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Summary
Acute lymphoblastic leukemia (ALL) is the most common form of childhood cancer. It  is a 
complex disease where the lymphoblast progenitor cells fail to develop normally. ALL is defined by 
an excess of improperly developed lymphoblasts in the bone marrow and blood and causes 
malignancy by out-growing normal healthy cells. Despite recent improvements in treatment 
protocols, 20-25% of ALL patients still die from relapse or treatment-related complications. To 
minimize side effects and the risk of patients being over-treated, and optimize chances for cure and 
long-term survival, the contemporary leukemia therapy must be tailored for each individual. In 
ALL there is an enormous diversity in phenotypes and genetic aberrations between patients, 
however these genetic aberrations do not seem to be the only factors involved in prognosis or 
response to drug treatment. The goal now is to investigate the underlying mechanisms, what roles 
mutations, gene aberrations and methylation levels play  in the process and progression of ALL and 
the effects they have on the treatment outcome. 

The genes investigated in the quantitative real-time polymerase chain reaction project validated the 
subtype-specific expression results from a previous study using digital gene expression profiling. 
The six libraries prepared from a carefully  chosen patient for whole cancer genome sequencing 
yielded in total 128.3 Gb (raw data) and when aligned to the human genome it showed 39x 
coverage of the genome. The two different enzymes, PfuTurbo Cx Hotstart DNA Polymerase 
(Agilent) and Phusion Hotstart DNA Polymerase (Finnzymes Oy), were compared to each other in 
order to optimize the protocol for whole genome bisulfite sequencing; only the PfuTurbo Cx 
Hotstart DNA Polymerase worked for the bisulfite-treated DNA. In order to optimize the protocol 
even further two different bisulfite treatment kits, ZYMO EZ DNA MethylationTM Kit (Zymo 
research) and BisulFlashTM DNA Modification Kit (Epigentek), were compared to each other. 
Further investigation needs to be performed in order to draw a conclusion whether the faster easier 
kit; BisulFlashTM DNA Modification Kit (Epigentek) works equally  well since the results were 
inconclusive.

1



Contents
...................................................................................................................................Abbreviations 4

......................................................................................................................................Introduction 5

.......................................................................................................................1.1 Human genome 6

..................................................................................................................1.2 Genetic aberration 6

....................................................................................1.2.1 Structural chromosomal changes 7

...............................................................................................................1.2.1.1 Translocations 7

...................................................................................1.2.2 Numerical chromosomal changes 8

......................................................1.2.2.1 Copy number variation and loss of heterozygosity 8

......................................................................................................1.2.2.2 High hyperdiploidy 8

.................................................................................................................................1.3 Mutation 8

............................................................................................................................1.4 Methylation 9

.............................................................................................................................1.5 Technology 9

.............................................................................................1.5.1 Next generation sequencing 9

....................................................1.5.2 Quantitative Real-Time Polymerase Chain Reaction 10

.......................................................................................................1.5.3 Bisulfite conversion 10

.............................................................................................................................................2. Aim 12

........................................................................................................................................3. Results 13

..................................................................3.1 Validation of changes in gene expression levels 13

...................................................................3.2 Libraries for whole cancer genome sequencing 15

.................................3.3 Optimization of the protocol for whole genome bisulfite sequencing 17

....................................................3.3.1 Comparing two different enzymes for bisulfite PCR 17

..........................................................3.3.2 Comparing two different bisulfite treatment kits 17

......................................................................................................................................Discussion 20

..........................................................................................................................4.1 Future plans 21

.................................................................................................................5. Material and Methods 22

..................................................................5.1 Validation of changes in gene expression levels 22

...............................................................................................................5.1.1 RNA to cDNA 22

.........................................................................................5.1.2 Quantitative Real Time-PCR 22

...................................................................5.2 Libraries for whole cancer genome sequencing 23

.....................................................................................5.2.1 Paired-End Sample Preparation 23

...........................................................5.2.2 Purifying PCR products and validating libraries 25

.................................................................................5.2.3 Whole cancer genome sequencing 26

.................................5.3 Optimization of the protocol for whole genome bisulfite sequencing 26

..............................................5.3.1 Comparison of two different enzymes for bisulfite PCR 26

..................................................................................5.3.1.1 Paired-end Sample Preparation 26
2



........................................................5.3.1.2 Purifying PCR products and validating libraries 28

....................................................5.3.2 Comparison of two different bisulfite treatment kits 28

........................................................................5.3.2.1 ZYMO EZ DNA MethylationTM Kit 28

.......................................................................5.3.2.2 BisulFlashTM DNA Modification Kit 28

........................................................................................5.3.2.3 Polymerase Chain Reaction 29

................................................................................................5.3.4 Purifying PCR products 30

.......................................................................................................5.3.5 Bisulfite sequencing 31

........................................................................................................................Acknowledgements 32

......................................................................................................................................References 33

3



Abbreviations
ALL  Acute Lymphoblastic Leukemia 
AML  Acute Myeloid Leukemia
B-ALL  B-cell Acute Lymphoblastic Leukemia
cDNA  Complementary DNA
CNV  Copy Number Variation
CpG  Cytosine-phosphate-Guanine
DGE  Digital Gene Expression
dNTP  Deoxynucleotide
d(…)  Dicentric
Exo I  Exonuclease I 
HeH  High Hyperdiploidy
LOH  Loss of Heterozygosity
MQ-water Milli-Q water 
NGS  Next Generation Sequencing
PCR  Polymerase Chain Reaction
qRT-PCR Quantitative Real-Time Polymerase Chain Reaction
SAP  Shrimp alkaline phosphatase
t(…)  Translocation
TAE  Tris-Acetate-EDTA
T-ALL  T-cell Acute Lymphoblastic Leukemia
TEB  Tris-EDTA-Borate
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Introduction
Acute lymphoblastic leukemia (ALL) is the most common form of childhood cancer. It is a disease 
in which the lymphoblast progenitor cells fail to develop normally  (Figure 1). ALL is defined by an 
excess of improperly developed lymphoblasts in the bone marrow and blood and it causes 
malignancy by out-growing normal healthy cells in the bone marrow and by spreading to other 
organs. Since these abnormal cells are released into the blood stream, ALL patients often bruise and 
bleed easily and become anemic because of the decreased production of erythrocytes and 
thrombocytes. ALL in children is an acute disease, so once the patient has been diagnosed the 
treatment must start, since the disease progresses very rapidly [4, 28]. The exact cause of childhood 
ALL is unknown, but it is believed that both genetic and environmental factors are involved [8, 34]. 

Figure 1. Differentiation of hematopoietic stem cells into lymphoid and myeloid progenitor cell lines. In patients 
with ALL the pathway of the lymphoid progenitor is affected, healthy lymphoblasts are not developed normally, 
causing malignancy by out-growing normal healthy bone marrow derived cells. [Illustration made by Matilda 
Canderyd 2010]

Despite recent improvements in treatment protocols, 20-25% of ALL patients still die from relapse 
or treatment-related complications [4, 11, 30, 34]. To minimize side effects and the risk of patients 
being over-treated, and optimize chances for cure and long-term survival, the contemporary 
leukemia therapy must be tailored for each individual [4, 9, 11, 13, 14]. This is especially  important 
for ALL patients where there is an enormous diversity  in phenotypes and genetic aberrations 
between patients [4, 9, 11, 13]. The goal now is to investigate the underlying mechanisms, what 
roles mutations, gene aberrations and methylation levels play in the process and progression of 
ALL and the effects they have on the treatment outcome. 

5



1.1 Human genome
The human genome contains all the genetic information needed for generating a phenotype, which 
is different in each individual. Under normal conditions the human has 46 chromosomes. The 
somatic cells have two sex chromosomes (XX female or XY male) and two copies of chromosomes 
1-22 (Figure 2), which are inherited one copy from each parent. An individual is considered to be 
homozygote if the allele on the paternal chromosome is identical to the same gene on the maternal 
chromosome, and considered to be heterozygote if the genes are different between the paternal and 
maternal chromosomes. 

Figure 2.  A karyogram. The somatic cells have two sex 
chromosomes (XX female or XY male) and two copies of 
chromosomes 1-22. [Picture adapted from 31]. 

The human genome holds information about human evolution, development, physiology  and 
medicine. The human genome contains more than 20,000 protein-coding genes [6]. Thanks to the 
Human Haplotype Mapping Project, the Human Genome Project and the 1000 Genomes Project 
(Pubmed id: 20981092) the complete sequence of the human genome, and many of its variants, are 
now easily accessible in public databases [5, 7, 29].

1.2 Genetic aberration
It is now widely accepted that human cancers are genetic diseases developed through the 
accumulation of genetic alterations in critical genes [24]. ALL is divided into two groups, based on 
the leukemic progenitor cell type, T-cell ALL (T-ALL) and B-cell ALL (B-ALL). B-ALL is further 
classified into genetic subtypes based on cytogenetically defined chromosomal aberrations, which 
are important hallmarks and very valuable for guiding treatment [2, 13, 21, 22]. Deletions, 
translocations, inversions and other rearrangements involving genes with oncogenic potential 
(structural abnormalities) generate disruption of specific differentiation or proliferation pathways, 
which can lead to the progression of leukaemogenesis [13]. 
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1.2.1 Structural chromosomal changes 

1.2.1.1 Translocations

Translocations are structural chromosomal changes, which is one of the cytogenetically  defined 
chromosomal aberrations that give rise to the further classification of B-ALL.

The ETV6-RUNX1 (also known as TEL-AML1) translocation, which is the translocation between 
chromosome 12 and 21, t(12;21)(p13;q22), is the most common childhood B-ALL translocation [2, 
13, 18, 21]. ETV6-RUNX1-rearranged ALL represents a unique biological subset  of B-ALL [2, 34]. 
The t(12;21) generates the ETV6-RUNX1 fusion protein, which contains the transactivation and 
DNA-binding domains of RUNX1 fused to the basic helix-loop-helix domain of ETV6 [2, 9, 18]. 
Both RUNX1 and ETV6 genes are found in other leukemia-associated translocations. The presence 
of genomic amplifications of the RUNX1 locus in childhood ALL and the identification of inherited 
or acquired mutations in RUNX1 in acute myelogenous leukemias (AMLs), further support a 
prominent role of RUNX1 in the pathogenesis of human leukemias [2]. The t(12;21) is associated 
with a good prognosis with a survival rate close to 90% [2, 13, 34].

The BCR/ABL translocation, which is the translocation between chromosomes 9 and 22, t(9:22)
(q34;q11), also known as the Philadelphia chromosome. It is not very common in childhood ALL, 
occurring in about 5% of the cases [2, 13, 18]. The BCR/ABL hybrid is generated by the joining 
between the 5’end of the BCR gene and the 3’end of the ABL proto-oncogene [13]. The 
Philadelphia chromosome is associated with an extremely poor diagnosis [1, 2, 13, 18].

The E2A/PBX1 translocation, is a translocation between chromosomes 1 and 19, t(1;19)(q23;p13) 
[2, 13, 26]. This translocation fuses the homeobox (HOX) gene PBX1 on chromosome 1 with the 
transactivation domain of the bHLH transcription factor E2A on chromosome 19 [2, 18]. E2A 
contains a bHLH domain which plays a critical role in the development of lymphocytes, since its 
domain is responsible for sequence-specific DNA binding and dimerization [2, 34]. There are two 
forms of the E2A/PBX1translocation, one balanced (breakpoint inside E2A) and one unbalanced 
(breakpoint outside E2A). Studies have shown that if the unbalanced and balanced forms are 
combined they are associated with a poor prognosis, but separately  the unbalanced form has shown 
to have a much better outcome than the balanced form [8, 13]. 

The gene MLL is located on chromosome band 11q23 [2, 13, 18, 34]. This is a large gene that 
encodes a protein of more than 3910 amino acids [13]. The most frequent 11q23 MLL 
rearrangement in childhood ALL is the t(4;11)(q21;q23), which creates the MLL-AF4 fusion gene, 
followed by t(11;19)(q23;p13), which generates an MLL-ENL fusion gene [13, 14, 18]. These MLL 
rearrangements account for up  to 85% of the ALL cases in infants less than 1 year old and are 
associated with an extremely poor prognosis [2, 9, 13, 18]. A few molecular studies have reported 
that duplication of MLL occurs relatively frequently in ALL and Acute myeloid leukemia [13].

The dicentric chromosome, dic(9;20)(p11~13;q11), is a fusion between chromosome 9 and 20, 
rather than a translocation. It occurs in approximately  2% of childhood B-ALL and has a relatively 
good prognosis [2, 13]. The dic(9;20) contains the centromeres of both the chromosomes, which 
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results in loss of 20q and 9p material. This is considered to be a subtle chromosome aberration, 
which often appears as monosomy 20, but sometimes also with apparent deletion of 9p [2, 13]. The 
paired box 5 gene, PAX5, sits at 9p13 and it encodes B-cell lineage specific activator proteins that 
are only expressed at early stages of the B-cell differentiation. PAX5 is a frequent target and the 
breakpoints result in deletion of PAX5 or deregulated expression, which affects the expression of 
downstream PAX5 targeted genes, including BLK, EBF1 and FLT3 [2, 13].  

1.2.2 Numerical chromosomal changes

1.2.2.1 Copy number variation and loss of heterozygosity

Chromosomal aberrations such as copy number variants (CNV, duplication and loss of 
heterozygosity) are believed to play an important role in disease phenotypes and cancer progression 
and understanding them is therefore becoming essential in cancer biology. CNV are often seen in 
cancer cells, where either the entire chromosome, or just a portion of the chromosome, is duplicated 
[32].

Genomic aberrations can affect the copy number of an allele, one of which is known as loss of 
heterozygosity  (LOH). LOH occurs when one of the parental chromosomes no longer contributes to 
the genome or has been lost completely, leaving only one functional parental chromosome [24]. If 
the individual is heterozygous and has one defective copy  of a tumor suppressor gene and one 
normal copy, and loses the normal copy via mitotic recombination events or deletions, the 
individual is left  susceptible to disease [32]. When there are still two copies of the chromosome, but 
both of them are from the same parent (uniparental disomy), the LOH is copy neutral. LOH plays a 
very important role in disease genetics [23, 24]. 

1.2.2.2 High hyperdiploidy

High hyperdiploidy involves changes in chromosome number and is a cytogenetically defined 
chromosomal aberration named B-ALL. High hyperdiploidy is defined as >50 chromosomes in the 
leukemia cells and it is relatively  frequent, occurring in about 30% of the cases [8, 13]. The 
numerical chromosomal changes seem to be restricted to chromosomes 4, 6, 10, 14, 17, 18, 21 and 
X [13, 25]. High hyperdiploidy is associated with good prognosis [13, 18, 34]. 

1.3 Mutation
Studies have shown that initiating translocations develop early in childhood but additional lesions 
are required for leukaemogenesis [23]. The most common mutations found involved in ALL are 
deletions, insertions, point mutations and large rearrangements [27].  

The most frequent mutation target in ALL is the lymphoid transcription factor PAX5, which is often 
affected by deletions. Other genes that also have been shown to be affected by deletions, are the 
transcription factor genes IKZF1 (Ikaros), IKZF3 (Aiolos), LEF1 and TCF3, EBF1 (early  B-cell 
factor) and in the RAG1 and RAG2 genes [23, 25, 27]. These deletions probably do not arise in 
hematopoietic stem cells but originate instead from a lymphoid committed progenitor, at  a stage of 
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differentiation when RAG1 and RAG2 are active [23]. For normal B-lymphoid differentiation these 
genes need to have appropriate expression [23, 27]. The majority of lesions are predicted to only 
result in reduced levels of the B-lymphoid transcription factor rather than complete loss of 
expression. The key events in B-ALL seem to be the genetic lesions generating disturbance in B-
lymphoid development [23]. 

The challenge now is to investigate how the genetic lesions and their affected pathways are 
involved in the proliferation, differentiation and survival of lymphocytes, leading to their leukemic 
conversion [23, 27].

1.4 Methylation
DNA methylation arises when DNA methyltransferase adds a methyl-group (CH3) to the cytosine 
nucleotides in cytosine-phosphate-guanine sites (CpG sites). In humans methylation occurs most 
frequently at the CpG sites [21]. DNA methylation is an essential epigenetic modification in the 
human genome [15, 33, 35]. It plays an important role in the control of gene expression and of 
chromatin structure [16, 21]. Methylation is also involved in DNA-protein interaction, 
embryogenesis, genomic imprinting, cellular differentiation, X-inactivation, suppression of 
transposable elements and tumorigenesis [16, 35]. Methylation of CpG sites in promoter regions of 
genes regulates gene expression by direct interactions between transcription factors and CpG sites. 
One of the mechanisms underlying leukemia could be perturbation of DNA methylation [16, 21, 
33].

Methylation profiles that  distinguish ALL cells from other leukemia cell types and from normal 
cells have been identified through large-scale methylation analyses [21, 22]. Patients with B-ALL 
and T-ALL can now be differentiated by the methylation status of the single gene DDX51 [21]. 

Hypomethylation (low levels of methylation) of oncogenes as well as hypermethylation (high levels 
of methylation) of tumor suppressor genes may lead to various forms of cancers [22]. Aberrant 
methylation of CpG sites in the promoter regions of genes, in primary ALL cells or leukemic cell 
lines, has been identified to correlate with the expression of the individual genes [21, 22].   

1.5 Technology

1.5.1 Next generation sequencing
Next generation sequencing (NGS) is also known as “massively parallel” sequencing due to the 
ability  to process millions of sequence reads in parallel [29]. It  is used to determine the genome 
sequence giving rise to the phenotype [19, 29]. The most  commonly used NGS machines are from 
Roche/454, Illumina/Solexa and ABI SOLiD, and it is Illumina/Solexa that is currently dominating 
the market of NGS [17, 20]. Roche/454 was commercially introduced in 2004 with read lengths of 
about 400bp, Illumina/Solexa was commercially introduced in 2006 and has read lengths of up to 
150bp and ABI SOLiD was commercially introduced in 2007 with read lengths of up to 75bp [17, 
20]. 
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The ability  to sequence the whole genome has been a major step in the scientific world in 
understanding how genetic differences affect health and disease [17, 20]. NGS is an ideal tool for 
genetic characterization of cancers since it gives information about base pair mutations, copy 
number variants, allelic information and somatic rearrangements in a single experiment. 
Modifications of current protocols have also made it possible to use NGS for unbiased assessment 
of histone acetylation and DNA methylation [29]. 

NGS methods overcome the limited scalability of traditional Sanger sequencing [29]. NGS 
generates much shorter reads compared to Sanger sequencing but provide millions of them. 
However the accuracy of each short read is significantly lower compared to Sanger sequencing [19, 
20].

1.5.2 Quantitative Real-Time Polymerase Chain Reaction
Quantitative real-time reverse transcription Polymerase Chain Reaction (qRT-PCR) is the standard 
for quantification of RNA expression [3, 10]. Many different genes and/or large number of samples 
can be analyzed in one experiment [10]. This is why qRT-PCR has become very important and 
useful in the clinical diagnostic laboratory. These assays have several advantages; (I) monitors the 
production of amplification products in each cycle of PCR by using fluorescent reporter molecules; 
(II) analyzing samples that differ in target  abundance by  order of magnitude because of the wide 
dynamic range; and (III) reliable and reproducible results are generated due to very little inter-assay 
variation [3]. However there are some problems with qRT-PCR; when the PCR amplifies the target, 
the errors are also amplified which can lead to large variability, precluding accuracy  and making 
reliable quantification difficult to obtain [10]. Relative quantification can be misleading since the 
level of most reference genes and their expression varies significantly between individuals and/or 
with treatment [3].  

The different steps behind qRT-PCR are to first  produce a single-strand complementary DNA copy 
(cDNA) of the isolated RNA. This is performed by the action of reverse transcriptase. To initiate the 
cDNA synthesis an oligonucleotide primer is required, which anneals to the RNA. Through the 
action of the RNA-dependent DNA polymerase of reverse transcriptase the cDNA is extended 
toward the 5’-end of the mRNA. The reverse transcriptase is the major source behind variability  in 
the qRT-PCR because of its sensitivity to alcohols, phenol or salts that remains as contaminants 
from the RNA isolation. The next step  is amplification of the cDNA by qPCR. The PCR is generally 
divided into cycles of three different steps, first  denaturation, then primer annealing and finally 
elongation. The number of cycles is determined by the efficiency of the reaction and the amount of 
target DNA present. Another important factor in the PCR reaction is the primers, how they are 
chosen and designed. The qRT-PCR monitors the reaction as it progresses, in “real-time” [3, 10].

1.5.3 Bisulfite conversion
Bisulfite conversion and DNA sequencing is a good technology for the investigation of global 
DNA methylation patterns. It provides detailed information about the methylation patterns of 
individual DNA molecules at single CpG sites. The method behind bisulfite conversion is the 
deamination, in the presence of sodium bisulfite and NaOH, of cytosine residues to uracils which 
are amplified as thymine. The converted DNA can be amplified with PCR and sequenced so the 
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methylation levels of the DNA investigated can be measured since the methylcytosine is not 
converted under the bisulfite conversion (Figure 3) [12, 15, 33, 35]. 

    Un-methylated DNA          Methylated DNA

Original sequence  C-C-G-T-C-G-T-C-C-G-C     C-Cm-G-T-Cm-G-T-C-Cm-G-C

After bisulfite conversion T-T-G-T-T-G-T-T-T-G-T         T-C-G-T-C-G-T-T-C-G-T

Figure 3. All the un-methylated cytosines will be converted chemically to uracils and amplified as thymine while all 
methylcytosines (Cm) will remain as cytosines [Illustration made by Matilda Canderyd 2010].

Bisulfite conversion and sequencing is currently viewed as the gold standard of DNA methylation 
analysis [33, 35]. The Sanger sequencing of subcloned individual DNA molecules generates the 
most detailed and reliable information of the methylation patterns for CpG sites, in relatively long 
sequences (300-500bp). Furthermore the bisulfite treatment provides unambiguous information 
regarding methylation for haplotypes of DNA molecules in a both quantitative and qualitative 
manner [35]. However a lot of the genetic information is lost during the treatment due to DNA 
degradation [12]. Now it is possible to do bisulfite sequencing using NGS which is much easier 
than Sanger sequencing. With NGS there is no need for subcloning and the reads can easily be 
calculated.

The outline for bisulfite conversion is briefly; the DNA is denatured into single-stranded DNA in 
the presence of sodium bisulfite and NaOH. All the un-methylated cytosines will be converted 
chemically  to uracils while all methylcytosines will remain as cytosines. As a result the lower and 
upper strands of the DNA will no longer complementary to each other.  The DNA is amplified with 
specific primers for the bisulfite-converted DNA in a PCR where the uracil will be amplified as 
thymine and the methylated cytosine will be amplified as cytosine [15, 35]. Since each of the DNA 
molecules from the pool of amplified PCR products can have a unique methylation pattern, they can 
be subcloned and randomly selected for sequencing. The percentage of methylation of each CpG 
sites can be calculated based on the number of un-methylated and methylated cytosines in different 
clones [35]. 
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2. Aim
The aim of this Master’s thesis project is to:

1. Validate changes in gene expression levels found by digital gene expression profiling.

2. Construct libraries for whole cancer genome sequencing.

3. Optimize the protocol for whole genome bisulfite sequencing.
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3. Results
3.1 Validation of changes in gene expression levels
The objective with this project was to validate five genes that were differentially expressed between 
five ALL subtypes in Digital gene expression profiling (DGE) by  using qRT-PCR. These five genes 
have not been previously  described to display subtype specific gene expression in ALL but their 
expression in DGE suggested otherwise so further investigation was needed. The single stranded 
cDNA was synthesized from total RNA by the High Capacity  RNA-to-cDNA Kit (Applied 
BiosystemsTM) and the reverse transcription reaction mix was placed in a thermal cycler. The 
TaqMan® Gene Expression Assay (Applied BiosystemsTM) for the qRT-PCR reaction was prepared 
in the dark. Changes in gene expression levels were measured in a StepOneTM Real-Time PCR 
system using a 96-well plate. The results from the quantitative Real Time-PCR were analyzed in the 
StepOne Software v2.1. The biological groups (ALL subtypes) are first normalized to the 
endogenous control YWHAH (to normalize the input RNA amount) and the biological group with 
the highest expression is set to 1 and then the other biological groups are compared to the highest. 
The five genes tested display subtype-specific gene expression for the respective ALL subtype 
(Figures 4 and 5). These results validate the subtype-specific expression patterns detected by DGE 
profiling (Nordlund et al, personal communication).

    A           B

Figure 4. The relative quantification for the genes in the ALL subtypes (biological group) investigated. Three 
replicates for each biological group were investigated,  which generates the high error bars. The biological 
groups are first normalized to the endogenous control (YWHAH) and the biological group with the highest 
expression is set to 1 and the other biological groups are compared to the highest. A) KIR3DX1 display a 
subtype-specific gene expression for the dic(9;20) subtype and B) NRTN display a subtype-specific gene 
expression for the t(12;21) subtype.
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     A                 B

    C

Figure 5. The relative quantification for the genes in the ALL subtypes (biological group) investigated.  Three 
replicates for each biological group were investigated, which generates the high error bars. The biological 
groups are first normalized to the endogenous control (YWHAH) and the biological group with the highest 
expression is set to 1 and the other biological groups are compared to the highest. A) THBS1 display a 
subtype-specific gene expression for the t(9;22) subtype and B) DDIT4L display a subtype-specific gene 
expression for the High Hyperdiploidy subtype and C) LRP12 display a subtype-specific gene expression for 
the T-ALL subtype.
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3.2 Libraries for whole cancer genome sequencing
The second objective of this project was to prepare libraries for whole cancer genome sequencing. 
In order to sequence the whole ALL genome of one carefully  selected patient (The Ethics 
Committee of Uppsala University approved the study and the patients and/or their guardians 
provided written informed consent), six libraries (3 x 350bp and 3 x 450bp) from a DNA sample of 
that individual were prepared. Paired-end libraries were produced by following the instructions of 
the Illumina Paired-end Sample Preparation Guide, by using New England Biolabs next Kit (New 
England Biolabs, NEB) and Illumina Oligo only  Kit (Illumina inc.). The DNA fragments were 
amplified by PCR and purified with AMPure XP PCR Purification system (Agencourt®). Before 
sending the libraries for whole cancer genome sequencing the libraries were run on an Agilent 2100 
Bioanalyzer with Agilent High Sensitivity DNA Kit on a high sensitivity chip (Agilent) to see if the 
library preparation had worked, they were at the right size and had enough concentrations for 
sequencing (Figures 6 and 7). 

 

    A                                                                      B

   C                                                                           D

   
Figure 6. Libraries prepared for whole cancer genome sequencing was run on an Agilent 2100 Bioanalyzer with 
Agilent High Sensitivity DNA kit on a High Sensitivity chip (Agilent). The first library 1.1 (350bp) was run on a 
different chip than the five other libraries, that is why that sample has seconds on its x-axis and the other has 
basepairs, but it is only a setting on the bioanalyzer.  All libraries were pure had the right size and seemed to have 
enough concentrations for sequencing. A) Sample 1.1 (350bp) B) Sample 1.2 (450bp) C) Sample 2.1 (350bp) D) 
Sample 2.2 (450bp). 
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     A                                                                            B

 
Figure 7. Libraries prepared for whole cancer genome sequencing was run on an Agilent 2100 Bioanalyzer with 
Agilent High Sensitivity DNA kit on a High Sensitivity chip (Agilent). All libraries were pure had the right size and 
seemed to have enough concentrations for sequencing. A) Sample 3.1 (350bp) B) Sample 3.2 (450bp). 

The first five libraries prepared (A-E) were sequenced on Illumina HiSeq2000 (Illumina inc. Table 
1). Unfortunately the last sample, sample 3.2 (450bp) had to low concentration for sequencing. The 
whole cancer genome sequencing generated a total yield of 128.3 Gb of raw data. The raw data was 
aligned to the human genome. The alignment showed 39x coverage of the genome, which is 
considered a good result since the coverage of the genome is often aimed at 30x or more.

Table 1. Whole cancer genome sequencing for the five libraries prepared.

Libraries prepared Reads passed through filter (Millions)Reads passed through filter (Millions)
Read 1 Read 2

Sample 1.1 (350bp) 85.9 85.9
Sample 1.2 (450bp) 82.33 82.33

Sample 2.1 (350bp) 81.57 81.57
Sample 2.2 (450bp) 75.8 75.8
Sample 3.1 (350bp) 92.5 92.5
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3.3 Optimization of the protocol for whole genome bisulfite sequencing
The third objective with this project was to compare two different enzymes for bisulfite PCR and to 
compare two different bisulfite treatment kits.

3.3.1 Comparing two different enzymes for bisulfite PCR
Two different enzymes, PfuTurbo Cx Hotstart DNA Polymerase (Agilent) and Phusion DNA 
Polymerase (Naxo), were compared for bisulfite PCR. Paired-end libraries were produced by 
following the instructions of the Illumina Paired-end Sample Preparation Guide, using NEB next 
Kit and Illumina Methylation Adapter Oligo Kit (Illumina inc.) using almost exactly  the same 
protocol as before (Libraries for whole cancer genome sequencing) but with methylated adapters 
instead of unmethylated. A change made in the protocol was that  the 2mm slices cut out from the 
sample lane on the gel were at 200bp and 400bp instead of 450bp  and 350bp. The DNA fragments 
were bisulfite-treated and amplified by PCR using the two different enzymes. The samples were run 
on a gel but only the sample with the enzyme PfuTurbo Cx Hotstart DNA Polymerase (Agilent) 
worked. The sample that  worked was purified with AMPure XP PCR Purification system 
(Agencourt®) and run on an Agilent 2100 Bioanalyzer with Agilent High Sensitivity DNA Kit on a 
high sensitivity chip (Agilent) to see if the library preparation had worked (Figure 8). 

Figure 8. The purified PCR sample with the working 
enzyme,  PfuTurbo Cx Hotstart DNA Polymerase 
(Agilent),  was run on an Agilent 2100 Bioanalyzer with 
Agilent High Sensitivity DNA Kit on a High Sensitivity 
chip (Agilent).

3.3.2 Comparing two different bisulfite treatment kits
The compared two different bisulfite treatments used were ZYMO EZ DNA MethylationTM Kit 
(Zymo research) and BisulFlashTM DNA Modification Kit (Epigentek), both of which are light 
sensitive. Primers were designed to amplify specific genes in bisulfite-treated and non-bisulfite 
treated DNA in a PCR and tested at different temperatures. The samples were run on an agarose gel 
to see if the PCR had worked and determine the optimal temperatures for all primer-pairs, for both 
the bisulfite-treated DNA and the non-bisulfite-treated DNA (Figure 9). Unfortunately the bisulfite 
primers ordered for the gene HIST1H2BA was mistakenly copied wrong so the bisulfite primers for 
GAPDH were ordered twice so HIST1H2BA in bisulfite-treated DNA was never amplified. For the 
bisulfite-treated DNA the bisulfite primers for GAPDH worked best at 50°C and for DDX4 at 60°C. 
For the non-bisulfite-treated DNA the non-bisulfite primers for GAPDH worked best at 50°C, for 
HIST1H2BA at 52°C and for DDX4 at 60°C.
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Figure 9. The optimal temperatures for the designed 
primers.  The samples were run on the same gel and only 
the bands at the optimal temperatures were cut out from 
the picture in paint and aligned together to get this 
figure. The bisulfite primers for the bisulfite-treated 
DNA (A-B); A) for GAPDH 50°C and B) for DDX4 
60°C, and the non-bisulfite primers for the non-bisulfite-
treated DNA (C-E); C) for GAPDH 50°C D) for 
HIST1H2BA 52°C and E) for DDX4 60°C.

Once the optimal temperatures were known the bisulfite-treated DNA was again enriched by PCR 
at the right temperature for each primer-pair. The PCR samples were purified with Exonuclease I 
(Fermentas) and shrimp alkaline phosphatase (USB Corporation) treatment and sent to Rudbeck 
Laboratory, Uppsala for Sanger sequencing. 

Only GAPDH generated a good sequence from the Sanger sequencing. The results were analyzed in 
Sequence Scanner v1.0. Since GAPDH is a housekeeping gene there should not be any cytosine 
(blue line) present  but in the sequence from the BisulFlashTM DNA Modification Kit (Epigentek) 
there is a cytosine present at position 50bp and there seem to be another cytosine present at position 
58bp which suggest that the bisulfite conversion did not work properly (Figure 10).
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Figure 10. The Sanger sequencing results for the housekeeping gene GAPDH. Since GAPDH is a housekeeping gene there 
should not be any cytosines present (blue line). A) ZYMO EZ DNA Methylation Kit (Zymo research). There are no 
cytosines (blue line) present which suggest that the bisulfite conversion worked. B) BisulFlashTM DNA Modification Kit 
(Epigentek). There is a cytosine (blue line) present at position 50bp and seem to be another cytosine present at position 
58bp. The programe has named the base at position 58bp as N (unable to call it) but there is a clear blue line present which 
suggests that there could be a cytosine. This suggests that the bisulfite conversion did not work properly.



4. Discussion
Childhood ALL is a very  complex disease with a lot of mysteries left to solve. A diverse collection 
of genetic aberrations have been shown to play important roles in prognosis, drug response and 
treatment outcome. Identification and classification of these genetic aberrations has generated 
important insights into the progression of leukemia, however these genetic aberrations do not seem 
to be the only factors involved in prognosis or response to drug treatment.  

The first objective of this project was to validate five genes that were differentially expressed 
between the ALL subtypes in DGE profiling by using qRT-PCR. These five genes were previously 
not known to be involved in ALL. All five genes investigated displayed a subtype-specific gene 
expression for the respective ALL subtype as shown in DGE profiling which were validated by 
qPCR. These findings validate that these genes are expressed in a subtype-specific pattern and may 
be considered as ALL classifier genes for their respective subtypes but further investigation needs to 
be performed.

The second objective was to prepare libraries for whole genome sequencing. In order to sequence 
the whole ALL genome one patient was carefully selected (The Ethics Committee of Uppsala 
University  approved the study and the patients and/or their guardians provided written informed 
consent) and six libraries from a DNA sample of that  individual was prepared. The purification of 
the PCR products is a difficult  but  a very important step; it  is difficult to get rid of the primer-
dimers so the AMPure XP PCR Purification system (Agencourt®) needs to be performed more than 
once. It is important look on an Agilent 2100 Bioanalyzer on a high sensitivity chip (Agilent) to see 
that the purification actually did work before sending the libraries for whole cancer genome 
sequencing. There is no golden standard for the coverage for Illumina HiSeq2000 (Illumina inc.) 
but after sequencing the coverage (the raw data aligned to the human genome) should be 30 or more 
The five libraries prepared had a 39 x coverage of the genome which is considered as a good result.  

The third objective was to optimize the protocol for whole bisulfite genome sequencing by 
comparing two different enzymes and two different bisulfite treatment kits. To be able to study 
genome wide methylation patterns in ALL for classification of subtypes, clinical outcome and 
prediction of treatment response, the whole genome library preparation needed to be optimized for 
bisulfite treated DNA. In the comparison of enzymes only one of the two worked for bisulfite PCR, 
PfuTurbo Cx Hotstart DNA Polymerase (Agilent). To design primers that worked efficiently  for 
both bisulfite-treated DNA and non-bisulfite-treated DNA proved to be difficult because the PCR 
even at the supposedly optimal temperatures, seemed almost to happen by  chance: sometimes the 
primers worked and other times they did not work even though the temperatures were identical. 
Only GAPDH generated good sequencing results but when both bisulfite conversion kits were 
compared the BisulFlashTM DNA Modification Kit (Epigentek) seemed to have some cytosines 
present which suggest that the bisulfite conversion had not worked properly. Further investigation 
needs to be performed in order to conclude whether both bisulfite conversion kits works equally 
well. 
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4.1 Future plans
To look for cancer-specific changes the healthy genome (5 years after remission) should be 
sequenced and compared to the sequenced leukemic genome, of the same patient. Also sequences 
should be generated from bisulfite treated leukemic and healthy genomes, from the same patient, 
and compared them to look for methylation differences. Both of these comparisons could provide 
evidence to suggest which genome-wide cancer-specific changes and methylation patterns in ALL 
could be involved in the generation of leukemia, and thus be useful as classifiers for the ALL 
subtypes, providing clinical outcome and /or prediction of treatment response. To see if the bisulfite 
sequencing will be easier to perform, further investigation of the faster easier kit; BisulFlashTM 
DNA Modification Kit (Epigentek) needs to be performed.
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5. Material and Methods
Samples from children with ALL have been collected since 1996 in the project by the Nordic 
Oncology and Hematology Organization coordinated by Prof. Gudmar Lönnerholm at Women’s and 
Children’s Health at Akademiska Sjukhuset, Uppsala. Survival rate, ALL subtype, response to 
treatment has been thoroughly recorded. [11]. The Ethics Committee of Uppsala University 
approved the study  and the patients and/or their guardians provided written informed consent. From 
samples (bone marrow or peripheral blood) containing 2 to 10 million cells, DNA was extracted 
with AllPrep DNA/RNA Mini Kit (QIAGEN) or QIAamp DNA Blood Mini Kit (QIAGEN) [21]. 
From yearly  follow-up, the clinical outcome is well known and the data is recorded in common 
Nordic childhood leukemia registry.  

5.1 Validation of changes in gene expression levels

5.1.1 RNA to cDNA
The single stranded cDNA was synthesized from total RNA by using the High Capacity RNA-to-
cDNA Kit  (Applied BiosystemsTM). To prepare the reverse transcription (RT) reaction mix, the kit 
components were first thawed on ice. The RT reaction mix was prepared on ice and mixed gently 
(Table 2). In this experiment four genes were investigated with wanted concentrations of 10 ng/!l 
and all samples were made in triplicates, so the RNA concentration going in the RT reaction was 
200ng since the RT reaction mix was in 20!l which equals 10ng/!l.

Table 2. Volume of components needed to prepare the required numbers 
of reactions.

Reagent Volume (!l)
2x RT Buffer 10
20x RT Enzyme Mix 1
Nuclease-free water 8.5
RNA 0.5
Total volume 20

Aliquots of 20!l of the RT reaction mix were added into tubes and briefly centrifuged to spin down 
the content and to eliminate air bubbles. The tubes were then placed in a thermal cycler and ran at 
37°C for 60 minutes, 95°C for 5 minutes and then hold at 4°C until used. 

5.1.2 Quantitative Real Time-PCR
The PCR reaction mix was prepared in the dark by using tin foil since 20x TaqMan® Gene 
Expression Assays (Applied BiosystemsTM) and 2x TaqMan® Gene Expression Master Mix 
(Applied BiosystemsTM) are light sensitive. The tubes were inverted several times to mix the 
components and centrifuged briefly (Table 3). 
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Table 3. The components needed for the PCR reaction mix.

PCR reaction mix component Volume per 20-!l reaction (!l)Volume per 20-!l reaction (!l)
Single reaction Three replicatesA

20x TaqMan® Gene Expression assays 1 4
2x TaqMan® Gene Expression Master Mix 10 40
cDNA template (5ng) 0.5 2
RNase-free water 8.5 34
AReplicate volumes include one extra reaction volume to compensate for volume loss from pipetting. 

Then 20!l of the PCR reaction mix (triplicates for each subtype) was transferred into each well of a 
96-well reaction plate, the plate was sealed and covered with tin foil, centrifuged and placed into 
the StepOneTM Real-Time PCR System. The 96-well reaction plate run at 50°C for 2 minutes, 95°C 
for 10 minutes and 40 cycles of (95°C for 15 seconds and 60°C for 1 minute) and hold at 4°C. 

5.2 Libraries for whole cancer genome sequencing

5.2.1 Paired-End Sample Preparation
Paired-end libraries were prepared according to the Illumina Paired-end Sample Preparation Guide, 
using reagents from NEB next kit and Illumina Oligo Only kit  (Illumina inc.). A DNA sample 
165.5ng/!l was taken and made aliquots with 1!g in triplicates. To fragment the DNA the triplicate 
samples were added to separate nebulizers with TE Buffer in a total volume of 50!l and 
subsequently  700!l of Nebulization Buffer (Illumina inc.) was added. The reaction was mixed well 
in the Nebulizers and placed on ice where they were nebulized (liquid into a fine mist) one at the 
time at air pressure of 32-35 psi for 6 minutes. After nebulization the nebulizate was centrifuged at 
450 xg for 2 minutes and the recovered volumes measured. The samples were purified and 
concentrated by  the QIAquick PCR Purification Kit (Qiagen). A QIAquick spin column was placed 
in a collection tube and to one volume of nebulized sample five volumes of buffer PB was added 
into the QIAquick spin column and centrifuged for 1 minute to bind the DNA. The flow-through 
was discarded and the QIAquick spin columns were placed back into the same collection tubes and 
0.75ml buffer PE was added to the tubes and centrifuged for 1 minute to wash the DNA, the flow-
through was discarded and the QIAquick spin columns placed back into the same collection tubes 
and the tubes was centrifuged once again for 1 minute. To elute the bound DNA buffer EB was 
added directly to the center of the QIAquick membrane and the columns were placed in 1.5ml 
Eppendorf tubes and incubated for 1 minute before centrifugation for 1 minute. This time the 
volume of buffer EB added was 30!l. 

To perform the end repair, a reaction mix was prepared on ice and in the order shown in Table 4. 
The reaction mix was mixed gently  but thoroughly, centrifuged briefly, then incubated at 20°C for 
30 minutes. After incubation the samples were purified and concentrated by the QIAquick PCR 
Purification Kit (Qiagen) as described above but this time the samples were eluted in 32!l buffer 
EB. 
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Table 4. The reaction mix for the end repair was prepared on ice in the following order.

Reagent Volume (!l)
MQ-water 45
DNA 30
T4 DNA Ligase Buffer with 10mM ATP (NEB) 10
dNTP Mix (10mM, NEB) 4
T4 DNA Polymerase (NEB) 5
Klenow Enzyme (NEB) 1
T4 PNK (NEB) 5
Total volume 100

After the end repair the 3’-ends were adenylated with a reaction mix prepared on ice and in the 
order shown in Table 5. The reaction mix was incubated at 37°C for 30 minutes. After incubation 
the samples were purified with MinElute PCR Purification Kit (Qiagen), which has exactly the 
same protocol as the one for QIAquick PCR Purification Kit  except here QIAquick MinElute 
columns were used instead. This time the samples were eluted in 10!l buffer EB. 

Table 5. The reaction mix to adenylate the 3’-ends was prepared on ice 
and in the following order.

Reagent Volume (!l)
DNA 32
NEB2 Buffer (NEB) 5
dATP (1mM, NEB) 10
Klenow Exo- (NEB) 3
Total volume 50

After adenylating the 3’ ends the adapters were ligated. A reaction mix was prepared on ice and in 
the order shown in Table 6. The reaction mix was incubated at 20°C for 15 minutes and then the 
samples were purified again with the QIAquick PCR Purification Kit (Qiagen), this time 30!l 
buffer EB was added.

Table 6.  The reaction mix to ligate the adapters was prepared on ice and in the 
following order..

Reagent Volume (!l)
DNA 10
DNA Ligase Buffer 2X (NEB) 25
PE Adapter Oligo Mix (Illumina inc.) 10
DNA Ligase (NEB) 5
Total volume 50
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To purify  the ligation products the samples were run on a 2% agarose gel with 1xTris-Acetate-
EDTA (TAE) buffer, 10!l 6x Orange Loading dye (Fermentas) was added to the purified ligation 
reaction. 2!l O’RangeRuler 100bp ladder (Fermentas) was loaded to the gel in the first lane and in 
the next two lanes 20!l of the first triplicate sample was added, then 2!l of size standard ladder 
followed by the next two lanes with 20!l from the second triplicate sample and finally 2!l of size 
standard ladder followed by 20!l in the next two following lanes from the third and final sample. 
The gel was run at 120V for 60 minutes and then viewed on a UV transilluminator and 2mm slices 
were cut out from the sample lanes at sizes 350bp  and 450bp (Samples 1.1 (350bp); 1.2 (450bp); 
2.1 (350bp); 2.2 (450bp); 3.1 (350bp) and 3.2 (450bp)). The gel slices were weighted and then 
purified using the QIAquick Gel Extraction Kit (Qiagen). A QIAquick spin column was placed in a 
collection tube and to one volume of gel, 3 volumes of buffer QG was added (100mg ~ 100!l) and 
incubated at 50°C for 10 minutes. To help the gel dissolve in the buffer QG the samples were 
vortexed every 2-3 minutes (during this incubation the solution should be yellow). After the 
incubation one gel volume of isopropanol was added, mixed and centrifuged for 1 minute, the flow-
through was discarded and the QIAquick spin columns were put back into the collection tubes. 
0.5ml buffer QG was added and the tubes were centrifuged for 1 minute and then 0.75ml buffer PE 
was added and the samples were centrifuged for 1 minute. The flow-through was discarded and the 
QIAquick spin columns put back into the collection tubes and centrifuged once again for 1 minute. 
Next the QIAquick spin columns were placed into Eppendorf tubes and 30!l buffer EB was added 
directly onto the QIAquick membrane.

The adapter ligated DNA fragments were enriched using PCR. The reaction mix was prepared on 
ice and in the order shown in Table 7. The reaction mix was mixed gently but thoroughly and 
centrifuged briefly. The PCR program used was 98°C for 30 seconds and 12 cycles of (98°C for 40 
seconds, 65°C for 30 seconds and 72°C for 30 seconds) and 72°C for 5 minutes followed by hold at 
4°C. After PCR the products were purified using the QIAquick PCR Purification Kit  (Qiagen), 
following the same protocol as the first time but using a QIAquick MinElute column instead and  
with elution in 30!l buffer EB. 

Table 7. The PCR reaction mix was prepared on ice and the following order.

Reagent Volume (!l)
DNA 10
MQ-water 13
PCR Primer PE 2.0 (200!M, Illumina inc) 1
PCR Primer PE 1.0 (200!M, Illumina inc) 1
Phusion DNA Polymerase (Finnzymes Oy) 25
Total volume 50

5.2.2 Purifying PCR products and validating libraries
To remove all of the primer-dimers, an AMPure XP PCR Purification system (Agencourt®) was 
used. The AMPure beads were gently resuspended and 1.8 beads x reaction volumes were added to 
the samples, mixed thoroughly  by pipetting up and down 10 times and incubated at room 
temperature for 5 minutes. The tubes were then placed in a magnetic rack for 5 minutes, to let the 
beads settle, and then the supernatants were carefully removed. 500!l of 70% Ethanol was added 

25



and incubated for 30 seconds to wash the beads, and then the supernatants were removed and the 
ethanol wash was repeated once more. The tubes were then removed from the magnetic rack and 
the pellets were allowed to dry at  room temperature for 5-10 minutes. To elute the bound DNA 30!l 
buffer EB was added and the tubes were vortexed and replaced in the magnetic rack for 5 minutes, 
to let the beads settle. The supernatants were transferred into new tubes. 

To determine if the purification had worked and that the libraries were the right size and had no 
extra reads, the samples were run on an Agilent 2100 Bioanalyzer with Agilent High Sensitivity 
DNA Kit on a high sensitivity chip  (Agilent). The syringe was set  to the lowest level, 9!l of gel was 
added to the well labelled G (with a circle around it), making sure that there were no bubbles. The 
syringe was pressed down and held for 1 minute, then the syringe was released and after 5 seconds 
was pulled up. Then the gel was added to the other three wells marked g (without a circle) and 5!l 
High sensitivity DNA Marker (35/10380bp) was added to all sample wells and the ladder well. To 
the ladder well 1!l High Sensitivity DNA ladder was added and to the sample wells 1!l sample was 
added, making sure that there are no bubbles. The chip was vortexed at 2400rpm for 1 minute and 
then run on the Bioanalyzer 2100 (Agilent). 

5.2.3 Whole cancer genome sequencing
When the Agilent  2100 Bioanalyzer confirmed that the libraries were pure, the right size and had 
enough concentrations for sequencing, the samples were given to the personal at the SNP & SEQ 
technology platform at Akademiska Sjukhuset, Uppsala and they performed the whole genome 
sequencing using the Illumina HiSeq2000 (Illumina inc.). 

5.3 Optimization of the protocol for whole genome bisulfite sequencing

5.3.1 Comparison of two different enzymes for bisulfite PCR

5.3.1.1 Paired-end Sample Preparation

A DNA sample 204ng/!l was taken and an aliquot  made of 3!g. Paired-end libraries were produced by 
using the Illumina Paired-end Sample Preparation Guide, NEB next Kit and Illumina Methylation 
Adapter Oligo Kit (Illumina inc.), essentially as described previously (Libraries for whole cancer 
genome sequencing) but with a few changes; when the adapters were ligated, methylated adapters 
were used instead of non-methylated adapters and were then bisulfite-treated. A reaction mix was 
prepared to ligate the methylated adapters on ice and in the order shown in Table 8. Another change 
in the protocol was  that  after the sample had run on the gel the 2mm slices were cut out from the 
sample lane at 200bp and 400bp instead of 450bp and 350bp.
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Table 8. The reaction mix to ligate the methylated adapters was prepared on ice and in the 
following order.

Reagent Volume (!l)
DNA 10
(Quick) DNA Ligase Buffer 2X (NEB) 25
Methylated Adapter Oligo Mix (Illumina inc.) 10
(Quick) DNA Ligase (NEB) 5
Total volume 50

After the methylated adapters were ligated the DNA was bisulfite-treated using ZYMO EZ DNA 
MethylationTM Kit (Zymo research) exactly the same protocol as below under 5.3.2.1 ZYMO EZ 
DNA MethylationTM Kit. The last change in the protocol was that the DNA fragments were 
enriched by using two different enzymes in two different PCR reactions. The reaction mixes were 
prepared on ice and in the order shown in Tables 9 and 10. The reaction mixes were mixed gently 
but thoroughly and centrifuged briefly. The program used was 98°C for 30 seconds and 36 cycles of 
(98°C for 40 seconds, 65°C for 60 seconds and 72°C for 30 seconds) and 72°C for 5 minutes and 
hold at 4°C. 

Table 9. Phusion DNA Polymerase PCR reagents.

Reagent Volume (!l)
DNA 5
MQ-water 18
PCR Primer PE 2.0 (200!M, Illumina inc.) 1
PCR Primer PE 1.0 (200!M, Illumina inc.) 1
Phusion DNA Polymerase (Finnzymes Oy) 25
Total volume 50

Table 10. PfuTurbo Cx Hotstart DNA Polymerase PCR reagents.

Reagent Amount per reaction (!l)

10x reaction buffer (Agilent) 5
dNTP (2mM, Agilent) 2
Primers (10!M, Agilent) 2
PfuTurbo Cx Hotstart DNA Polymerase (2.5U/!l, 
Agilent) 1
MQ-water 35
DNA 5
Total volume 50
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5.3.1.2 Purifying PCR products and validating libraries

Exactly  the same protocol for both AMPure XP PCR Purification system (Agencourt®) and the 
Agilent 2100 Bioanalyzer with Agilent High Sensitivity DNA Kit on a high sensitivity  chip 
(Agilent) as above under 5.2.2 Purifying PCR products and validating libraries

5.3.2 Comparison of two different bisulfite treatment kits
During this experiment two different bisulfite treatments were used, ZYMO EZ DNA 
MethylationTM Kit (Zymo research) and BisulFlashTM DNA Modification Kit (Epigentek), both of 
which are light sensitive. The two samples used were at the concentration of 500ng/!l. 

5.3.2.1 ZYMO EZ DNA MethylationTM Kit

The CT Conversion Reagent was prepared by adding 750!l water and 210!l M-Dilution Buffer to a 
tube of CT Conversion Reagent, the tube was wrapped in tin foil since it is light sensitive. The CT 
Conversion Reagent was mixed at room temperature by frequently vortexed for 10 minutes. The M-
Wash Buffer was prepared by adding 24ml 100% Ethanol to the 6ml M-Wash Buffer concentrate. 

5!l of M-Dilution Buffer was added to the DNA samples and the total volume was adjusted to 50!l 
with water, mixed by pipetting up and down. The samples were incubated at 37°C for 15 minutes 
and after incubation 100!l prepared CT Conversion reagent was added and mixed. The samples 
were now incubated at 50°C in the dark for 12-16 hours, and then the samples were transferred onto 
ice (0-4°C) for 10 minutes. 400!l M-Binding Buffer was added to a Zymo-SpinTM IC Column and 
placed in a collection tube. The samples were loaded into the Zymo-SpinTM IC Column and 
inverted several times to mix, with the cap closed and then centrifuged for 30 seconds and the flow-
through discarded. 100!l M-Wash Buffer was added to the column and centrifuged for 30 seconds 
and the flow-through was discarded again. 200!l M-Desulphonation Buffer was added to the 
column and incubated at  room temperature for 15-20 minutes and centrifuged for 30 seconds. 200!l 
m-Wash Buffer was added to the column and centrifuged for 30 seconds. This washing step  was 
repeated once. To elute the bisulfite-treated DNA the column was placed into a 1.5ml Eppendorf 
tube and 10!l M-Elution Buffer was added directly  onto the columns matrix and centrifuged for 30 
seconds. 

5.3.2.2 BisulFlashTM DNA Modification Kit

First 1ml BF1 was added to a vial of BF5 and was mixed by  inverting and shaking repeatedly for 2 
minutes and wrapped in tin foil since it is light sensitive. 80!l of BF6 was added to the vial and 
mixed by inverting and shaking for additional 3 minutes. To each PCR tube, 110!l of the BF1/BF5/
BF6 solution was added followed by 1!l (1-5!l) of the DNA sample. The samples were incubated 
in a thermal cycler with heated lid at 95°C for 20 minutes; meanwhile F-Spin Columns were 
inserted into F-Collection Tubes. 250!l BF2 was added to each column and then the samples were 
transferred to the columns and centrifuged for 30 seconds, the flow-through was discarded and 
200!l 90% Ethanol was added and the samples centrifuged for 20 seconds. A final Desulphonation 
buffer was prepared by  adding 12!l BF3 to every 1ml 90% Ethanol and mixed, then 60!l of the 
final Desulphonation buffer was added to each column and incubated at room temperature for 8 
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minutes. After the incubation the samples were centrifuged for 20 seconds, the flow-through 
discarded and 200!l 90% Ethanol was added again and centrifuged for 20 seconds, this step  was 
repeated once but the second time the samples were centrifuged for 30 seconds. To elute the 
bisulfite-treated DNA the columns were inserted into 1.5 ml Eppendorf tubes and 10-20!l BF4 was 
added directly to the columns filter membrane and centrifuged for 30 seconds.     

5.3.2.3 Polymerase Chain Reaction

To be able to measure how well each of the bisulfite conversion kits had worked a bisulfite PCR 
had to be performed in order to amplify the methylated regions and the unmethylated regions. 
Primers were designed using Methprimer (http://www.urogene.org/methprimer/) for the bisulfite 
treated DNA and Primer3 (http://frodo.wi.mit.edu/primer3/) for the untreated DNA shown in Tables 
11 and 12. The primers were ordered from Integrated DNA Technologies (IDT).

Table 11. Primers and sequences for the bisulfite-treated DNA.

29
Gene Primer Sequence (5' --> 3') PCR Product length (bp)

GAPDH Forward GGTAGTTGGAAAAGGATATTTTTAT 140
Reverse CTAAAATTTCCAATCCAACATTTAC

HIST1H2BA Forward TTTTTTAAAGTGTTGGGATTATAGG 202
Reverse CTCTAATAAAACCAATTATTCCACTTTReverse CTCTAATAAAACCAATTATTCCACTTT

DDX4 Forward AAATTAGGGTGTGGTGTTGTATGTT 141
 Reverse AAATCAAACCTCTACCTCACTCTAA  

Table 12. Primers and sequences for the genomic DNA (untreated).

Gene Primer Sequence (5' --> 3') PCR Product length (bp)
GAPDH Forward GAGCAGTCCGGTGTCACTA 148

Reverse ACTGAGATGGGGAATTGGA

HIST1H2BA Forward ACCACATTTCTAGGGCTGCT 150
Reverse TGATTGGACAATGGGAAGTG

DDX4 Forward TGGTCCGAGTACCATTTGTG 158
 Reverse TACGGGAGTCGACTGGGTAG

Aliquots of 10ng/!l of the bisulfite treated DNA was made to continue with the experiment. The 
first time a gradient PCR was performed, the gradient was set to 50-60°C. The protocols used were, 
for the bisulfite-treated DNA PfuTurbo Cx Hotstart DNA Polymerase PCR protocol and for the non-
bisulfite-treated DNA SmartTaq DNA Polymerase PCR protocol shown in Tables 13 and 14. A 
master mix was prepared and added 1!l DNA separately to the 96-well PCR plate and then added 
9!l of the master mix. Seven different temperatures were tested during the gradient PCR; 50°C, 
50.9°C, 52.8°C, 54.3°C, 56°C, 58.5°C and 60°C. The samples were then run on a 2% agarose gel 
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with 1xTris-borate-EDTA (TEB) buffer to see if the PCR worked and at which temperatures the 
primers worked the best. 

Table 13. PfuTurbo Cx Hotstart DNA Polymerase PCR protocol for bisulfite-treated DNA.

Component
Amount per 
reaction (!l) PCR Program

10x reaction buffer (Agilent) 1 95°C for 2 minutes, 98°C for 
dNTP (2mM, Agilent) 1.25 30 seconds, 40 cycles of (98°C
Primers (10!M, IDT) 0.5 for 10 seconds, 50-60°C for
PfuTurbo Cx Hotstart DNA                      
Polymerase (2.5U/!l, Agilent) 0.5

30 seconds and 72°C for 30 
seconds) and 72°C for 5

MQ-water 5.75 minutes and then hold at 8°C
DNA (10ng/!l) 1
Total volume 10

Table 14. SmartTaq PCR protocol for the non-bisulfite-treated DNA.

Component
Amount per 
reaction (!l) PCR Program

MQ-water 5.5 95°C for 7 minutes, 40 cycles of 
10x PCR buffer SmartTaq (Finnzymes) 1 (94°C for 30 seconds 50-60°C
MgCl2 (25mM, Invitrogen) 2 for 30 seconds and 72°C for
dNTP (2mM, Invitrogen) 0.35 1 minute) and then hold at 8°C
Primers (10!M, Illumina) 0.05
SmartTaq DNA Polymerase (2.5U/!l, 
Naxo) 0.1
DNA (10ng/!l) 1
Total volume 10  

When the optimal temperatures had been determined for the primers a new PCR was performed, the 
same PCR protocols were used as for the gradient PCR but now the final volume for each reaction 
was set to 20!l and the samples were run at  their specific temperatures. After the PCR the samples 
were run on a 2% agarose gel with 1xTEB buffer to validate that the PCR and primers had worked.   

5.3.4 Purifying PCR products
Before sending the PCR samples for Sanger sequencing they were purified from excess of primers 
and deoxynucleotides (dNTPs) with Exonuclease I (Exo I, Fermentas) and shrimp alkaline 
phosphatase (SAP, USB Corporation) treatment. A reaction mix was prepared for each PCR sample 
according to Table 15. The PCR samples with bisulfite-treated DNA were centrifuged and 3!l of the 
reaction mix was added to each 7!l PCR sample. The samples were centrifuged briefly  to remove 
any air bubbles, incubated in a thermal cycler at 37°C for 45 minutes and then at 95° for 15 minutes 
to inactivate any remaining enzymes. After incubation 4!l of the forward primer (4pmol) was added 
and to get a final volume of 18!l, 4!l of MQ-water was added to each sample.
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Table 15. The reaction mix for the purification of the bisulfite PCR products.

Reagent Volume (!l)
MQ-Water 19
10xSAP-buffer 4
SAP (1U/!l) 12
Exo I (20U/!l) 1.2
Total volume 36

5.3.5 Bisulfite sequencing
After the PCR samples were purified they  were sent to Rudbeck Laboratory, Uppsala for Sanger 
sequencing. 
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