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Preface 

Each hour, over 100 articles are estimated to be added to the bibliographic life science 

database MEDLINE, and the number is increasing every year1. Thus, an enormous amount of 

scientific information is continuously being produced. However, it is not necessarily a 

concordance between the numbers of articles published and increased knowledge. More 

important than the quantity of the research is the quality, varying substantially among 

studies. A poor study design will typically generate ambiguous or maybe even erroneous 

data, and can lead to discrepancy in the reported results from similar types of studies. 

Different experimental setup and/or choice of method can also contribute to this divergence.  

 

While variation across studies represents a problem in both genetic and epigenetic research, 

it seems to be especially widespread among DNA methylation analyses. In a recent 

publication from our lab, a systematic comparison of reported MGMT promoter methylation 

frequencies in high- and low-grade gliomas2 was presented (1). These frequencies ranged 

from 19% to 97% across studies. The same promoter was analyzed for methylation in house 

in 134 gliomas, using two fundamentally different methods (pyrosequencing and quantitative 

methylation-specific PCR; qMSP). As many as 66% of the samples turned out as methylation 

positive using the first method, whereas the second method resulted in 34% positive samples. 

Similar examples of divergent results across studies exist, and underscore the fact that 

methodological aspects should be carefully and critically reviewed when interpreting 

scientific literature.  

In order to reduce the divergence across DNA methylation studies using the qMSP 

technology, each step of the pipeline should be tested thoroughly, and the results used to 

suggest a set of standardized guidelines recommended to the scientific community. Such an 

investigation will be the focus of the present work. In addition, a search for promoter 

methylation candidates in a rare and aggressive cancer (malignant peripheral nerve sheet 

tumor; MPNST) of which our department has a rather large biobank available will be 

performed, and the qMSP pipeline will be used to analyze these candidates in patient tissue. 

The introduction of this master thesis will thus start by giving a short overview of cancer in 

general and MPNST in particular. Then, DNA methylation and methods for its investigation, 

with qMSP as the main focus, will be described. Enjoy! 

                                                 
1
 http://www.nlm.nih.gov/pubs/factsheets/medline.html 

2
 Glioma is a type of primary brain tumor, originating in the glial cells. 
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Summary 

Aberrant DNA methylation is one of the most common alterations in cancer, and a vast 

diversity of methods for its investigation exists. Quantitative methylation-specific PCR 

(qMSP) is frequently used to estimate the amounts of methylation at specific loci, such as 

gene promoters. However, diverging qMSP results are being reported in the literature, 

underscoring the need for standardization of the individual steps of the protocol. 

In this study we aimed at identifying the most likely sources of variability in the qMSP 

method by investigating six individual gene promoters. Data from over 150 rounds of qMSP 

confirmed that the choice of normalization reference is crucial. Use of the repetitive element 

ALU results in remarkably less divergence than does use of the single/low-copy genes ACTB 

and COL2A1. Importantly, a deletion or amplification of such genes in cancer cells may 

cause a doubling or halving of the PMR values, respectively. Furthermore, careful control of 

the DNA input amount is essential, both in the bisulfite conversion reaction, but more 

importantly in the subsequent qMSP, as normalization by the reference control is only 

successful within a limited range of template variation. Additionally, storage of bisulfite-

treated DNA could cause some PMR variation, and direct qMSP analysis of samples is 

therefore recommended. Importantly, up to 20% variation in PMR values should be 

expected, and taken into account when presenting differential methylation. A standardized 

qMSP pipeline has been suggested, optimized to give the most consistent PMR results. 

Knowledge about DNA promoter hypermethylation in malignant peripheral nerve sheet 

tumor (MPNST), a rare cancer of the nervous system, is limited compared to other cancer 

types. Thus, we intended to identify novel MPNST promoter methylation candidates. Genes 

significantly upregulated in MPNST cell lines after treatment with the demethylating agents 

AZA/TSA, and downregulated in malignant- compared to benign tissue, were chosen for 

MSP analysis. The two best-performing candidates were further subjected to bisulfite 

sequencing, and finally analyzed by qMSP in a large MPNST patient series (n=91). This 

resulted in identification of HCK and SPINT2 with 34% and 42% promoter methylation, 

respectively. Both loci were cancer specifically methylated, in the sense that all controls 

(n=22) were unmethylated. 
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1 Introduction 

1.1 A short introduction to cancer 

Cancer is today one of the leading causes of deaths in both developed- and developing 

countries3. Worldwide in 2012, 14.1 million new cancer cases were registered, 8.2 million 

people died from cancer, and 32.6 million persons were living with the disease (5 years after 

diagnosis)4. In Norway the same year, the cancer incidence was exceeding 30 000 persons, 

and the prevalence as of December 2012 counted more than 224 000 individuals5. In 

comparison, 7 500 Norwegians were diagnosed with cancer in 19556. As evident from figure 

1, the cancer incidence in Norway has generally increased the last 60 years, and the 

probability of developing cancer before the age of 75 is today 35% for men and 29% for 

women5. The same trend is seen globally, and underscores the importance of cancer research. 

 

Figure1: Trends in cancer incidences in Norway from 1955 to 2010. Incidences are shown for males to 

the lefts, and for females to the right. The numbers are age-standardized, and the scale is semi-logaritmic
5
. 

                                                 
3
 http://www.cancer.gov 

4
 http://globocan.iarc.fr/  

5
 www.kreftregisteret.no 

6
 http://www.regjeringen.no/nb/dep/hod/dok/regpubl/stmeld/20022003/stmeld-nr-16-2002-2003- 
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Cancer refers to malignant tumors or malignant neoplasms. A tumor or neoplasm can be 

defined as an abnormal mass of tissue at a given location in the body, caused by uncontrolled 

cell growth. It turns from benign to malignant when acquiring the ability to invade 

neighboring tissues, or spreading to distant organs (2). Such migration of cancer cells from 

the site of origin to another location in the body is called metastasis.  

 

In 2000, Hanahan and Weinberg proposed six hallmarks of cancer, and approximately ten 

years later, the same authors added four additional hallmarks to the panel (figure 2) (3;4). 

These hallmarks are thought to be common characteristics shared by the vast majority of 

cancers. Subsequent accumulations of one or more of these characteristics will create growth 

advantages for the cell, and can give rise to lineages of progressively more malignant cells, 

which ultimately may result in cancer  (4).  

 

Figure 2: The hallmarks of cancer. The figure illustrates the ten hallmarks of cancer proposed by 

Hanahan and Weinberg. The four most recently added are denoted with black stars (4). 

As can been interpreted from the hallmarks in figure 2, cancer has traditionally been regarded 

as a disease of genetic alterations. More recently, it has become apparent that epigenetic 

changes are highly important in cancer development and progression (5;6). Epigenetics will 

be described more thoroughly in section 1.3, but can be defined as functionally relevant 

modifications in the genome, that do not involve a change in the nucleotide sequence. More 

genes are actually affected by epigenetic aberrations than by mutations in malignant tumors, 

and this has led several to suggest epigenetic alteration as a new hallmark of cancer (7-10). 
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1.2 Malignant peripheral nerve sheath tumor 

(MPNST)  

Malignant peripheral nerve sheath tumor (MPNST) is a rare cancer originating from cells in 

the nervous system. Various designations have been used for this cancer type in the past, 

including malignant schwannoma, malignant neurilemmoma, and neurofibrosarcoma. To 

replace this heterogeneous nomenclature, the World Health Organization (WHO) decided in 

year 2000 that MPNST should be the consensus term for tumors with neurogenic origin and 

similar biological behavior (11). The incidence rate of MPNST in the general population is 

extremely low, approximately 0.001%, but arises to 2-5% among individuals with a familial 

heritable syndrome called neurofibromatosis 1 (NF1) (12-14). In Norway, around five 

persons are diagnosed with MPNST each year (Dr. Kolberg, personal communication). In the 

following, the NF1 syndrome will first be shortly described, before MPNST is presented. 

1.2.1 Neurofibromatosis type 1  

Neurofibromatosis type 1 (NF1; also called Von Recklinghausen’s disease) is one of the 

most common inherited autosomal dominant disorders, and is characterized by an inborn 

mutation in the NF1 gene (15;16). Reported incidence rates of NF1 range from 1 in 2500-

3500 individuals, and the prevalence is estimated to be approximately 1 in 4000 (17-20). 

Around half of the NF1 patients inherit the mutation from one of their parents, while the 

other half has non-affected parents, and acquire the NF1 mutation de novo in the germ-line 

(21). The NF1 gene has the highest rate of new mutations of any known single-gene disorder, 

which might be due to its large size (~280kb) (22). The high mutation rate makes 

homozygous loss of NF1 expression in these patients very common (16).  

The NF1 gene encodes the neurofibromin (NF1) protein, a rather large protein that functions 

as a negative regulator of the Ras signaling pathway (figure 3) (14). This protein contains a 

GAP-related domain that strongly accelerates hydrolysis of RAS-GTP to RAS-GDP, thus 

rendering RAS inactive. Loss of NF1 activity consequently leads to hyper-activation of RAS, 

and continuous signaling through this pathway (16). The result may be uncontrolled cell 

proliferation, development of benign neoplasms, and potentially also malignant tumors. 
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Figure 3: The Ras pathway and the NF1 interaction in the signaling cascade. NF1 catalyzes the 

inactivation of the RAS protein. Mutations in the NF1 gene and a subsequent defect NF1 protein may lead 

to uncontrolled cell proliferation and ultimately to cancer. Figure from (15). 

Diagnostic criteria for the NF1 syndrome include multiple benign neoplasms, also called 

neurofibromas, bone dysplasia (e.g. curving of the spine; scoliosis), diverse pigmentary 

lesions, Lisch nodules (benign iris tissue abnormalities) optic glioma (a type of brain tumor), 

and/or a first-degree relative with NF1 (23). The multiple neurofibromas frequently found in 

these patients are regarded as NF1 hallmarks, and greatly increase the risk of malignant 

tumor development. Thus, even though the MPNST incidence among NF1 patients is around 

2-5%, these individuals have an estimated life-time risk of acquiring MPNST of around 10% 

(14). 
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1.2.2 MPNST is a cancer of the peripheral nervous 

system 

The MPNST precursor neurofibromas 

Most MPNSTs develop from benign neurofibromas that arise in the peripheral nervous 

system, and are thus originally derived from the neuroectoderm (figure 4) (8).  

 

Figure 4: Development of the neural tube from the neuroectoderm. The neural tube and nervous 

system originate from a type of ectoderm called neuroectoderm (purple). MPNST develops from 

neoplasms in the peripheral part of the nervous system. Figure from (24). 

MPNST precursor neurofibromas are typically heterogeneous tumors consisting of different 

types of cells, such as neurons, Schwann cells, fibroblasts, perineural cells or mast cells, as 

shown in figure 5 (25).    
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Figure 5: Neurofibromas are benign tumors consisting of different types of cells. The illustration to the 

left shows a cross-section of a nerve fascicle (i.e. a small bundle of nerve fibers) in a neurofibroma, which 

includes Schwann cells, axons (cellular extensions of neurons), fibroblasts, mast cells, and cells of the 

perineurium. The latter is often disrupted in neurofibromas (26). The picture to the right shows 

neurofibroma tumors on the skin of a patient. From (26) and http://www.surgicalnotes.co.uk. 

Various classification systems for neurofibroma subtypes exist (16), but will not be discussed 

in the present work. However, it should be noted that some neurofibroma variants are very 

unlikely to develop into cancer (e.g. dermal neurofibromas), while others have a high chance 

of undergoing malignant transformation (e.g. plexiform neurofibromas).  

MPNST development – the main cellular and genetic 

characteristics 

As a consequence of the neurofibroma cell heterogeneity, the primary neoplastic cell type 

was for a long time unknown. Today, it is generally accepted that MPNSTs derive from the 

embryonic Schwann cell lineage, and this is partly supported by the fact that these cells 

retain the ability to proliferate throughout life (16;25). An overview of the cellular 

developmental pathway in MPNST is shown in figure 6. 
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Figure 6: Development of MPNST from the embryonic Schwann cell lineage. Neural-crest cells 

differentiate into Schwann-cell precursors, and further to immature Schwann cells. Immature Schwann 

cells can follow either of two maturation pathways, leading to myelinating or non-myelinating Schwann 

cells. In mature Schwann cells, disruption of the NF1 protein expression and other non-genetic factors such 

as hormone abnormalities, can lead to dermal neurofibromas, which only rarely give rise to MPNSTs. 

Neural-crest cells, Schwann-cell precursors, and immature Schwann cells are grouped into the 'embryonic 

Schwann-cell lineage', and loss of NF1 in this lineage can give rise to plexiform neurofibromas. These 

plexiform neurofibromas frequently undergo malignant transformation through additional genetic changes, 

and develop into MPNSTs. Modified after (25). 

NF1 loss of function in the Schwann cells is thought to be an early tumorigenic event, and 

one of the most important genetic aberrations in MPNST. Inborn NF1 mutations, and thus 

increased risk of tumor development, have already been described for the NF1-associated 

patients. Of all MPNST tumors, about half are estimated to occur in these patients (27). The 

other half arises sporadically, and NF1 mutations are also found in the great majority of the 

patients with sporadic MPNST (28). It is worth mentioning that no significant differences in 

the molecular signature between NF1-associated and sporadic MPNSTs were revealed in a 

rather large gene expression profiling study performed at our department (29).  

Additional genetic alterations other than in NF1 are required for MPNST development, and 

in this regard, mutations in CDKN2A and TP53, both important in cell cycle regulation, are 

frequently reported (28). Recently, loss-of-function somatic alterations were identified in 

components of the Polycomb repressive complex 2 (PRC2) in the vast majority of MPNSTs, 

and this loss was proposed to contribute to the oncogenesis by promoting cell proliferation 
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and growth (30). PRC2 is an “epigenetic protein” in the sense that it is involved in chromatin 

modifications, and thus in regulation of various genes. Finally, several other mutated genes 

or defect gene products have been reported for MPNST, but they have not yet been 

demonstrated as important for the malignant transformation. In general, the MPNST 

carcinogenesis remains largely unknown at the molecular level. 

Locations of the primary MPNSTs vary. They can be found in the extremities (upper and 

lower limb), trunk, head, neck and pelvis (figure 7) (12;13). The primary tumors can 

metastasize to various sites, such as the lungs, liver, brain, bones, regional lymph nodes, skin, 

and retroperitoneum (14). 

 

Figure 7: Common sites of MPNSTs at diagnosis. MPNST can arise at various locations in the body, and 

no significant differences are seen among NF1-associated and sporadic MPNSTs. Modified after (12). 

1.2.3 MPNST – prognosis, treatment and survival  

MPNST is rather difficult to detect, partly because it can be challenging to distinguish 

malignant from benign neurofibromas (14). In addition, the transition from low-grade to 

high-grade tumors is typically rapid, and most patients have a rather poor prognosis upon 

detection (12). Diagnostics are done by a combination of gross examination (macroscopic 

observation of the tissue specimen with the bare eye), histopathology (examination with a 

light microscope) and immunohistochemical staining (use of antibodies that bind specifically 

to cancer-relevant antigens) (13). Different studies have reported a mean age at diagnosis for 
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sporadic MPNST from 40-48 years, whereas MPNST patients with NF1 are typically 

younger at diagnosis, with a mean age of 26-29 years (12;27).  

At present, surgery is the only standard treatment (13). The benefit of adjuvant chemotherapy 

for MPNST patients is debated. However, it is in some cases given in an effort to reduce the 

size of the primary tumor before surgery, or as palliative treatment for metastatic patients 

(14). Moreover, radiotherapy can be used to locally control or delay recurrence, but has not 

been shown to increase long-term survival. While neither adjuvant chemotherapy nor 

radiation seem to impact the prognosis, tumor size and the extent of resection have been 

suggested as prognostic markers (12). The recurrence rate is estimated to be around 45% for 

NF1-associated MPNST patients, and close to 40% for patients with a sporadic disease, with 

a mean interval from diagnosis to first reoccurrence of approximately 13 and 32 months, 

respectively (12).  

The overall five-year survival rate for all MPNST patients taken together is around 50%, 

underscoring the aggressiveness of the disease (13;31;32). It is debated whether or not there 

is a significant difference in survival between NF1-associated- and sporadic MPNSTs. In a 

recent meta-analysis from our department based on publications from the last 50 years and 

including over 1800 patients, it was found that the literature from this period indicates a 

significantly poorer outcome for NF1 patients, compared to sporadic MPNST cases (33). 

However, in studies published the last decade, the reported survival differences were 

decreasing as survival for NF1-associated patients has improved. The authors thus concluded 

that their observations support the hypothesis that MPNSTs arising in NF1- and non-NF1 

patients are not different per se.  
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1.3 Epigenetics 

The field of epigenetics is frequently referred to as rather “new”, but the term was first used 

over 70 years ago. In 1942, the biologist Conrad Waddington defined epigenetics as; “the 

branch of biology which studies the causal interactions between genes and their products, 

which bring the phenotype into being” (34). Thus, with the aim of understanding more about 

the complex processes and mechanisms lying between genotype and phenotype, the field of 

epigenetics emerged (35). At present, one commonly used definition of epigenetics is 

“cellular information, other than the DNA sequence itself, that is inheritable during cell 

division” (36). The interest in epigenetic research has increased markedly during the last 

decade. From 1994 to 2004, 3 155 hits were found in PubMed using the search term 

“Epigentic/s”, while the number rose to 30 374 between 2004 and 2013 (37). From the 1st of 

January this year until the present date, over 5 000 additional hits are found. This may largely 

be seen as a consequence of more or less important advancements in epigenetic methodology 

and technology (38). DNA methylation is the most studied epigenetic modification in 

humans (39), and is the focus of the present master thesis. Other epigenetic mechanisms, 

such as histone modifications, nucleosome dynamics and noncoding RNA will not be further 

discussed. 

1.3.1 DNA methylation 

Methylation is found at CpG sites in humans 

In the human genome, DNA methylation is mainly found at cytosine bases, usually where a 

cytosine is connected to the 5’ end of a guanine, also called a CpG site. DNA methylation 

involves the transfer of a methyl group from S-adenosylmethionine to the carbon-5 position 

of a cytosine, and is catalyzed by DNA methyltransferases (DNMTs) (figure 8) (40).  
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Figure 8: DNA methylation at cytosine bases. DNA methylation in mammals is mainly found on 

cytosines followed by guanines, and the attachment of the methyl group to the cytosine base is catalyzed 

by DNA methyltransferases. Abbreviations: DNMT; DNA methyltransferase, SAM; S-

adenosylmethionine, SAH; S-adenosylhomocysteine. Modified after (41).  

In mammals, the three main DNMTs are DNMT1, DNMT3A and DNMT3B. DNMT1 

preferentially binds to hemimethylated DNA, and is primarily responsible for methylating 

the new daughter strand during cell division (42). This means that DNMT1 is important for 

epigenetic inheritance and maintenance of epigenetically regulated gene expression, and is 

consequently referred to as a maintenance DNA methyltransferase. DNMT3A and DNMT3B 

are mainly involved in methylation of new CpG sites in the DNA, and are called de novo 

DNA methyltransferases (40). 

CpG sites are strongly underrepresented in the human genome, because spontaneous 

deamination of 5-methylcytosine results in thymine. This mutation is not easily recognized 

by the nuclear DNA repair machinery, and is thus rarely corrected. The existing CpG sites 

are therefore unevenly distributed throughout the genome, and long stretches of DNA with 

only a few or no CpG sites are typically separated by sudden clusters of CpGs in areas called 

CpG islands (40). CpG islands overlap to a great extent with promoter regions, and are 

associated with around 60% of human structural genes (39). In normal human cells, these 

CpG islands tend to be unmethylated, while the majority of CpG sites outside of these islands 

are typically methylated (e.g. in repetitive sequences) and represent about 70% of all CpG 

dinucleotides in the mammalian genome (7;40). DNA methylation is involved, and 

important, in a variety of biological processes, such mammalian development, regulation of 

tissue specific gene expression, genomic imprinting, X-chromosome inactivation, and 

transposon silencing (40). In addition, increased DNA methylation at normally unmethylated 

CpG islands seems to be an aging-related phenomenon (35). 
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DNA methylation is involved in gene regulation 

DNA methylation was for a long time mainly viewed as a silencing epigenetic mark involved 

in inactivation of gene expression. More recently, it has become clear that the relationship 

between DNA methylation and transcription is not as simple, and that the function of DNA 

methylation is likely to vary with the genomic context (figure 9). 

 

Figure 9: DNA methylation in different regions of the genome, and its effect on transcription. The 

“normal” scenario is shown to the left, and alterations of this pattern, which may lead to disease, to the 

right. (a) CpG islands at gene promoters are normally unmethylated, allowing transcription. Aberrant 

promoter hypermethylation, on the other hand, silences gene expression. (b) CpG island shores (less 

densely packed areas of CpG dinucleotides within 2kb upstream of a CpG island) are regulated in the same 

way as the CpG islands. (c) Methylation at gene bodies facilitates transcription, and prevents transcription 

from alternative start sites. In contrast, unmethylated gene bodies may allow transcription initiation from 

incorrect start sites. Abbreviations: DNMT; DNA methyltransferase, RNA pol; RNA polymerase, TF; 

transcription factor, MBD; Methyl CpG binding domain protein, E1-E4; exon 1-4. From (39). 

It has been well documented that DNA methylation near the transcription sites tends to 

repress expression (43). For methylation in the gene body, on the other hand, such silencing 

effect is rarely seen, and there has even been indications of an increased transcription rate 

(43). In addition, it has been demonstrated that exons are more highly methylated than 

introns, and that a sharp methylation transitions occurs at exon–intron boundaries (44). Gene 

body methylation is thought to be involved in regulating splicing through pausing of the 

RNA polymerase II, because the kinetics of the polymerase movement influences the 

splicing pattern (43). 

Thus, even though the picture seems more complex than first thought, DNA methylation of 

promoter CpG islands is still commonly accepted to correlate with transcription inactivation. 

However, it has been debated whether the silencing, or the methylation, is the cause or the 
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consequence. In most cases, it seems likely that the methylation is added to genes that are 

already silenced by other mechanisms, and is thus not the initiator of gene repression, but 

rather a “maintainer” (45). This is true for e.g. the VIM gene, which frequently displays 

aberrant hypermethylation in colorectal cancer, but is not expressed in normal colon mucosa 

(46). 

It was commonly believed that DNA methylation induced transcription inactivation by 

binding to, and thus blocking, the transcription factor binding sites. However, at present, this 

is thought to happen only in the minority of cases. More often, DNA methylation is involved 

in modulating chromatin through interaction with methyl-binding domain (MBD) proteins 

(47). When these MBD proteins are bound to methylated cytosines, they can recruit 

chromatin modifying proteins, which in turn may induce formation of heterochromatin, and 

thus transcriptional inactivation (48). 

1.3.2 DNA methylation in cancer 

In addition to its important roles in normal cells, aberrant DNA methylation is related to 

various diseases. The vast majority of cancers seems to include two main, but opposing 

events of DNA methylation aberrations; genome-wide DNA hypomethylation and CpG 

island DNA hypermethylation (figure 10) (49).  

 

Figure 10: DNA methylation in cancer- and normal cells. While CpG islands at gene promoters tend to 

be unmethylated in normal tissue, they typically become hypermethylated in cancer cells. Global 

hypomethylation is also frequently observed in tumor cells compared to their normal counterparts, e.g. at 

repeated sequences throughout the genome. 
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Global hypomethylation 

Hypomethylation was identified in 1983 by Feinberg and Vogelstein (50), and was the first 

epigenetic alteration to be reported in cancer cells (10). Repetitive elements, 

retrotransposons, and introns are common targets for hypomethylation in cancer, and have 

traditionally been thought to cause genomic instability and increased chromosomal 

rearrangements when experiencing loss of methylation (51). As for coding sequences, it has 

been found that hypomethylation of CpG islands can lead to activation of nearby genes, one 

example being the oncogene HRAS (36). Oncogenes are defined as genes with the potential 

to cause cancer when mutated or over-expressed, and is typically involved in cell growth 

control (52). However, only a few cases of hypomethylated oncogenes are known. Studies of 

global hypomethylation in cancer genomes are limited compared to e.g. promoter 

hypermethylation studies, possibly because the informative value of this aberration in the 

clinical setting has been regarded as more restricted (40).  

Gene promoter hypermethylation 

Promoter hypermethylation is an important mechanism for gene silencing in tumor 

development. This is supported by the fact that demethylating drugs can reactivate previously 

silenced genes, and restore production of their products (53). Most of the cancer-associated 

hypermethylation is thought to accompany the malignant transformation, rather than to 

induce it (54). However, some genes are known to contribute directly to cancer development, 

including the so-called tumor suppressor genes MLH1, CDKN2A and BRAC1 (55). Tumor 

suppressor genes are defined as genes that normally protect a cell from malignant 

transformation, but if inactivated, could lead to cancer development (52). 

Finally, a great part of the CpG island hypermethylation seems to occur in a non-random 

fashion in cancer cells (9). In addition, the cancer specific hypermethylation of various genes 

is often one of the earliest tumorigenic events (51). This has led to a great interest in DNA 

promoter hypermethylation as cancer biomarkers (8). A biomarker can be defined as “a 

biological molecule found in blood, other body fluids, or tissues that is a sign of a normal or 

abnormal process or of a condition or disease7”, and may hold great potential as tool to give 

valuable information about diverse aspects of a disease (56). 

 

                                                 
7
 http://www.cancer.gov/ 
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1.3.3 DNA methylation in MPNST 

As for most other types of cancer, more research has been done in regards to genetic changes 

in MPNST compared to epigenetic aberrations. This is reflected at our own department, 

where a decent number of studies on MPNST have been performed. Some examples include 

identification of 1) specific chromosomal gains and losses as poor prognostic factors (57), 2) 

expression profiling of specific cell cycle components (29), 3) TP53 as a strong survival 

predictor (58) and 4) upregulation of topoisomerase-II alpha and its association with clinical 

outcome (59).  

Only a limited number of MPNST DNA methylation aberrations are reported in the 

literature, and the study populations are typically small, making it difficult to obtain 

significant and representative results. In a recent publication from our department, Danielsen 

et al. have reviewed genes that have been reported with DNA promoter methylation in the 

literature, a work that resulted in a list of 20 genes from 11 different studies (27). With one 

exception, all of these studies included less than 20 samples, and some as few as three. In 

addition, the reported methylation frequency for most of the genes was below 30%. In the 

same publication, RASSF1A promoter hypermethylation was investigated in a large MPNST 

patient series (n=91), and was found methylated in 60% of the cases, as well as unmethylated 

in all controls (n=22).  Furthermore, the RASSF1A promoter methylation in NF1-associated 

patients was significantly correlated with poor prognosis. If validated, this is likely to be the 

first molecular marker that can identify a subgroup of NF1-associated MPNST patients with 

inferior prognosis (27).  

Thus, even though some DNA methylation alterations in MPNST have been reported, more 

studies are necessary in order to increase the knowledge. Consequently, identification of 

novel candidates inactivated by promoter hypermethylation in this aggressive disease has 

good potential, and is highly needed. 
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1.4 Methods for DNA methylation analysis 

Following the discovery of DNA methylation and increased interest in the field of 

epigenetics, it became clear that most of the existing molecular biology techniques were not 

well suited to assess DNA methylation information. Regular cloning and PCR result in 

elimination of the methylation mark, and discrimination by hybridization is limited by the 

fact that the methyl group is located in the major groove, and not at the hydrogen bonds (60). 

Thus, a development of methylation specific methods was needed, and the number of 

variants gradually increased.  

The earliest DNA methylation analyses were non-specific, meaning that they could detect, 

but not locate, methylation in the genome. They were succeeded by methods that could 

identify specific methylated sites, but were restricted to limited regions of the DNA, such as 

the initial analyses based on methylation-sensitive restriction enzyme digestion. Later, with 

bisulfite conversion followed by Sanger sequencing, it became possible to determine 

methylation status of cytosines at a single-molecule level in any sequence context. Advances 

in microarray- and high-throughput sequencing technology have more recently made it 

possible to analyze entire methylomes (the sum of nucleic acid methylation modifications in 

the genome) at single-base-pair resolution. The timeline in figure 11 gives an approximate 

overview of the development of some of the methods for DNA methylation analysis that 

have been, and/or still are, much used in epigenetic research. 
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Figure 11: A timeline of methods for DNA methylation analysis. The timeline shows some of the 

methods that have emerged during the last decades for investigation of DNA methylation. This involves 

development from methods allowing simply detection of the amount of 5-methylcytosine in a genome (e.g. 

RP-HPLC), to diverse basic comparative methods (e.g. methylation-specific immunoprecipitation, 

methylation-sensitive restriction enzymes, or bisulfite sequencing, usually in combination with PCR), and 

adaption of the earlier methods to newer platforms (microarray technology and high-throughput 

sequencing). Abbreviations: Anti-5mC, 5-methylcytosine specific antibody; MeDIP, methylated DNA 

immunoprecipitation; MSP, methylation-specific PCR; qMSP, quantitative methylation-specific PCR; 

RLGS-M, restriction landmark genomic scanning for methylation; RP-HPLC, reversed-phase high 

performance liquid chromatography; RRBS, reduced representation bisulfite sequencing; WGSBS, whole-

genome shotgun bisulfite sequencing. Modified after (61).  

Basically all DNA methylation methods involve some kind of pretreatment of the DNA, 

followed by an analytical step, in order to determine the methylation status of a CpG site or 

CpG region of interest in the genome (60). There are three main pretreatment techniques; 1) 

enzymatic digestion, 2) affinity enrichment and 3) bisulfite conversion. When it comes to the 

analytical steps, several types exist, including column-based-, PCR-based-, gel-based-, array-

based-, and high-throughput sequencing-based analyses. To exemplify, some commonly used 

combinations of the different pretreatments and analytical steps are shown in table 1, but it 

should be noted that many more exist. 
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Pretreatment 

Analytical step 

Column-

based 

analysis 

PCR-based 

analysis 

Gel-based 

analysis 

Array-based 

analysis 

HTS-based 

analysis 

Enzymatic 

digestion 
RL-HPLC HpaII-PCR RLGS-M HELP HELP-seq 

Affinity 

enrichment 
 MeDIP-PCR  MeDIP-chip MeDIP-seq 

Sodium 

bisulfite 

conversion 

 
qMSP/ 

MethyLight 

Bisulfite 

sequencing 

Golden Gate 

methylation assay 
RRBS 

MSP 
Infinium 

methylation assay 
WGSBS 

Table 1: An overview of different types of DNA methylation analyses.  The methods are here classified 

on the basis of pretreatment technique, and the following type of analytic step. HELP, HpaII tiny fragment 

enrichment by ligation-mediated PCR; MeDIP, methylated DNA immunoprecipitation; MSP, methylation-

specific PCR; HTS, high-throughput sequencing; RLGS-M, restriction landmark genome scanning for 

methylation; RRBS, reduced representation bisulfite sequencing; WGSBS, whole-genome shotgun bisulfite 

sequencing. Modified after (60). 

When discussing methods for DNA methylation analysis, it is important to bear in mind that 

different methods provide different “kinds” of results and information. Identification of the 

methylation status of a few specific loci is typically referred to as typing techniques, while 

profiling techniques allows detection of the methylation pattern at the whole-genome level 

(62). Furthermore, the throughput and coverage can vary substantially among methods, as 

illustrated in figure 12 (60). Coverage can be referred to as the number of CpGs analyzed per 

sample, while throughput is commonly defined as the number of samples included in the 

analysis.  
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Figure 12: Number of analyzed samples (throughput) plotted against the number of CpGs assessed 

(coverage) for different methods. Array-hybridization- or high-throughput sequencing based studies have 

traditionally included fewer samples than PCR-based methods (e.g. qMSP/MethyLight and MSP), but 

allows analysis of a higher number of CpG sites per genome. BC–seq, bisulfite conversion followed by 

capture and sequencing; BS, bisulfite sequencing; BSPP, bisulfite padlock probes; –chip, followed by 

microarray; COBRA, combined bisulfite restriction analysis; MeDIP, methylated DNA 

immunoprecipitation; MSP, methylation-specific PCR; RRBS, reduced representation bisulfite sequencing; 

–seq, followed by sequencing; WGSBS, whole-genome shotgun bisulfite sequencing. From (60).  

The number and diversity of DNA methylation investigation methods is vast, and the present 

master project does not aim to describe them all. The main focus will be on quantitative 

methylation-specific PCR (qMSP; also called MethyLight), which is among the most 

frequently used methods for promoter DNA methylation analyses. In addition, sodium 

bisulfite conversion, which is the required DNA pretreatment technique preceding qMSP, 

will be carefully covered. However, to place bisulfite conversion and qMSP in a broader 

context, and to highlight some of their advantages and challenges compared to other types of 

analyses, a selection of well-established DNA methylation methods will be presented. To 

make it easier to keep track of the different methods, table 1 (previous page) will be repeated 

each time a new method or technique is described, with the method(s) in question highlighted 

in red.  

 

 

 

 



Introduction 
 

20 

 

1.4.1 Initially used methods for DNA methylation 

detection  

Liquid chromatography techniques 

Pretreatment 

Analytical step 

Column-based 

analysis 

PCR-based 

analysis 

Gel-based 

analysis 

Array-based 

analysis 

HTS-based 

analysis 

Enzymatic 

digestion 
RL-HPLC HpaII-PCR RLGS-M HELP HELP-seq 

Affinity 

enrichment 
 

MeDIP-

PCR 
 MeDIP-chip MeDIP-seq 

Sodium 

bisulfite 

conversion 

 
qMSP/ 

MethyLight 

Bisulfite 

sequencing 

Golden Gate 

methylation assay 
RRBS 

MSP 
Infinium 

methylation assay 
WGSBS 

 

Some of the earliest methods used to detect DNA methylation were based on liquid 

chromatography to separate methylated and unmethylated cytosines. In 1980, reversed-phase 

high performance liquid chromatography (RP-HPLC) was developed to measure methylated 

cytosines quantitatively (63). This technique uses DNase I nuclease and nuclease P1 to 

hydrolyze DNA, enabling subsequent identification of single nucleotides based on their UV 

absorbance. This method represents the first example of a rather primitive and largely non-

specific genome-wide methylation profiling (62). While useful at the time for comparison of 

the relative amount of methylated and unmethylated cytosines in different genomes, this 

technique is far from specific enough to map 5-methylcytosine to exact positions in the 

genome (61). 

Methylation-sensitive restriction enzymes 

Pretreatment 

Analytical step 

Column-based 

analysis 

PCR-based 

analysis 

Gel-based 

analysis 

Array-based 

analysis 

HTS-based 

analysis 

Enzymatic 

digestion 
RL-HPLC HpaII-PCR RLGS-M HELP HELP-seq 

Affinity 

enrichment 
 MeDIP-PCR  MeDIP-chip MeDIP-seq 

Sodium 

bisulfite 

conversion 

 
qMSP/ 

MethyLight 

Bisulfite 

sequencing 

Golden Gate 

methylation assay 
RRBS 

MSP 
Infinium 

methylation assay 
WGSBS 

 

Restriction enzymes are frequently used to manipulate DNA, because of their ability to 

cleave the nucleic acid strand at specific motifs. In 1979, the isochizomers HpaII and MspI 

were first used to detect DNA methylation (61). Only HpaII is methylation-sensitive, 

meaning that the enzyme is inhibited by methylation at its recognition site, and is then unable 
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to catalyze hydrolysis. MspI on the other hand, is methylation-insensitive, and will cut 

independent of whether the target sequence is methylated or not. With the discovery of such 

methylation-sensitive enzymatic DNA digestion followed by gel electrophoresis, methylation 

analyses at a specific gene loci became possible for the first time (40). At present, 

approximately 50 unique methylation-sensitive restriction enzymes are identified, though 

only very few have known methylation-insensitive isochizomers (64). Several techniques 

have been used to detect the methylated DNA fragments after methylation-sensitive 

restriction enzyme digestion, from radiolabeling of nucleotides and two-dimensional thin-

layer chromatography (2D-TLC), to Sothern blotting, and PCR-based methods (61). The 

latter can be a quite sensitive and reliable method, and is still used for some purposes (60). A 

methylation-sensitive restriction enzyme-based method known as restriction landmark 

genomic scanning for methylation (RLGS-M), was the first breakthrough platform presented 

to increase the number of assessed CpGs in methylation studies (64). This method involves 

radiolabeling and cutting of DNA with a combination of methylation-sensitive restriction 

enzymes, separation of the fragments in 2D gel electrophoresis, and subsequent visualization 

of spots. RLGS-M has e.g. been used to compare differential genome-wide methylation 

patterns between individuals (65). Methylation-sensitive restriction enzyme-dependent 

methods have more recently been used in combination with various array-based techniques, 

as well as high-throughput sequencing approaches, and will be explained later in the 

introduction (section 1.4.7 and 1.4.8, respectively).  

Restriction enzyme-based techniques are limited by the number of sites in the genome that 

can be targeted by these enzymes, and far from all of these sites are informative (66). Other 

limitations include false positives as a consequence of incomplete digestion, and often high 

DNA input and -quality requirements. As for RLGS-M, the resolution is rather low, and the 

protocol quite laborious compared to other genome-wide methylation analyses that exist 

today (61). Both RP-HPLC and the earliest methylation-sensitive restriction enzyme-based 

methods have potential to successfully detect 5-methylcytosine and prove its natural presence 

in the genome, but are unable to give detailed genome-wide or gene-specific information 

(61). To gain more detailed insights into DNA methylation at specific CpG sites in the 

genome, novel methods were needed. 
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1.4.2 Sodium bisulfite conversion of cytosines 

Pretreatment 

Analytical step 

Column-based 

analysis 

PCR-based 

analysis 

Gel-based 

analysis 

Array-based 

analysis 

HTS-based 

analysis 

Enzymatic 

digestion 
RL-HPLC HpaII-PCR RLGS-M HELP HELP-seq 

Affinity 

enrichment 
 MeDIP-PCR  MeDIP-chip MeDIP-seq 

Sodium 

bisulfite 

conversion 

 
qMSP/ 

MethyLight 

Bisulfite 

sequencing 

Golden Gate 

methylation assay 
RRBS 

MSP 
Infinium 

methylation assay 
WGSBS 

 
The discovery of the sodium bisulfite conversion reaction 

The effect of the chemical compound sodium bisulfite (NaHSO3) on cytosines in DNA was 

first described in 1970, when two research groups, Hayatsu and colleagues, and Shapiro and 

colleagues, independently published their findings (67;68). They showed that sodium 

bisulfite selectively deaminates cytosine bases. Hayatsu et al. also noted that sodium bisulfite 

deamination of 5-methylcytosine happened very slowly compared to cytosine deamination 

(68). This opened up the possibility to distinguish between regular- and methylated cytosines 

in the genome. Still, sodium bisulfite conversion was not much used until the early 1990s, 

when the Clark group published the first protocol for positive detection of single 5-

methylcytosines residues in a DNA sample (69). This paper revolutionized the research tools 

in the DNA methylation field, and bisulfite conversion, followed by PCR and sequencing, 

soon became the gold standard for the vast majority of DNA methylation studies (9). 

The principles behind sodium bisulfite conversion 

The sodium bisulfite reaction allows subsequent detection of site-specific methylation. This 

is because unmethylated cytosines are deaminated to uracils and amplified as thymines in 

following PCR, while 5-methylcytosines are left intact, and detected as cytosines (figure 13). 

As emphasized by Hayatsu et al., sodium bisulfite-mediated deamination of 5-

methylcytosine would eventually result in thymine, but compared to the conversion rate of 

cytosines to uracils, the reaction is in theory too slow to significantly affect the result (70). 
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Figure 13: The principle behind bisulfite conversion of DNA. Sodium bisulfite deaminates cytosines to 

uracil, while 5-methylcytosines are left unaffected. 

The bisulfite conversion reaction proceeds in two main parts. First, DNA is denaturated at 

high temperature, before sodium bisulfite ensures sulphonation of cytosines to cytosine 

sulphonates at low pH (marked in yellow in figure 14). This is followed by hydrolytic 

deamination of the cytosine sulphonates to uracil sulphonates (marked in blue in figure 14). 

In the second part of the reaction, the desulphonation agent sodium hydroxide ensures the 

final desulphonation of uracil sulphonates to uracils (marked in pink in figure 14). 

 

Figure 14: Bisulfite-mediated conversion of cytosine to uracil. First, sulphonation of cytosine leads to 

cytosine sulphonate. Second, hydrolytic deamination of cytosine sulphonate gives uracil sulphonate. 

Finally, desulphonation of uracil sulphonate results in uracil. Figure from (71).  

The original sodium bisulfite conversion protocol was quite laborious and time-consuming 

compared to the present standard. The reaction was carried out by alkali denaturation, 

neutralization, precipitation, and incubation in a combination of sodium bisulfite and 

hydroquinone at low pH (i.e. pH=5) and 50°C for at least 16 hours under mineral oil (69). 

Today, bisulfite conversion is commonly performed using commercially available kits, and a 

variety of these kits exists on the market. Even though based on the same principles, several 

parameters can vary between kits, such as incubation conditions, -duration and -type (fixed 

vs. cycling program), as well as the conversion efficiency (72). Some of the most important 
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parameters when choosing a kit are high conversion efficiency and DNA recovery, 

protocol duration, and kit price. 

Strengths and limitations of bisulfite conversion 

When performing sodium bisulfite conversion, two main sources of error should be taken 

into consideration; 1) failed conversion of unmethylated cytosines to uracil, and 2) 

inappropriate conversion of 5-methylcytosine to thymine (73). This is shown in figure 15. 

 

Figure 15: Possible effects of bisulfite treatment for methylated and unmethylated cytosines. 1) 

Unmethylated cytosines are either converted to uracils (“correct”), or fail to be converted, and remain as 

cytosines (“error”). 2) The 5-methylcytosines either do not undergo conversion (“correct”), or are 

inappropriately converted to thymines (“error”). Modified after (73). 

1) Failed conversion of unmethylated cytosines to uracils could result in false positives in 

subsequent analyses, and may ultimately lead to an overestimation of the methylation 

frequency in the template of interest. To reduce the chances of failed conversion, complete 

denaturation of the DNA is essential, as the bisulfite conversion reaction is single-strand 

specific. Other important parameters to ensure high conversion rates include high DNA 

quality, right pH, temperature and duration of the incubation, and the presence of free 

radicals to minimize oxidative degradation (74;75). 

2) Inappropriate conversion of 5-methylcytosine to thymine on the other hand, may result in 

false negatives, and an underestimation of methylation frequency. As already noted, this 

reaction is much slower than the deamination of unmethylated cytosine to thymine, but may 

occur under prolonged incubation (76). Some studies have previously reported inappropriate 
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conversion frequencies as high as 6%, but has not been able to explain if this is actually a 

bisulfite conversion related phenomenon, or rather an indirect consequence of other 

methodologically related biases (e.g. PCR-biases) (73). 

Additionally, the sodium bisulfite reaction is rather harsh on the DNA, and has been shown 

to result in important degradation and loss of DNA fragments during purification (70). Thus, 

it can be useful to determine the recovery rate of bisulfite-converted DNA before 

downstream PCR analysis.   

One important benefit of sodium bisulfite conversion compared to enzymatic digestion, is 

that the former is not limited by the presence of restriction sites. On the other hand, bisulfite 

conversion causes reduced sequence complexity as a consequence of the conversion of 

cytosines to thymines. This means that primers used in downstream PCR analyses may have 

increased chance of binding to several target sequences in the converted DNA (77). 

Consequently, in silico evaluation of primer specificity is a key step when designing primers 

for bisulfite-treated DNA. In addition, the reduced complexity can complicate hybridization 

of bisulfite-converted DNA to microarrays (see section 1.4.7), and mapping and aligning of 

converted sequences in methylome studies (see section 1.4.8). 

Altogether, sodium bisulfite conversion is a pretreatment technique that can be combined 

with several different analytical steps in order to investigate genomic DNA methylation. 

During the last decade, some commonly used bisulfite-based methods include bisulfite 

sequencing, methylation-specific PCR (MSP) and quantitative methylation-specific PCR 

(qMSP). These three methods are all involved in the present master thesis, and are therefore 

presented in the following. 

1.4.3 Bisulfite sequencing 

Pretreatment 

Analytical step 

Column-based 

analysis 

PCR-based 

analysis 

Gel-based 

analysis 

Array-based 

analysis 

HTS-based 

analysis 

Enzymatic 

digestion 
RL-HPLC HpaII-PCR RLGS-M HELP HELP-seq 

Affinity 

enrichment 
 MeDIP-PCR  MeDIP-chip MeDIP-seq 

Sodium 

bisulfite 

conversion 

 
qMSP/ 

MethyLight 

Bisulfite 

sequencing 

Golden Gate 

methylation assay 
RRBS 

MSP 
Infinium 

methylation assay 
WGSBS 
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When Frommer et al. from the Clark group published the first sodium bisulfite conversion 

protocol, they used Sanger sequencing to subsequently detect methylated cytosine sites (69). 

More specifically, bisulfite sequencing involves PCR amplification of a bisulfite-converted 

sequence of interest, purification of the amplified product, cloning into a vector, sequencing 

based on the dideoxynucleotide chain termination method, and gel-based separation of the 

sequencing products (69). In the resulting electropherograms, 5-methylcytosines appear as 

cytosines, and unmethylated cytosines as thymines (figure 16).  

 

Figure 16: Part of an electropherogram resulting from a bisulfite sequencing reaction. The different 

bases are assigned with different colors; red for thymine, black for guanine, green for adenine, and blue for 

cytosine.  

Several variants of the original bisulfite sequencing protocol have later been presented, 

including direct bisulfite sequencing, which enables elimination of the cloning step. This 

makes the method less expensive and labor-intensive, but can hold several challenges such as 

poor signal quality and artifacts in the cytosine signals. Thus, the cloning-based version is 

still the gold standard for many purposes (77).  

Bisulfite sequencing is a non-methylation-specific method, meaning that the primers are 

designed to amplify both methylated and unmethylated fragments in the same reaction. This 

is done by designing primers that do not contain CpG cytosines, and that flank, but not 

necessarily involve, the CpG site of interest (78). In addition, long polymeric thymine 

stretches should be avoided in the primer annealing sites, in order to diminish the chance of 

amplification errors by the DNA polymerase.  

Bisulfite sequencing can be quite laborious, time consuming, and expensive compared to 

other methods for DNA methylation analysis, and the throughput is in general rather low (9). 

However, the great strength of bisulfite sequencing is the determination of methylation status 

at single-base resolution in any sequence context (60). Nevertheless, for sensitive 
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investigation of the overall methylation status in specific genomic regions, methylation-

specific methods like MSP and qMSP are often more suited (40). 

1.4.4 Methylation-specific PCR (MSP) 

Pretreatment 

Analytical step 

Column-based 

analysis 

PCR-based 

analysis 

Gel-based 

analysis 

Array-based 

analysis 

HTS-based 

analysis 

Enzymatic 

digestion 
RL-HPLC HpaII-PCR RLGS-M HELP HELP-seq 

Affinity 

enrichment 
 MeDIP-PCR  MeDIP-chip MeDIP-seq 

Sodium 

bisulfite 

conversion 

 
qMSP/ 

MethyLight 

Bisulfite 

sequencing 

Golden Gate 

methylation assay 
RRBS 

MSP 
Infinium 

methylation assay 
WGSBS 

 

In 1996, Herman et al. presented one of the first bisulfite-based detection methods in a non-

sequencing context, called methylation-specific PCR (MSP) (79). MSP can be used to 

rapidly and qualitatively determine the methylation status of individual gene promoters, and 

the sensitivity of the method is around one methylated allele among 1000 unmethylated (80). 

As a methylation-specific method, MSP amplifies either the methylated or the unmethylated 

version of a sequence of interest. Thus, the method requires two different primer sets for each 

investigated locus; one that specifically binds to methylated DNA, and the other that 

specifically binds to unmethylated DNA. The primer pairs are used in two parallel 

amplification reactions. The PCR products are separated by gel electrophoresis and 

visualized, and the methylation status of the locus of interest is determined based on the 

presence or absence of bands in the two reactions.  

As for primer design, Herman et al. underscored that the MSP primer pairs should anneal to 

the same CpG containing region (79). Furthermore, they emphasized that the primers should 

cover several CpG sites, preferably one close to the 3’ primer end. This to achieve optimal 

discrimination of methylated and unmethylated sequences, as extension by the DNA 

polymerase during the PCR is dependent upon a good match at this end. Finally, several 

originally unmethylated cytosine sites should be included, in order to ensure high specificity 

for converted DNA. As earlier mentioned, incomplete conversion of unmethylated cytosines 

represent a possible error source of bisulfite conversion. However, MSP primers that include 

non-CpG cytosines will fail to amplify unconverted template, thus reducing the chance of 

false positives. 
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The MSP method is easy to perform, cheap, and less time-consuming than e.g. bisulfite 

sequencing. In addition, it has a rather high throughput, and allows sensitive and specific 

detection of the methylation status of a region of interest (60;79). One limitation of MSP 

however, is that DNA of low quality and/or quantity is often associated with decreased 

reproducibility (81). More importantly, this method does not allow quantitative 

determination of methylation level in a sample, as there is not necessarily a clear correlation 

between band intensities and dilution ratios (82). 

1.4.5 Quantitative methylation-specific PCR (qMSP) 
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Analytical step 
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MSP 
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Further development of MSP, which at best gives semi-quantitative information of the 

methylation status at a given locus, to a quantitative real-time technology was first described 

in 1999 (83). However, it became better known from 2002, when Eads et al. presented 

“MethyLight”; a highly-sensitive, high-throughput method to quantify DNA methylation 

frequencies with great accuracy even with low input of DNA (66). “MethyLight” and 

“quantitative methylation-specific PCR (qMSP)” are today regarded as synonyms, and the 

term qMSP will be used in this master thesis. 

The real-time detection of methylated PCR products 

The qMSP method is methylation-specific, and serves to amplify methylated DNA target 

sequences real-time, using sequence-specific primers. This real-time detection of PCR 

products can be based on either of two different principles.  

The first principle involves use of a fluorescent dye, referred to as SYBR Green, in the PCR. 

Upon binding to double-stranded DNA, the SYBR Green dye largely increases its 

fluorescence emission. This signal will increase for each round of amplification, and can be 

detected by the instrument (figure 17) (84). 
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Figure 17: An illustration of qMSP amplification based on the SYBR Green principle. Upon binding 

to double-stranded DNA, the SYBR green dye fluorescence emission increases dramatically. During the 

PCR amplification, more and more SYBR Green dye will bind to increased amounts of PCR products, 

resulting in a continuously increased level of fluorescent signals. Modified after (84). 

The second principle involves use of specific probes in the PCR, and can be referred to as 

TaqMan. This principle will be described somewhat more detailed than SYBR Green, as it is 

used in the present work. In contrast to the SYBR Green dye that is sequence-unspecific, 

TaqMan probes are locus- and methylation-specific dual-labeled hydrolysis probes (85). 

They contain a 5’ end fluorescence dye, and usually a 3’ end non fluorescence quencher. In 

addition, a 3’ end minor groove binder (MGB) is frequently included, in order to increase the 

binding to the template, and the specificity of the reaction. Given that these probes are 

sequence specific, design of new probes for each new sequence of interest is necessary. 

Each qMSP cycle involves an initial denaturation of the DNA, before lowering of the 

temperature allows binding of both the probe and the primers to the single stranded template 

(84). A slightly higher melting temperature is required for the probe than for the primers, and 

will ensure probe binding prior to primer annealing and subsequent amplification (85). 

Amplification in the absence of a bound probe will not result in fluorescence emission, and 

may consequently lead to false negatives. As shown in figure 18, after binding of probe and 

primers, the DNA polymerase included in the reaction mix will start amplifying the DNA 

template. When reaching the probe binding site, the probe is cleaved and detached from the 

template. Intact probes do not emit fluorescence, since the non-fluorescent quencher 

suppresses emission from the fluorescent reporter dye. However, as a consequence of probe 

cleavage during amplification, the quencher and reporter dye is separated, and the latter will 

start to release a fluorescent signal that is captured by a laser detector. 
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Figure 18: Strand amplification during qMSP with use of TaqMan probes. Annealing: Probe and 

primers anneal to the template. When intact, the TaqMan probe does not emit fluorescence, as the 3’ 

quencher (Q) absorbs the fluorescence from the 5’ fluorescence reporter dye (R). Strand amplification: 

Amplification initiation by the DNA polymerase, which displaces the probe when reaching its annealing 

site. Probe cleavage: The probe has been cleaved and displaced, and the reporter dye (R) starts to emit 

fluorescence, as it is now no longer repressed by the quencher (Q). R; reporter dye, Q; non-fluorescent 

quencher, MGB; minor groove binder. 

For each amplification cycle, the intensity of the fluorescent signal will increase as new 

probes are cleaved, and the intensity of the fluorescence is ultimately translated into template 

quantity.  

Design of qMSP assays 

The bisulfite conversion reaction results in two non-complementary DNA strands since 

unmethylated cytosines are converted to uracils (and further to thymines in the PCR), and 

thus only one of the strands can be amplified during qMSP (86). Like MSP primers, qMSP 

primers are methylation-specific, but only one primer pair is needed per locus. The assays 

(primers and probe) are designed to anneal to sequences where basically all CpGs are 

methylated, and should cover several CpG sites (77). Furthermore, inclusion of originally 

unmethylated cytosines in non-CpG sites is highly recommended, in order to reduce the 

chance of amplifying false positives (40). Finally, the melting temperatures of both primers 

and probe are necessary to take into consideration. 



Introduction 
 

31 

 

The threshold cycle (Ct) 

During the exponential phase of the PCR amplification, all fluorescent signals from the 

cleaved probes are registered. The initial template quantity of a sample is determined based 

on the threshold cycle (Ct) number, which is the PCR cycle where the fluorescence crosses a 

statistically given threshold line in the exponential phase (figure 19) (86). The higher the Ct-

value, the lower the starting amount of methylated DNA. The Ct-value also depends on the 

probe binding- and primer amplification efficiency, as well as successful cleavage of the 

probe. The quantification is based on the fact that the number of PCR products is directly 

proportional to the amount of template.   

 

Figure 19: An example of a real time qMSP plot. The PCR cycle number where the reporter 

fluorescence exceeds the threshold level is called the threshold cycle (Ct), and should be in the exponential 

phase of the amplification. The threshold represents an arbitrary level of fluorescence, dependent on the 

initial PCR phases, where the fluorescence fluctuations are small. ΔRn is the increase in fluorescence at 

each time point. After a given number of cycles, a plateau will be reached. 

The threshold should always lie above the baseline (the initial PCR cycles with little change 

in fluorescent level), but sufficiently low to be in the exponential region of the amplification 

curve. The background fluorescent levels initially present are subtracted from the results 

through calculation of the ∆Rn. This normalization is necessary in order to avoid fluctuations 

in fluorescence caused by different reaction volumes, sample concentrations or other sample 

effects (87).  

Determination of the template quantity in any given sample based on its Ct-value requires a 

standard curve, which is normally created by serial dilutions of in vitro methylated DNA 

(IVD) with known concentration (figure 20). IVD is a completely methylated DNA sample, 
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commonly generated by in vitro methylation of placenta DNA. In theory, the more dilutions 

points included in a standard curve, the higher the precision. However, production of more 

than e.g. five 1:5 dilutions is often not possible in practice. 

 

Figure 20: A standard curve is used to determine the quantity of a sample based on its Ct value. The 

quantity is determined as a function of Ct. In the upper right corner, the slope, the intersection with the y-

axis, and the R2 value is shown. A slope of -3.32 indicates a 100% efficient reaction. The R2 value, also 

called the Pearson Coefficient of Determination, is an indicator of how well the data fits the line, and 

should be as close as possible to 1.0. 

Controls 

All samples analyzed by qMSP need to be normalized. A normalization reference, also 

termed an endogenous control, is used to adjust for differences in DNA input for individual 

samples. The normalization reference can be run in a separate reaction parallel to the 

reactions for the genes of interest. It represents a CpG-independent, bisulfite-specific control 

reaction, and should be amplified without detectable differences from different human DNA 

samples, e.g. from normal tissue and cancer tissue  (88). The template quantity of a given 

sample amplified with a given assay is compared to the quantity of the same sample 

amplified in the endogenous control reaction.  

A second important control in qMSP is the positive methylation control, namely an IVD 

sample (described above for the standard curve). Each sample is compared to the IVD, and is 

in this way designed a “level of methylation” (will be explained in the next paragraph). 

Additionally, if the number of methylated alleles in the IVD sample is known, the absolute 

quantity of the samples can be determined. 
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Percent of methylated reference (PMR) 

The amount of methylation at a given locus (e.g. a gene promoter) in a given sample is 

expressed as a percent of methylated reference (PMR) value. Calculations are done using the 

following formula;  

 
 

Thus, the quantity of the locus in a sample (determined using the standard curve) is divided 

by the quantity of the normalization reference, to give a normalized quantity of the sample. 

The same is done for the IVD. Finally, the normalized sample quantity is divided by the 

normalized IVD quantity, and multiplied by 100.  

Samples are often dichotomized methylated or unmethylated based on their PMR value. For 

methylation studies in cancer, no consensus PMR threshold level exists (89), and the cut-off 

value is evaluated and determined in each individual case. However, the threshold is 

commonly based on the highest PMR value detected in normal controls, and will in that way 

give the best discrimination between normal and malignant tissue (90). 

Strengths and limitations of the qMSP method 

One of the major advantages using qMSP, is the highly sensitive detection and real-time 

quantification of a template of interest, without use of gel electrophoresis, radiolabeled 

dNTPs, hybridization arrays or other downstream analyses (9). In addition, the method is 

based on closed-tube reactions, which lowers the risk of contamination and different types of 

inaccuracies compared to manually manipulation of PCR products. Furthermore, qMSP can 

be performed with DNA of variable quality and quantity, and several loci can individually 

and simultaneously, be investigated in a high number of samples (86). In total, this makes the 

method more precise, more efficient, and less laborious than many other types of DNA 

methylation analyses. As a consequence, qMSP is frequently used in cancer research 

focusing on the clinical applications of DNA methylation status (e.g. biomarker 

development), since many patient samples can efficiently and concurrently be analyzed.  

Two of the main limitations regarding qMSP is the inability to assess methylation status on 

single CpG sites, and to give genome-wide methylation information (86). In addition, this 

method provides a rather conservative methylation estimate, as all the CpG sites included in 

PMR = (Quantity of locus/Quantity of normalization reference)sample  x 100 

        (Quantity of locus/Quantity of normalization reference)IVD 
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an assay need to be methylated to be amplified. Furthermore, compared to array-based- and 

high-throughput sequencing-based methods, the throughput capacity is rather low when 

amplification is performed individually for each gene of interest (40). Finally, the sensitivity 

and accuracy for detecting a small number of methylated molecules in a large background of 

unmethylated DNA (e.g. tumor-derived methylated DNA in a blood sample from a cancer 

patient) is not optimal. 

1.4.6 Affinity enrichment techniques 

Pretreatment 

Analytical step 

Column-based 

analysis 

PCR-based 

analysis 

Gel-based 

analysis 

Array-based 

analysis 

HTS-based 

analysis 

Enzymatic 

digestion 
RL-HPLC HpaII-PCR RLGS-M HELP HELP-seq 

Affinity 

enrichment 
 MeDIP-PCR  MeDIP-chip MeDIP-seq 

Sodium 

bisulfite 

conversion 

 
qMSP/ 

MethyLight 

Bisulfite 

sequencing 

Golden Gate 

methylation assay 
RRBS 

MSP 
Infinium 

methylation assay 
WGSBS 

 

Already in 1985, Adouard et al. discovered that 5-methylcytosine is accessible to specific 

antibodies, and radiolabeled DNA retained by such antibodies was consequently quantified 

by visualization under electron microscopy (91). However, it was not until additional 

advances in microarray technology were made in the early 2000s, that affinity enrichment 

experienced a real breakthrough as a pretreatment step in DNA methylation analysis (61). 

This technique is based on the ChIP-principle (chromatin immune precipitation), commonly 

used for DNA-protein interaction studies. The methylation specific version of ChIP is called 

methylated DNA immunoprecipitation (MeDIP), and involves initial DNA fragmentation 

(e.g. by sonication), followed by enrichment of methylated cytosines by methylation-specific 

antibodies, or methyl-binding proteins (60). In 2006, MeDIP followed by analyses on 

microarrays (called MeDIP-chip), was used to generate the first comprehensive DNA 

methylation map of the entire genome of Arabidopsis thaliana at 35 base pair resolution (92). 

This was the first complete methylome to be published (61). Traditionally, affinity 

enrichment has been used mostly in combination with various arrays, but can also be 

combined with PCR analysis (MeDIP-PCR) or high-throughput sequencing (MeDIP-seq), 

the latter becoming more and more common (60). 

Affinity enrichment techniques avoid the problems of reduced sequence complexity 

associated with bisulfite conversion. Moreover, they are not limited by available restriction 



Introduction 
 

35 

 

sites related to enzymatic digestion techniques, and consequently allow enrichment of 

methylated DNA independent of sequence context. Nevertheless, affinity enrichment has 

other challenges, including potential antibody cross-reactivity (93), and the inability to 

determine methylation status at individual CpG sites (64). The latter is due to initial 

sonication of DNA which results in fragments having more than one CpG site, and 

subsequent methylation detection by MeDIP is thus assigned to a region rather than specific 

CpG sites. Finally, analysis of regions with different genomic CpG density can be 

challenging, and requires important protocol adjustments both for the experimental work and 

the data analysis (60). 

1.4.7 Array-based approaches 

Pretreatment 

Analytical step 

Column-based 

analysis 

PCR-based 

analysis 

Gel-based 

analysis 

Array-based 

analysis 

HTS-based 

analysis 

Enzymatic 

digestion 
RL-HPLC HpaII-PCR RLGS-M HELP HELP-seq 

Affinity 

enrichment 
 

MeDIP-

PCR 
 MeDIP-chip MeDIP-seq 

Sodium 

bisulfite 

conversion 

 
qMSP/ 

MethyLight 

Bisulfite 

sequencing 
Golden Gate 

methylation assay 
RRBS 

MSP 
Infinium 

methylation assay 
WGSBS 

 

Array-hybridization techniques were developed for genomic analyses almost a decade before 

it was first described for methylation studies (62). Some of the first microarrays enabling 

CpG methylation investigation were based on bisulfite conversion and subsequent 

hybridization of the PCR-amplified fragments to arrays with probes specifically designed to 

discriminate between unmethylated and methylated CpG sites (64). This is still a frequently 

used technique, and variants and improvements are continuously being developed. The first 

mammalian hybridization arrays for bisulfite-converted DNA were developed in 2002 

(94;95), and the last decade, the American biotechnology company Illumina Inc. has adapted 

their bead microarray technology to DNA methylation analyses. The GoldenGate 

Methylation Cancer Panel I, which covers around 1 500 CpG sites from over 800 genes and 

allows simultaneous investigation of 96 samples, has become a frequently used array (60). In 

addition, Illumina has developed the Infinium HumanMethylation450 BeadChip as a large-

scale methylation platform. This platform covers over 485 000 methylation sites that 

represent 99% of RefSeq genes and that are distributed across the promoter, 5'UTR, first 
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exon, gene body, and 3'UTR8. Moreover, around 96% of CpG islands are included, with 

additional coverage in CpG island shores and the regions flanking them. Illumina also offers 

design of custom methylation arrays. One important challenge in the design of arrays used 

for bisulfite-converted DNA is the previously mentioned reduced sequence complexity. This 

may result in decreased hybridization specificity and/or cross-hybridization, and requires 

arrays that are either especially designed for bisulfite-converted DNA, or that allow 

substantial hybridization mismatch (60). 

Alternatives to bisulfite conversion-based array techniques have also been developed. HpaII 

tiny fragment enrichment by ligation-mediated PCR assay (HELP) involves cutting of DNA 

with the restriction enzymes HpaII (methylation-sensitive) and MspI (methylation-

insensitive), and amplification of the fragments by ligation-mediated PCR before array 

hybridization (60). Another variant involves use of the restriction enzyme MrcBC which is 

methylation-dependent, not methylation-sensitive, meaning that it only cuts if the recognition 

sequence is methylated (62). In addition, techniques including multiple methylation-sensitive 

restriction enzyme digests in parallel prior to array hybridization have been developed, in 

order to increase the number of investigated CpGs (64). Affinity enrichment followed by 

array hybridization (e.g. MeDIP) has also been commonly used, as described in the previous 

section. 

1.4.8 High-throughput sequencing-based 

approaches 

Pretreatment 

Analytical step 

Column-based 

analysis 

PCR-based 

analysis 

Gel-based 

analysis 

Array-based 

analysis 

HTS-based 

analysis 

Enzymatic 

digestion 
RL-HPLC HpaII-PCR RLGS-M HELP HELP-seq 

Affinity 

enrichment 
 MeDIP-PCR  MeDIP-chip MeDIP-seq 

Sodium 

bisulfite 

conversion 

 
qMSP/ 

MethyLight 

Bisulfite 

sequencing 

Golden Gate 

methylation assay 
RRBS 

MSP 
Infinium 

methylation assay 
WGSBS 

 

Over the last decade, high-throughput sequencing, also called second/third generation 

sequencing, next-generation sequencing, or deep sequencing, have become more and more 

frequently used in various studies. This method can determine the precise order 

of nucleotides within DNA molecules with extremely high resolution by parallelizing the 

                                                 
8
 http://www.illumina.com/ 
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sequencing process, producing thousands or millions of sequences simultaneously (96). As 

for other DNA methylation analyses methods, pretreatment of the DNA is necessary prior to 

high-throughput sequencing, and all of the three previously described techniques can be used 

(61).  

HELP-seq is one example of a methylation-sensitive restriction enzyme based method, 

applying the previously described HELP assay which involves enzymatic digestion by HpaII 

and MspI prior to high-throughput sequencing (64). MeDIP-seq on the other hand, combines 

the affinity enrichment MeDIP principle with high-throughput sequencing. In combination 

with a specific analytical tool adapted for methylation analyses (called Batman), MeDIP-seq 

analyses have resulted in coverage of approximately 60% of all CpG sites in the human 

genome, and approximately 90% of sites within CpG islands (97). Reduced representation 

bisulfite sequencing (RRBS) involves DNA digestion with the MspI restriction enzyme and 

size selection on a gel, followed by bisulfite conversion and PCR amplification, and finally 

generation of a sequencing library (64). Another bisulfite based sequencing method is 

shotgun bisulfite sequencing, also called whole-genome shotgun bisulfite sequencing 

(WGSBS). This method can give information on the methylation status of approximately 

90% of all CpG dinucleotides in the human genome (60). 

The same challenges as previously described for the different pretreatment techniques apply 

also in combination with high-throughput sequencing. Of special note for bisulfite based 

methods, since the two DNA strands are non-complementary after conversion, four bisulfite-

converted versions of the reference genome are required (64). This makes mapping more 

laborious, and in combination with reduced sequence complexity, significant computation 

time and advanced algorithms are required. However, the resolution of the final results has 

potential to be rather high. For all methylome sequencing techniques in general, there are 

special limitations when it comes to accurate mapping of sequence reads within highly 

repetitive and complex regions of the genome (98). 

High-throughput sequencing methylome studies have identified new methylation sites in 

areas of the genome that previously have been inaccessible. They have also detected a 

substantial degree of non-CpG methylation, and suggested an important role of intragenic 

DNA methylation on gene expression regulation (61). In contrast to array-based methods, 

high-throughput sequencing is neither limited by the existing platforms, nor sensitive to 

hybridization artifacts, and the DNA input requirements are often lower (60). On the other 

hand, the bioinformatics associated with high-throughput sequencing requires specialized 
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expertise, and is generally highly time consuming. In addition, the storage space needed for 

the sequencing data is enormous, and there are several ethical issues regarding the 

information obtained, especially when patient material is involved. Finally, high-throughput 

sequencing is still among the more expensive types of DNA methylation analyses, and for 

whole-genome sequencing, the number of  samples included in one study is normally rather 

restricted (61).  

1.4.9 Final remarks on methods for DNA methylation 

analysis 

Altogether, methods for analyzing DNA methylation exist in numerous variants, including 

diverse combinations of pretreatment techniques and analytical steps. This can make 

comparison of advantages and disadvantages associated with the specific methods 

challenging. Neither can be seen as superior, and the choice largely depends on the aim of 

the study. Important factors when deciding the appropriate method for a given study include 

the amount of DNA required, the quantitative accuracy, the detection sensitivity, the 

coverage, the throughput, the resolution, the duration of the protocol, and the overall costs. 

The methodological diversity can complicate comparison of results from different studies, 

and without uniform standards for the specific methods, important divergence across studies 

might occur, as exemplified by MGMT promoter methylation in gliomas (Preface, page III).
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2 Aims 

The present “Master of Science” project has two principal aims; 

1. Identify the major pitfalls of the quantitative methylation-specific PCR (qMSP) 

pipeline by testing several of the most likely sources of variability, and ultimately 

suggest a set of standardized and optimized qMSP guidelines in order to reduce the 

current variability in PMR values generated across studies. 

2. Identify novel DNA methylation candidate genes in malignant peripheral nerve sheet 

tumors (MPNSTs) based on a genome-wide approach previously established in our 

lab, and use of qMSP to validate these in a clinical sample series. 
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3 Materials and methods 

3.1 Materials 

3.1.1 Cancer cell lines 

Colon cancer cell lines 

In the present study, DNA from 20 colon cancer cell lines was used to analyze potential 

sources of variability in the qMSP pipeline; Co115, Colo205, Colo320, EB, FRI, HCT15, 

HCT116, HT29, IS1, IS3, KM12, LS1034, LS174T, NCI-H508, RKO, SW480, SW620, 

SW948, TC71, and V9P. The majority of these cell lines have been provided by Richard 

Hamelin (INSERM, France), while HCT15, HCT116, NCI-H508, RKO, SW620, and SW948 

have been purchased from the American Type Culture Collection (ATCC). Colo205 and 

KM12 are from the Charles River Laboratories (Wilmington, MA, US). All cell lines have 

been analyzed by short tandem repeat (STR) profiling using the AmpFLSTR Identifiler PCR 

Amplification Kit (Life Technologies, Carlsbad, CA, US). The STR results have been 

compared with those provided by ATCC, and all commercially available cell lines have been 

authenticated. All cell lines have also tested negative for mycoplasma infection using the 

Luzetta Luminometer MycoAlert mycoplasma detection assay (Lonza, Basel, Switzerland). 

MPNST cell lines  

Also included in the present study are five MPNST cell lines; MPNST642, S1507-2, S462, 

ST8814, and STS26T. MPNST642, S1507-2, S462, and ST8814 are NF1-associated cell 

lines, while STS26T is established from a sporadic MPNST. These cell lines have been 

provided by various collaborating partners; Nancy Ratner at the Cincinnati Children’s 

Hospital Medical Center, Cincinnati, OH, US (ST8814 and STS26T), Dr. Lan Kluwe at the 

University Hospital Eppendorf, Hamburg, Germany (S462 and S1507-2), and Keila Torres at 

the MD Anderson Cancer Center, Houston, TX, US (MPNST642). As for the colon cancer 

cell lines, all MPNST cell lines have been subjected to STR profiling, and have tested 

negative for mycoplasma infection. 
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3.1.2 Patient samples 

Ninety-one tumor samples from 89 MPNST patients diagnosed between 1973 and 2008 were 

analyzed in the present thesis. In addition, 21 benign neurofibroma samples, and one sciatic 

nerve (normal tissue) were included. This biobank represents one of the world’s largest series 

of MPNST samples. It is a result of cooperation between scientists, oncologist, surgeons and 

pathologists at Oslo University Hospital; Skåne University Hospital, Lund, Sweden; 

University Medical Center Groningen, Groningen, Netherlands; and Istituto Ortopedico 

Rizzoli, Bologna, Italy. The biobank is approved according to national legislations.  

3.2 Methods 

As this master thesis both intend to elaborate a standardized qMSP pipeline, and to search for 

hypermethylated gene promoters in MPNST, the following method section (as well as the 

“Results” and “Discussion”) will be divided in two. First, the study design and experimental 

details regarding the investigation of qMSP will be described (section 3.3 The qMSP 

pipeline). Then, the methods related to identification of potential MPNST DNA methylation 

candidates follows (section 3.4 Search for hypermethylated gene promoters in MPNST). 

3.3 The qMSP pipeline 

3.3.1 Establishment of the study design 

Theoretical background 

The overall hypothesis for investigation of the qMSP pipeline is that; the PMR values 

resulting from qMSP analyses will vary depending on the specific parameters that have been 

applied in the different steps of the pipeline. Table 2 shows the individual steps that have 

been analyzed in the present study, and explains shortly the reasons for including them. To 

clarify, the choice of investigator (step I) and day of analysis (step II) will in this context be 

regarded as steps of the qMSP pipeline, even though they are not strictly speaking “steps”. 
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The steps of the 

qMSP pipeline 

evaluated in the 

present study Explanation for the choice of investigated parameters 

I) Investigator The qMSP method is a frequently used method, and is performed worldwide by numerous 

researchers in different laboratories with different standards and routines. Even in the same 

laboratory, it is likely that methodological differences will apply, as experience and technical skills 

vary from individual to individual. 

II) Day of 

analysis 

Even when one person performs the same method repeatedly, day-to-day variations could be of 

significance, including pipetting inaccuracies and differences in the duration of sample preparation. 

III) DNA input in 

bisulfite 

conversion 

The input amount of DNA in the bisulfite conversion is not standardized across laboratories, and 

could possibly be of importance for the final experimental outcome. The amount of patient 

material available may influence the choice of DNA input for a given experiment. Most bisulfite 

kit manufactures recommend an input range somewhere between 0.5 and 2000 ng DNA. The 

standard input in our lab has been 1300 ng (for the EpiTect kit from Qiagen). This amount has 

been tested against 500 ng, which is within the optimal range recommended from other kit 

suppliers. 

IV) Choice of 

bisulfite 

conversion kit 

Several bisulfite conversion kits are commercially available, and different types are used in the 

literature. The choice of kit may depend on the kit price, as well as the duration and ease of the 

protocol. However, differences in conversion efficiency and DNA recovery that could influence 

the final results should be taken into consideration. The two kits tested in this work are among the 

most commonly used bisulfite kits at present; the EpiTect Bisulfite Kit from Qiagen and the EZ 

DNA Methylation-Gold Kit from Zymo Research. 

V) Storage of 

bisulfite-

converted DNA 

Bisulfite-converted DNA is not necessarily run directly on qMSP, but can be stored for later use. 

The DNA is single stranded after the conversion, and is thus less stable than untreated DNA. 

Storage could therefore potentially decrease DNA quality. No consensus exists for storage duration 

or -temperature. The choice of storage time in this project was limited by the finite time of the 

master period, and was set to three and six months. The storage temperature was chosen on the 

basis of likely practice in different laboratories; in refrigerators (4°C) and in freezers (-20°C or -

80°C; depending on the manufacturer’s specifications). 

VI) Template 

amount in qMSP 

As for the DNA input to bisulfite conversion, the template amount in qMSP is not standardized. 

Even though an endogenous control is used to adjust for differences in DNA input, it cannot 

necessarily normalize within an unlimited range of template amount. In the present project, the 

amount of template in qMSP was reduced compared to the default amount of 32.5 ng used in our 

lab. Three other template amounts were tested; 16.25 ng (50% input amount), 8.13 ng (25% input 

amount), and 3.25 ng (10% input amount). 

VII) Reference 

for normalization 

of PMR values 

A normalization reference is always included when performing qMSP in order to normalize for 

potential differences in template amount across samples, and will consequently influence the PMR 

values. In the literature, several different endogenous controls are used for qMSP analyses. ACTB, 

ALU and COL2A1 are among the most common, and have been evaluated in this study. 

Table 2: The different steps and parameters in the qMSP pipeline that have been investigated in the 

present work. The steps are shown in the left column, and an explanation for the choices of investigated 

parameters at each step is included in the right column. The roman numerals designating the steps are in 

concordance with the flow sheet in figure 22, page 46. 



Materials and methods 
 

44 

 

Selection of genes 

Investigation of variation in PMR values in a panel of colon cancer cell lines requires 

inclusion of genes that are known to have at least some level of methylation in this cancer 

type. The genes chosen for the present project were CNRIP1, MGMT, SEPT9, SFRP1, 

SPG20, and VIM.  CNRIP1 and SPG20 are included in a panel of six promising biomarkers 

with high sensitivity and specificity for early detection of colorectal cancer and adenomas, 

previously identified at our department by Lind et al. (99). These genes have thus already 

been shown to be highly methylated in colorectal cancer, and are likely to result in high PMR 

values for most of the cell lines. SEPT9 and VIM represent methylation markers included in 

commercially available noninvasive tests for colorectal cancer (56). They are well known 

from the literature, and of broad common interest. MGMT and SFRP1 can be somewhat more 

challenging when it comes to determination of promoter methylation status. The MGMT 

promoter is commonly reported to have a methylation frequency of around 40% in colorectal 

cancer, and the prognostic and predicative value of this gene has been debated with opposing 

results from different studies (100). SFRP1 is reported to be frequently silenced by promoter 

hypermethylation in colorectal cancer, but has also been found with elevated methylation 

levels in normal colorectal mucosa (101;102). Inclusion of several genes, with different 

“properties” and methylation frequencies, is expected to make the present study more power-

full than if one or only a few genes were analyzed repeatedly. 

Experimental setup 

Figure 21 illustrates the complete qMSP pipeline workflow, which starts with pre-

experimental preparations of documents and reagents, continues with wet lab work, and ends 

with data analysis of the raw data. 
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Figure 21: The workflow involved in qMSP analysis. The entire qMSP pipeline includes pre-

experimental preparations, work in the wet-lab including bisulfite conversion, measurement of DNA 

concentrations, preparation of samples in 384-plates, and the qMSP itself, and processing of the raw data 

by computer analysis.  
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A more detailed illustration of the qMSP workflow involved in the present project is shown 

in figure 22 below. This figure includes the different steps (specified and provided with 

roman numbers in table 2, page 43), and the investigated parameters at individual steps.  

 

Figure 22: Flow sheet of the qMSP pipeline used to investigate different parameters at individual 

steps. Interpretation of the flow sheet: For all steps of the qMSP pipeline (marked I-VII), the default 

parameters are marked in blue, whereas the alternative parameters tested in the present study are marked in 

green. The majority of alternative parameters were tested individually, meaning that the alternative 

parameter (green) for one step was used in combination with the default parameters (blue) for all the 

remaining steps of the pipeline. Exceptions to this apply for steps III-V, which are explained in the figure 

footnotes 1 and 2. 
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The different variants of the qMSP pipeline that has been performed and visualized in the 

flow sheet on the previous page are presented in table form below, to better illustrate the 

variety of qMSP runs included in the project. 

qMSP 

run Type of qMSP pipeline parameters evaluated 

Roman 

numerals 

from figure 22 

1. Individual 1 as investigator I 

2. Individual 2 as investigator I 

3. Investigation on a different day by individual 1 II 

4. 1300 ng DNA input in bisulfite conversion with the Qiagen kit III and IV 

5. 500 ng DNA input in bisulfite conversion with the Qiagen kit III and IV 

6. 1300 ng DNA input in bisulfite conversion with the Zymo kit III and IV 

7. 500 ng DNA input in bisulfite conversion with the Zymo kit III and IV 

8. Storage for 3 months at 4°C for DNA bisulfite-converted with the Qiagen kit V 

9. Storage for 3 months at -20°C for DNA bisulfite-converted with the Qiagen kit V 

10. Storage for 3 months at 4°C for DNA bisulfite-converted with the Zymo kit V 

11. Storage for 3 months at -80°C for DNA bisulfite-converted with the Zymo kit V 

12. Storage for 6 months at 4°C for DNA bisulfite-converted with the Qiagen kit V 

13. Storage for 6 months at -20°C for DNA bisulfite-converted with the Qiagen kit V 

14. Storage for 6 months at 4°C for DNA bisulfite-converted with the Zymo kit V 

15. Storage for 6 months at -80°C for DNA bisulfite-converted with the Zymo kit V 

16. 50% template amount in qMSP  VI 

17. 25% template amount in qMSP  VI 

18. 10% template amount in qMSP  VI 

19. ALU as normalization reference VII 

20. ACTB as normalization reference VII 

21. COL2A1 as normalization reference VII 

Table 3: An overview of the different qMSP analyses performed in the present master thesis. The 

roman numerals in the right column are in concordance with the flow sheet in figure 22, page 46, and with 

table 2, page 43. 

3.3.2 Sodium bisulfite conversion followed by qMSP 

Theoretical background 

The qMSP pipeline involves both pretreatment of DNA by sodium bisulfite conversion and 

the actual qMSP method, which will therefore be presented together in this section. The 

theoretical principles behind both bisulfite conversion and qMSP are covered in the 

introduction, section 1.4.2 and 1.4.5, respectively. 

In the following, the experimental setup with the default parameters (cf. figure 22, page 46) 

will first be described. Then, the details regarding the use of alternative parameters in the 

different steps are covered. 
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Experimental setup – default parameters 

Sodium bisulfite conversion with the EpiTect Bisulfite Kit (Qiagen) 

The EpiTect Bisulfite Kit (Valencia, CA, US) was used following the manufacturer’s 

protocol. Briefly, 1300 ng of DNA, RNase free water, bisulfite mix, and protection buffer (all 

reagents contained in the kit) were mixed to a final volume of 140 µl. The color of the 

samples turn from transparent to blue when the protection buffer is added, as an indication of 

correct pH in the reaction (this minimizes DNA degradation and ensures a high cytosine 

conversion rate). Samples were incubated in the MJ Mini Personal Thermal Cycler (Bio-Rad, 

Hercules, CA, US), programmed to alternate between short denaturation steps (95°C) and 

longer cytosine deamination steps (60°C), according to table 4. The purification steps were 

performed in the QIAcube machine (Qiagen), and bisulfite salts and other residual chemicals 

were removed from the samples through several centrifugation steps. Finally, DNA was 

eluted in 40 µl elution buffer, giving a theoretical concentration of 32.5 ng/µl.  

EpiTect Bisulfite Kit from Qiagen 

Step Time Temperature 

Denaturation 5 min 95°C 

Incubation 25 min 60°C 

Denaturation 5 min 95°C 

Incubation 1 hr 25 min 60°C 

Denaturation 5 min 95°C 

Incubation 2 hrs 55 min 60°C 

Hold Indefinite (e.g. over night without 

loss of performance). 

20°C 

Table 4: The incubation conditions for the EpiTect Bisulfite Kit. The bisulfite conversion occurred 

through alternation between denaturation- and incubation steps. 

The concentration of the bisulfite-converted DNA samples was measured on the NanoDrop 

1000 Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, US) before further 

downstream analyzes. NanoDrop measurements will be described in more detail for the 

MPNST-part later in the “Materials and methods” section (page 59). 

Quantitative methylation-specific PCR (qMSP) 

The EpMotion 5057 pipetting robot (Eppendorf, Hamburg, Germany) was used to pipette the 

bisulfite-converted template in triplicates to 384-wells plates, in order to eliminate individual 

pipetting inaccuracies, and to achieve as high degree of standardization as possible. A master 

plate was generated, before samples were distributed equally to several replicate plates. The 

pipetting robot was further applied to add master mix to all sample wells on the replicate 
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plates. For each qMSP, a total reaction volume of 20 μl was used. The reagents and their 

volumes are shown in table 5. 

Reagent Volume (µl) 

2xTaqMan Universal PCR Master mix II, no AmpErase UNG* (Life 

Technologies) 10.0 

Primer sense (100 µM) (BioNordika MedProbe AS) 0.18 

Primer antisense (100 µM) (BioNordika MedProbe AS) 0.18 

Probe (10 µM) (Life Technologies) 0.40 

H2O molecular grade/RNase free (Sigma Aldrich) 8.24 

Bisulfite-treated template DNA (based on a theoretical concentration of 32.5 ng/µl) 1.00 

Total volume 20.0 

Table 5: Overview of the reagents included in one reaction. One reaction is made up of master mix, 

sense- and antisense primers, TaqMan probe, RNase free water, and bisulfite-treated DNA. *The master 

mix consists of AmpliTaq Gold DNA Polymerase, dNTPs, ROX passive reference, and buffer. 

 

The DNA promoter methylation status of the six genes included in the study was investigated 

in separate qMSPs. For qMSP assay information, see box 1 below.  

 

Bisulfite-treated normal blood (frequently used as an unmethylated control) and RNase free 

water (Sigma Aldrich) were included as negative controls, whereas commercially available 

bisulfite-converted in vitro methylated DNA (IVD; Millipore, Billerica, MA, US) was used 

as the methylation-positive control. A standard curve consisting of five-fold dilutions (32.5-

0.052 ng) of the same IVD as for the positive control was prepared for each assay. The 

qMSPs were run on a 7900HT Fast Real-Time PCR System (Life Technologies), and the 

Box 1│ qMSP assay design 

All qMSP assays for the genes included in this part of the project were available in our group 

before the start of this master thesis. The CNRIP1 and SPG20 assays had been designed by 

other group members using the Primer Express Software 3.0 (Life Technologies), and is 

described by Lind et al. (99). MGMT, SEPT9, VIM and SFRP1 assays have been obtained 

from the literature, and are described by Håvik et al. (1), Ahmed et al. (147), and Andresen et 

al. (119). For the reference genes, the ACTB assay is obtained from Costa et al. (163) ALU 

from Weisenberger et al. (88), and COL2A1 was available in our lab from previous 

experiments. All assays are under 100 bp, and the assay sequences can be found in Appendix 

III. Details concerning the design and validation of qMSP assays are included in the next part 

of “Materials and methods”; “Search for hypermethylated gene promoters in MPNST”.  
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thermal conditions and cycling program involved an initial step at 95°C for 10 minutes to 

activate the polymerase, followed by 45 amplification cycles consisting of 45 seconds at 

95°C and 1 minute 60°C. 

 

The 7900HT Sequence Detection System version 2.3 (SDS2.3; Life Technologies) was used 

to analyze the qMSP results. Based on the Ct-value for a given sample, the standard curve 

was used to calculate the quantity of methylated DNA. For each sample, the median quantity 

value across the triplicates was used for further data analysis. Samples with more than one of 

the triplicates having a Ct-value ≤ 35 were censored, according to instructions from the 

instrument manufacturer, as the variance across triplicates tends to increase after this cycle. 

ALU was used as the normalization reference to adjust for variation in input, while IVD 

(Millipore) was used as a fully methylated reference. The formula used to calculate the PMR 

value is shown in equation below.   

 

Experimental setup – alternative parameters 

Different individuals 

Step I (figure 22, page 46): Two different individuals, the author and the medical 

technologist in the Group of Epigenetics, Hilde Honne, both performed the entire qMSP 

pipeline individually, using the same default settings for the remaining steps. 

Different days of analysis 

Step II (figure 22): The same person (the author) repeated the qMSP pipeline with the default 

parameters on two different days. 

Different DNA input in bisulfite conversion 

Step III (figure 22): The default DNA input amount of 1300 ng was changed to 500 ng. This 

was done for both the Qiagen- and the Zymo bisulfite conversion kit. 

Different bisulfite kits 

Step IV (figure 22): In addition to use of the EpiTect Bisulfite Kit (Qiagen), bisulfite 

conversion was performed using the EZ DNA Methylation-Gold Kit (Zymo Research Co., 

PMR = (Quantity of gene/Quantity of ALU)sample  x 100 

        (Quantity of gene/Quantity of ALU)IVD 
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Irvine, CA, USA). These two kits are based on the same principles, and involve generally the 

same steps, with a few exceptions that are indicated below, and can be found summarized in 

Appendix IV.  

The EZ DNA Methylation-Gold Kit was used as described in the manufacturer’s standard 

protocol. The reaction solution included DNA, RNase free water (Sigma-Aldrich), and CT 

Conversion reagent mixture, giving a total volume of 150 µl. The CT Conversion reagent 

mixture was made from CT Conversion reagent powder, M-Dissolving buffer, and M-

Dilution buffer (all three reagents contained in the kit) in addition to RNase free water 

(Sigma-Aldrich). Incubation of the samples in the MJ Mini Personal Thermal Cycler (Bio-

Rad) was performed for 10 minutes at 98°C (denaturation), followed by 2 hours and 30 

minutes at 64°C (cytosine deamination), as indicated in table 6. Clean-up of bisulfite salts 

and subsequent purification of DNA were performed manually in a series of centrifugation 

steps, involving use of binding buffer, wash buffer and desulphonation buffer, all contained 

in the kit. DNA was eluted in 40 µl elution buffer, giving a final theoretical concentration of 

32.5 ng/µl. 

EZ DNA Methylation-Gold
TM

 Kit from Zymo Research 

Step Time Temperature 

Denaturation 10 min 98°C 

Incubation 2 hrs 30 min 64°C 

Hold Up to 20 hrs 4°C 

Table 6: The incubation conditions for the EZ DNA Methylation-Gold Kit. The bisulfite conversion 

occurred through a fixed rather than a cycling program of denaturation and incubation. 

Different storage time and -temperature of bisulfite-converted DNA 

Step V (figure 22): Bisulfite-converted DNA, both from the Qiagen kit and the Zymo kit, 

was stored under the following conditions: 

– 3 months in a freezer; -20°C (Qiagen kit samples) or -80°C (Zymo kit samples) 

– 3 months in a refrigerator; 4°C (both Qiagen- and Zymo kit samples) 

– 6 months in a freezer; -20°C (Qiagen kit samples) or -80°C (Zymo kit samples) 

– 6 months in a refrigerator; 4°C (both Qiagen- and Zymo kit samples) 

Use of the different freezer temperatures for the Qiagen kit- and the Zymo kit samples is 

based on the recommendations from the suppliers.  
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Different template amount in the qMSP 

Step VI (figure 22): The qMSP was performed with three alternative template amounts; 50% 

input (16.25 ng), 25% input (8.13 ng) and 10% input (3.25 ng). The standard curve was made 

as normal with a five-fold dilution range of IVD (32.5-0.052 ng). 

Different normalization references 

Step VII (figure 22): Two alternative normalization references were tested instead of ALU; 

ACTB and COL2A1. 

3.3.3 Statistics 

PMR values resulting from qMSP were evaluated using the Bland-Altman plot, a method 

used in biostatistics to determine the agreement between two measurements (103;104). These 

were generated by plotting the mean of two PMR values against their difference. The 

formula below shows the coordinates of a Bland-Altman plot point for a given 

sample S, with values from the two measurements S1 and S2. 

 

In addition, “Mean versus Standard Deviation”-plots were generated to compare the mean of 

all generated PMR values for a specific gene in one cell line, with the standard variation (SD) 

of the same values. This was done to supplement the Bland-Altman plots, to confirm or 

potentially dismiss their results. 

Bland-Altman corrected variances have been used as a measurement for differences in PMR 

values in the various comparisons (specifications on the calculations are shown in “Results”, 

page 75). In order to compare the total Bland-Altman corrected variance for a given 

parameter, the sum of the absolute values of Bland-Altman corrected variances for all tested 

cell lines was used. 

 

 

 

 

http://en.wikipedia.org/wiki/Cartesian_coordinate_system
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3.4 Search for hypermethylated gene 

promoters in MPNST 

3.4.1 The overall stepwise approach 

To search for hypermethylated gene promoters in MPNST, a stepwise approach already well-

established in our group has been used, and is described in this second part of “Materials and 

methods”. An overview of the complete workflow is shown in figure 23 on the next page.  
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Figure 23: The stepwise approach used in the search for hypermethylated gene promoters in 

MPNST. This approach involves cell culturing and treatment of the cells with demethylating drugs, 

microarray analysis and processing of data, methylation-specific PCR (MSP), bisulfite sequencing, and 

finally qMSP analysis. The individual steps will be described in the following text. 
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3.4.2 Cell culturing 

Theoretical background  

Culturing of human cancer cell lines implies growing cells outside of their natural 

environment. It is thus necessary to keep the conditions as favorable as possible. Incubation 

of cells is preferably done at 37°C to mimic the body temperature. High humidity prevents 

evaporation of the medium, while a low CO2 level ensures a stable pH by preventing 

fluctuation of the medium bicarbonate (105). Moreover, use of correct type of growth 

medium is essential, as different cell lines require different combinations and concentrations 

of nutrients and growth factors to sustain optimal growth. Strictly aseptic techniques are 

necessary to prevent contamination by microorganisms such as bacteria or fungi, and 

sterilization of all equipments that will be in contact with the cultures is required.  

Subculturing is necessary to maintain cell cultures over longer periods, and involves 

transferring of cells from a primary to a secondary culture (106). This is done to keep the 

cells in an exponential growth phase, and is normally performed when the cultures approach 

confluence, meaning that no more space is available on the growth surface. Subculturing 

involves detachment of cells from their growth surface, and distribution to new culture 

surfaces in a lower cell concentration. The serine proteinase trypsin is commonly used to 

detach cells. This enzyme has the ability to hydrolyze protein peptide bonds, leading to 

breakage of cell-cell- and cell-surface adhesions (106). 

Finally, it is important to be able to store the cells for longer periods, in order to maintain cell 

culture reserves, reduce the risk of contamination and genetic drift, and prevent cell 

senescence (105). Nitrogen tanks (-196°C) are frequently used for such long-term storage. 

The cells are kept in a dimethyl sulphoxide (DMSO)-solution that prevents ice crystal 

formation, which otherwise can disrupt cell membranes during freezing and thawing. 

Thawing of cells should be done as rapidly as possible to reduce cell stress, and the cells 

should be plated out at a rather high density to increase their recovery. 

Experimental setup 

All work with the five MPNST cell lines was performed in safety cabinets with laminar 

airflow. Dulbecco’s Modified Eagle’s Medium (DMEM; Lonza) was used as basis growth 

medium. More information on the medium and additives can be found in Appendix V. The 

cells were cultured in sterile NuncTM Cell Culture Treated EasYFlasksTM with filter caps 
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(Thermo Fisher Scientific), either with 25 cm2 (T25-flasks) or 75 cm2 (T75-flasks) growth 

surface area. 

Cells were retrieved from the nitrogen tank, and thawed as rapidly as possible by adding pre-

warmed medium (37°C), and mixing with a pipette. The cell suspension was centrifuged for 

5 minutes at 200 rcf, before the DMSO-containing supernatant was removed, and the cells 

re-suspended in growth medium. Finally, the cell suspension was transferred to T25-flasks, 

and growth medium was added to achieve a total volume of 10 ml. The cell culturing flasks 

were placed in a cell incubator (Thermo Fisher Scientific) keeping 37°C, close to 100% 

humidity and a CO2 level of 5%.  

Subculturing of cells was performed when the cultures approached confluence (after 2-4 days 

depending on the cell line). The old medium was discarded, and the growth surface was 

washed with preheated phosphate buffer saline (PBS) pH 7.2 without Ca2+ and Mg2+ (1X; 

Life Technologies), before the PBS was removed. Cells were detached from the growth 

surface through incubation at 37°C with 2 ml 0.05% Trypsin-EDTA (1X; Life Technologies) 

for 2-8 minutes (depending on the individual cell lines). Properly detachment of cells was 

confirmed by observation in the microscope. Growth medium was subsequently added, as it 

contains protease inhibitors that inactivate trypsin. The cells were centrifuged for 5 minutes 

at 200 rcf, the supernatant discarded, and cells re-suspended in 6 ml medium. Finally, the cell 

suspension was distributed to new culturing flasks in 1:3 passages. The medium was changed 

approximately every second day.  

3.4.3 AZA/TSA treatment of cell lines 

Theoretical background  

The reversibility of epigenetic patterns represents a great advantage for research, as 

hypermethylated genes can be reactivated and identified. Two chemicals commonly used to 

globally re-express epigenetically silenced genes in cancer cell lines are 5-aza-

2’deoxycytidine (AZA) and trichostatin A (TSA).  

The nucleoside analogue AZA incorporates into DNA at the expense of the natural cytosine 

base, and binds irreversibly to the DNA methyltransferase enzyme DNMT1. The covalent 

binding of DNMT1s to the AZA bases causes depletion of this enzyme in the cell nucleus, 

inhibiting its normal methylation activity. The result is global DNA demethylation, and 
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possible re-expression of initially methylated genes in the cell (42). At appropriate AZA-dose 

levels, cell lines can be demethylated without triggering cell death.  

TSA is a histone deacetylase complexes inhibitor (107). The methyl-binding protein MeCP2, 

which is a histone deacetylase complex, normally binds to methylated promoters, and 

induces transcriptionally repressed chromatin by histone tail deacetylation. However, TSA 

has been demonstrated to reverse this process (108). AZA treatment alone was shown by 

Cameron et al. to produce only a low level of reactivation of hypermethylated genes in tumor 

cells, but when combined, AZA and TSA efficiently induced re-expression of the same genes 

(108). The study also demonstrated that TSA alone caused no re-expression of 

hypermethylated genes, even though an upregulation of unmethylated genes in the same cells 

was observed. 

Experimental setup 

Five MPNST cell lines were subjected to a combined AZA (Sigma-Aldrich, St. Louis, MO, 

US) and TSA (Sigma-Aldrich) treatment. For each line, subculturing of one initial cell 

culture resulted in three new parallel cultures that each received a different treatment regime, 

as illustrated in figure 24.   

 

Figure 24: AZA/TSA treatment of MPNST cell lines. One original cell culture was subcultured, and 

gave rise to three parallel cultures that each received a different treatment regime; high-dose treatment, 

low-dose treatment and no treatment (untreated). 

One of the parallel cultures was exposed to a 10 μM AZA and 0.5 μM TSA concentration 

(high-dose), the second parallel to a 1 μM AZA and 0.5 μM TSA concentration (low-dose) 

and the third parallel did not receive any drugs (untreated control). The two different 
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AZA/TSA concentrations used in this study were chosen based on a previous testing of 

different concentration levels performed in our group. 

AZA was first added at time zero to the high-dose cultures (10 μM AZA) and to the low-dose 

cultures (1 μM AZA). After 24 hours, the medium was changed, and a new AZA-dose was 

added. This was repeated again after 48 hours. After 60 hours, 0.5 μM TSA was added to 

both the low-dose and the high-dose cultures. At the end of the treatment, after 72 hours, 

pictures were taken of the three parallel treatment cultures, and the drug treatment was 

ceased by washing and pelleting the cells. Preparation of cell pellets was done in a similar 

manner to subculturing (described above). Briefly, cell cultures were washed with PBS, and 

cells detached using 0.05% Trypsin-EDTA (1X). Cells were further suspended in PBS and 

centrifuged, and the PBS discarded. Then, the pellets were re-suspended in PBS, centrifuged 

and the PBS was removed. This was done twice. Finally, the dry-pellets were stored at -80°C 

for later downstream analyses. 

Cell counting was performed both before and after AZA/TSA treatment. The image-based 

TC10 Automated Cell Counter (Bio-Rad) with an auto-focus microscope was used. 

According to the manufacturer’s protocol, the cell counter determines the optimal focal plane 

to identify cells in the suspension. Two withdrawals of 10 µl cell suspension were taken as 

close as possible in time and applied to Counting slides Dual Chamber (Bio-Rad). The mean 

of the two counts was then calculated. 

3.4.4 DNA- and RNA isolation and quality control 

Theoretical background 

The first crude purification of DNA was achieved already in 1869 by Friedrich Miescher, 

through precipitation with alkaline solutions (109). However, this received little attention 

until DNA was described as the hereditary material in 1944 (110). The initial protocols for 

DNA isolation was rather labor-intensive, time-consuming and intricate, and the final yield 

was low (111). Later techniques for both DNA and RNA extraction have been based on the 

fact that RNA, genomic DNA, plasmids, and proteins have different solubility in alkaline 

buffers (112). Today, some commonly used methods for nucleic acid purification include 1) 

phenol-chloroform extraction (organic isolation),  2) binding of nucleic acids to solid 

matrices such as silica products or columns (solid-phase isolation), and 3) antisolvent 

crystallization, also called “salting out” of proteins, followed by isopropanol precipitation of 
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the nucleic acids (inorganic isolation) (112). Both solution-based and column-based 

protocols have been developed into commercial kits, making the purification easier and less 

time-consuming (111).  

The yield and quality of purified nucleic acids is critical for various types of downstream 

molecular analyses, in order to give reliable results. This can be assessed by e.g. gel 

electrophoresis, spectrophotometry, or fluorometry (112). RNA integrity measurements are 

especially important, as RNA is less stable than DNA, and thus more susceptible 

to degradation. Microcapillary electrophoresis technology has made RNA quality control 

much more common, because the required RNA input is down at the nano- and picoscale 

(113). This technique includes size-dependent electrophoresis of RNA samples, detection of 

the RNA bonds by laser induced fluorescence, and software calculations of RNA integrity 

numbers, also called RIN-values. The calculations are based on an advanced algorithm, and 

the RIN scale goes from 1 to 10, where 10 indicates the highest degree of RNA integrity 

(114). 

Experimental setup 

Both DNA and RNA were isolated from the five MPNST cell lines that had received 

AZA/TSA treatment, using the column-based Qiagen AllPrep DNA/RNA/miRNA Universal 

Kit (Qiagen) according to the manufacturer’s standard protocol. This kit allows simultaneous 

isolation of RNA, miRNA and DNA from the same sample. Briefly, 600 µl lysis buffer mix 

(included in the kit) was added to a pellet containing 1.0-6.0E6 cells. The lysate was 

homogenized using a TissueRuptor (Qiagen), and passed through a DNA binding column. 

The column, in combination with a high-salt buffer, specifically retains DNA, while RNA is 

present in the flow-through. This RNA containing flow-through was mixed with Proteinase 

K and ethanol, the former to break down proteins, and the latter to allow specific binding of 

total RNA (including miRNA) to a RNA binding column. DNase I was applied to the column 

to ensure total degradation of any remaining DNA. After several washing steps, 40 µl 

RNase-free water was added to the column to elute RNA. The elution step was repeated with 

30 µl RNase-free water. This is recommended by the manufacturer if high RNA yield (>30 

µg) is expected. The DNA retained on the DNA binding column was finally eluted in 40 µl 

elution buffer after several washing steps. 

The concentration of DNA and RNA isolated from all cell lines was measured on the 

NanoDrop 1000 Spectrophotometer (Thermo Fisher Scientific). 1.3-1.5 µl of the each sample 
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was loaded on to the NanoDrop instrument pedestal, and the concentration was measured in 

ng/µl. The software can measure both double-stranded DNA, single-stranded DNA, and 

RNA with an error-range of ±2 ng/µl (SD) for a sample range of 2-100 ng/µl, and ±2% (CV) 

for a sample range of >100 ng/µl (the reproducibility ranges are given by the manufacturer).  

In addition to concentration measurements, the RIN values were determined using the 

Agilent 2100 Bioanalyser instrument (Agilent Technologies, Santa Clara, CA, US) and 

associated Agilent RNA 6000 Nano kit (Agilent Technologies) following the manufacturer’s 

protocol. Briefly, 9 μl of a gel-dye mix was applied to the RNA chip before 5 μl of RNA 

6000 Nano Marker was loaded in all wells, including the ladder well. One μl ladder was then 

added to the ladder well, while 1 μl sample was added to the remaining wells. The chip was 

vortexed for one minute before it was run on the Agilent 2100 Bioanalyser instrument. The 

data was analyzed using the 2100 Expert Software (Agilent Technologies).  

3.4.5 Microarray gene expression analyses and data 

processing 

Theoretical background 

The first description of microarray technology was published in 1983 by Tse Wen Chang 

(115). A microarray is basically an arrangement of biological material immobilized on a 

solid surface, and since its first description, a variety of different microarrays have been 

developed, such as nucleic acid-, protein-, tissue- and cellular arrays. In cancer research, 

microarray technology is commonly used i.e. to simultaneously analyze the expression levels 

of large numbers of genes in different samples. This has contributed to increased 

understanding of activation and inactivation of cancer specific genes, and provided 

indications on how aberrant expression of various genes may affect the cells (116). 

Experimental setup 

For each of the five MPNST cell lines, RNA from the three AZA/TSA treatment parallels 

(high-dos, low-dose, untreated) was analyzed on exon microarrays. This was performed 

using the Affymetrix GeneChip Human Exon 1.0 ST Array (Affymetrix Inc, Santa Clara, 

CA) and the Affymetrix GeneChip® Whole Transcript (WT) Sense Target Labeling Assay 

(Affymetrix Inc) as previously described by Sveen et al. (117;118), by another member of 

our department. These expression raw data were completed in October 2014, and have 
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therefore not yet been analyzed (see “Future perspectives”). Due to the limited time period of 

the master project, and the ambitious intention of using the optimized qMSP pipeline to 

analyze novel candidate genes for methylation in MPNSTs, we had to reduce the time span 

and use a dataset from a similar project previously performed at our department. 

Consequently, this raw data analysis was performed in August 2014, to generate a 

preliminary list of methylated candidate genes for testing on qMSP within the thesis 

deadline. The analyzed dataset originate from RNA samples of AZA/TSA treated MPNST 

cell lines, analyzed on the Human Genome Survey Microarray V2.0 (Life Technologies) 

containing 32 878 oligonucleotide probes representing 29 098 individual genes, as described 

by Andresen et al. (119). Briefly, 1 µg of total RNA was used to synthesize cDNA, which 

was subsequently labeled in a reaction including digoxigenin (DIG)-UTP before 

hybridization to the microarray platform. Chemoluminescence was measured using the 

AB1700 Chemoluminescence Analyzer (Life Technologies). Preprocessing of the gene 

expression microarray data involved quantile normalization of signal intensities, both within 

and across chips.  

The preprocessed data was analyzed by the author, and compared with an expression dataset 

of MPNST tissue samples that has previously been generated at our department using the 

same platform as described above (AB1700 Chemoluminescence Analyzer; Life 

Technologies). A list was generated of genes that were upregulated (4-fold) as a consequence 

of AZA/TSA-treatment, and simultaneously downregulated (relative expression difference of 

-0.5) in MPNST patient samples (n=33) compared to benign neurofibromas (used as control; 

n=7). The former to eliminate genes upregulated after AZA/TSA-treatment by other causes 

than promoter demethylation, and the latter to censor genes with non-cancer specific 

promoter methylation.  

In addition, cancer-testis anti-genes, which are genes normally methylated in normal human 

body cells (except male germ cells in the testis), and which are frequently hypomethylated 

and overexpressed in cancer tissue (120), were eliminated. Elimination was also performed 

for genes without a CpG island in the promoter (further explained in the following section). 

Genes fulfilling these criteria were subjected to methylation-specific PCR (MSP) analyses. 
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3.4.6 Methylation-specific PCR (MSP) 

Theoretical background 

The theoretical principles behind methylation-specific PCR (MSP) are described in the 

introduction, section 1.4.4. 

Experimental setup 

The MSP analysis was performed in collaboration with the medical technologist in our 

group, Hilde Honne. Primers were designed according to the recommendations presented in 

the introduction (section 1.4.4, page 27), for all candidate genes with promoter CpG islands, 

using the Methyl Primer Express software (Life Technologies). Reference sequences were 

downloaded from the genome browser9. The CpG Island Searcher Software10 was used to 

analyze the promoter region of the sequences in question (from -1000 bp to + 500 bp relative 

to the transcription start site) for the presence of CpG Islands. Primers were optimized in 

regards to annealing temperature, annealing- and elongation time, and magnesium 

concentration. DNA from normal blood and IVD (Millipore) were used as unmethylated and 

methylated templates, respectively. 

All candidate genes were analyzed in the five MPNST cell lines, as well as in eight MPNST 

tissue samples by MSP. Normal blood and IVD was used as controls. The MSP reaction 

consisted of 0.75 µl bisulfite-treated template DNA, 2 µl of each primer (10 mM; 

BioNordika MedProbe AS, Oslo, Norway), 2.5 µl 10x Qiagen PCR buffer with 1.5 mM, 0-

0.5 µl Qiagen Magnesium Solution (25 mM), 2 µl dNTP mix (4x 2.5 mM) and 0.2 µl Qiagen 

HotStar Taq Polymerase. RNase-free water (Sigma-Aldrich) was added to achieve a total 

volume of 25 µl. The PCR was performed on the DNA Engine Tetrad 2 (Bio-Rad), involving 

an initial activation of the Taq polymerase for 15 seconds at 95°C, followed by 35 cycles of 

denaturation (95°C for 30 seconds), annealing (48-59°C for 30 seconds) and elongation 

(72°C for 30 seconds), and a final elongation step at 72°C for 7 minutes. 

25 µl PCR product was mixed with 5 µl gel loading buffer (1xTAE buffer and 0.1% xylen 

cyanol), and run on a 2% agarose gel stained with ethidium bromide 0.07% (VWR, Radnor, 

PA, US) at 200 V for 25 minutes. PCR products were visualized using the UV trans-

illuminator (Chemidoc, XRS Gel Documentation System; Bio-Rad). Scoring of the samples 

                                                 
9
 http://genome.ucsc.edu/ 

10
 http://cpgislands.usc.edu/ 
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was performed independently by two individuals (the author and Hilde Honne), and in case 

of discrepancies, a new round of MSP was performed. 

3.4.7 Bisulfite sequencing 

Theoretical background 

The theoretical principles behind bisulfite sequencing are described in the introduction, 

section 1.4.3. 

Experimental setup 

The most promising candidate genes resulting from MSP analyses were subjected to bisulfite 

sequencing (in collaboration with Hilde Honne). Bisulfite sequencing primers were designed 

using Methyl Primer Express software (Life Technologies) according recommendations 

presented in the introduction (section 1.4.3, page 26). PCRs were optimized according to 

temperature (range from 48°C to 59°C) with normal blood and IVD as template. The highest 

temperature that amplified both template types with equal efficiency was chosen. These 

reactions were performed as described for MSP, but with BS primers (10 mM, BioNordika) 

instead of MSP primers. Five µl PCR product was purified using EXOSAP-IT (GE 

Healthcare, Life Science, UK), which contains hydrolytic enzymes that remove 

unincorporated dNTPs and primers. The reaction was performed in the DNA engine Tetrad 2 

(Bio-Rad), and included 15 minutes at 37°C and 15 minutes at 80°C, the latter to inactivate 

the enzymes. 

The sequencing was done using dGTP BigDye Terminator v3.0 Ready Reaction sequencing 

Kit (Life Technologies). Two µl purified PCR product was mixed with 0.10 µl forward or 

reverse primer (10 µM), 2 µl 5x Big Dye terminator v1.1 Sequencing Buffer (Life 

Technologies), 2 µl Ready Reaction mix (containing AmpliTaq DNA polymerase and 

fluorescent labeled ddNTPs) and RNase free water to a total volume of 10 µl. The reaction 

was performed in the DNA engine Tetrad 2 (Bio-Rad) with an initial step at 96°C for 2 

minutes, followed by 25 cycles of denaturation for 15 seconds, annealing at 50°C for 5 

seconds, and elongation at 60°C for 4 minutes. Sephadex gel-columns were used for 

purification, through retaining of fluorescent ddNTPs that had not been incorporated during 

the sequencing reaction. 
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Sequencing products were separated by capillary electrophoresis (ABI PRISM 3730 

Sequencer; Life Technologies), and laser excitation of fluorescently labeled ddNTP-ends on 

the sequences generated electropherograms. These electropherograms were analyzed using 

Sequencing Analysis 5.2 (Life Technologies), and the amount of methylation at individual 

CpG sites were calculated by dividing the height of the peak for cytosine signal with the 

height of the peak for cytosine plus thymine signal. A methylation frequency at a given CpG 

site of less than 0.20 was considered unmethylated, from 0.20 and up to 0.8 was considered 

partially methylated, and 0.80 and higher was considered hypermethylated. 

3.4.8 Quantitative methylation-specific PCR (qMSP) 

The methylation frequencies of the most promising candidate genes after MSP and bisulfite 

sequencing were assessed by qMSP in MPNST tissue samples (n=91), as well as in 

neurofibromas (n=22), and a sciatic nerve (n=1).  

The qMSP assays were guided by the bisulfite sequencing, and thus both primers and probe 

were designed to anneal in highly methylated regions. The design was performed manually 

using the Primer Express Software 3.0 (Life Technologies). The probes were based on the 

TaqMan principle, as described in the introduction, and contained a 5’ 6-FAM fluorescent 

dye, a 3’ non-fluorescent quencher, and a 3’ end minor groove binder (MGB). Both probes 

and primers contained as many CpG sites as possible, as well as unmethylated cytosines to 

ensure specific amplification of methylated and bisulfite-converted DNA. The melting 

temperatures were also taken into consideration. Primers were purchased from BioNordica 

MedProbe AS, and probes from Life Technologies. Information on primer and probe 

sequences can be found in Appendix III.  

The assays were tested and validated using bisulfite-converted- and unconverted DNA from 

normal blood cells, as well as converted IVD. A standard curve generated from IVD was 

included to ensure appropriate reaction efficiency. Several water blanks was used as negative 

controls.  

The details regarding the experimental setup for qMSP have been previously described 

(section 3.3.2, page 48-50), and in this part of the project, the qMSP pipeline with the default 

parameters at each step (indicated in figure 22, page 46) was used. In brief, this includes 

1300 ng input in the bisulfite conversion reaction with the Qiagen kit, a template amount of 
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32.5 ng in the qMSP, and use of ALU as the normalization reference. Data analysis was also 

performed as previously described, and PMR values were calculated. 

3.4.9 Statistics 

The statistical analyses were carried out using the SPSS 18.0 software (Statistical Package 

for the Social Sciences; IBM, NY, US). The Student T-test was used to evaluate potential 

differences between the mean PMR values in MPNSTs and controls, as well as between the 

two analyzed genes in the MPNST samples.  

The P-values are derived from two-tailed tests and P ≥ 0.05 was considered statistically 

significant.
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4 Results 

4.1 The qMSP pipeline 

4.1.1 DNA recovery after bisulfite conversion 

DNA concentration measurements of all samples before and after bisulfite treatment resulted 

in a trend of consistently higher recovery rate for DNA converted with the Qiagen kit, 

compared to the Zymo kit. This was true for all cell lines, and a representative example of 

DNA concentrations after bisulfite treatment with the two different kits are shown in table 7. 

Cell line 

DNA concentration after bisulfite conversion (ng/µl) 

Qiagen kit Zymo kit 

Co115 15.1 11.7 

Colo205 13.6 11.5 

Colo320 17.1 12.5 

EB 15.7 12.4 

FRI 13.7 11.5 

HCT15 29.2 25.3 

HCT116 30.1 25.9 

HT29 14.6 11.8 

IS1 16.5 13.8 

IS3 17.7 14.8 

KM12 17.6 15.1 

LS1034 13.0 11.9 

LS174T 14.3 12.0 

NCI-H508 29.1 26.5 

RKO 15.1 13.3 

SW480 14.4 11.5 

SW620 28.0 26.3 

SW948 28.1 25.9 

TC71 15.6 14.9 

V9P 16.6 13.7 

Table 7: Differences in DNA concentration after bisulfite conversion with the two different bisulfite 

kits. Samples that had been converted using the Qiagen kit had consistently higher DNA concentration 

after bisulfite treatment than samples converted using the Zymo kit. The same DNA input amounts and 

elution volumes are used in all cases. 

Given an input of 1300 ng and an elution volume of 40 µl, this table indicates that most of 

the samples treated with the Zymo kit appear to have a recovery rate of approximately 34-

46% (measured concentration = ~11-15 ng/µl, and theoretical concentration = 32.5ng/µl), 
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while the corresponding rate for the Qiagen kit samples is 43-52% (measured concentration = 

~13-17 ng/µl, and theoretical concentration = 32.5ng/µl). 

Another general trend that became evident was a consistently higher DNA concentration 

after bisulfite conversion for five of the cell lines (HCT15, HCT116, NCI-H508, SW620 and 

SW948) compared to the rest. These five cell lines had their DNA isolated with a Maxwell® 

16 Instrument (particle-based methodology; Promega, Fitchburg, WI, US), while DNA from 

all other cell lines had been isolated with a phenol/chloroform-based protocol, as shown in 

table 8 and in Appendix VI.  

Cell line 

Theoretical DNA 

concentration 

after bisulfite 

conversion (ng/µl) 

Measured DNA 

concentration after 

bisulfite conversion 

(ng/µl) 

 

DNA extraction method 

Co115 32.5 15.1 Phenol-chloroform 

Colo205 32.5 13.6 Phenol-chloroform 

Colo320 32.5 17.1 Phenol-chloroform 

EB 32.5 15.7 Phenol-chloroform 

FRI 32.5 13.7 Phenol-chloroform 

HCT15 32.5 29.2 Maxwell® 16 Instrument (Promega) 

HCT116 32.5 30.1 Maxwell® 16 Instrument (Promega) 

HT29 32.5 14.6 Phenol-chloroform 

IS1 32.5 16.5 Phenol-chloroform 

IS3 32.5 17.7 Phenol-chloroform 

KM12 32.5 17.6 Phenol-chloroform 

LS1034 32.5 13.0 Phenol-chloroform 

LS174T 32.5 14.3 Phenol-chloroform 

NCI-H508 32.5 29.1 Maxwell® 16 Instrument (Promega) 

RKO 32.5 15.1 Phenol-chloroform 

SW480 32.5 14.4 Phenol-chloroform 

SW620 32.5 28.0 Maxwell® 16 Instrument (Promega) 

SW948 32.5 28.1 Maxwell® 16 Instrument (Promega) 

TC71 32.5 15.6 Phenol-chloroform 

V9P 32.5 16.6 Phenol-chloroform 

Table 8: The DNA concentrations after bisulfite conversion varied according to the method used for 

DNA extraction. Both the theoretical and the measured DNA concentrations after bisulfite conversion are 

shown for all cell lines, as well as their DNA extraction method. Cell line DNA extracted with the Maxwell 

instrument is marked in green, and has a markedly higher concentration than the rest. These examples are 

taken from a representative round of bisulfite conversion with the Qiagen kit. The same tendency is seen 

for the Zymo kit, and is evident from table 7. 

As expected, the cell lines with the highest DNA concentrations after bisulfite treatment had 

the lowest Ct-values of the normalization reference (ALU) in the qMSP (table 9).  
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Cell line 

DNA concentration 

after bisulfite 

conversion (ng/µl) ALU_Ct median 

NCI-H508 29.1 14.62 

SW948 28.1 14.63 

SW620 28.0 14.93 

HCT116 30.1 14.97 

HCT15 29.2 14.98 

IS3 17.7 15.42 

KM12 17.6 15.46 

EB 15.7 15.51 

LS174T 14.3 15.64 

RKO 15.1 15.65 

Colo320 17.1 15.70 

FRI 13.7 15.75 

IS1 16.5 15.77 

V9P 16.6 15.77 

HT29 14.6 15.77 

LS1034 13.0 15.78 

Colo205 13.6 15.85 

TC71 15.6 15.88 

SW480 14.4 15.95 

Co115 15.1 15.98 

Table 9: Comparison between DNA concentrations after bisulfite treatment and qMSP Ct values for 

ALU. The trend shows that higher DNA concentration results in lower Ct-values for the methylation-

independent normalization reference (ALU). The cell lines are marked in green in concordance with table 

8. 

4.1.2 Raw qMSP data  

Over 150 qMSP runs have been analyzed in the present study, involving testing of over 20 

different parameters on six different CpG island containing gene promoters in 20 cell lines. 

Consequently, a considerable amount of data has been produced. In addition, all samples 

have been run in triplicates (data not shown). The Ct-value standard deviations among these 

triplicates were minimal. A representative example is shown in table 10. 
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Cell line 

ALU_Ct 

StdDev 

CNRIP1_Ct 

StdDev 

CNRIP1_

PMR (%) 

MGMT_Ct 

StdDev 

MGMT_ 

PMR (%) 

SEPT9_Ct 

StdDev 

SEPT9_ 

PMR (%) 

SFRP1_Ct 

StdDev 

SFRP1_ 

PMR (%) 

SPG20_Ct 

StdDev 

SPG20_ 

PMR (%) 

VIM_Ct 

StdDev 

VIM_ 

PMR (%) 

Co115 0.04 0.12 81 0.04 74 0.05 88 0.12 78 0.07 65 0.02 88 

Colo205 0.05 0.04 55  0 0.06 87 0.03 42 0.05 130 0.05 45 

Colo320 0.07 0.10 64 0.03 57 0.08 96 0.04 61 0.05 59 

 

0 

EB 0.06 0.05 87 0.03 56 0.05 84 0.06 61 0.01 17 0.06 68 

FRI 0.07 0.10 41 0.11 31 0.03 57 0.02 59 0.17 2 0.03 47 

HCT15 0.19 0.06 90 0.02 89 0.07 92 0.03 87 0.07 51 0.02 93 

HCT116 0.12 0.04 84  0 0.07 118 0.09 81 0.01 80 0.02 89 

HT29 0.08 0.07 60 0.05 46 0.03 68 0.11 38 0.03 83 0.03 70 

IS1 0.08 0.12 65  0 0.07 71 0.04 59 0.06 58 0.04 88 

IS3 0.05 0.06 57  0 0.07 80 0.01 57 0.10 29 0.03 65 

KM12 0.10 0.13 63 0.06 74 0.06 86 0.02 73 0.06 65 

 

0 

LS1034 0.06 0.03 54 0.11 14 0.21 68 0.02 42 0.03 40 0.01 66 

LS174T 0.02 

 

0 0.01 36 0.06 65 0.08 15 0.11 7 0.08 28 

NCI-H508 0.15 0.10 75  0 0.14 62 0.06 46 0.03 40 0.06 45 

RKO 0.02 0.10 75  0 0.04 76 0.06 106 0.04 47 0.05 103 

SW 480 0.09 0.03 105 0.06 35 0.05 19 0.04 67 0.06 34 0.11 7 

SW620 0.03 0.07 75 0.06 86 0.12 89 0.08 85 0.01 33 

 

0 

SW948 0.01 0.13 92  0 0.05 71 0.01 51 0.05 31 0.08 48 

TC71 0.24 0.03 93  0 0.08 97 0.03 96 0.04 87 

 

0 

V9P 0.12 0.12 85  0 0.09 91 0.14 83 0.04 39 0.06 41 

Table 10: Threshold cycle (Ct) standard deviations for triplicates of a sample and corresponding PMR values. Results are shown for all six gene promoters included in this 

study, in addition to the reference gene ALU, and show that the standard deviations are generally small. Cell lines with a Ct equal to or greater than 35.0 for any assay were censored 

as earlier noted. This explains PMR values of zero, as well as lack of standard deviation for some of the assays in some of the cell lines. PMR values superior of 100 are likely to be 

caused by incomplete methylation of the fully methylated control (IVD). Abbreviations: Ct, cycle threshold; PMR, percent of methylated reference; StdDev, standard deviation. 
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For each qMSP, PMR values were calculated. Furthermore, the PMR values for the same 

gene in the same cell line, resulting from use of different qMSP pipeline parameters (cf. 

figure 22, page 46) were compared. This is exemplified in table 11, which shows PMR 

values for three of the gene promoters (CNRIP1, SEPT9 and SFRP1), as well as the 

difference in PMR values, resulting from qMSP analyses performed on two different days by 

the same individual (step II in figure 22).  

 

CNRIP1 SEPT9 SFRP1 

Cell line Day1 Day2 Diff. Day1 Day2 Diff. Day1 Day2 Diff. 

Co115 81 89 -8 88 98 -10 78 78 0 

Colo205 55 63 -8 87 104 -17 42 43 -1 

Colo320 64 63 1 96 110 -14 61 65 -4 

EB 87 89 -2 84 92 -8 61 58 3 

FRI 41 38 3 57 57 0.5 60 59 1 

HCT15 89 86 3 92 89 3 87 78 9 

HCT116 84 92 -8 118 135 -17 81 85 -4 

HT29 60 62 -2 68 78 -10 38 40 -2 

IS1 65 71 -6 71 81 -10 60 61 -1 

IS3 57 63 -6 80 93 -13 57 65 -8 

KM12 63 77 -14 86 120 -34 73 91 -18 

LS1034 54 59 -4 68 83 -15 42 43 -1 

LS174T  0 1 -1 65 76 -11 15 16 -1 

NCI-H508 75 72 3 62 70 -8 46 46 0 

RKO 75 82 -7 76 84 -8 106 121 -15 

SW480 105 117 -12 19 19 0 67 75 -8 

SW620 75 70 5 89 90 -1 85 75 10 

SW948 92 92 0 71 76 -5 51 46 5 

TC71 93 98 -5 97 110 -13 96 100 -4 

V9P 85 92 -7 91 99 -8 83 93 -10 

Table 11: Differences in PMR values from qMSP analyses performed on different days by the same 

individual. PMR values and differences in PMR values are here shown for CNRIP1, SEPT9 and SFRP1 in 

all cell lines. The magnitude of the differences varies both among cell lines and among genes. 

Abbreviations: Diff., difference. 

The table above presents only a tiny fraction of all PMR value differences calculated in the 

present work, but indicates a general and expected trend; higher PMR values generally give 

rise to higher differences, and lower PMR values results in lower differences between runs. 

Consequently, normalization was needed before the differences could be directly compared. 

This was further confirmed by two different statistical analyses (described in “Materials and 

methods”, section 3.3.3, page 52). In the first analysis, the mean and the standard deviation 

(SD) of all PMR values resulting from testing of all of the qMSP parameters (e.g. different 

individuals, different days of analysis, different bisulfite kit, etc.; see table 3, page 47 for all 
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qMSP runs) were calculated for each gene separately. These mean- and SD-values were 

plotted against each other, as shown in the graphs in figure 25 a-c and g-i. In the second 

analysis, the Bland-Altman plot, the difference between two measurements was plotted 

against the average of the same two measurements. A representative example of a Bland-

Altman plot for each of the six genes is shown in figure 25 d-f and j-l. All Bland-Altman 

plots generated for all the parameters investigated in this work (n=114) are included in 

Appendix VII. 
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The figure continues on the next page. 
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Figure 25: “Standard deviation versus mean” plots and Bland-Altman plots for the six gene promoters included in the study. In the “Standard deviation (SD) versus 

mean” plots (a, b, c, g, h, and i), each point represents one cell line. For each cell line, PMR values from all the tested parameters are included in the calculations. The Bland-

Altman plots (d, e, f, j, k and l) also present one cell line as one point. Each plot is a representative example from a comparison between two given parameters in the MSP 

pipeline. The solid line in these plots indicates the average of the differences, and the dotted lines the average plus/minus 1.96 times its standard deviation. For some of the 

plots, outliers are present, but omitted from the figure since they are outside the axis limits. This includes plot c where Colo320 has a PMR mean of 115 and a SD of 46.0, and 

HCT116 has a mean of 140 and SD of 36.7, plot f where HCT116 has an average of 127 and a difference of 17, plot h where Colo205 has a PMR mean of 155 and a SD of 

22.5, and plot k where Colo205 has an average of 157 and a difference of -50. The totality of Bland-Altman plots for all genes can be found in Appendix VII. 
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In these “Standard deviation versus mean” plots, a linear correlation tendency can be 

observed for all genes. The Bland-Altman plots generally indicate that higher PMR values 

tend to give larger differences. Some exceptions exist, but altogether these observations 

underscore the need for normalization of the PMR difference values before they can be 

directly compared. 

4.1.3 The qMSP data with normalized PMR 

differences 

Bland-Altman corrected variance 

Normalization has been performed by dividing the difference between two PMR values on 

the absolute PMR value of one of them; (PMR1-PMR2)/PMR1. The resulting value is called 

the Bland-Altman corrected variance. In the majority of cases, the PMR values from use of 

the default parameters (indicated in figure 22, page 46) have been chosen as PMR1. Two 

exceptions apply. First, for the comparison of different input in bisulfite conversion with the 

Zymo kit (1300 ng vs. 500 ng), the PMR values from the 500 ng input-round are chosen as 

PMR1s. This is because the 500 ng amount is included in the optimal input range 

recommended by Zymo Research, while 1300 ng is not. Second, when comparing the two 

different bisulfite kits with an input of 500 ng, the same reasoning as above has lead to the 

choice of the Zymo kit PMR values as PMR1s. The Bland-Altman corrected variances will 

be referred to as variances in the rest of this work. The variances for CNRIP1 when 

comparing qMSP performed by different individuals are shown in table 12. 
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CNRIP1 

Cell line 

PMR values - 

Individual 1 

PMR values - 

Individual 2 Variance 

Co115 81 89 -0.099 

Colo205 55 65 -0.182 

Colo320 64 71 -0.109 

EB 87 103 -0.184 

FRI 41 46 -0.122 

HCT15 90 103 -0.144 

HCT116 84 95 -0.131 

HT29 60 85 -0.417 

IS1 65 76 -0.169 

IS3 57 63 -0.105 

KM12 63 80 -0.270 

LS1034 54 62 -0.148 

LS174T 0 0 - 

NCI-H508 75 81 -0.080 

RKO 75 83 -0.107 

SW480 105 114 -0.086 

SW620 75 81 -0.08 

SW948 92 101 -0.098 

TC71 93 97 -0.043 

V9P 85 92 -0.082 

Table 12: PMR values and corresponding variances for CNRIP1 from qMSP performed by different 

individuals. As explained in the text above, the formula used to calculate variance is (PMR1-

PMR2)/PMR1, where PMR1 is from individual 1 in this example. 

In order to identify the parameters that induce the largest differences in PMR values, 

variances have been calculated for all genes in all cell lines for all tested parameters in the 

qMSP pipeline. In the scatter plots in figure 26, these variances are presented on the y-axis, 

and the genes on the x-axis. Each dot represents one cell line. Values close to zero indicate 

small differences in PMR, while large positive or negative values indicate large PMR 

differences. 
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The figure continues on the next page. 
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The figure continues on the next page. 
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The figure continues on the next page. 
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Figure 26: Variances for the six genes resulting from testing of different qMSP pipeline parameters. Each plot shows the variances along the y-axis, the individual genes along 

the x-axis. The cell lines are represented as dots. Cell lines symbolized with an unfilled dot have a variance of exactly 1.0, as a result of a “computational phenomenon” where one of 

the PMR values in the calculation is zero (Ct equal to or greater than 35.0), meaning that the other PMR value is divided by itself. 
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In figure 27, the variances are presented as bubbles in a bubble plot. Each bubble represents 

one gene, and the size of each bubble corresponds to the absolute sum of variance for all cell 

lines. The different genes are designed with different colors. The tested parameters are 

presented as horizontal lines along the y-axis, while the x-axis indicates the magnitude of 

variance. 

  

The figure continues on the next page. 



Results 
 

82 

 

 

Figure 27: Bubble plots of variances. These plots illustrate the magnitude of variance for each gene, 

when comparing two specific rounds of qMSP. The different comparisons are found along the y-axis, and 

the sum of variance along the x-axis. The area of each bubble corresponds to the sum of variances for all 

cell lines for the gene in question. Each gene is denoted with a specific color, as depicted above the graphs. 
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Different parameters cause different degree of PMR variance 

As can be seen from the scatter- and bubble plots (figure 26 and 27), the smallest variances 

were observed for “different individuals”, “different days of analysis”, “different bisulfite 

kits with 1300 ng input”, and for some of the storing variants. Larger variances were 

observed for “reduced template amount in qMSP”, “different normalization reference”, 

“different bisulfite kits with 500 ng input”, and “different input in the bisulfite conversion 

reaction”. Regarding reduced template amount in the qMSP, the variances increased with 

decreasing template amount, meaning that the largest variances were seen when 10% 

template was used. As for the choice of normalization reference, cases of especially large 

PMR variation were observed. 

Doubling or halving of PMR values with ACTB and COL2A1 as 

normalization references 

Importantly, when ACTB or COL2A1 were compared to ALU as endogenous references, a 

doubling or halving of the PMR values for all genes in specific cell lines was seen. This is 

shown in table 13. 

Cell 

lines CNRIP1 MGMT SEPT9 SFRP1 SPG20 VIM 

 

Reference genes – ALU versus ACTB 

 

ALU ACTB ALU ACTB ALU ACTB ALU ACTB ALU ACTB ALU ACTB 

Colo320 74 180 61 150 116 283 53 130 66 160 0 0 

V9P 84 40 0 0 94 45 80 38 33 16 41 19 

 

Reference genes – ALU versus COL2A1 

 

ALU COL2A1 ALU COL2A1 ALU COL2A1 ALU COL2A1 ALU COL2A1 ALU COL2A1 

LS1034 47 90 36 68 71 136 37 72 37 70 61 116 

Table 13: PMR values from qMSPs where different normalization references were used. The table 

shows cell lines with either a doubling (Colo320 and LS1034) or a 50% reduction (V9P) of PMR values 

when ACTB or COL2A1 are used as reference gene compared ALU. 

Gene-specific variation 

As noted above, some of the qMSP pipeline parameters resulted in larger positive and/or 

negative variance values than others. However, for given parameters, the variance seems to 

be gene-specific. For “different individuals”, “different days of analysis”, “template amount 

in qMSP”, and some of the storing variants, the observed variances for the VIM gene were 
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much smaller than for the other genes in the same plot. This is evident from the bubble plots 

(figure 27), but can also be seen in the scatter plots (figure 26). 

Sum of variances for all genes 

The scatter- and bubble plots illustrate the magnitude of PMR differences for each gene 

separately. In order to identify the parameters that induce the largest differences in PMR 

values, the absolute variances for all genes in all cell lines, when comparing two specific 

parameters, were summed. This is presented in the histogram in figure 28, where each 

comparison (i.e. each column) includes one alternative parameter and the default parameter 

at the same step if not otherwise indicated). For all parameters and steps, see flow sheet in 

figure 22, page 46.  

 

Figure 28: Summed absolute variances for all genes in all cell lines. Each column represents a 

comparison between two different parameters in the qMSP pipeline, and the height of the columns 

indicates the magnitude of the total variance. The columns are sorted according to the steps of the qMSP 

pipeline. Variance values of exactly 1.0 have been explained in the figure legend for the scatter plots 

(figure 26), and are not included in the total sum, but are indicated at the top of the relevant columns with 

dashed lines. For the “6 months storage in freezer - Zymo kit”, a dashed line inside the blue area of the 

column indicates a potential variance overestimation that might be due to a slightly higher Ct for the 

positive methylation control (IVD) than what was usually seen. The horizontal black line crossing all the 
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columns represents a “baseline” of variation that should be expected, and is explained in the next 

paragraph. 

The histogram illustrates the same trends as seen from the scatter- and bubble plots (figure 26 

and 27), with template amount (mainly in the qMSP, but also in the bisulfite conversion) and 

choice of reference gene as the parameters inducing the largest variances, and thus also the 

largest PMR differences. Moreover, large variances also result when comparing the two 

different bisulfite kits with an input of 500 ng. In addition, it seems like storage in freezer 

results in somewhat higher variances than storage in refrigerator.  

“Baseline” of PMR value variation 

Even though the magnitude of variance varies substantially across the tested parameters, all 

comparisons results in some degree of variance across the different genes and cell lines. We 

therefore propose a “baseline” or a “minimum measurement” of variation that should be 

expected when performing presumably identical qMSP runs. The baseline is illustrated in the 

histogram in figure 28 with a horizontal black line, and corresponds to 20% variation for a 

given PMR value. 

Proposal: a standardized and optimized qMSP pipeline 

Based on our results, a qMSP pipeline including the most optimal parameter at each step is 

presented in figure 29, and will be more thoroughly discussed in the “Discussion”-section in 

this work.  
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Figure 29: The optimized qMSP pipeline. Based on the results obtained in this study, the qMSP pipeline 

is here presented with the most optimal parameter at each step. Boxes with a red outline indicate the most 

critical steps of the pipeline, while an orange outline corresponds to less critical, but still important steps. A 

green outline denotes the steps where the choice of parameters does not affect the result beyond the 

baseline level. 
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4.2 Search for hypermethylated gene 

promoters in MPNST 

4.2.1 AZA/TSA treatment of cell lines 

Figure 30 shows the growth pattern of two representative MPNST cell line cultures after 72 

hours of AZA/TSA treatment. As expected, the cell density is highest in the untreated control 

group, and lowest in the high-dose treatment group. This was confirmed by the cell counting. 

With one exception, the cell density in the cell cultures increased during the AZA/TSA 

treatment, confirming that the cells were replicating in the presence of the drugs. 
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Figure 30: MPNST cell lines after AZA/TSA treatment. The three treatment parallels of MPNST cell 

line S1507-2 (left column) and ST8814 (right column) after 72 hours of AZA/TSA treatment. High-dose 

AZA/TSA; 10 µM AZA+ 0.5 µM TSA. Low-dose AZA/TSA; 1 µM AZA+ 0.5 µM.  
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4.2.2 Processing of microarray data  

The RNA extracted from the AZA/TSA treated MPNST cell lines was of good quality (based 

on the NanoDrop measurements, and the RIN-values; data not shown), and thus analyzed on 

exon microarrays. Processing of the microarray gene expression data resulted in a list of 13 

genes fulfilling the criteria of 4-fold upregulation after treatment, and relative expression 

difference of   -0.5 in MPNSTs compared to the benign tissue controls (i.e. neurofibromas). 

Elimination of cancer-testis anti-gens and genes without CpG islands (see figure 23, page 54) 

gave a final list of seven candidates, including CES1, GLDC, GPRC5B, HCK, SPINT1, 

SPINT2 and TSPAN7. 

4.2.3 Methylation-specific PCR (MSP) 

Determination of the promoter methylation status of the seven genes indicated above in cell 

lines, tissue samples, normal blood, and IVD, resulted in two interesting candidates; HCK 

and SPINT2. These genes showed methylation in all cell lines, and in half of the tissue 

samples, and were thus selected for validation by bisulfite sequencing. 

The elimination of the other genes included in the MSP analyses was based on either low 

methylation frequency in cell lines and/or tissue samples, or lack of cancer specificity 

indicated by methylation in normal blood. 

4.2.4 Bisulfite sequencing 

The results from the bisulfite sequencing of the promoter regions of HCK and SPINT2 were 

in concordance with the MSP results. This is shown in figure 31 on the next page, and 

explained in the figure legend. These results were subsequently used to guide the qMSP 

assay design to a frequently methylated region.  
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Figure 31: Results from the bisulfite sequencing of HCK and SPINT2 in MPNST cell lines. The results for HCK are shown in the upper part of the figure, and for SPINT2 in the lower part. 

Cell lines are indicated in the first column from the left. CpG sites in the sequenced region are denoted with numbers (1-41 for HCK and 1-40 for SPINT2). The MSP primer annealing sites are 

indicated by purple boxes. The CpG sites involved in the annealing of the qMSP assays are indicated by blue boxes (for the SPINT2 assay; CpG site 13 is not covered by the assay, but still lies 

within the fragment amplified by qMSP). Each CpG site was given a methylation score, indicated in the figure as a number from 0-100. The calculations were performed by dividing the height 

of the peak for a cytosine signal with the height of the peak for a cytosine plus thymine signal, and multiplying by 100. Less than 20% was considered unmethylated (U; green in the figure), 20-

79% was considered partially methylated (U/M; yellow), and 80-100% was considered methylated (M; red). For some of the sites, the signals were too poor to be read (not-determined; ND; 

grey). The results from MSP analyses are shown in the first column from the right, and are in concordance with the presented bisulfite sequencing results. 
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4.2.5 Quantitative methylation-specific PCR (qMSP) 

Testing of both the HCK and the SPINT2 qMSP assays showed satisfactory results, including 

good reaction efficiency (86% for HCK and 83% for SPINT2), successful amplification of 

IVD, and no amplification of the normal blood samples (neither bisulfite-converted, nor 

unconverted) or the water blanks. 

As for the analyses of HCK and SPINT2 promoter methylation in the tissue samples, none of 

the controls (21 neurofibromas and one sciatic nerve) were methylated (PMR = 0 for all of 

them), resulting in 100% cancer specificity for both assays. The threshold for scoring a 

MPNST sample as methylation positive was based on the PMR values for the controls, and 

rounded up to the nearest whole number, giving a PMR of 1. This resulted in 34% (31/91) 

promoter methylation for HCK and 42% (38/91) for SPINT2. As expected, there was a 

significant difference in mean PMR values between MPNSTs and controls for both genes 

(P=0.001 for HCK and P=4.8E-9 for SPINT2).  Also, SPINT2 (mean PMR=18) had a 

significantly higher mean PMR value in MPNST samples compared with HCK (mean 

PMR=3; P=3.2E-6). 

The following figure shows the qMSP amplification plots for HCK and SPINT2 for the 

MPNST patients that were scored as positively methylated (PMR≥1). 

 

The figure continues at the next page. 



Results 
 

92 

 

 

Figure 32: Amplification plot for HCK and SPINT2 showing quantitative methylation measurements 

for positively methylated MPNST patient samples (PMR≥1). The upper part of the figure displays the 

HCK amplification plot, while SPINT2 amplification is shown in the lower part. It can be noted that HCK 

in general had higher Ct-values than SPINT2, which explains a lower PMR mean for HCK compared to 

SPINT2, as explained in the text above. 
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5 Discussion 

5.1 The qMSP pipeline 

5.1.1 DNA recovery after bisulfite conversion 

Significant degradation and low DNA recovery after bisulfite 

conversion have previously been demonstrated by Munson and 

colleagues with use of the EZ DNA Methylation Kit from Zymo 

Research11 (70). The authors concluded that the breakdown of the template occurs during the 

deamination reaction, and the most important losses at the purification step, as too small 

DNA fragments do not bind to the matrix while too large fragments cannot be eluted. Loss of 

DNA during bisulfite conversion is confirmed in the present study. Zymo Research 

guarantees a DNA recovery rate of at least 75% for their EZ DNA Methylation-Gold kit, 

while Qiagen has no specifications in this regards. For most of the samples, our results 

indicate that the DNA recovery is far below 75% regardless of kit type, but with a generally 

lower recovery rate for the Zymo kit (table 7, page 67). These discrepancies might be due to 

the chemicals included in the two kits, and/or different incubation conditions (duration and 

temperature), leading to different degradation rates. Additionally, flat column filters are 

included in the Qiagen kit, in contrast to conical filters in the Zymo kit (72), and this may 

also potentially contribute to different DNA recovery rates. 

The results for five of the cell lines (HCT15, HCT116, NCI-H508, SW620 and SW948) 

consistently diverge from the rest. These lines show a DNA recovery of approximately 90% 

for the Qiagen kit, and approximately 75% for the Zymo kit, thus much higher than the rest 

(table 8, page 68). DNA from these cell lines have been isolated with the Maxwell 16 

Instrument, which is based on magnetic beads, and the remaining with a phenol-chloroform 

protocol, as previously mentioned. One possible explanation for the difference in DNA 

recovery could therefore be that the phenol-chloroform reaction is harsher on the DNA, 

resulting in more degraded fragments after isolation. These fragments will contribute to the 

DNA concentration before bisulfite treatment, as the NanoDrop instrument measures total 

absorption at 260 nm, and cannot discriminate between intact and degraded DNA. During 

                                                 
11

 The EZ DNA Methylation Kit is a previous version of the EZ DNA Methylation-Gold Kit, the latter used 

in our study, with longer processing time as the main difference. 
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purification of bisulfite-converted DNA, degraded nucleic acids or single nucleotides that are 

too small to bind to the column matrix, will be eluted together with the wash buffer, and the 

DNA concentration will consequently decrease. Interestingly, by measuring the double-

stranded DNA concentration of the five “diverging” cell lines, as well as of a representative 

selection of phenol-chloroform isolated cell lines before bisulfite conversion, we confirmed 

our hypothesis; the dsDNA concentration of samples extracted with the Maxwell instrument 

was significantly higher than for the rest (data not shown). 

Despite this observation, it should be noted that qMSP as a real-time quantification method 

has potential to give more reliable results with somewhat variable DNA input than many 

other downstream analyses (77). In particular, inclusion of a normalization reference (e.g. 

ALU) will adjust for a certain variation in concentrations. Thus, in this work, the template 

amounts used for qMSP were based on the theoretically expected concentration after bisulfite 

treatment (32.5 ng/µl). However, for other applications where the recovery rate is more 

important, our findings should be taken into consideration when choosing the DNA isolation 

method, as well as the subsequent bisulfite treatment kit. The EpiTect Bisulfite Kit from 

Qiagen is routinely used for bisulfite conversion in our lab, and based on its generally higher 

recovery rates we recommend this kit over the EZ DNA Methylation-Gold kit from Zymo 

Research. Finally, the present study has focused on two of the most commonly used kits in 

the literature, but it should be noted that many variants of bisulfite conversion kits from these 

and other suppliers exist, and a comparison including more of these would be interesting (see 

“Future perspectives”). 

5.1.2 The precision of the qMSP method 

The “baseline” level of PMR variations  

The present study has demonstrated that different parameters in 

individual steps of the qMSP pipeline influence the PMR values to 

various extents. On this basis, an optimized pipeline has been 

proposed (figure 29, page 86), including the parameters causing the 

lowest level of PMR variance at each step. Nevertheless, even with these standard guidelines 

and an otherwise robust study design, PMR values for the same assay and for the same 

sample will rarely be identical from run to run. This is reflected in the qMSPs performed by 

the same individual on different days. From these “different days of analysis” variances, we 
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propose a ”baseline”, or “minimum measurement” of variation of 20% in PMR values, that 

should be expected between any qMSP run (see table 14 below). This further underscores 

that one should be careful considering a difference under ~20% in mean PMR between e.g. 

normal- and cancer tissue as differentially methylated. Based on our findings, such 

differences are instead likely to reflect “natural” variance, inherent for the qMSP method. 

Additionally, when it comes to interpretation of differences in PMR values as having a 

biological effect, e.g. in the form of inactivation of transcription, conclusions should not be 

drawn before gene expression analyses have been performed. Finally, studies reporting PMR 

values should stick to whole numbers and refrain from using decimals. However, examples 

of the contraire are found in the literature (121;122). Altogether, variation in PMR up to a 

certain level must be expected for all qMSP analyses, and as explained, our data propose an 

error range of up to ±20 PMR that will apply for a given PMR value. 

Measured 

PMR value 
Error range in PMR 

PMR value interval that could reflect “natural” 

variance inherent for the qMSP method 

100 ~ ±20 ~80-120 

75 ~ ±15 ~60-90 

50 ~ ±10 ~40-60 

25 ~ ±5 ~20-30 

1 ~ ±2 ~0-3* 

Table 14: “Baseline” variation in PMR values. The “baseline” variation for a measured PMR value is 

calculated as 20% of the value in question, and is shown as the error range in the middle column. The 

column to the right illustrates the resulting range of absolute PMR values that should be expected with this 

baseline. *Negative PMR values do not apply, so this range goes from 0-3 even though the baseline 

variation is calculated as ±2 for a PMR of 1. 

The major pitfalls of qMSP 

The choice of reference control for normalization  

If less favorable parameters than those proposed in the optimized 

qMSP pipeline are used, PMR fluctuations for a given gene in a 

given sample are likely to increase. As shown in figure 28, page 84, 

the “choice of normalization reference” step (step VII) has potential 

to induce some of the highest PMR variances. Traditionally, low- or single-copy genes have 

been frequently used as endogenous controls in qMSP, but in 2005, Weisenberger and 

colleagues demonstrated that such genes could be inappropriate for studies on human 

cancers, which frequently display copy-number changes (88). In addition, they underscored 

that qMSP amplification of this type of genes could easily be hampered by single-nucleotide 
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polymorphisms (SNPs). Based on these observations, ALU was proposed as more 

appropriate for quantitative PCR-based cancer studies. ALU is the most abundant short 

interspersed nucleotide element in human cells, existing in approximately 1 million copies 

per haploid genome, and making up about 10% of the total genome (123). Thus, contrarily to 

single-copy genes, PCR amplification of ALU will in the majority of cases be unaffected by 

cancer-related chromosomal aberrations, and is consequently less likely to cause 

normalization errors when used as reference. This has later been supported by others, e.g. by 

Munson et al. in 2007 (70). However, even though they were disfavored a decade ago, low-

/single-copy genes are still frequently used in cancer research studies, especially ACTB, but 

also COL2A1 (124-127).  

This study has confirmed the importance of choosing an appropriate reference for 

normalization, and use of ACTB or COL2A1 results in some of the largest variances (figure 

28, page 84). As expected, in samples with specific chromosome aberrations, these two 

endogenous references may cause important PMR biases. This is exemplified in our data, 

where a deletion of the ACTB locus (7p22)12 in Colo320 causes an approximate doubling of 

PMR values for all genes (table 13, page 83). Moreover, an amplification of the same locus 

in V9P results in an approximate halving of PMR. These cell line specific copy number 

changes are known from a thorough genomic profiling of 20 colon cancer cell lines 

performed in our lab (128).  Interestingly, even though we observed a doubling of PMR 

values also in LS1034 with COL2A1 (12q13.11)14 as endogenous control, we have not found 

evidences for a deletion of the respective locus in this cell line (based on Affymetrix 

Genome-Wide Human SNP Array 6.0 data available at our department). This further 

supports our recommendations of avoiding low-/single-copy genes as normalization 

references for qMSP. 

Finally, it can be noted that ALU shows higher detection sensitivity of undiluted IVD (Ct ≈ 

15.3) than do ACTB (Ct ≈ 27.6) and the COL2A1 (Ct ≈ 26.4; data shown in Appendix VIII). 

This is in concordance with observations done by Weisenberger et al., who reported 

detection of ALU fluorescence ~15 cycles earlier than the COL2A1 reaction on undiluted, 

bisulfite-converted M.SssI-DNA (equivalent to IVD) (88). This however is expected, given 

that the ALU element as previously mentioned is present in a million copies in the genome, 

in contrast to the two other normalization controls. 

                                                 
12

 http://www.genecards.org/ 
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The importance of qMSP template amount  

Another step in the qMSP pipeline that may significantly influence 

the resulting PMR values is the template amount in each PCR. 

Patient tissue is a valuable and potentially scarce source of 

material, and it is tempting to reduce the template amount for each 

reaction to a minimum. In addition, there are examples of studies that lower the input in 

qMSP to be able to perform studies on restricted amounts of “leftover” bisulfite-converted 

DNA (129). However, as for several other types of molecular analyses, there may be a 

“trade-off” between input and quality of the resulting data. In theory, qMSP analyses should 

not be affected by different sample concentrations due to the normalization reference. 

However, in the present study we demonstrate that this control (i.e. ALU) can only normalize 

successfully within a limited range of template variation. The 50%-, 25%- and 10% input 

amounts tested in this work all resulted in some of the highest PMR variances among the 

investigated parameters (figure 28, page 84; step VI). Even though these amounts could be 

lower than what is commonly used in qMSP analyses, our observations still illustrate an 

important trend; the lower template amount, the larger differences in PMR values. 

Importantly, this does not indicate that unlimited amounts of template should be used in 

order to produce better data. In contrast, tests previously performed in our group indicate that 

too much template (above 32.5 ng) may cause saturation and inhibition of the reaction. Based 

on these results, we recommend an input amount of approximately 30 ng. 

Importantly, the DNA input should not vary among samples in the same experiment, as this 

might lead to important PMR biases. If some of the sample material included in a study is 

scarce, the best solution would be to reduce and equalize the input of all samples. The results 

might then be more comparable, at least within the same experiment. However, according to 

our findings, this is likely to result in increased intra-assay variability if comparing with 

similar experiments that have been performed with another input amount. Altogether, when 

interpreting and comparing scientific literature based on qMSP analyses, it is crucial to take 

into consideration the template amounts used in different studies. 
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The qMSP pipeline parameters of intermediate importance 

The influence of the bisulfite conversion reaction; input and kit type 

Limited patient material, as discussed above, will also be relevant 

when deciding input amount into the bisulfite reaction. From our 

results (figure 28, page 84), it seems like varying the DNA input at 

this step of the pipeline is less critical than reducing the amount of 

template in the subsequent qMSP. However, others have previously emphasized that a 

significant underestimation of the actual amount of target DNA can result from qMSP 

analyses, if the input in the bisulfite conversion of the tissue samples is lower than that of the 

positive methylation control used to create the standard curve (70). 

Interestingly, in our study, different input (1300 ng vs. 500 ng) with the Qiagen kit results in 

larger PMR differences compared to the same test with the Zymo kit (step III figure 28, page 

84). In addition, when comparing the two different kits with an input of 500 ng, the resulting 

PMR variances are larger than if an input of 1300 ng is used (also step III, figure 28). One 

possible explanation can be that the Zymo kit, which specifically recommends 200-500 ng 

input for optimal results, is more specialized for lower input amounts. On the other hand, 

both 500 ng and 1300 ng are within the input range specifications for both kits, and should 

therefore be expected to give consistent data. 

All in all, it seems like the DNA input in the bisulfite conversion is important, and that the 

optimal amount depends on the kit type. If the right amount is used for a specific kit, the 

choice of bisulfite kit seems to be less critical. However, direct comparison of PMR values 

for samples bisulfite-treated with different kits could result in important differences. When 

taking into consideration the DNA recovery after bisulfite conversion as earlier discussed, 

the Qiagen kit is preferable in our opinion. 

Storage of bisulfite-converted DNA prior to qMSP analysis 

DNA storage at lower temperatures (-20°C and below) is generally 

considered to decrease the degradation rate, especially when it comes to 

single-stranded DNA, which is less stable than double-stranded. 

However, a recent study storing bisulfite-treated DNA at −80°C, 

−20°C, 4°C and 37°C for one month, concluded that all DNA samples 
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that had been stored between −80°C and 4°C were stable at the end of the period (76). This 

was demonstrated by DNA quantification by qPCR of the total amount of unconverted and 

converted intact DNA (PCR-amplifiable), using an assay targeting a cytosine free fragment.  

Nevertheless, since storage of bisulfite-converted DNA for longer periods in many cases 

could be necessary, or if “left-over” of valuable bisulfite-treated DNA is needed to perform 

either follow-up or new analyses, the effect of storage on PMR variation is of interest. Some 

of the storage conditions tested in this study resulted in rather small variations in PMR values 

(around the baseline level), while others introduced more variation (step V figure 28, page 

84). Interestingly, three months storage was observed to cause slightly more PMR bias than 

six months storage. Furthermore, it could seem like storage in freezers (both at -20°C and -

80°C) introduce somewhat more bias than storage in refrigerators. This is in contrast to most 

kit suppliers’ recommendations, and our findings should be validated through repeated 

experiments before concluding (see “Future perspectives”). In either case, the optimal 

solution seems to be direct analysis of bisulfite-converted DNA by qMSP. However, if 

storage cannot be avoided, keeping samples at 4°C for several months could be an adequate 

option. 

The qMSP pipeline parameters causing the smallest PMR 

differences 

Individual variation and day-to-day variation 

For all the steps of the qMSP pipeline discussed heretofore, it is 

rather straightforward to “replace” one parameter with a more 

optimal one (e.g. use another normalization reference or adjust the 

input amount). In contrast, the choice of investigator, as well as day 

of analysis, can hardly be optimized. Put another way, performance of qMSP on different 

days by different individuals is unavoidable. These parameters are however the ones 

inducing the smallest variations in PMR values in our study, and constitute the baseline level 

of variation, as shown in the histogram in figure 28 (page 84). Such modest run-to-run 

variations are in agreement with a previous report concluding that bisulfite conversion 

followed by qMSP shows good performance and precision, both in regards to bisulfite 

treatment on different days, and to repeated qMSP runs with the same protocol (124).  

Even though qMSP seems remarkably robust for individual variation based on our data, it is 

important to note that the two different individuals performing the analyses in this study were 
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from the same research group, and the experiments were performed in the same laboratory. 

Thus, the basic routines were as good as identical. However, one of the individuals was far 

more experienced in regards to the qMSP method, and to laboratory work in general, than the 

other. Nevertheless, this does not seem to significantly influence the qMSP results. Still, 

individual variation across different laboratories is expected to result in larger variations than 

seen in the present study, and should be investigated (see “Future perspectives”). 

Assay-specific PMR variation  

Interestingly, some of the parameters in the qMSP pipeline seem 

to result in gene/assay-specific PMR value differences. This can 

be observed from the bubble plots in figure 27 (page 81-82). 

Most notably, VIM showed smaller variations than do the other 

genes in several of the tests. Furthermore, SPG20, which was normally found among the 

genes with the largest variation for the majority of parameters, suddenly showed less PMR 

variations than did the other genes when 50% and 25% input was used in the qMSP. Finally, 

for some of the tested parameters, one of the genes contributed to a largely increased total 

sum of variance, such as SEPT9 in “three months storage – Qiagen”, in “50% template in 

qMSP”, and “10% input in qMSP”. A precise conclusion regarding individual genes or each 

parameter cannot be elucidated from these examples. Yet, they highlight the importance of 

including several different genes/assays in studies like this, in contrast to only testing a few 

genes repeatedly as done by Ogino et al. (124). A mixture of assays is likely to reduce the 

chances of biased results. If VIM had been the only gene included in the present study, the 

variation in PMR values resulting from several of the parameters would have been greatly 

underestimated.  

Additional parameters in the qMSP pipeline 

There are several other important parameters that are likely to influence the qMSP results 

beyond the ones included in this study. Some of the most important will be considered in the 

following.  

Assay design  

Appropriate assay design is fundamental for achieving a correct 

qMSP methylation frequency for any gene promoter. There are 

several examples of incorrect qMSP results as a consequence of 
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poorly designed assays. This has been elegantly illustrated by Lind et al., analyzing the MAL 

gene, where an 83% methylation frequency was found in carcinomas, and a 73% frequency 

in benign large bowel tumors based on the qualitative MSP analysis (130;131). The year 

before, Mori et al. had reported MAL to be methylated in only 6% of primary human colon 

cancers based on qMSP (132). The two studies were based on the same methodological 

approach, except for the more sensitive quantitative variant of MSP used by Mori et al. 

Through bisulfite sequencing of the MAL promoter, Lind et al. confirmed their findings, and 

simultaneously demonstrated that the low methylation frequency reported by the other group 

was caused by poor primer design. The antisense primer used by Mori et al. was annealing to 

a non-representative and infrequently methylated area of the promoter, resulting in an 

underestimation of methylation at this locus. Thus, even though qMSP is considered as a 

more “modern” and sensitive method than the traditional MSP, a careful assay design is 

required in order to produce correct data.  

The design procedures for the qMSP assays involved in the present investigation of the 

qMSP pipeline were similar to what is described in this work for the assays used in the 

search for MPNST methylation candidate genes. Importantly, this involved bisulfite 

sequencing of the region of interest in order to better guide the localization of the most 

representative qMSP assay. Furthermore, the assays were tested on both bisulfite-converted 

and unconverted DNA from normal blood and IVD to ensure methylation specific 

amplification. In addition, a standard curve made of several dilutions of bisulfite-treated IVD 

was included to measure the assay efficiency, and to ensure that inhibition was not an issue 

in the reaction. Finally, the amplified products have been sequenced, in order to confirm their 

identity. Such a procedure is highly recommended in order to avoid using primers annealing 

to non-representative regions of a locus of interest. 

The importance of a standard curve and the PCR efficiency 

A standard curve is essential for qMSP analyses. The slope of the 

standard curve both indicates the PCR efficiency, and influences the 

determination of sample quantity (and thus potentially the PMR 

values). The latter is due to the correlation between Ct-value and quantity, which is given by 

the slope.  

Low-efficiency conditions (in general considered as below 80%) are reflected by a steeper 

standard curve (figure 33). For a low sample quantity (X in the figure), this will result in a 
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later Ct, which again could lead to an underestimation of quantity, and also PMR values, 

compared to a high-efficiency reaction (87). 

 

Figure 33: The efficiency of a real-time reaction such as qMSP is reflected by the slope of the 

standard curve. A low-efficiency reaction is illustrated with the green slope, and a high-efficiency 

reaction with the blue slope. The slope will influence sample quantity determination. Amplification of a 

quantity Y gives an earlier Ct under low-efficiency conditions (green) compared to the high-efficiency 

condition (blue). With a lower quantity (X) there is an inversion, and the low-efficiency condition (green) 

gives a later Ct than the high-efficiency condition (blue). From (87). 

Moreover, to properly evaluate PCR efficiency, and thus to increase the chances of 

producing consistent PMP values, a minimum of 3 replicates is generally recommended. In 

addition, the dilution series making up the standard curve should include a decent number of 

dilution points as noted in the introduction (page 32).  

Variation among multiple standard curves on a single plate, as well as between different 

qMSP runs, was in one study investigated, and found to be small and acceptable (124). From 

this, it could be speculated in making one standard curve for a given assay, and use this when 

calculating PMR values in later qMSP analyses. However, the PCR efficiency can be 

influenced by e.g. the sample quality and/or the master mix. Thus, inclusion of a standard 

curve for each assay on each plate (as in the present study) is advantageous, in order to 

identify poor quality of either of these factors in any run. In contrast, with use of a “default” 

standard curve, this would not necessarily be detected, and PMR values could be affected. In 

regards to the influence of master mixes and other reagents on the qMSP efficiency, we 

recommend to always register batch-numbers, so that reactions performed with a specific 

batch can be traced if shown to cause poor efficiency. It should also be noted that 

“homemade” master mixes generally represent a less expensive option compared to the 

commercial available ones, and are thus commonly used in PCR analyses. However, this 
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requires careful control and validation by the researcher, to ensure that each new homemade 

batch of master mix has similar performance as previous batches.  

Sodium bisulfite conversion efficiency  

As noted in the introduction (page 25), it is recommended to 

evaluate the conversion efficiency of a bisulfite conversion reaction 

in order to detect potential false results. In one recent study, the 

performance of nine different bisulfite conversion kits was 

investigated, and the reported conversion efficiency ranged from 98.7-99.9%, with 98.7% for 

the EpiTect Bisulfite Kit (Qiagen) and 99.7% for the EZ DNA Methylation-Gold kit (Zymo 

Research) (76). As emphasized by the authors, these levels are considered sufficiently high 

for most biological and clinical applications. The findings are in agreement with another 

study, comparing the duration and type of bisulfite incubation protocol on the conversion rate 

for the five most frequently used bisulfite conversion kits (72). Three of five kits (all from 

Zymo Research; including the EZ DNA Methylation-Gold kit) showed consistent 

performance independent of incubation conditions. The two other kits (EpiTect+ from 

Qiagen13 and MethylDetector from Active Motif) had variable conversion rates depending on 

the incubation time, but gave satisfactory results when performed according to the 

manufacturer’s protocol. A long-cycling protocol was in this study found superior to short 

incubation at a fixed temperature. Also earlier studies have shown that conversion rates 

depend on the reaction temperature and time, with both deamination and DNA degradation 

being faster at higher temperatures (133). Incomplete conversion can also be a result of too 

high DNA input into the bisulfite reaction that should in general not exceed 2 µg (86).  

Inappropriate conversion of methylated cytosines to thymines on the other hand, may depend 

on the sequence context, and has been reported with rates ranging from 0.09-6.1% for a non-

kit-based bisulfite conversion reaction (73), and from 0.9-2.7% in kit-based conversions (76).  

Evaluation of bisulfite conversion efficiency can be done by amplification of the converted 

DNA followed by bisulfite sequencing, and will be covered in the second part of this 

discussion (section 5.2 “Search for hypermethylated gene promoters in MPNST”). 
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Sample quality  

Finally, diverging qMSP results might be a consequence of experiments 

including tissue samples of different quality. In one study, fresh-frozen 

tissue was demonstrated to result in reproducible and reliable 

methylation levels of selected genes by bisulfite treatment and 

PCR/pyrosequencing, while formalin-fixed paraffin embedded (FFPE) samples showed 

unsatisfactory and random performance (134). The authors emphasized that formalin fixation 

often is associated with lower DNA quality than fresh-frozen samples, because formalin 

degrades and cross-links proteins and DNA bases, which yields less DNA. However, other 

studies based on FFPE tissue, including from our own group, have reported good qMSP 

performance and precision (119;124;135). Again, the essential is to be consistent in the type 

of samples used in one experiment, and to take sample quality into consideration when 

interpreting scientific literature, and comparing methylation results from different studies.  

Another important point regarding sample quality and its effect on variation in PMR values 

is optimized assay design. When it comes to FFPE tissue, which tends to be more degraded 

than its fresh-frozen counterpart, short assays are important. In our lab, assays are 

consistently made as short as possible, in order to be able to use them on FFPE tissue or non-

invasive samples (i.e. blood, feces or saliva), a routine we recommend to other labs. If assays 

are designed properly, the results of analyses with FFPE tissue have potential to be quite 

consistent, but the PMR values will typically be somewhat lower than for fresh-frozen 

samples (119). Moreover, studies are needed in order to determine a “baseline” level of 

variation for FFPE tissue, corresponding to the one proposed for frozen material in this work. 

One study has actually analyzed qMSP run-to-run variation using FFPE tissue, but no such 

minimum level of variation in PMR was emphasized (124). 

Final remarks; the importance of a robust study design  

The qMSP method has several strengths, and is preferred in many DNA 

methylation studies. It can be automated, is time efficient, sensitive, specific, 

and less prone to experimental inaccuracies and contamination than many 

other methods. However, as shown in this study, production of consistent and reproducible 

qMSP data is not trivial. Careful attention must be paid both to the overall study design, as 

well as to the choice of parameters and optimization at each individual step of the pipeline. 

Thus, high quality is required at all levels in order to obtain robust and reliable data, and to 

minimize the chances of biased and misleading experimental results.   
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5.2 Search for hypermethylated gene 

promoters in MPNST 

5.2.1 Methodological considerations 

Cancer cell lines as in vitro models 

In the present study, MPNST cell lines have been used as one of the steps in the search for 

potential cancer-specific methylated gene promoters. Cancer cell lines are important, and 

frequently used in vitro models, as they resemble their tissue of origin, can be grown under 

controlled conditions, and proliferate indefinitely. Numerous variables affecting cell growth 

or other cell properties can be manipulated during in vitro cell culturing, and the response 

can be measured. Cell lines also enable large scale studies without spending valuable and 

often limited patient material.  

However, it has been debated to what extent cell lines are representative models for the in 

vivo situation. On the epigenetic level, a significantly higher cancer cell line CpG 

island hypermethylation rate have been reported (136), and it cannot be excluded that some 

of these might be a cell line artifact. In contrast, other studies have found no significant 

differences in the overall methylation pattern between cell lines and primary tumors 

(137;138). Importantly, the representative value of cell lines is likely to vary among cancer 

types. For MPNST in particular, systematic studies comparing cell lines and tissue samples 

on the epigenetic level have not been performed. On the expression level on the other hand, a 

large study have investigated the global gene expression profile of eight MPNST cell lines 

and 45 tissue samples based on microarray data, and concluded that these lines were highly 

representative for the gene expression changes in solid tumors (139). For research on 

MPNST in general, cell lines are particularly valuable, given the extremely low incident rate 

of the disease. Nevertheless, the number of available cell lines is limited compared to many 

other cancer types. Altogether, representative or not, all findings obtained from cell lines 

should routinely be validated in tissue samples in order to eliminate potential artifacts. 

Cross-contamination of cell lines 

While contamination of cell cultures by bacteria or yeast often can be observed by the blotted 

eye or in the microscope, contamination by other cell lines, also called cross-contamination, 

is more challenging to detect. Cross-contamination was first recognized in the 1950s, has 
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gained increased attention the last decade, and at least 360 cell lines have been reported 

cross-contaminated in the literature up to 2010  (140). The cell line HeLa is the most frequent 

contaminant, and was at one point shown to be the culprit in approximately 33% of all 

human tumor cell lines (140;141). Studies performed with cross-contaminated cell lines 

could be highly misleading, and uncritical citing could result in such results remaining in the 

literature for decades (142). In 2004, only about a third of over 400 questioned cell culturists, 

including scientists, staff, and graduate students from 48 different countries, had performed 

authentication tests of their cell lines (143). At present, such tests should be standard in all 

laboratories, which is partly due to the fact that most journals require documentation of cell 

line authentication as a criterion for accepting articles. Consequently, the problem is 

decreasing. 

Authentication by short tandem repeat (STR) profiling  is recommended as an international 

standard (144). This technique is based on the fact that all individual cell lines have a unique 

fingerprint in STRs of microsatellite regions, represented by variations in the number of 

repeating units (141). STR profiling is rather easy to perform, robust and informative, and 

compatible STR reference profile databases from several major cell banks (e.g. ATCC, 

DSMZ, JCRB and RIKEN) are available for researchers to compare and verify their own 

STR profiling results (145). In addition, all serious cell banks perform identification tests of 

the cell lines they distribute, and make the results accessible for the purchasers (142). As 

previously noted, STR profiling has been performed for all cell lines included in this study, 

and is a standard routine at our department for all cultured cell lines, both from collaborators 

and commercial sources.  

AZA/TSA treatment of cell lines and subsequent analysis of 

gene expression data 

Even though AZA/TSA treatment of cell lines have been shown to result in demethylation 

and activation of normally hypermethylated genes as earlier described, genes without CpG 

island promoters may also show increased expression, leading to false positives (146). This 

can presumably result from demethylation of other loci, either within the same gene, or in 

upstream genes or regulatory elements required for its expression (64). Other possible 

explanations could be opening of chromatin structure through histone acetylation caused by 

the TSA part of the treatment, cytotoxic effects, or a secondary biological response in the 

cell. 
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The approach used in the present work was designed to reduce the chance of generating false 

positives. This was done by comparing the list with potential methylated promoter candidates 

from the AZA/TSA treatment of cell lines, with expression values from cancer- and benign 

neurofibroma control samples. Only genes significantly upregulated in cell lines after global 

demethylation, and at the same time downregulated in tumors compared to the controls, have 

been considered candidate gene promoters. In addition, these candidate sequences were 

investigated for CpG islands, and censored if no CpG island was found. Elimination of 

cancer-testis anti-genes was also performed, as previously explained. Despite the modest 

number of cell lines included in this study, and the rather strict criteria used, two novel 

MPNST gene candidates were identified. 

Bisulfite sequencing 

In this study, direct bisulfite sequencing, which determines the average methylation status of 

each CpG site across the molecules in a sample, has been used to both validate the 

methylation status determined by MSP, to confirm a sufficiently high bisulfite conversion 

rate, and to guide qMSP primer design. Cell lines are in theory monoclonal, and should thus 

have identical CpG status at each CpG site. This should normally result in satisfactory 

bisulfite sequencing results, as was the case in this study. However, it should be noted that 

direct sequencing normally requires a minimum level of 15-20% methylation, because the 

background signals can be variable.  

Patient samples on the other hand, frequently contain a mixture of cancer- and normal cells. 

The normal cells typically contain unmethylated alleles that have another molecular weight 

than their methylated counterparts, and thus contribute to produce electropherograms that are 

hard to interpret. This problem can be avoided by cloning of the bisulfite sequencing 

fragment into a vector, resulting in a more accurate methylation profile. However, this is 

labor-intensive, as 10-12 clones per gene are normally required to give satisfactory 

methylation frequency data.  
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5.2.2 HCK and SPINT2 show promoter methylation 

in MPNST 

The PMR threshold for scoring samples as methylated 

As noted in the introduction, no standard threshold to classify methylated and unmethylated 

loci exists for qMSP analyses. A high cut-off value will typically increase the specificity of 

the methylation marker of interest, often with the cost of reduced sensitivity. In our research 

group, high specificity is prioritized, and the threshold is thus commonly based on the 

highest PMR value detected in normal controls. Given the total absence of methylation for 

both genes in all benign tissue controls used in this study, the threshold for scoring samples 

as methylated was rounded up to the first whole number, i.e. PMR=1. This threshold also 

covers our recommendation of a “baseline” level of 20% variation in PMR values. In other 

types of cancer studies, the applied threshold is often higher than seen in the present work, 

including examples from colorectal cancer research performed in our group (99;135;147). 

Interestingly, both genes identified in this project, as well as RASSF1A that previously has 

been identified at our department with 60% methylation in MPNST (27), have a PMR value 

of 0 in all controls. 

The biological function of HCK and SPINT2 

Additional studies would be needed in order to determine whether or not the HCK and 

SPINT2 promoter hypermethylation identified in this study affects gene transcription. 

However, if reduced expression was demonstrated, the biological effects of these genes could 

be relevant, and investigation of a potential role in the cancerogenesis of interest (see “Future 

perspectives”). 

HCK function 

The HCK gene encodes the HCK (hematopoietic cell kinase) protein, which belongs to the 

Src family tyrosine kinases14. These kinases transmit signals received by transmembrane 

receptors to a variety of intracellular pathways, and contribute to the regulation of diverse 

cellular responses, such as proliferation, differentiation, and cell death as illustrated in figure 

34 (148).  
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Figure 34: A simplified overview of the Src family kinase involvement in oncogenic signaling 

pathways. The figure illustrates potential effects of HCK activity on proliferation, transformation and 

apoptosis. The other details shown are not important in this context. Modified after (149). 

Due to its interference in several cell signaling cascades, the HCK protein has been 

associated with oncogenic properties, especially in various types of leukemia (150). 

However, it has also been reported that HCK, through interaction with another protein called 

C3G, can induce apoptosis (148). Thus, HCK might have tumor suppressor functions in some 

circumstances. This could be a more reasonable explanation for its promoter methylation in 

MPNST than if HCK was an oncogene. Importantly, various genes can act either as 

oncogenes or tumor suppressors depending on cancer type, as the activity of the encoding 

proteins can be cell- or context specific. This has already been demonstrated in MPNST, 

where the PRC2 (Polycomb repressive complex 2) protein seems to bear tumor suppressive 

features, while in other cancer types, such as breast, bladder, colon, and prostate, it is 

regarded as an oncogene (151). The opposite scenario has also been reported, where the 

EYA4 gene act as an oncogene in MPNST, but as a tumor suppressor in gastrointestinal 

tumors (152).  

Aberrant methylation of HCK in cancer genomes in general is not well explored. For 

pleomorphic xanthoastrocytoma (PXA; a rare WHO grade II brain tumor) increasing DNA 

promoter hypermethylation was in one study correlated with malignant progression to 

anaplastic PXA (153). In another publication, aberrant DNA methylation of the HCK 

promoter was observed in almost 60% of different types of leukemic cell lines, but not in 
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bone marrow cells from normal controls (150). The HCK methylation was in this study 

correlated with decreased protein expression. However, others have reported no such 

correlation (154). 

SPINT2 function 

SPINT2 (Serine peptidase inhibitor, Kunitz type 2), also known as HAI-2, encodes a 

transmembrane protein with two extracellular active domains. The SPINT2/HAI-2 protein 

interacts with variety of serine proteases, including the hepatocyte growth factor activator 

(HGFA), and inhibits their activity (figure 35)15. When active, HGFAs, together with 

matriptases  (another type of human serine proteases), are involved in proteolytic cleavage of 

the inactive precursor pro-HGF (pro-hepatocyte growth factor) into the active counterpart; 

HGF. HGF can potentially induce stimulation of tumor cell-cell interactions, matrix 

adhesion, migration, invasion, and angiogenesis (155).  

 

Figure 35: A hypothetical overview of the role of the SPINT2 protein product in cancer. SPINT2 

(HAI-2 in the figure), together with SPINT1 (HAI-1 in the figure), have crucial roles in the regulation of 

HGFA proteases. Loss of one or both of these proteins in a cell may result in increased HGF activity, and 

potentially malignant transition. HGF; hepatocyte growth factor, HGFA; hepatocyte growth factor 

activator, TTSPs; type II transmembrane serine proteases, MET; hepatocyte growth factor receptor. 

Modified after (156). 

Given the properties of the SPINT2 protein as a negative regulator of HGF signaling, 

SPINT2 is known as a putative tumor suppressor gene. In one study on prostate cancer cell 

lines, SPINT2 was also shown to control matriptases, and if inactivated resulted in higher 

matriptase activity, that subsequently lead to increased cell migration, invasion, and 

tumorigenicity (157). 
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SPINT2 promoter methylation has been reported in several types of cancer, such as human 

hepatocellular carcinoma (158;159), gastric cancer (160), esophageal squamous cell 

carcinoma (161) and renal cell carcinoma (162), and has been correlated with reduced 

expression and tumor suppressor functions in several of these studies. Despite the epigenetic 

deregulation of SPINT2 known from other cancer types, this gene has to our knowledge not 

previously been reported hypermethylated in MPNST. However, given the tumor suppressor 

function of the gene demonstrated by others, a potential role of the SPINT2 promoter 

hypermethylation in the MPNST cancerogenesis could be hypothesized. Further studies are 

needed in order to investigate this possibility (see “Future perspectives”). 
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6 Conclusions 

Through investigation of several likely sources of variability in the qMSP pipeline, and 

observation of their effects on PMR values, possible pitfalls have been identified. Most 

crucial is the choice of normalization reference and the template amount in the qMSP. 

We recommend ALU as a reference over single/low-copy genes such as ACTB and 

COL2A1, especially when analyzing cancer samples which frequently harbor copy-

number changes. Moreover, the choice of template amount in qMSP is essential, because 

a correct normalization can only be performed within a limited range of template 

variation. Importantly, the input should not vary among samples in the same experiment. 

This also applies for the DNA input amount into the bisulfite conversion reaction. 

Additionally, storage of samples after bisulfite conversion could introduce some PMR 

biases, and direct analysis by qMSP is preferable. Based on practically identical qMSP 

runs, we suggest a minimum level of 20% variation in PMR values that should not be 

interpreted as differential methylation levels. Finally, an optimized qMSP pipeline has 

been presented, with potential to decrease divergence among qMSP studies if established 

as the standard protocol in various laboratories. 

A stepwise experimental approach to identify methylated gene promoters in MPNST was 

carried out, and the two most promising candidates, HCK and SPINT2, were validated in 

a large patient series using the qMSP pipeline. Both genes were unmethylated in all 

benign neurofibroma controls, and methylation was detected in 34% (HCK) and 42% 

(SPINT2) of the malignant MPNST samples. These genes will be further investigated for 

associations to clinicopathological data. 
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7 Future perspectives 

A thorough investigation of the various pitfalls of the qMSP pipeline has been a long term 

goal in our research group. This master thesis will constitute the foundation of a methods 

article in the field, and additional experiments will be included. First, parts of the results will 

be validated by collaborating partners in another laboratory, in order to investigate the 

amount of variance introduced. Inclusion of several variants of bisulfite kits and testing of 

different input in these kits are also of interest. Moreover, we will repeat the various storing 

experiments of bisulfite-converted samples, in order to confirm or adjust results that were 

somewhat ambiguous in the present work. 

The two genes identified with cancer specific promoter methylation in MPNST; HCK and 

SPINT2, will be further investigated for correlations to various clinicopathological data, such 

as NF1 syndrome associations, and survival statistics. In addition, the effect of the 

methylation on gene expression will be addressed by RT-qMSP (reverse transcriptase 

qMSP), and possible biological roles in the carcinogenesis could be considered. As already 

noted, due to the limited time span of the master period, HCK and SPINT2 were identified 

using a dataset previously generated at our department (see page 60-61). However, the 

expression raw data that were completed in October 2014 from the cell lines cultured in this 

master period will be analyzed, and search for additional methylation candidate genes will be 

performed, using the same stepwise approach as described in this thesis. Hopefully, novel 

DNA methylation biomarkers for MPNST can be identified. 
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9 Appendix 

Appendix I: Gene nomenclature 

Gene symbol   Description16 

CES1    Carboxylesterase 1 

CDKN2A   Cyclin-Dependent Kinase Inhibitor 2A 

COL2A1   Collagen, type II, alpha 1 

CNRIP1   Cannabinoid receptor interacting protein 1 

DNMT1   DNA (cytosine-5-)-methyltransferase 1 

DNMT3A   DNA (cytosine-5-)-methyltransferase alpha 

DNMT3B   DNA (cytosine-5-)-methyltransferase beta 

EYA4    Eyes Absent Homolog 4 

GLDC     Glycine Dehydrogenase (Decarboxylating) 

GPRC5B    G Protein-Coupled Receptor, Class C, Group 5, Member B 

HCK    Hemopoietic cell kinase 

MAL    Mal, T-cell differentiation protein 

MLH1    MutL Homolog 1 

MGMT    O-6-methylguanine-DNA methyltransferase 

NF1    Neurofibromin 1 

RASSF1A   Ras association domain family 1 isoform A 

SEPT9    Septin 9 

SFRP1    Secreted frizzled-related protein 1 

SPG20    Spastic paraplegia 20 

SPINT1   Serine Peptidase Inhibitor, Kunitz Type 1 

SPINT2   Serine peptidase inhibitor, Kunitz type, 2 

TP53    Tumor protein P53 

THBS4    Thrombospondin 4 

TSPAN7   Tetraspanin 7 

VIM    Vimentin 

 

                                                 
16

 http://www.genecards.org/ 
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Appendix II: Abbreviations 

This list includes the most frequently used abbreviations in this work. 

Abbreviation   Description 

AZA     5-aza-2’deoxycytidine 

Ct    Threshold cycle 

CpG    Cytosine phosphate guanine 

DNA    Deoxyribonucleic acid 

HTS    High-throughput sequencing 

IVD    In vitro methylated DNA 

MPNST   Malignant peripheral nerve sheet tumor 

 

MSP    Methylation-specific PCR 

 

PMR    Percent of methylated reference 

qMSP    Quantitative methylation-specific PCR    

 

RNA    Ribonucleic acid 

 

TSA    Trichostatin A 
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Appendix III: qMSP primer and probe sequences 

Gene Sense primer Antisense primer Probe Reference 

ACTB TGG TGA TGG AGG AGG TTT AGT AAG T AAC CAA TAA AAC CTA CTC CTC CCT TAA 

6FAM-ACC ACC ACC CAA CAC ACA ATA ACA AAC 

ACA-MGB 

Costa et al. (163) 

ALU 

GGT TAG GTA TAG TGG TTT ATA TTT GTA ATT 

TTA GTA 

ATT AAC TAA ACT AAT CTT AAA CTC CTA 

ACC TCA 6FAM-CCT ACC TTA ACC TCC C-MGB 

Weisenberger et al. (88) 

CNRIP1 TTT AGT TGC GCG GAT TTG C GCA CCC GAA AAC TCG CTC TA 6FAM-CCG CAA ACC GCC G-MGB Lind et al. (99)  

COL2A1 TCT AAC AAT TAT AAA CTC CAA CCA CCA A GGG AAG ATG GGA TAG AAG GGA ATA T 

6FAM-CCT TCA TTC TAA CCC AAT ACC TAT CCC 

ACC TCT AAA-MGB 

Previously designed in 

our lab 

HCK GGC GGA GTT AGT TTC GTT TAG G GAT GGT TTG CGG GCG TTA T 6FAM-CGCGGT TAA GGC GTT T-MGB 

Designed by the author 

for this project  

MGMT GCG TTT CGA CGT TCG TAG GT CAC TCT TCC GAA AAC GAA ACG 6FAM-AAA CGA TAC GCA CCG CGA-MGB Håvik et al. (1)  

SEPT9 CGC GCG ATT CGT TGT TTA TTA CCA ACC CAA CAC CCA CCT T 6FAM-GGA TTT CGC GGT TAA C-MGB Ahmed et al. (147) 

SFRP1 GAA TTC GTT CGC GAG GGA AAA CGA ACC GCA CTC GTT ACC 6FAM-CGT CAC CGA CGC GAA-MGB Andresen et al. (119)  

SPINT2 GCG GGT TTA GGT GCG TTT AG TGC GTT TGC GTT TAG TTC GTT 6FAM-AGC GGT CGC GTA GGT -MGB 

Designed by the author 

for this project  

SPG20 GCG CGT CGT GGA ACG T CTA CGC TCG CCG AAA ACC 6FAM-CGC GCT TAC CGT AAC AA-MGB Lind et al. (99)  

VIM GGT CGA GTT TTA GTC GGA GTT ACG T CCC GAA AAC GAA ACG TAA AAA CTA 6FAM-CGT ATT TAT AGT TTG GGT AGC GC-MGB Ahmed et al.(147)  
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Appendix IV: Comparison of the EpiTect Bisulfite Kit 

(Qiagen) and the EZ DNA Methylation-Gold Kit (Zymo 

Research) 

 

 

From (77). 

Appendix V: Culturing conditions for the MPNST cell lines 

MPNST cell 

line Medium Additives 

MPNST642 
Dulbecco’s Modified Eagle’s Medium: 

DMEM with 4,5g/L glucose, no L-glutamine* 

1% (v/v)100X Penicillin-Streptomycin-

Glutamine solution, 15% (v/v)** Fetal 

Bovine Serum*** 

S1507-2 
Dulbecco’s Modified Eagle’s Medium: 

DMEM with 4,5g/L glucose, no L-glutamine* 

1% (v/v)100X Penicillin-Streptomycin-

Glutamine solution, 15% (v/v)** Fetal 

Bovine Serum*** 

S462 
Dulbecco’s Modified Eagle’s Medium: 

DMEM with 4,5g/L glucose, no L-glutamine* 

1% (v/v)100X Penicillin-Streptomycin-

Glutamine solution, 15% (v/v)** 

Fetal Bovine Serum*** 

STS26T 
Dulbecco’s Modified Eagle’s Medium: 

DMEM with 4,5g/L glucose, no L-glutamine* 

1% (v/v)100X Penicillin-Streptomycin-

Glutamine solution, 15% (v/v)** 

Fetal Bovine Serum*** 

ST8814 
Dulbecco’s Modified Eagle’s Medium: 

DMEM with 4,5g/L glucose, no L-glutamine* 

1% (v/v)100X Penicillin-Streptomycin-

Glutamine solution, 15% (v/v)** Fetal 

Bovine Serum*** 

*Dulbecco’s Modified Eagle’s Medium (Lonza, Basel, Switzerland) 

**Penicillin-Streptomycin-Glutamine (Life Technologies, Carlsbad, CA, US) 

***Fetal Bovine Serum (Life Technologies, Carlsbad, CA, US) 
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Appendix VI: DNA isolation method for the cell lines 

involved in this master project 

Cancer type Cell line DNA extraction method 

Colorectal 

cancer 

Co115 Phenol-chloroform 

Colo205 Phenol-chloroform 

Colo320 Phenol-chloroform 

EB Phenol-chloroform 

FRI Phenol-chloroform 

HCT15 Maxwell® 16 Instrument (Promega) 

HT29 Phenol-chloroform 

HCT116 Maxwell® 16 Instrument (Promega) 

IS1 Phenol-chloroform 

IS3 Phenol-chloroform 

KM12 Phenol-chloroform 

LS1034 Phenol-chloroform 

LS174T Phenol-chloroform 

NCI-H508 Maxwell® 16 Instrument (Promega) 

RKO Phenol-chloroform 

SW480 Phenol-chloroform 

SW620 Maxwell® 16 Instrument (Promega) 

SW948 Maxwell® 16 Instrument (Promega) 

TC71 Phenol-chloroform 

V9P Phenol-chloroform 

MPNST MPNST642 Qiagen AllPrep DNA/RNA/miRNA universal kit (Qiagen) 

S1507-2 Qiagen AllPrep DNA/RNA/miRNA universal kit (Qiagen) 

S462 Qiagen AllPrep DNA/RNA/miRNA universal kit (Qiagen) 

ST8814 Qiagen AllPrep DNA/RNA/miRNA universal kit (Qiagen) 

STS26T Qiagen AllPrep DNA/RNA/miRNA universal kit (Qiagen) 



 

134 

 

Appendix VII: Bland-Altman plots for all genes and all parameters 

The Bland-Altman plots present one cell line as one point. Each plot results from a comparison between two different parameters in the qMSP pipeline. The x-axis 

represents the difference between two measurements, and the y-axis the mean of the same measurements. The solid line in the plots indicates the average of the 

differences, and the dotted lines the average plus/minus 1.96 times its SD. The axis-scales are not consistent among the graphs, but adjusted to the values of the points 

in each plot. 
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Appendix VIII: Detection sensitivity for the normalization controls ALU, ACTB and COL2A1 

Sample name ALU_Ct ACTB_Ct 

Difference Ct 

ACTB - ALU COL2A1_Ct 

Difference Ct 

COL2A1 - ALU 

IVD1 15.27 27.48 12.21 26.45 -11.18 

IVD2 15.37 27.64 12.27 26.39 -11.02 

All Ct values represent the median of triplicates. 

 


