate set to generate one 

nBM group.  

To quantitate each cytosine separately, the “Define Probes” pipeline was applied 

using the “Read Position Probe Generator” with a minimum read count of 4. 

Methylation of single CpGs within all matched reads or of CGIs was quantified 

using the “Bisulphite methylation over features” pipeline.  

To quantitate each cytosine, following settings were used: 

 

- features to quantitate: existing probes 

- minimum count to include position: 4 

- minimum observations to include feature: 1 

- value for features with no data: -1 

- combined value to report: Mean 
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The filter on “values for individual probes” was used to get the valid observations 

in all samples (value>0 for all data stores). Probes were filtered by a statistical test 

using the Windowed Replicate filter to compare methylation values for each 

individual cytosine between samples: 

 

- p-value cutoff: 0.01 

- probes overlapping features  

- select feature type: CGIs 

- multiple testing correction 

 

An absolute difference threshold was applied using a windowed value difference 

filter with at least 25% difference over correction of a 1000bp window. To obtain 

the location of all differentially methylated CpGs, the “Annotated Probe Report” 

option was used. In order to find their association with genes, the “Feature Report” 

option was used. Genes were analysed according to GO terms using Ontologizer 

software (Parent-Child Intersection, Benjamin Hochberg Correction).  

 

To quantitate CGIs, following settings in the “Bisulphite methylation over features” 

pipeline were used:  

 

- features to quantitate: CGI 

- minimum count to include position: 4 

- minimum observations to include feature: 3 

- value for features with no data: -1 

- combined value to report: Mean 

 

To remove CGIs with insufficient data, the filter on values for individual probes was 

applied with a value greater 0 for all data stores. To find CGIs with a certain level 

of difference in methylation between samples, the filter on value differences was 

used to analyse changes of at least 25%. To find differentially methylated CGIs 

located 2000bp upstream, downstream or overlapping a TSS, the features filter 

was applied to select probes which are close to a TSS. For annotation of the 

reported probes, the “Annotated Probe Report Option” was used with annotation 

closest to CpG islands. 
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3.7.1.3 Visualization of methylation data 
Methylation data were visualized in Seqmonk using DataStore Tree, Box Whisker 

plot and Scatter plot options. Distances of hyper- and hypomethylated CpGs/CGIs 

to TSS was illustrated using Great Annotation software by importing chromosomal 

positions of each CpG/CGI. In addition, enriched GO/MSigDB output generated 

using Great Annotation was illustrated in Graphpad Prism 6 using the –log10 

values of Hyper FDR q-values of each term (202). Heatmaps of genes associated 

with differentially methylated CpGs or CGIs were visualized using Clustvis 

software by importing methylation values of all samples (200). Clustering options 

were set as following: 

 

- clustering distance for rows: Manhattan 

- clustering method for rows: McQuitty 

- tree ordering for rows: tightest cluster first 

- clustering distance for columns: no clustering 

 

 

3.7.2 Analyses of RNA-Seq data 

Raw RNA-seq reads were aligned to HG19 using TopHat2 algorithm and Galaxy 

server (204-207). TopHat2 output was imported into SeqMonk using the option 

“split spliced reads” to produce multiple reads for each mapped read to cover the 

different spliced portions. Data sets were quantified using the “RNA-Seq 

quantitation” pipeline with following settings: 

 

- transcript features: mRNA 

- library type: non-strand specific 

- merge transcript isoforms: yes 

- log transform: yes 

 

Following this, data were normalized using the Percentile Normalisation 

Quantitation (Percentile: 75) and the Match Distribution Quantitation options. To 

filter expression differences between samples the Intensity Difference Filter was 

applied using a p-value<0.01. Results were annotated using the Annotate Probe 



  49 

Report with an annotation distance cutoff of 2000bp closest to gene and illustrated 

using Clustvis software with same settings for clustering as described in 3.7.1.3 

(200). Moreover, enrichment for GO terms was investigated using Gene 

Ontologizer calculating raw p-values by applying Parent-Child-Intersection and 

adjusting same according to Benjamin-Hochberg correction.  

 

 

3.7.3 Comparison of RRBS and RNA-Seq 

To find correlations between methylation and transcription data using SeqMonk, all 

quantified and normalised RNA-Seq probes were compared with data sets with a 

Benjamin-Hochberg adjusted p-value<0.01 and differential methylation above 25% 

in MO7e/p210 versus nBM using the Filter by Probe names option. All matched 

probes were filtered using the Filter on Value Differences to obtain probes with a 

fold-change of at least 2. Genes were annotated using the Feature Report option 

and investigated according to GO term enrichment using Gene Ontologizer 

(Parent-Child-Intersection, Benjamin-Hochberg adjusted p-values).  

 

3.7.3.1 Visualization of merged data 
Seqmonk software was used to generate Box plots and Scatter plots of merged 

data sets. Expression of methylated genes was illustrated in heat maps using 

Clustvis software with same settings for clustering as described in 3.7.1.3 (200). 

Panther Classification System was applied to visualize “Biological Process” and 

“Molecular Function” of annotated genes (201).  
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4 Results 

4.1 Genome-wide methylation analyses 

This master thesis was aimed to establish Next-Generation Sequencing 

(NGS) approaches for methylome and transcriptome analyses and served as 

preliminary study for subsequent NGS analyses of CML patients. Therefore, we 

initially investigated the methylomes of the leukemia cell lines MO7e, MO7e/p210 

and of two BM control samples (BMA, BMB) using RRBS. A mean of 4,5x106 

cytosines located in a CpG context were analysed per sample. On average 52,4% 

of cytosines located in a CpG context were methylated per sample. By comparison 

of the content of methylated CpG sites in MO7e, MO7e/p210 cells with that in 

control samples, we observed a higher frequency of methylated CpG sites in 

MO7e cells versus controls (62,1% vs. 42,2%) and in MO7e/p210 cells versus 

controls (63,2% vs. 42,2%). Moreover, a slightly higher frequency of methylated 

CpG sites was also seen in MO7e/p210 cells compared to MO7e cells (63,2% vs. 

62,1%).  

 

Hierarchichal clustering based on CpG site methylation clearly separated 

MO7e/p210 and MO7e from nBM (Fig. 14A). By comparison of their overall CpG 

site methylation levels, we found a much higher median CpG site methylation level 

in cell lines compared to nBM (Fig. 14B). This was further confirmed by calculation 

of pairwise Pearson’s correlation coefficients: While the correlation coefficient 

between nBM samples (BMA, BMB) was 0.94, we observed clearly lower values 

between cell lines versus nBM (R=0.64) and, moreover, even between 

MO7e/p210 and MO7e cells (R=0.88) (Fig. 14C).  
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Figure 14. (A) DataStore Tree clustering based on methylation of all samples generated using 
Seqmonk software. (B) Boxplot of median expression in nBM and cell lines using Seqmonk 
software is shown. (C) Scatter plots of percentage of CpG methylation for sample pairs generated 
using MethylKit software are shown (lower left corner). Numbers in the upper right corner are 
pairwise Pearson´s correlation scores. Diagonal histograms demonstrate percentage of 
methylation per CpG site per sample. 

 

 

4.1.1 Identification of differentially methylated CpG sites 

Overall, 903.150 CpG sites were commonly detected in all samples 

analysed. 230.636 of these CpG sites were found to be differentially methylated 

(adjusted p<0.01, above 25% methylation difference) between MO7e/p210 and 

nBM (increased methylation: 219.552, decreased methylation: 11.084) and 

231.960 of these CpG sites were found to be differentially methylated between 

MO7e and nBM (increased methylation: 221.450, decreased methylation: 10.510). 

In addition, we found 2.149 differentially methylated CpG sites in MO7e/p210 cells 

compared to MO7e (increased methylation: 494, decreased methylation: 1.655). 

The chromosomal distributions of these differentially methylated CpG sites are 

shown in Figure 15. 
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Figure 15. Percentage of hyper- and hypomethylated regions per chromosome in MO7e/p210 
versus nBM, MO7e versus nBM and MO7e/p210 versus MO7e is shown. nBM, normal bone 
marrow. 

 

 

4.1.1.1 Genomic annotation of differentially methylated CpG sites in 
leukemia cells compared to controls 

 

We determined the distance of differentially methylated CpG sites to TSS of 

genes in MO7e/p210 versus nBM. While CpG sites with increased methylation 

were mainly located in close proximity to TSS, CpG sites with decreased 

methylation were predominanty located far away (>5000 bp) from the TSS (Fig. 

16A). In addition, differentially methylated CpG sites between MO7e/p210 versus 

nBM were analysed according to their distribution within exons, introns, promoters 

and intergenic regions as well as according to their location within CGIs and CGI 

shores. CpG sites with increased methylation in MO7e/p210 compared to nBM 

were found to be located predominantly in promoter regions and CGIs, while CpG 

sites with decreased methylation were mainly located in introns and intergenic 

regions rather than in promoters (Fig. 16B, C). Furthermore, we identified the 

association of CpG sites with increased methylation with 6398 genes, while CpG 

sites with decreased methylation were associated with 854 genes. Among genes 

with increased methylation, we found regulators important for timing cell 

differentiation (ASCL1, DLL1, FGF9, HES3, NODAL, NR2E1, PAX6, RBPJ), 

positive regulators for cell adhesion (e.g. CDH13, COL16A1, FN1, KIF26B) and for 

apoptosis (e.g. TP53INP1, TP73, CASP8).  
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Finally, we analysed CpG sites with at least 25% increase in methylation in 

MO7e/p210 compared to MO7e to detect possible BCR/ABL1 regulative effects. In 

total, 494 CpG sites were found to be associated with 79 genes (Fig. 16D). 

Interestingly, we found positive regulators of immune system processes (IGF2, 

KCNN4, PAK1, ZP3), of cell adhesion (IGF2, NRG1, PAK1, ZP3) and of cell 

communication (ARHGAP6, IGF2, KCNN4, NEK6, NRG1, PAK1, PARP1, SASH1, 

ZP3) and moreover regulators for accurate and complete genome replication and 

chromosome segregation (CEP126, CEP76, CHMP6, FMN2, IGF2, NEK6, 

TUBG1).  

 

Figure 16. (A) Location of CpG sites with increased methylation (red) or decreased methylation 
(green) in MO7e/p210 compared to nBM samples relative to TSS of genes is shown. Error bars 
indicate the standard errors of the mean. (B/C) Location within introns, exons, promoters and 
intergenic regions (left) and distribution within CGIs, CGI shores and others are shown (right) for 
CpG sites with increased methylation (B) and decreased methylation (C) in MO7e/p210 
(methylation difference compared to nBM ≥25%). (D) Heatmap demonstrates 79 genes associated 
with CpG sites with increased methylation in MO7e/p210 compared to MO7e. Colors ranging from 
light (low methylation) to dark brown (strong methylation). nBM, normal bone marrow, CGI, CpG 
island.  
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4.1.2 Identification of differentially methylated CGIs 

We further analysed differential methylation of CGIs using Seqmonk and 

ClustVis software. Overall, 19.167 CGIs were commonly detected in all samples 

analysed. We found highly comparable CGI methylation between the two nBM 

samples and between the two leukemia cell lines (Fig. 17A, upper panel). When 

we compared CGI methylation between nBM versus MO7e/p210 cells and nBM 

versus MO7e cells, we found dramatically increased CGI methylation in the 

leukemia cell lines (Fig. 17A, lower panel). In total, 6.240 CGIs were differentially 

methylated between MO7e/p210 cells versus nBM (increased methylation: 6088, 

decreased methylation: 152) and 6.454 CGIs were differentially methylated 

between MO7e cells versus nBM (increased methylation: 6112, decreased 

methylation: 342). CGIs with increased methylation are associated with 5275 and 

5304 genes in MO7e/p210 and MO7e versus nBM respectively. CGIs with highest 

differential methylation values (≥80%) are illustrated in Figure 17B (left/middle 

panel). 

  

In addition, we found 815 differentially methylated CGIs between 

MO7e/p210 and MO7e (increased methylation: 512, decreased methylation: 303) 

(Fig. 17B, right panel). CGIs with increased methylation are associated with 409 

genes, while CGIs with decreased methylation are associated with 250 genes. 

Among genes associated with CGIs with increased methylation, we identified 

negative regulators of cell migration (ABR1, NOTCH1), positive regulators of 

apoptosis (e.g. CTSH, DNM2, TPD52L1, TRAF7) and of cell adhesion (AP3D1, 

DMD) and genes involved in DNA damage repair (ATRX, CSNK1D, FAN1, MUM1, 

PARP4, XAB2).  
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Figure 17. (A) Scatter plots summarizing differentially methylated CGIs between BMA versus 
BMB, MO7e/p210 versus MO7e, MO7e/p210 versus nBM and MO7e versus nBM. (B) Heatmaps 
demonstrate top hits with ≥80% differential CGI methylation between MO7e/p210 versus nBM 
(left), MO7e versus nBM (centre) and ≥25% differential CGI methylation between MO7e/p210 
versus MO7e (right). Colors ranging from light (low methylation) to dark brown (strong methylation). 
nBM, normal bone marrow.  
 

 

4.1.2.1 Genomic annotation of differentially methylated CGIs in leukemia 
cells compared to controls 

 

In addition, we determined the location of the differentially methylated CGIs 

in MO7e/p210 cells compared to nBM relative to the TSS of genes using GREAT 

software. These analyses revealed that CGIs with increased methylation are 

located close to TSS. By contrast, CGIs with decreased methylation were not 
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found to be in close vicinity to TSS (Fig. 18). This observation was confirmed by 

analyses using Seqmonk software. While 4224 CGIs with increased methylation 

were found to be located 2000bp upstream, downstream or overlapping a TSS, 

only 29 CGIs with decreased methylation were located 2000bp upstream, 

downstream or overlapping a TSS.  

 

Figure 18. Location of CGIs with increased methylation (red) or decreased methylation (green) in 
MO7e/p210 compared to nBM samples relative to TSS of genes is shown. Error bars indicate the 
standard errors of the mean. 
 

Overall, these results demonstrate that CpG site methylation and CGI 

methylation are extensively increased in leukemia cell lines compared to controls 

and that a decrease in CpG site/CGI methylation is an infrequent event in 

leukemia cells. Moreover, our findings demonstrate that hypermethylated regions 

are mainly located within promoters close to TSS, while hypomethylated regions 

are distantly situated.  

 

 

4.1.3 In silico functional analyses of differentially methylated CpG 
sites 

To obtain a better insight into cellular and molecular functions of 

differentially methylated CpG sites/CGIs, we used GREAT Annotation software, 

which investigates genomic regions according to published gene-based analyses 

and enrichments from DAVID database. Our analyses covered ≥25% differentially 

methylated CpG sites between MO7e/p210 versus nBM resulting in highly 
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enriched GO/MSigDB terms predominantly associated with developmental 

processes, cell differentiation, different abnormal mouse and human phenotypes 

and H3K27 trimethylation for CpG sites with increased methylation in MO7e/p210 

cells (Fig.19, Tab. 11). In contrast, MO7e/p210 CpG sites with decreased 

methylation correlated with cell organization, membrane channel activity and, 

moreover, showed highly significant association with angiogenesis (Fig.19, Tab. 

12). Analyses of MO7e/p210 CGIs with increased methylation revealed 

enrichment of similar functions/processes as described above.  

Overall, these data indicate strong disturbances of many cellular and 

biological processes by hyper- and hypomethylation events in leukemia cell lines. 

 

Figure 19. GO enrichment analyses of genes associated with CpG sites with increased 
methylation (A) and decreased methylation (B) in MO7e/p210 using GREAT Annotation software. 
Maximal 10 most significant (hyper fdr q-values, shown as -log10 p-values) categories of 
“Biological process” and of “Molecular function” are listed. 
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4.2 Transcriptome analyses 

We investigated the transcriptome of the same samples which were also 

used for methylome analyses. In addition, because RNA from only one nBM 

control was available, we included three additional peripheral blood (nPB) samples 

from healthy donors. Aligned .bam files were imported into Seqmonk software for 

further processing and data analyses. To be able to compare RNA-seq data 

between samples, data were normalised using the “Percentile Normalisation 

Quantitation” pipeline and the “Match Distribution” option. Data before and after 

normalisation are shown in Figure 20. Overall, 30.951 transcripts were analysed 

by RNA-Seq.  

 

Afterwards, expression differences (intensity difference with a non-adjusted 

p-value<0.01) between nBM and MO7e/p210 were calculated. These analyses 

lead to the identification of 442 differentially expressed genes. By filtering for 

clusters with a minimum number of 10 probes per cluster, we were able to identify 

4 big clusters within the 442 gene cohort (Fig. 21A). Overall, 162 of all differentially 

methylated genes were found to be downregulated in leukemia cell lines but not in 

controls (nBM, nPB) (cluster 1), while only 64 genes turned out to be upregulated 

in leukemia cell lines but not or less in controls (cluster 4). Moreover, 194 genes 

were found to be upregulated in nBM only (cluster 2), whereas only 19 genes 

turned out to be downregulated in nBM in comparison to all other samples (cluster 

3).  

Correction for multiple testing (adjusted p-value<0.1) of differential 

expression between MO7e/p210 and nBM reduced the number of genes to 59. 

Interestingly, 54 of these genes turned out to be at least 4-fold downregulated in 

leukemia cell lines compared to nBM. Some of these genes are assumed a 

function as potential tumor suppressors (e.g. SPARC, XIST, TIMP2, TSC22), 

regulators of apoptosis (e.g. DUSP-1, MAGED1, CD36), cell growth (e.g. SPARC), 

cell cycle (e.g. CDK6) or cell adhesion (e.g. CDH11, COLL11A1, COL3A1, IBSP, 

FN1).  

 

The comparative gene expression analysis (intensity difference with a non-

adjusted p-value<0.01) between MO7e/p210 and nPB identified 507 differentially 
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expressed genes which are clustered in 2 clusters (Fig. 21B). We identified 148 

genes with a lower expression (cluster 2) and 361 genes with a higher expression 

in nPB compared to leukemia cell lines (cluster 1). Correction for multiple testing 

(adjusted p-value<0.1) reduced the number of genes to 96. Among them 13 genes 

were expressed in leukemia cell lines but downregulated in nPB (e.g. BCAT1, KIT, 

FASN). Among the downregulated genes in leukemia cell lines, we identified 

genes important for positively regulating cell adhesion (e.g. CCL5, CD36, KLRK1, 

TRAC, HLA-DPA1) and apoptosis (e.g. DUSP1, ANXA1, CASP1, MNDA, IGF2R) 

and negatively regulating cell proliferation (e.g. BTG1, ETS1, IRF1).  

 

In order to identify genes which might be transcriptionally regulated by 

BCR/ABL1, we additionally analysed expression differences between MO7e/p210 

and MO7e (intensity difference with a non-adjusted p-value<0.01). We found 491 

genes with at least 2-fold expression difference. Expression of 279 of them was 

upregulated, while expression of 212 genes was downregulated in MO7e/p210 

compared to MO7e (Fig. 21C). Among the 212 downregulated genes, we identified 

several tumor suppressors (e.g. BRCA2, E2F2, KLF10, KLF11, KLF7, PARP1, 

PCDH9). After correction for multiple testing (adjusted p-value<0.1) 83 

differentially expressed genes remained. 44 of them were downregulated and 

included positive regulators of cell death (e.g. BMF, GRIN2A, OSGIN1) or of cell 

adhesion (e.g. COL6A3, LAMA2, PVRL4).  

 

Figure 20. RNA-Seq data before (left) and after (right) normalization using Seqmonk software.  
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Figure 21. Heatmaps show expression values of genes with at least 2-fold expression difference 
between MO7e/p210 and nBM (A) and MO7e/p210 and nPB (B) and expression values of genes 
with at least 2-fold upregulation (upper panel) and 2-fold downregulation (lower panel) in 
MO7e/p210 compared to MO7e and nBM (C). nBM, normal bone marrow, nPB, peripheral blood 
monocytes, Cl, Cluster. 
 

 

 

4.3 Correlation between DNA methylation and gene 
expression 

To identify genes which might be transcriptionally regulated by methylation in 

leukemia cell lines, we determined expression levels of the genes found to be 

methylated in MO7e/p210 cells by RRBS. We investigated the expression levels of 

genes associated with CpGs with increased methylation (≥25%) in MO7e/p210 
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compared to nBM. The analysis covered 6359 methylated genes. By comparison 

of their overall expression levels, a lower median expression was observed in 

leukemia cell lines compared to nBM (Fig. 22). Moreover, we identified 2403 

methylated genes with at least 2-fold downregulation and 1598 methylated genes 

with at least 2-fold upregulation in MO7e/p210 compared to nBM. Figure 23A 

shows top hits with at least 4-fold up- and downregulation.  

In order to identify genes that might be regulated by BCR/ABL1, we 

additionally searched for genes with at least 2-fold downregulation in MO7e/p210 

compared to MO7e within the 2403 gene cohort. We detected 667 methylated 

genes with at least 2-fold downregulation in MO7e/p210 compared to nBM and 

MO7e (Fig.23B). Table 13 summarizes enriched GO terms for these genes. 

Panther Classification System was used to analyse molecular function and 

biological processes of 611 of the 667 genes (Fig. 23C).  

 

Overall, these results indicate that methylation of many genes leads to their 

transcriptional silencing.  

 

Figure 22. Median expression levels of 6359 genes with increased methylation in MO7e/p210 
compared to nBM. nBM, normal bone marrow.  
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Figure 23. (A) Heatmaps illustrate expression values of methylated genes with high expression 
(upper panel) and low expression (lower panel) in MO7e/p210 compared to nBM. (B) Heatmap 
shows expression values of methylated genes with at least 2-fold downregulation in MO7e/p210 
compared to MO7e and nBM. (C) Panther classification system matched 611 of 667 MO7e/p210 
methylated and 2-fold downregulated genes according to molecular function and biological 
process. nBM, normal bone marrow, nPB, peripheral blood.  
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4.4 Gene-specific methylation analyses 

Based on our NGS data, we selected 3 genes (TGFBI, SGK1, ST3GAL6) for 

further methylation analyses in MO7e/p210, MO7e, nBM, nPB and CML patient 

samples (CP, n=2; AP, n=3; BC, n=1) using MS-HRM. We were able to confirm 

methylation observed by RRBS of all 3 genes in MO7e/p210 and MO7e cells by 

MS-HRM. Moreover, methylation of these genes was increased in BC compared 

to CP or AP samples (Fig. 24).  

To obtain more information about the potential function of the genes, 

Genemania software was used (Fig. 25). TGFBI was found to interact with several 

proteins involved in cell adhesion (FN1, POSTN, ITGA3), while SGK1 interacts 

with the tumor suppressor FOXO3. Moreover, we found that SGK1 co-localizes 

with the phosphatase DUSP4 which is a negative regulator of proliferation-

controlling kinases.  

 

Figure 24. MS-HRM analyses of TGFBI, ST3GAL6 and SGK1. Shown are amplification plots (left 
panel), differential graphs with maximum peak values (middle panel) of samples and DNA 
methylation standards and regression lines of standards (right panel). nPB, peripheral blood, nBM, 
normal bone marrow, CP, chronic phase, AP, accelerated phase, BC, blast crisis.  
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Figure 25. Genemania network analyses of selected genes (TGFBI, SGK1, ST3GAL6). Shown are 
associations with pathways, physical interactions, predicted interactions, and proteins with 
coexpression and –localization.  
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5 Discussion 

DNA methylation changes are known to be involved in the development of 

various malignant diseases. However, only little is known about the impact of 

methylation in CML pathogenesis. So far, studies were mainly restricted to 

analyses of single genes, while whole-genome studies investigating DNA 

methylation patterns in CML are rare. To elucidate the role of DNA methylation in 

CML, we established a method for genome-wide methylation analyses in our lab. 

This technique is called RRBS and was chosen because of its high sensitivity and 

enrichment for CpG-rich regions, which makes it cost-effective in comparison to 

Whole Genome Bisulfite Sequencing (WGBS) (142). We tested RRBS using 

leukemia cell lines and nBM controls.  

By comparing CpG site and CGI methylation between leukemia cell lines and 

nBM, we observed heavily increased methylation levels in leukemia cell lines. 

Overall, the frequency of CpG sites with increased methylation was much higher 

than the frequency of CpG sites with decreased methylation indicating that 

hypomethylation is an infrequent event in these cells. The majority of methylated 

CpG sites in MO7e/p210 was found to be located in promoter regions within CGIs 

and close to TSS. Genes associated with CpG sites with increased methylation in 

MO7e/p210 were found to be involved in the regulation of developmental 

processes, cell differentiation and the occurrence of different disease phenotypes 

while genes associated with CpG sites with decreased methylation were 

significantly enriched for angiogenesis. In comparison to methylation differences 

between leukemia cell lines and nBM, we observed methylation differences 

between the BCR/ABL1 expressing cell line (MO7e/p210) and its untransformed 

counterpart (MO7e) in a lower degree. These differences might be caused by 

BCR/ABL1. However, additional analyses are necessary to prove this hypothesis. 

In particular, genome-wide analyses of human BCR/ABL1 inducible cells should 

be performed. Genes associated with methylated CpG sites in MO7e/p210 

compared to MO7e were found to be involved in cell adhesion, cell division, cell 

communication and immune defense.  

Moreover, we analysed mRNA expression by RNA-Seq and identified a 

large number of genes where expression was downregulated in MO7e/p210 

compared to nBM. These genes included tumor suppressors, regulators of 
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apoptosis, cell growth, cell cycle and cell adhesion. In addition, several tumor 

suppressors were found to be downregulated in MO7e/p210 compared to MO7e. 

These data suggest that gene expression is strongly deregulated in MO7e/p210 

compared to controls.  

To analyse whether DNA methylation is associated with transcriptional gene 

silencing, we compared RRBS and RNA-Seq data of leukemia cell lines. We found 

that the majority of methylated genes was also downregulated in MO7e/p210 

indicating that these genes are transcriptionally regulated by DNA methylation. In 

comparison to MO7e and nBM, we identified 667 methylated and downregulated 

genes in MO7e/p210. Many of them were found to play roles in apoptosis, immune 

defense and cell adhesion.  

We selected 3 genes (TGFBI, SGK1, ST3GAL6) for methylation analyses 

using a gene-specific approach. Increased promoter methylation of these genes 

was observed in MO7e/p210 and MO7e cell lines and in a BC-CML patient 

sample. While promoter methylation of TGFBI and ST3GAL6 was also observed in 

AP- and CP-CML patient samples, promoter of SGK1 was not found to be 

methylated in these samples. To get information about the involvement in 

molecular networks, we performed network analyses using Genemania software. 

We found physical interactions of TGFBI with proteins involved in cell adhesion 

such as ITGA3, COL4A2, COL4A3 and FN1. SGK1 was found to interact with the 

tumor suppressor FOXO3A, while ST3GAL6 was found to co-localize with the 

potential tumor suppressor DUSP4. So far, it remains unclear whether these 

genes are involved in the pathogenesis of CML and further experiments are 

necessary to elucidate the function of these genes in CML cells. However, based 

on the available literature, there is evidence that these genes might be involved in 

the carcinogenesis of certain malignancies. TGFBI (Transforming Growth Factor, 

Beta-Induced) is suggested to participate in cell-collagen interactions and has 

been shown to be methylated in ovarian cancer, multiple myeloma, 

neuroblastoma, prostate cancer, lung cancer and MLL. (208-213). SGK1 (serum- 

and glucocorticoid-regulated kinase 1) is known to be involved in many cellular 

processes such as stress response by regulating ion channels and cell volume but 

was not frequently linked to cancer development (214). ST3GAL6 (ST3 Beta-

Galactoside Alpha-2,3-Sialyltransferase 6) is important for adhesion-mediating 
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selectin ligand synthesis and was demonstrated to be methylated in colorectal and 

gastrointestinal cancer (215-217).  

Overall, our findings demonstrate a high frequency of CpG site and CGI 

methylation in leukemia cell lines that likely regulates transcription of a large 

number of genes. These genes frequently participate in cellular processes 

essential for maintaining a healthy cell phenotype. Thus, promoter methylation of 

the identified genes is suggested to result in strong deregulation of signalling 

pathways and cellular networks and might be involved in the pathogenesis of 

CML.  
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7 Abstract 

Aberrant DNA methylation is a frequent event in the pathogenesis of various 

cancer types and is associated with reduced gene expression. Due to the limited 

knowledge about DNA methylation landscapes in chronic myeloid leukemia (CML), 

we conducted a genome-wide methylation study in the leukemia cell lines MO7e, 

MO7e/p210 and in normal bone marrow controls (nBM) by reduced-representation 

bisulfite sequencing (RRBS). In addition, we investigated gene expression using 

RNA-Sequencing (RNA-Seq) and compared RRBS data and RNA-Seq data. 

Overall, we observed higher CpG site methylation levels in cell lines compared to 

nBM and identified ~230.000 methylated CpG sites between MO7e/p210 and 

NBM. Moreover, we found ~2.000 differentially methylated CpG sites between 

MO7e/p210 and MO7e. While CpG sites with increased methylation were mainly 

located in CpG islands (CGIs) and CGI shores associated with promoter regions, 

CpG sites with decreased methylation were predominantly located within introns 

and intragenic regions in large distance to transcription start sites (TSS). By 

searching for enriched GO/MSigDB terms, we observed that genes with increased 

methylation in MO7e/p210 were mainly associated with developmental processes, 

cell differentiation and abnormal disease phenotypes. By contrast, genes with 

decreased methylation were mainly associated with angiogenesis. RNA-Seq 

analyses revealed that 442 genes are differentially expressed between 

MO7e/p210 and nBM. The majority of these genes was found to be downregulated 

in MO7e/p210 and included known/putative tumor suppressors and regulators of 

apoptosis, cell growth and cell adhesion. By comparison of DNA methylation and 

gene expression data, we identified genes with increased methylation, of which 

the majority was downregulated in MO7e/p210 compared to nBM. Within this gene 

cohort, we identified ~660 genes that were strongly downregulated in MO7e/p210 

compared to MO7e and nBM. Many of these genes were found to be involved in 

apoptosis, cell adhesion and immune defense. Gene-specific methylation analyses 

of TGFBI, SGK1 and ST3GAL6 revealed elevated promoter methylation of these 

genes in CML patient samples.  

Overall, our findings demonstrate that RRBS is an efficient approach to 

investigate methylation genome-wide. In addition, we identified many genes which 
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are methylated in CML cell lines and which are transcriptionally downregulated in 

these cells.  
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8 Zusammenfassung 

Die aberrante DNA Methylierung ist ein häufig auftretendes Ereignis in der 

Pathenogenese verschiedener Krebsarten und ist mit einer reduzierten 

Genexpression verbunden. Aufgrund des bisher limitierten Wissens über DNA 

Methylierungsmuster in chronischer myeloischer Leukämie (CML), führten wir 

mittels der Reduced Representation Bisulfite Sequencing (RRBS) Methode eine 

genomweite Methylierungsstudie in den Leukämiezelllinien MO7e und MO7e/p210 

sowie normalem Knochenmark (nKM) als Kontrolle durch. Zusätzlich untersuchten 

wir unter Verwendung von RNA-Sequencing (RNA-Seq) die genomweite 

Genexpression und verglichen RRBS Daten mit RNA-Seq Daten. Insgesamt 

konnten wir eine deutlich höhere CpG Methylierung in den Zelllinien im Vergleich 

zu nKM feststellen und ~ 230.000 unterschiedlich methylierte CpGs zwischen 

MO7e/p210 und nKM identifizieren. Weiters identifizierten wir ~ 2.000 

unterschiedlich methylierte CpGs zwischen MO7e/p210 und MO7e. Methylierte 

CpGs waren vorwiegend in CpG islands (CGIs) und CGI shores in der Nähe von 

Genpromotorregionen zu finden, während unmethylierte CpGs vermehrt mit 

Introns und intragenischen Abschnitten abseits von Transkriptionsstarts (TSS) 

assoziiert werden konnten. Gene mit erhöhter Methylierung in MO7e/p210 

konnten mit Entwicklungsprozessen, Zelldifferenzierung und abnormen 

Krankheitsphänotypen in Verbindung gebracht werden. Dagegen wurden 

hypomethylierte Gene mit Angiogenese assoziiert. Mit der RNA-Seq Datenanalyse 

wurden 442 Gene mit unterschiedlicher Expression zwischen MO7e/p210 und 

nKM identifiziert. Der Mehrheit dieser Gene zeigte eine verminderte mRNA 

Expression und einige der Gene wurden als bekannte/potentielle 

Tumorsuppressoren und Regulatoren von Apoptose, Zellwachstum und 

Zelladhäsion beschrieben. In einem umfassenden Vergleich von Methylierungs- 

und Genexpressionsdaten konnten Gene mit erhöhtem Methylierungsgrad, 

dessen Mehrheit mit vermindeter mRNA Expression korrelierte, in MO7e/p210 

gefunden werden. Die mRNA Expression von 660 dieser Gene waren im Vergleich 

zu MO7e und nKM vermindert. Einige dieser Gene konnten mit Apoptose, 

Zelladhäsion und Immunabwehr assoziiert werden. Gen-spezifische 

Methylierungsanalysen von TGFBI, SGK1 und ST3GAL6 ergaben, dass diese 

Gene in der Mehrheit der Proben von CML-Patienten methyliert waren.  
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Zusammenfassend zeigen unsere Ergebnisse, dass RRBS eine effiziente 

Methode zur Untersuchung genomweiter DNA Methylierung darstellt. Wir konnten 

Gene identifizieren, die in den Leukämiezelllinien durch Methylierung 

transkriptionell reguliert werden.  
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