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Summary 
The Cancer Registry of Norway reported in 2012 a colorectal cancer incidence in Norway of 

4021, which is among the highest incidence rates in the world. Many people tend to live longer 

after diagnosed with this cancer type, still as many as 1604 died from the disease the same year. 

Colorectal cancers frequently display considerable changes in their DNA methylation pattern, 

involving both genome wide hypomethylation as well as hypermethylation at a range of gene 

promoter areas which could result in inactivation of the affected genes, including tumor 

suppressors. 

In this study we aimed at detecting and partly characterize a new subgroup of colorectal cancers 

which lack DNA methylation in a panel of frequently methylated gene promoters. Seven such 

methylation super negative tumors have previously been identified by analyzing 121 colorectal 

cancers from a consecutive series. In the present study the remaining 243 tumors from the same 

series were analyzed with quantitative methylation specific PCR (qMSP) and additional seven 

super negative tumors were found, giving a total of 14 (4%).  

The next goal of this study was to examine the CpG Methylator Phenotype (CIMP) status of the 

same cancers. This was performed by qMSP, using the Weisenberger gene panel. Approximately 

15% of the 364 cancers were CIMP positive, and as expected all super negative tumors were 

CIMP negative. Significant associations were found between CIMP positive tumors and a 

microsatellite instable phenotype, BRAF mutations, KRAS and TP53 wild type, and female 

gender. This was in accordance with a Medline based review of the CIMP literature. 

 Since they deviate from the vast majority of colorectal cancers, the methylation super negative 

colorectal cancers may have a defect in their DNA (de)methylation machinery. Gene expression 

of components of this machinery was therefore analyzed in the super negative tumors using 

available Affymetrix microarray data. The findings were validated by qRT-PCR. From these 

analyses, HELLS and UHRF1 were shown to be downregulated in the super negatives compared 

with the rest of the tumors. Interestingly, inactivation of these genes has previously been 

reported to cause hypomethylation.  

Here we have identified a novel subgroup of methylation super negative colorectal cancers. 

Further studies of this subgroup, including methylome and genome analysis, is likely to provide 

new insight into the mechanisms of the DNA (de)methylation machinery. 
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‘epi’ is derived from Greek 
for ‘above’. Epigenetics can 
therefore be interpreted as 

‘above genetics’ 

1 Introduction 

1.1 Epigenetics 

1.1.1  What is epigenetics 

The epigenetic regulation of gene expression is the reason why, even though most cells in an 

organism share the same DNA sequence, they can develop into a variety of cell types with 

distinct cellular features1. The term epigenetics was first used by the leading embryologist and 

geneticist Conrad Hal Waddington in 1942 to describe the process behind a genotype bringing 

about a certain phenotype2. His well known epigenetic landscape describes a ball rolling down a 

surface of valleys (figure 1). The ball can take a number of possible paths, and represents an 

embryonic cell being able to take several developmental pathways3. The exact definition of 

epigenetics is still a bit unclear. Traditionally it has been defined as cellular information, other 

than the DNA sequence itself, that is heritable during cell division4. For a short period 

epigenetics was nearly synonymous with DNA methylation, but by the change of the century, 

histone modifications were suggested as a second mechanism. From this, the epigenetic 

definition has been extended to include all chromatin modifications that have an effect on gene 

transcription. More recently, the definition has been further expanded to also include ncRNAs 

and their regulatory actions5.  

 

 

 

Figure 1. Waddington’s epigenetic landscape. The 
epigenetic landscape was first illustrated in Waddington’s 
book from 1958: The Strategy of the Genes. The ball 
illustrates a cell, while the developmental pathways the 
cell could take are pictured as branched valleys. Each 
valley is shaped by the influence of the individual action of 
genes. Figure from Slack, 20023 

 

Our view of the human epigenome has during the last years been revolutionized thanks to new 

techniques such as next generation sequencing. Still, the intriguing crosstalk and relationships 

between the epigenetic elements are only beginning to reveal.  
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The core of epigenetic regulation lies in the different 

levels of chromatin packing (figure 2). By altering 

the degree of packing, the accessibility for proteins 

involved in gene transcription is regulated. The 

packing involves multiple levels of chromatin 

folding, where the first level is the wrapping of 146-

147 bp of DNA 1.65 turns around eight histone 

proteins. These DNA packed protein octamers are 

known as nucleosomes. The packing of DNA into 

chromatin serves as a general repressor of 

transcription, and unwrapping is needed before 

transcription can occur6. 

 

 

 

Figure 2. Packing of DNA into higher order 
structures. Figure from Probst et al, 20097. 

 

1.1.2 Epigenetic mechanisms 

Epigenetic regulation of gene expression is a dynamic and reversible process and occurs by 

several mechanisms (figure 3).  As mentioned previously, DNA could be directly modified, 

primarily by methylation of cytosine to 5-methylcytosine.  Histones can be covalently modified 

in a dozen of ways, and the nucleosome positioning and construction can be altered. Different 

types of noncoding RNAs also play part of the epigenetic machinery. These epigenetic 

mechanisms are catalyzed by and interact with a network of different proteins8. The most 

central epigenetic mechanisms will be briefly reviewed in the following, including DNA 

methylation, which is the main focus of this thesis (presented at the end of the chapter, page 7).  

Epigenetic regulation is fundamental when it comes to maintaining cell integrity, but as 

epigenetic marks can be stably maintained they are also able to adapt to shifting environmental 

or developmental requirements8. This delicate regulation is crucial, and misregulation of the 

epigenetic machinery is implicated in several diseases like diabetes and cancer.  
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Figure 3. Epigenetic mechanisms. A cell utilizes many different methods to modify chromatin packing 
and thereby controlling gene expression. Figure modified after van Engeland et al. 20119. Abbreviation: 
ncRNA; noncoding RNA. 

Histone modifications 

The nucleosome core consists of doublets of the four histones H2A, H2B, H3 and H4. One linker 

histone, H1, binds to DNA ends protruding from the nucleosome, closing the DNA around the 

core10. The core histones are among the most conserved proteins known in eukaryotes11. At the 

same time they are extremely variable when it comes to post-translational modifications, and 

the list of known covalent modifications continues to grow12. All core histones can be modified, 

and the combination of these modifications reveals a histone code that may alter chromatin 

compaction leading to either an activated or repressed state of transcription13. Post translational 

modifications involve the addition of small chemical groups to amino acid side chains. Some 

examples of the numerous covalent modifications are methylation, acetylation, ubiquitination, 

SUMOylation and phosphorylation10(figure 5), the best described being acetylation and 

methylation. Different proteins are identified, which add (write), remove (erase), and interact 

(read) with the histone modifications14(figure 4).  

 

 

 

 

Figure 4. Proteins interact with histone modifications. Different proteins write, read and erase histone 
modifications. Figure from Tarakhovsky, 201015. 
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Acetylation of histone tails is an activating mark for gene expression 

The first post-translational histone modification to be discovered was acetylation (figure 5), 

described in the early 1960s16. Acetylation occurs at lysines on the N-terminal tails of core 

histones, mainly on H3 and H4. The acetyl groups are believed to neutralize the positive charge 

of lysine, thus weakening the interaction between the histones and the negatively charged DNA. 

In this way the chromatin obtains a more open structure and the DNA sequence becomes more 

accessible to the transcription machinery.  Also effector proteins are found to bind acetylated 

histones. These readers of acetyl modifications could be involved in gene transcription, directly 

linking acetylation of histones to transcriptional management10. Acetylation thereby serves as an 

activating histone mark and hyperacetylated histones are frequently identified in areas of highly 

transcribed genes. Histone acetylation also seems to be important for other processes that 

require DNA access, such as DNA replication and repair. The acetylation of histone marks are 

highly dynamic, regulated by histone acetyltransferases (HATs) and deacetylases (HDACs)17. 

Methylation of histone tails could be both activating and repressive 

Histones can be methylated on both lysine and arginine residues (figure 5). In contrast to 

acetylation the methyl group(s) do not alter the charge of the amino acids10. Instead the mark act 

as a binding site for proteins involved in nucleosome compaction or for proteins which brings 

additional proteins to the methylated site18. Little is known about the effect of arginine 

methylation.  Much better studied is the methylation of lysines, and depending on both the 

location of the lysine as well as the number of methyl groups (1, 2 or 3), the effect on 

transcription can be both activating and silencing.  Examples of activating marks are H3K4me3 

and H3K36me3 while H3K9me3 and H3K27me3 act in a repressive way17. Lysines are 

methylated by enzymes called histone lysine methyltransferases (HKMTs), and this methylation 

was previously thought to be a long term or even irreversible mark. Today, several histone 

demethylases (KDMs) have been discovered underscoring the dynamics also of histone 

methylation19. 
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Figure 5. Covalent modifications of histone tails. Histone tails can be post-translationally modified in 
several ways, leading to either a more open or compact chromatin state. Abbreviations: Ac, acetyl. Me, 
methyl. P, phosphate. Ub, ubiquitin. K, lysine. R, arginine, S, serine. C, cytosine. Figure from Promega.com. 

Nucleosome dynamics 

Packing of DNA around core histones provide a strong barrier for protein access to the DNA 

sequence. Energy from ATP hydrolysis is utilized by enzymes called chromatin remodelers to 

open chromatin structure by the eviction or repositioning of nucleosomes, and by replacement 

of canonical histones with specialized histone variants. By doing this, the remodelers provide 

access for proteins involved in replication, repair and transcription to the underlying DNA 

sequence20. 

Nucleosome remodeling can occur in four different ways 

Chromatin remodelers work by restructuring the nucleosome itself or by altering the 

nucleosome position. This can take place in four ways21 (figure 6).  

 
I    The histone octamer could be moved, by sliding, to a new position on the DNA.  

II   The histone octamer could be completely removed to expose the DNA sequence.  

III  The H2A-H2B dimer could be removed to expose DNA and destabilize the nucleosome.  

IV  Histone dimers could be exchanged into new histone variants.  

 
Four families of chromatin remodeling enzymes are described, SWI/SNF, CHD, ISWI and INO80, 

each having distinct functions in regulating nucleosome dynamics8, 20.  
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Figure 6. Nucleosome remodeling. Chromosome remodelers work in four different ways to reconstruct 
chromatin structure. Figure from Cairns, 200721. 

 

Histone variants can have different roles 

In addition to the canonical histones mentioned previously (H2A, H2B, H3 and H4), three of the 

four subunits, namely H2A, H2B and H3 exist in a range of histone variants with distinct 

properties22. Two of the variants, H3.3 and H2A.Z are thought to play crucial roles in the 

regulation of chromatin23. Nucleosomes containing these histone subunits are generally located 

at dynamic regions of the gene such as gene promoters, regions that require nucleosome 

mobility and histone exchange8. H2A.Z is enriched at promoters of inducible genes when 

repressed or expressed at a basal level, and is being removed upon transcriptional activation, 

H3.3 is largely considered a mark for transcriptionally active genes23. Another variant, H2A.X, is 

consistently distributed in the genome where it is being phosphorylated to γ-H2A.X as a 

response to DNA damage. γ-H2A.X accumulates at sites of DNA breaks and is thought to 

contribute to a signal preventing the cell entry into mitosis24, and recruitment and/or retention 

of DNA repair proteins25. Canonical histones are expressed at high levels during S phase and 

incorporated into newly synthesized DNA behind the replication fork. The histone variants on 

the other hand could be expressed throughout the cell cycle in a replication independent 

manner, and are exchanged with the major subtypes when required22, 26.  

Noncoding RNA 

RNA was once regarded to be primarily the intermediate product included in the central dogma, 

stating that the flow of genetic information follows the path from DNA to RNA to protein27. Now 

we know that only a small part of the transcriptome is being translated into proteins. 

Interestingly, as much as 98% of the transcripts in human cells are thought to represent 
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noncoding RNAs (ncRNAs)28. Several classes of functional ncRNA are described, involving both 

long as well as small ncRNAs. Small ncRNA comprise among others miRNA, piRNA and siRNA28.  

The first proposal that ncRNA could regulate gene expression came in 1969 by Britten and 

Davidson29. Today it is commonly accepted that RNA can have different roles in the cell30. It has 

been demonstrated that ncRNAs are linked to gene silencing, and the latest years they have also 

been envisioned to directly up-regulate gene expression through different mechanisms31. At the 

same time, it is becoming evident that ncRNAs can influence epigenetic mechanisms28. The first 

ncRNA to be discovered was the small miRNA in year 200032. miRNAs are found to regulate 

about 30% of all protein-coding genes in humans, influencing as good as all cellular processes28.  

Interestingly, long ncRNAs and also mRNAs were recently demonstrated to be subjected to 

modifications including both N6-methyladenosine and 5-methylcytosine. The biological 

functions of these modifications are still not properly understood33. 

DNA methylation 

DNA methylation is possibly the best characterized epigenetic modification, and refers to the 

enzymatic addition of a methyl group to the 5’ position of cytosine, creating the base 5-

methylcytosine (5mC)34.  In humans, DNA methylation primarily occurs at cytosine residues at 

CpG dinucleotides, and the modification is found to have fundamental effect on gene expression 

and is essential for development35. Healthy mammalian cells are heavily methylated at the 

majority of their CpGs. These are found in vast areas, by some named CpG oceans, where the 

CpGs are sparsely distributed. Unmethylated CpGs on the other hand is found mainly at CpG 

enriched regions called CpG islands, which are primarily found in the promoter areas of as many 

as 60-70% of all genes34. It is not completely clear what the exact definition of a CpG island 

should be36. However, CpG islands are frequently described as areas >200-500 bases in length, 

with a CG content of more than 50% and a ratio of observed to expected CpGs of > 0.634. The 

concept of CpG islands has the latest years been expanded to also include CpG island shores 

which are less packed areas of CpG dinucleotides within 2kb upstream of the CpG island34. Not 

more than about 10% of all CpGs are found to be included in CpG islands37. The genome as a 

whole, and particularly outside of these islands, has a CpG content much lower than statistically 

expected. This is believed to be the result from a conversion in the germline of 5mC to thymine. 

This can occur spontaneously or by enzymatic deamination of the methylated cytosine (figure 

7). CpG islands are however protected from this deamination because they are never or only 

transiently methylated in the germline36.  
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Figure 7. Deamination of cytosine and 5-methylcytosine. Spontaneous deamination in the germline 
converts cytosine to uracil, while 5-methylcytosine is converted to thymine. DNA repair enzymes converts 
uracil back to cytosine but thymine, being a normal entity of DNA, remains unrepaired. Abbreviations: 
UDG; uracil DNA glycosylase.  Figure from atdbio.com. 

 

The functional role of cytosine methylation 

DNA methylation of promoter CpG islands, close to the transcription start site, is commonly 

accepted to be correlated with transcriptional inactivation36. Interestingly, recent studies have 

reported that also non-CpG island promoters can be silenced by DNA methylation, although this 

is still a bit controversial38. Importantly, the methylation of promoter areas might not always be 

the initiating factor in gene silencing. The gene could already be inactivated by other 

mechanisms, with the DNA methylation functioning merely to protect or enhance the silenced 

state37. Earlier it was thought that DNA promoter methylation repressed genes by the methyl 

groups preventing binding of key transcription factors. This may still be true for some specific 

transcription factors, but is only considered to account for a minority of the gene inactivation. As 

for the other epigenetic mechanisms, DNA methylation influences the packing of chromatin. The 

exact way this takes place has not yet been entirely sorted out. However, recent studies have 

reported that DNA methylation can affect the position of nucleosomes, and that methylation of 

CpG islands prevents nucleosome depletion from the transcription start site thereby reducing 

the transcription39. Most importantly, DNA methylation mediates transcriptional repression by 

methyl-binding proteins binding to the methylated site. These proteins may alter local 

chromatin packing by recruiting histone modifying enzymes or by preventing chromatin 

proteins from binding to DNA40. 

Methylation of the CpG island shores has also been associated with transcriptional silencing. In 

addition, it has been linked to the expression of splicing variants34. Gene body methylation may 
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also have an impact on splicing, and is in addition shown to stimulate transcriptional elongation. 

Repetitive areas like centromeres are normally methylated, which is found to be important for 

chromosome stability36. Cytosine methylation is also thought to repress the expression of 

transposable elements and by that play a role in overall genome stability (figure 8). Finally, the 

role of DNA methylation at enhancers, insulators and other regulatory elements are only just 

beginning to be explored36. 

 

 

 

 

 

 

 

 

 

Figure 8. DNA methylation occurs at different sites in the genome. (a) CpG islands in promoter areas 
of genes are normally unmethylated, and transcription can occur. Methylation of the same areas silences 
the expression of the affected gene. (b) CpG island shores are regulated in the same way as in CpG islands. 
(c) DNA methylation in gene bodies facilitates transcription. At the same time initiation of transcription 
from alternative transcription start sites are prevented. Hypomethylation of gene bodies allows for 
transcription from incorrect sites. (d) Repetitive sequences are normally hypermethylated, avoiding 
translocations and reactivation of endoparasitic sequences. Hypomethylation of these areas could lead to 
genome instabillity41. Abbreviations: DNMT; DNA methyltransferase, RNA pol; RNA polymerase, TF; 
transcription factor, MBD; Methyl CpG binding domain protein, E1,2,3,4; exons. Figure from Portela and 
Esteller 201041. 

 

DNA methyltransferases are responsible for cytosine methylation 

De novo methylation 

It has been 15 years since the discovery of DNMT3A and DNMT3B, the key enzymes responsible 

for de novo methylation in mammals42(figure 9 and 10). An additional member of the DNMT3 

family, DNMT3L, lacks the catalytic domain of DNMT3A and DNMT3B but act as a cofactor 

stimulating the methyltransferase activity of the other family members. During their action 

DNMT3 proteins interact with histones, this interaction being regulated by histone tail 
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modifications. DNMT3A and DNMT3L binding is found to be inhibited by H3K4 methylation 

while DNMT3A binding is promoted by H3K36 trimethylation43.  

The mechanisms establishing the DNA methylation patterns are poorly understood. However, in 

2011 Schubeler and colleges identified small methylation –determining regions (MDRs) in the 

genome. These regions can mediate both de novo methylation and hypomethylation in cis. Their 

action is determined by CpG density, developmental condition and motifs for DNA binding 

factors44.  

 

 

 

 

 

Figure 9. Methylation of cytosine to 5-methylcytosine. DNA methylation is performed by DNA 
methyltransferases (DNMTs) which catalyses the transfer of a methylgroup from S-adenosylmethionine 
(SAM) to cytosine. SAH = S-adenosylhomocysteine.  

 

Maintenance methylation 

During cell division the DNA methylation pattern is maintained by the action of DNMT1 (figure 9 

and 10) which is recruited to hemimethylated CpGs at the site of DNA replication. Important for 

this recruitment, is the proteins PCNA and UHRF1. The latter binds to the parental methylated 

strand of the new DNA and orients the methyltransferase to the hemimethylated site45. Assisted 

by other proteins located at the replication fork, DNMT1 maintains the methylation pattern 

throughout cell division46. Previously it was thought that DNMT1 alone was responsible for 

maintaining the DNA methylation pattern. Today we know that also the action of DNMT3A and 

DNMT3B is required36. DNMT3 enzymes binds to nucleosomes containing methylated cytosines 

and methylates sites missed by DNMT1 at the replication fork35. DNMT1 is also found to have de 

novo activity, however only at low levels46. 
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Figure 10. De novo and maintenance DNA methylation. DNA de novo methylation is primarily 
performed by the DNA methyltransferases DNMT3A and DNMT3B. Maintenance of the methyl marks is 
mainly carried out by DNMT1, during DNA synthesis. Black dots represent methylated cytosines while 
white dots symbolize unmethylated cytosines. Figure modified after Jones and Liang, 200935.  

 

DNA demethylation can occur passively or actively 

Compared with the other epigenetic mechanisms, DNA methylation is recognized to be more 

stable. This is an important quality when it comes to long term silencing of genes. Still, DNA 

methylation is found to be more dynamic than what was previously thought47. 

As explained below, the entire genome is subject to a wave of demethylation both post 

fertilization and during early gametogenesis43. In addition to these genome wide events of 

demethylation, site specific demethylation occur40. DNA demethylation has also been observed 

as response to changes in the environment and in cells after mitosis48. DNA demethylation can 

occur both passively and actively. Passive demethylation takes place during rounds of 

replication in the absence of a functional DNA methylation maintenance machinery. This passive 

pathway of demethylation is broadly understood, in contrast to the active demethylation (figure 

11)48. 

Two possible pathways have been proposed leading to the active demethylation of DNA48. Both 

pathways start with the active oxidation of 5mC by the ten-eleven translocation (TET) family of 

enzymes (TET1, 2 and 3) to 5-hydroxymethylcytosine (5hmC), and also further to 5-

formylcytosine (5fC) and 5-carboxylcytosine (5caC). The oxidized 5mC could then be 

demethylated either by passive dilution during replication or by active reconstruction. During 

passive dilution, it is thought that 5hmC blocks maintenance methylation by reducing UHRF1 

binding and DNMT1 activity, and in that way lead to the elimination of 5mC during cell 

division49. The second pathway utilizes base excision repair (BER) and thymine DNA glycosylase 

(TDG).  In this pathway the whole modified base (5fC or 5caC) is removed by TDG followed by 

insertion of a new unmodified cytosine by a DNA polymerase48.  
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A demethylation pathway based on the reversion to cytosine by direct removal of the oxidized 

methyl group (5caC) has also been hypothesized. However, no enzyme capable of this removal is 

yet identified. Interestingly, in vitro DNMTs in the absence of the precursor SAM are found to 

potentially be able to add or remove oxidized substituents from the 5th position of cytosine.  In 

that way DNMTs could potentially contribute to demethylation. Whether this is biologically 

possible is uncertain since SAM is ubiquitous and found in all cell types48.  

  

 

 

 

 

 

 

 

 

 

 
Figure 11.Different pathways of DNA demethylation. Demethylation could occur passively during cell 
division by inhibition or deficiency of DNMT1. Active demethylation takes place by enzymatic oxidation of 
the methyl group followed by passive dilution or different ways of reinstating cytosine. Enzymes involved 
in active demethylation are the TET family and TDGs. Abbreviation: BER = base excision repair. Figure 
modified from Wu and Zhang 201047.  

 

DNA methylation during development 

DNA methylation patterns are established already during early embryogenesis and maintained 

with only small adjustments during development37 (figures 12 and 13). After fertilization, 

methylation marks inherited from the parent gametes is mostly erased prior to implantation40. 

This takes place in two stages. First, active demethylation of specific sequences in the paternal 

genome starts in the zygote. During the next first cycles of replication, a more widespread 

demethylation continues, possibly passive by relocation of DMNT1 to the cytoplasm, or active by 

DNA repair processes. Not all DNA methylation is found to be erased during this process; some 

tandem repeats and also imprinted genes do retain their modification40, 46.  

At the time of implantation the entire embryonic genome undergoes a wave of de novo 

methylation. As a result, more than 80% of all CpGs becomes methylated. CpG islands are 
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protected during this process, possibly by common sequence motifs, and remain unmethylated. 

After implantation there are no more global changes in DNA methylation. All further alterations 

seem to take place by sequence specific targeting, and are of tissue-specific or gene-specific 

character. One of the first DNA methylation events after implantation is the silencing of genes 

involved in pluripotency. Another important occurrence not long after implantation is the 

inactivation of one female X-chromosome. In both of these events DNA methylation is not the 

initiator of gene silencing, it merely acts as a secondary mechanism maintaining the repressed 

state40, 46. 

Further alterations in methylation patterns are mostly cell type specific40. Tissue specific de novo 

methylation of genes may occur at CpG islands that were initially protected at the time of 

implantation. Also, many tissue specific genes have promoters without CpG islands where the 

CpGs have been de novo methylated at implantation. During tissue development, these gene 

promoters could be actively demethylated, possible making them more accessible for 

transcription factors40. 

In the big picture of aging, the methylation pattern is changing progressively with time. 

Intergenic regions together with introns and repeats are being hypomethylated, while the 

number of methylated CpG islands increases50.  

 

 

 

 

 

 

 

 

  

Figure 12. DNA methylation during development. Preimplantation: Almost all methylation is erased 
(yellow). Imprinted genes remain methylated at one allele. Implantation: The whole genome gets 
methylated (blue), except for the CpG islands (yellow). Postimplantation: De novo methylation of 
pluripotency genes (black). Tissue specific genes are demethylated in their cell type of expression 
(orange/pink). Figure from Cedar and Bergman 201240.  
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DNA methylation reprogramming in germ cells 

Primordial germ cells (PGCs) derive from embryonic cells which are already marked with their 

specific DNA methylation landscape43. These methylation marks must be reset for the germ cells 

to adapt to a germ cell specific totipontent state (figure 13). Few weeks after fertilization the pre 

existing DNA methylation profiles of PGCs are extensively erased. Some regions like 

retrotransposons escape this epigenetic remodeling, and keep their methylation marks. After the 

gender is determined in the embryo, distinct male and female patterns of DNA methylation are 

formed in the PGCs, first of all involving CpGs outside of CpG islands. The sparsely methylation of 

CpG islands do also occur in a gender specific matter, and about 900 CpG islands are found to be 

exclusively methylated in mature oocytes, while about 60 are methylated in sperm cells43. 

 

 

 

 

 

 

 

 

 

Figure 13. Remodeling the DNA methylation landscape during development. DNA methylation 
patterns are erased two times during development and new methylation landscapes are established. 
Abbreviations: PCG; primordial germ cells, gDMR; germline differentially methylated regions, GV; 
germinal vesicle.,MII; oocytes. Figure from Smallwood and Kelsey 201243. 

 

1.1.3 Epigenetics and cancer  

Rapidly increasing evidence have pinpointed epigenetics to be a driver in cancer development51, 

52. New insight in the field of epigenetics, together with the development of new techniques like 

e.g. bisulfite sequencing53, which can detect every methylated cytosine, and the even more 

recent developed technique NOMe-Seq54 which can simultaneously map DNA methylation and 

nucleosome positioning, are strongly contributing to this evolving knowledge. Also the 

establishment of comprehensive research networks like The Cancer Genome Atlas (TCGA)55 



  Introduction 
 

15 
 

represent an extraordinary resource for basic, translational and clinical research, both regarding 

genetic and epigenetic aberrations. Within TCGA, molecular profiling of  10 000 primary tumors 

from 30 cancer types is currently performed examining mutations, gene expression, miRNA 

expression, somatic copy number alterations and DNA methylation56.  

Almost all tumors have both genetic and epigenetic abnormalities, and changes in chromatin 

packing, affecting gene expression, contribute to cancer as well as to other diseases57. Epigenetic 

cancer dysregulation could be divided into three types. Alteration of the DNA or histone 

modifications,  alteration of an epigenetic enzyme or alteration of the expression of an epigenetic 

enzyme51. 

Histone modifications and their modifiers  

Abnormal patterns of post-translational histone modifications are frequently found in cancer58. 

Two characteristic examples are global decrease in H4K16Ac and the repressive mark 

H4K20me3 which occur together with hypomethylation at repeat sequences in primary cancers. 

Also, many enzymes involved in adding, removing or recognizing histone modifications are 

reported to be altered in cancer58. Histone acetyltransferases, histone deacetylases, histone 

methyltransferases and histone demethylases are all mutated in cancer, eventually leading to 

changes in chromatin packing41, 59. Histone deacetylases are reported to be overexpressed41, and 

also histone methyltransferases and demethylases can be aberrantly expressed or have an 

abnormal activity in cancer58. The histone methyltransferase EZH2 is reported to be 

overexpressed in cancer, resulting in increased levels of H3K27me3 and silencing of tumor 

suppressor genes. Also, the histone variant H3.3 might be mutated in cancer, preventing 

H3.3K27 modifications, and leading to aberrant gene transcription59. 

Nucleosome remodeling complexes  

Growing evidence indicates that nucleosome remodeling complexes have an important role in 

cancer60, and all the previously mentioned families of chromatin remodelers have been linked to 

the disease41. Subunits of the SWI/SNF family, including ARID1A, are reported to be inactivated 

by mutations at a high frequency in many cancer types60, including colorectal cancer61. The 

fundamental mechanisms behind the SWI/SNF mutation driven cancer progression are not fully 

understood, but functional analyses performed in mouse models have revealed that at least 

some of these subunits have tumor suppressor activity60. Interestingly, genes coding for 

chromatin remodeler subunits can themselves be hypermethylated at their promoter areas in 
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cancer, down-regulating their expression and disturbing normal chromatin remodeling 

performance41. 

Histone variants and corresponding chaperones  

Not long ago, the first mutation in a gene coding for a histone variant was found62. Also genetic 

changes in the chaperones responsible for incorporation of the histone variants into chromatin 

have been reported in several cancers. This implies that histone variants could have a role as 

drivers of cancer initiation and/or progression. Microarray studies have identified increased 

levels of H2A.Z in cancers like colorectal, lung and breast. H2A.Z is found to suppress the 

senescence response, and has been proposed to be an oncogene. An increased incorporation of 

H2A.Z into chromatin could therefore be a driver of cancer initiation. H2A.X has also become a 

key player in cancer biology62, and is considered to have a tumor suppressor function in some 

contexts63. Deficiency of this histone variant, together with loss of TP53, has been shown to 

result in increased genomic instability and cancer62. Finally, H3.3 is reported to be 

overexpressed in cancers, and also chaperons important for chromatin deposition of H3.3 has 

shown to be critical actors in cancer62.  

miRNAs could be both oncogenic and tumor suppressors 

miRNA profiles differ between tumors and normal tissue, and also between different tumors. A 

variety of miRNA tumor suppressors are found to be downregulated, while oncognenic miRNA 

has shown examples of overexpression in cancer64. Some miRNA can also function as both 

oncogenes and tumor suppressors depending on which tissue they target32. Interestingly, also 

miRNA may themselves be silenced by epigenetic changes like hypermethylation of promoter 

CpG islands together with alterations in histone modifications64. Less is known about the other 

types of RNA. Although long ncRNAs are reported to be overexpressed in some tumors, their 

function in cancer is still mostly unknown32. 

Aberrant DNA methylation in cancer 

Global hypomethylation 

More than thirty years ago the first epigenetic alteration in cancer was described by Feinberg 

and Vogelstein. Their work demonstrated that cancer cell genomes harbored substantial 

hypomethylation compared to normal tissue65. Global loss of DNA methylation affects CpG 

dinucleotides found in low density CpG areas as well as in repetitive elements and 

retrotransposons58 (figure 14). Hypomethylation is an early event in tumor progression, and is 
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thought to promote genome instability34. It can also cause activation of proto oncogenes and 

lead to loss of imprinting58. One example is the activation of IGF2, where loss of imprinting in 

colon cells seems to predispose to cancer4. The extent of hypomethylation often increases as the 

tumor develops from benign to invasive cancer64. 

Gene specific hypermethylation 

Following the discovery of DNA hypomethylation in cancer, some of the CpG islands in gene 

promoters that were usually unmethylated in healthy tissue were found to be aberrantly 

hypermethylated in many cancers34 (figure 14). Also CpG island shores have been found to be 

affected in the same way58. This promoter hypermethylation which frequently is observed at an 

early stage in tumor development58, could as previously mentioned lead to silencing of the 

affected genes, potentially contributing to cancer progression. Examples of such silenced genes 

are the tumor suppressor genes MLH1, CDKN2A and BRCA166. Interestingly, studies of colorectal 

cancer have demonstrated that more genes are silenced by aberrant promoter methylation than 

by mutations34.  

 

 

 

 

 

 

 

 

 

 

 

Figure 14. DNA methylation in normal and cancer cells. (a) Normal cells: CpG islands and shores are 
normally unmethylated and gene expression can occur. Gene bodies are methylated to avoid transcription 
starting from incorrect transcription start sites (TSS), and may also enhance the expression. Cancer cells: 
CpG islands and shores are frequently methylated while the gene body loses their methyl marks. As a 
result, transcription of the gene is hindered and aberrant transcription could occur from incorrect TSSs. 
(b) Normal cells: Methylation of repetitive elements prevents genomic instability and aberrant 
transcription. Methylation of transposons prevents activation of the elements. Cancer cells: 
Hypomethylation could lead to genomic instability and transcription initiation from aberrant sites. 
Transposons could be activated which may lead to gene disruption58. Figure from Rodriguez-Peredes and 
Esteller 201158. 
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Almost all families have been 
affected by cancer, and when this 

disease hits it could hit hard 

Proteins involved in aberrant DNA methylation in cancer 

The mechanisms leading to aberrant DNA methylation is not fully understood. Still, many studies 

have confirmed that methylation of CpG islands in cancer seems to be targeted, and that this 

cancer specific de novo methylation predominantly occurs at CpG islands marked with the 

Polycomb repressor complex. One of the main elements of this complex is the histone 

methyltransferase EZH2, which may be the responsible component for recruiting de novo 

methyltransferases to the CpG site. When it comes to cancer associated hypomethylation, it has 

been suggested that this could occur via passive demethylation. Maintenance DNMTs might be 

unable to keep up with the rapid replication because they instead are relocated to the de novo – 

targeted CpG islands in complexes comprising all DNMTs. This could reduce the amount of 

DNMT1 activity at the replication fork, leading to passive demethylation in cancer. This model 

could explain why tumor cells have both de novo methylation as well as extensive 

hypomethylation46. Recent reports of mutations in genes important for DNA methylation, such 

as DNMTs, IDH1 and 2 and the TET family may help to further clarify some of the underlying 

mechanisms of DNA methylation in cancer67. 

 

1.2 Colorectal cancer 

1.2.1 Cancer 

During the past 30 years, the global burden of cancer has more than doubled. In 2012 the World 

Health Organization could report a worldwide estimated cancer incidence of 14 million, and as 

many as 8 million cancer related deaths68. About 33 million people worldwide are currently 

living with cancer69, and hardly any family has not been affected by this disease. It is likely that 

cancer figures will continue to rise, and by 2030 the world is estimated to face an alarming 27 

million new cases and 17 million cancer related deaths annually. Until now, cancer has been 

considered a disease of the western world (figure 15). However, the most considerable impact of 

the emerging increase will be in medium and low resource countries, where the health care 

system is limited70. To reduce this growing cancer burden, more focus should be on prevention 

and early detection of the disease71. 
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Figure 15. Estimated worldwide cancer incidences for men in 2012. Estimated age standardized rates 
per 100 000. Figure from GLOBOCAN 2012 (IARC)68. 

 

1.2.2 Colorectal cancer numbers and risk factors 

Colorectal cancer accounts for about 10% of all cancers in the world and is the third most 

prevalent after lung and breast cancer. Every year about 1,4 million individuals will develop the 

disease and about half of them will die from it68. Incidence is low for younger people, below 50, 

but increases considerably with age with a median age at onset of about 70 years. 

Colorectal cancer in Norway 

 In Norway,  close to 5% of the population will be diagnosed with colorectal cancer before the 

age of 7572.  The incidence rates have been rapidly increasing the last 50 years and are today 

among the highest in the Nordic countries (figure 16). This is alarming considering that we 

during the 1950’s and 60’s had one of the lowest colorectal cancer incidence rates of the Nordic 

region73. Norway is even among the top in the world when it comes to colorectal cancer 

incidence rates72. The reason for this increase is currently unknown73. What is more uplifting is 

that the incidence rates for younger generations in Norway is stabilizing and for colon cancer 

maybe even decreasing. Also mortality from colorectal cancer has the later years been reduced74. 
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Figure 16. Age adjusted colorectal cancer incidence rates in the Nordic countries 1955 - 2005. Male 
and female. Figure from Bray et al 200774. Data from NORDCAN74 

Risk factors have been linked to a western lifestyle 

Development of colorectal cancer is associated with a western lifestyle75. In addition to known 

risk factors for colorectal cancer such as increasing age, male gender, previous colonic polyps or 

previous colorectal cancer, we have several environmental factors like a diet rich in fat and red 

meat, inadequate intake of fibers, obesity, a sedentary lifestyle, diabetes mellitus, cigarette 

smoking and high consumption of alcohol76.  

Factors that could contribute in preventing colorectal cancer include physical activity, use of 

hormone replacement therapy, aspirin and endoscopy with removal of precancerous lesions75 

 

1.2.3 Colorectal cancer staging – the TNM system 

Staging is performed to determine the extent of cancer development. Proper staging is 

important since choice of adjuvant treatment of the patient is generally based on this 

parameter76. Most commonly used worldwide is the TNM staging system, developed and 

maintained by the American Joint Committee on Cancer (AJCC) and Union for International 

Cancer Control (UICC). The TNM system allows for a precise description of the cancer stage and 

is based on the extent of the primary tumor (T), if the cancer has spread to nearby lymph nodes 

(N) and if there are distant metastases (M). Number and letters appear after T, N and M to 

present more information about the degree of invasion into the intestinal wall, how many lymph 

nodes that is affected, and the degree of metastasis. Once the TNM stage has been set, this 
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information is combined into “stage grouping”. The stages are numbered with Roman numbers 

from 0 to IV, with stage IV representing the most advanced cancer (figure 17). The Roman 

numbers I, II and III can further be subdivided with the letters A and B.  

 

 

 

 

 

 

 

 

 

Figure 17. Colorectal cancer staging by the TNM system. Stadium 0 describes a tumor that has not yet 
invaded the surrounding tissue (adenoma). Stadium I and II are localized tumors. In stadium I the tumor is 
only seen in the mucosa area, while in stadium II the tumor has penetrated the surrounding muscle layer. 
In stadium III the tumor has spread to the lymph nodes (regional) while in stadium IV the cancer has 
metastasisied to distant parts of the body. Figure modified from Terese Winslow, National Cancer 
Institute, 2005. 

 

1.2.4 Treatment and prognosis for colorectal cancer 

Treatment is based on staging and localization 

Surgery is the main treatment for colorectal cancer, and total resection is normally performed 

on all operable patients with a carcinoma. In general does stage III and IV patients (and under 

specific circumstances stage II patients) receive adjuvant chemotherapy. In Norway, 5-

fluorouracil is the standard chemotherapy, used in combination with oxaliplatin and leucovorin. 

Colon cancer patients do not receive radiotherapy, however, for rectal cancer patients 

radiotherapy is frequently part of the treatment, preferably performed preoperatively. These 

patients don’t receive chemotherapy as standard treatment, but occasionally as a supplement to 

the radiotherapy77. The goal for colorectal cancer treatment, as for other cancer types, is to move 

towards a more personalized medicine, preferably specific antibodies.  
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Prognosis is closely linked to cancer stage 

In Norway, patients diagnosed with colorectal cancer tend to live longer after diagnosis than 

they did before. In 1970 the 5-years relative survival was as low as 30%, but today about 60% 

are still alive 5 year after diagnosis. This increase in survival is highest for patients with rectal 

cancer, and we know that better surgical treatment is a strong contributor to this 

improvement72. Survival is closely linked to the tumor stage at diagnosis. Five-year survival rate 

for treated localized disease (stage I) is more than 90%, whereas for patients with distant 

metastatic cancer (stage IV) this has dropped down to less than 10%78. Given the improved 

survival rates for patients diagnosed at an early stage, early diagnosis is crucial in reducing the 

mortality of colorectal cancer patients. 

 

1.3 Developmental pathways of colorectal cancer 

1.3.1 Molecular pathways 

Colorectal cancers include a heterogeneous group of diseases with intricate genetic and 

epigenetic changes. At least three distinct pathways of tumor development takes place namely 

chromosomal instability (CIN), microsatellite instability (MSI) and CpG island methylator 

phenotype (CIMP). Whereas MSI and CIN usually are mutually exclusive, CIMP overlaps with 

both of these phenotypes and MSI in particular79. Also, some colorectal cancers seem to evolve 

regardless of any of these pathways79. CIN and MSI are described in this section while CIMP will 

be more extensively covered in the next chapter (page 25).  

Chromosomal Instability 

About 85% of sporadic colorectal cancers develop through the CIN pathway76. This pathway is 

characterized by an accelerating rate of gains and losses of whole or large parts of 

chromosomes, leading to an imbalance in chromosome number (aneuploidity), amplification of 

chromosome fractions and a high occurrence of loss of heterozygosity (LOH). This phenotype 

may be a consequence of defects in chromosomal segregation, telomere stability, DNA damage 

response80 and/or loss of genome stability due to DNA hypomethylation81. Still, the exact 

mechanisms underlying CIN remain elusive79. Chromosomal instability can be found already in 

benign adenomas and may accumulate during tumor development. CIN tumor progression 

frequently starts with inactivation of the APC tumor suppressor gene followed by mutational and 
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constitutive activation of the KRAS proto oncogene. Additional mutations follow, among others 

in the TP53 pathway. It is not known if CIN is responsible for the accumulation of these 

mutations or vice versa. 

Microsatellite Instability 

The MSI phenotype accounts for 12-17% of all colorectal tumors82. MSI follows two distinct 

pathways, dependent on whether the defects are sporadic or inherited in the germline as seen 

for patients with Lynch syndrome83. Lynch syndrome is the most common inherited colorectal 

cancer syndrome, accounting for 2-4% of all cases. MSI in both sporadic and Lynch cancers arise 

because of defects in the DNA mismatch repair (MMR) machinery. This induces an increase in 

frameshift mutations, altering the length of simple repeated microsatellite sequences of DNA. 

Some of the mutations will affect the coding region of cancer critical genes eventually leading to 

tumor progression82. Indeed, MSI colorectal cancer is by far the cancer-type harboring most non-

synonymous mutations per tumor with more than twice as many mutations pr tumor as 

smoking-induced lung cancer which comes second84. In >80% of sporadic cases of colorectal 

cancer the MMR gene MLH1 is silenced by promoter methylation85. This represents one of the 

hallmarks of sporadic colorectal cancer with MSI. Other hallmarks are; no familial clustering, 

loss of MLH1 and/or PMS2 MMR proteins and BRAF mutations. Sporadic colorectal cancer 

developed through the MSI pathway is, as previously mentioned, frequently associated with 

CIMP. This, together with BRAF mutations establishes an important separation from tumors with 

Lynch syndrome, which neither have CIMP nor BRAF mutations. Patients with sporadic MSI 

colorectal cancer generally have a better prognosis than patients with CIN tumors82, 86.  

 

1.3.2 Histological pathways 

Colorectal cancer, developing from epithelial mucosa cells in the colon and rectum, display two 

histological distinct pathways, starting with various types of precursor lesions.  

The adenoma-carcinoma pathway 

The adenoma-carcinoma pathway, starting with conventional adenomas, gives rise to about 

75% of all colorectal cancers87 (figure 18). This pathway takes years or decades to evolve76, and 

normally only few of the  colorectal adenomas will develop into malignant tumors87. APC gene 
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mutations occur early in the cancer development and are found in more than 70% of colorectal 

adenomas. Also, carcinomas deriving from this pathway are likely to have CIN75. 

 

 

 

 

 

 

 

 

 

Figure 18. The adenoma-carcinoma pathway. The majority of colorectal cancers develop from benign 
adenomas. The development starts with aberrant crypt foci, frequently harboring APC gene mutations 
which activate the Wnt signaling pathway. The adenoma can then progress into larger adenomas and 
adenocarcinomas by additional mutations in genes coding for proteins like KRAS and TP53. Chromosomal 
instability is observed early in benign adenomas, and increases during tumor development.80. Figure 
modified from Lao and Grady, 201134. 

 

The serrated (adenoma) pathway 

Serrated lesions are believed to be the precursors for 15-20% of sporadic colorectal cancers 

(figure 19). They are often flat or sessile, subtle and found in the proximal colon. Because of their 

shape they may easily be overlooked during endoscopy88. Carcinomas developed by the serrated 

pathway are associated with female gender89, are generally CIMP-positive and often with MSI 

and  BRAF mutations87.  
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CIMP specific methylation is 
distinguished from both age 
specific and general cancer 

specific methylation 

Figure 19. The serrated pathway of colorectal cancer development. The main precursor lesion of the 
serrated pathway is thought to be the sessile serrated polyps (SSP). The origin of this pathway is still 
debated. It is possible that SSP develops from normal mucosa, or it could develop from a hyperplastic 
polyp. (HP)90. A common mutation in this pathway is the activating mutation of BRAFV600E leading to 
inhibition of apoptosis and enhanced cell proliferation. Methylation of gene promoters at CIMP regions are 
also a central event promoting cancer development in the serrated pathway91. Abbreviations: MSI; 
Microsatellite instable, MSS; Microsatellite stable. Figure modified from East and Dekker 201391 

 

 

1.4 CIMP  

1.4.1 The epigenetic instability phenotype 

The CpG island methylator phenotype (CIMP) was first identified in colorectal cancer by Issa and 

colleges in 1999 and describes a distinct form of epigenetic instability with extensive CpG island  

promoter hypermethylation of specific genes92. The existence of CIMP and its role in the 

pathogenesis of cancer was for a long time challenged due to lack of consensus regarding which 

genes should be included in the analysis93, 94. But in 2006, Weisenberger and colleges were able 

to convincingly show that CIMP colorectal cancers comprise a distinct molecular character95. 

CIMP methylated CpG islands are mostly unmethylated among the rest of the colorectal cancers, 

and are because of that distinguished from general cancer specific methylation56 (figure 20). As 

mentioned earlier, DNA methylation is known to increase with age in healthy tissue. Genes 

subject to this, including the estrogen receptor96, are characterized as age-specifically 

methylated genes. Such genes are avoided for the classification of CIMP97. As with regular DNA 

promoter methylation, methylation in CIMP tumors is often accompanied by transcriptional 

repression85, influencing the expression of specific tumor suppressor genes and DNA repair 

genes79. However, the majority of cancer-specific hypermethylation might occur in promoters of 

genes not normally expressed, and may therefore not be directly involved in tumor initiation or 

progression. Actually, less than 10% of hypermethylated genes in CIMP high tumors show a 

more than twofold reduction in gene expression98. Still, this could be an important contribution 

to cancer development. 
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Figure 20. Age specific, CIMP specific and general cancer specific hypermethylation. CIMP specific 
promoter methylation is represented in only a fraction of cancer cells. General cancer specific 
hypermethylation on the other hand is found both in CIMP tumors and non-CIMP tumor cells56. Mathced 
normal mucosa will not have this cancer specific methylation, still age specific methylation do occur. In 
the figure each row inidcates an individual methylome. Figure modified after Weisenberger 201456. 

 

Although CIMP was first described in colorectal cancer, it has during the past decade been 

described in many additional cancer types including breast, lung, leukemia, prostate, 

endometrial, glioma and others. Notably, the various cancer types harboring CIMP are found to 

be associated with different types of mutations and epigenetic alterations. E.g. CIMP in colorectal 

cancer is associated with a BRAF V600E mutation, while CIMP in glioma is closely linked to 

mutations in IDH1 (see also page 28). Endometrial CIMP and breast cancer CIMP on the other 

hand exhibit none of these mutations56, 99.  

 

1.4.2 CIMP in colorectal cancer 

The prevalence of CIMP varies widely between studies, but generally it accounts for about 16% 

of colorectal cancers (Medline CIMP review). As mentioned previously, these cancers are 

primarily believed to originate from sessile serrated lesions100, and are found to be associated 

with a proximal location (figure 21), poor differentiation, wild-type TP53, frequent activating 
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BRAFV600E and KRAS mutations, inactive β-catenin/WNT, stable chromosomes and microsatellite 

instability. In addition CIMP is associated with older age, female gender and cigarette smoking 

101-103. Mutations of the BRAF proto oncogene seem to be an early event in CIMP tumor 

development, leading to inhibition of normal apoptosis in the affected cells. Recently, it was 

hypothesized that BRAF mutations might be induced by CIMP specific silencing of the IGFBP7 

gene. This silencing  results in the inactivation of the IGFBP7 induced senescence and apoptosis 

pathway which might provide a favorable environment for the generation of BRAFV600E 

mutations98. 

 

 

 

Figure 21. Most CIMP tumors develop in the 
proximal colon. CIMP colorectal tumors are mainly 
located in the proximal area of the colon, and are 
more rarely found in the distal part and rectum. 
Modified figure from Davies et al, 2005104. 

 

The underlying mechanism(s) causing CIMP  

The cause of CIMP is still not determined. Many models are proposed with the two currently 

most supported being that CIMP is caused by an underlying genetic defect or by the effect of 

environmental factors105. The genetic model hypothesize that CIMP appear from events 

activating DNA methyltransferases or by events inactivating factors that protect against DNA 

methylation. No direct evidence for this is found and no activating mutations in DNA 

methyltransferases have yet been discovered. Also, no correlation between DNMT expression 

and DNA methylation is registered105. An interesting example of a genetically caused CIMP is 

found in gliomas (G-CIMP) where IDH1 mutations establish CIMP in astrocytes. Mutated IDH1 

produces 2-hydroxyglutarate (2-HG), a potential oncometabolite, inhibiting the TET family of 

proteins (demethylases) resulting in an accumulation of DNA methylation. A similar cause is 

seen in leukemia where somatic IDH1 and IDH2 mutations together with inactivating mutations 

in TET2 is linked to a hypermethylated phenotype106. However, the possible causes mentioned 

above are only seen in these cancers, and the underlying cause of CIMP is still unknown in the 

majority of cancers including colorectal cancer. When it comes to environmental factors, chronic 

inflammation has been found to be associated with increased levels of DNA methylation. In the 
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liver, CIMP has been linked to chronic inflammation caused by either virus or alcohol. In gastric 

cancer, an association between the presence of the Epstein-Barr virus and CIMP has been 

reported105.  

CIMP subclassification 

When CIMP was first characterized, tumors were either classified as CIMP positive or CIMP 

negative. Due to the evolving knowledge regarding CIMP tumors, and also larger datasets, Ogino 

et al proposed in 2006 a new subgroup with intermediate aberrant DNA methylation which they 

called CIMP low. This subgroup is associated with male gender and KRAS mutations107. In 

addition, an inverse relationship in CIMP low tumors between MSI-high and methylated MGMT 

has been reported. One year after the introduction of CIMP low, Shen et al identified a CIMP2 

subgroup by using clustering analyses based on genetic and epigenetic profiling. In concordance 

with the CIMP low tumors, CIMP2 was found to be associated with KRAS mutations108 (table 1). 

In 2012, TCGA data and comprehensive molecular analyzes and clustering of colorectal cancers 

were used to identify two clusters resembling CIMP high and low109.  

 

Table 1. Two different models for CIMP classification display quite similar data. Comparison of CIMP 
high/low/0 and CIMP1/2/negative underscores their similarities. The data shown are reported to be 
significantly more common in their group of classification compared to the other subgroups. For open 
cells, no data was reported. - = no significant difference. Data in table are from Shen et al. 2007108, Ogino et 
al. 2006107 and Grady 2007107, 108, 110. 

 

The relationship between CIMP, MSI and CIN 

Most CIMP cases are characterized by methylation of the promoter area of the mismatch repair 

gene MLH1, causing its transcriptional inactivation89. This event also causes microsatellite 

instability (MSI), and almost all cancers with sporadic MSI are found to be CIMP positive111. 

  CIMP-high CIMP1 CIMP -low CIMP-2 CIMP-0 
CIMP 

negative 
BRAF 
mutation 

mut mut 
    

KRAS 
mutation   

mut mut 
  

Gender female - male - 
 

- 

MSI/CIN MSI MSI CIN 
 

CIN 
 

Tumor 
location 

proximal proximal 
 

proximal distal distal 

P53 
mutation      

mut 

Prognosis 
 

Good 
 

Poor 
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Colorectal cancers with CIMP or CIN are found mostly to be inversely correlated 98 (figure 22). 

Interestingly, tumors evolving by means of both CIMP and CIN pathways are mostly located in 

the distal colon and rectum. CIMP positive CIN tumors might actually reflect CIMP low or CIMP2 

tumors as they are also found to be associated with KRAS mutations79. 

 

 

 

 

 

 

 

 

Figure 22. The correlation between CIMP, MSI and CIN. CIMP colorectal tumors overlap with both MSI 
and CIN. Notice that some CIMP tumors are reported to develop without either CIN or MSI involvement. 
Figure modified after Simons et al. 201379.  

 

CIMP and prognosis 

Since we know that MSI is associated with good prognosis, it is no surprise that CIMP tumors 

with MSI are reported to show the same. CIMP without MSI on the other hand are reported to be 

associated with a particularly poor outcome79, 102. Still, Ogino and colleges did in 2009 publish 

results stating that CIMP high colorectal cancers showed a significantly low mortality, regardless 

of MSI status103. Also, in 2013, Bae and colleges published an article reporting that CIMP cannot 

be addressed as an independent and general prognostic factor. The prognostic implication of 

CIMP changes according to tumor location, with the poorest clinical outcome seen for CIMP high 

rectal cancers112. This makes sense when we know that CIMP+CIN tumors are mostly  located in 

the distal colon and rectum79. However, a recently (2014) published systematic review and Meta 

analysis on the prognostic value of CIMP in colorectal cancer, based on 19 studies, could 

conclude that CIMP were independently associated with a worse prognosis for the colorectal 

cancer patients113. The above mentioned, and other inconsistent observations, most likely come 

from the diversity in CIMP criteria and/or variable involvement of other possible confounders in 

multivariate analysis models103.  
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1.4.3 Defining CIMP 

Dissimilarity in CIMP classification comes from a lack of standardization in criteria used to 

define the phenotype (figure 23). Also there is still a question whether colorectal CIMP tumors 

should be further divided into CIMP1/high and CIMP2/low cancers106. These elements of 

uncertainty make it difficult to compare findings across various studies34. The variety involves 

which gene panel to use, type of techniques to analyze it and the choice of scoring thresholds. 

For a long time the genes identified by Issa and colleges in 1999 were the once used to identify 

CIMP92, but in 2006 a new robust five gene panel was defined by Weisenberger and colleges. By 

a systematic screen of 195 CpG island methylation markers and unsupervised hierarchical 

clustering analyses they identified five genes outperforming the initial ones in identifying CIMP 

by a bimodal appearance. The methylation status was determined by MethyLight, and to 

establish if a gene was methylated they set a PMR threshold value of 10 and at least three of the 

genes should have a PMR value exceeding 10 for the tumor to be regarded as CIMP positive95. 

Since then, combinations of genes are proposed to be added to the Weisenberger panel in an 

attempt to find the best gene panel possible106. Recently, and in contrast to analyzing only a 

limited number of markers, comprehensive DNA methylation profiling of more than 800 genes, 

together with unsupervised hierarchical clustering has been used to characterize CIMP114. 

 

Figure 23. CIMP timeline. It has been 15 years since Toyota and colleges first identified CIMP. Still there 
is no consensus regarding CIMP definition in 2014. Figure modified after Hughes et al 2012 14, 89. 
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A precise and universal definition of CIMP remains to be established and the primary 
cause of CIMP need to be identified. These challenges should be overcome to be able to 
utilize CIMP in the clinical aspects of prevention, detection and therapy of colorectal 

cancer.  
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2 Aims 
The analyses performed in this thesis are part of a larger research study, where the goal is to 

gain new insights into the mechanism of the DNA (de)methylation machinery by determining 

the cause and the consequence of a malfunctioning machinery in a novel and unique subgroup of 

colorectal cancers with unusually little promoter DNA methylation (methylation super negative 

tumors). 

 

Specific aims of this thesis: 

 Identify super negative cancers in a large consecutive series of colorectal cancers 

 Analyze the CIMP status of the cancer series, including in the super negative cancers 

 Identify potential dysregulated expression of genes belonging to the (de)methylation 

machinery of super negative tumors 
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3 Materials and methods 

3.1 Materials 

3.1.1 Tissue samples – AUS2 

The department of cancer prevention cooperates closely with oncologists, surgeons and 

pathologies working with different types of cancers. This important multi-disciplinary 

teamwork provides the department with an invaluable clinical perspective in scientific 

discussions as well as with well designed biobanks and clinical data from cancer patients. This 

thesis is grounded on such a biobank of colorectal cancer patients, and DNA from 364 tumors 

and RNA from 77 tumors were used in the analysis. Also, samples from normal colorectal 

mucosa were included: 20 samples with isolated DNA and 20 samples with RNA. These normal 

samples were collected from some of the same cancer patients contributing with tumors, but 

from a normal appearing area of the resected specimen, sampled as far away from the tumor as 

possible. All samples were collected at Oslo University Hospital primarily at Aker University 

Hospital. 

Collection of this prospective biobank started in 2005 and is still ongoing. The material is 

collectively called AUS2, an abbreviation for Aker Universitets Sykehus 2. Much research has 

been performed on these tissue samples at our department, providing a unique opportunity to 

integrate various datasets.  
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3.2 Methods 

3.2.1 Experimental procedures - overview 

 

 

 

 

Figure 24. Experimental setup. The figure gives an overview of analyses done in this master project 
(grey) and ongoing and future perspectives (blue outline). Colorectal cancers from the AUS2 series were 
analyzed regarding CIMP status, and to identify tumors belonging to the super negative subgroup. Also, 
analyzes of the methylation machinery was performed. The figure includes some results (pie-chart). These 
will be further elaborated in the results part (page 49). Yellow color in the pie charts illustrates the size of 
the CIMP positive group and super negative group.  
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3.2.2 Sodium bisulfite conversion 

Methodological background 

In the DNA sequence, methylated cytosines are only separated from regular cytosines by the tiny 

methyl group located on the fifth carbon. To be able to identify these methylated cytosines, the 

challenge lies in separating them from the unmethylated ones. In the early 1990s two articles 

were published115, 116 describing a method where sodium bisulfite was utilized to catalyze the 

deamination of cytosines to uracil (figure 25). Since the methylated cytosines were unaffected by 

this treatment, the two base variants could easily be discriminated. Although the use of bisulfite 

in DNA base conversion had already been described 20 years earlier 117, the new insight into 

DNA methylation and its role in controlling gene expression both in development and disease 

led to an escalating need of a better method to resolve the methylation patterns115.   

  

 

 

 

 

 

 

 

Figure 25. Deamination of cytosine to uracil during bisulfite treatment. Cytosine is deaminated to 
uracil by sodium bisulfite treatment. Step 1: sulfonation, step2: hydrolytic deamination, step 3: alkali 
desulfonation. Methylated cytosine is not affected by the sodium bisulfite treatment.  

 

During the sodium bisulfite mediated conversion of unmethylated cytosines, sample DNA is 

incubated with high concentrations of bisulfite salt under high temperature and low pH. The 

only cytosines left after this treatment are those being methylated (figure 25 and 26), and since 

the two strands are no longer complementary, the DNA will remain single stranded. After the 

conversion, the DNA is purified to remove salt and chemicals before the cytosine methylation 

status can be examined by different PCR and sequencing methods. 
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Figure 26. Sodium bisulfite treatment allows for discrimination of methylated and unmethylated 
DNA. Sodium bisulfite treatment converts non-modified cytosines to uracil while methylated cytosines 
remain the same.  

 

Experimental setup 

To perform the bisulfite treatment, the EpiTect Bisulfite Kit supplied from Qiagen was used and 

the associated protocol was followed. By following this protocol it should be possible to achieve 

a conversion rate of 99% or more. 

Bisulfite DNA conversion 

DNA (1.3 µg) was mixed with RNase free water, Bisulfite mix and DNA protection buffer to a 

total volume of 140 µl. The mix was briefly spun down and incubated in a MJ Mini Personal 

Thermal Cycler from Bio-Rad for five hours. The thermal cycling program provides a series of 

denaturations at 95°C followed by incubations at 60°C. During the incubation sulfonation and 

cytosine deamination takes place. The protection buffer prevents fragmentation of the DNA 

during the rough conditions of bisulfite treatment and provides effective DNA denaturation 

which is crucial for the proper cytosine conversion. Protection buffer also contains a pH 

indicator dye used to control the mixing and to make sure that the pH, provided by the bisulfite 

mix, is ideal for cytosine conversion.  

Clean-up of bisulfite converted DNA 

The converted DNA were briefly centrifuged and transferred to microcentrifuge tubes. The 

clean-up was performed in a QIAcube automatic pipetting system from Qiagen. Converted, single 

stranded DNA, with carrier RNA added, was transferred to a spin column membrane (the RNA 

enhances the binding of DNA to the membrane), and the purification was completed by several 

steps of washing and desulfonation, followed by elution of the purified DNA. After the 

purification, the about 40 µl of converted DNA, which now theoretically should have a 

concentration of 32.5 ng/µl, was stored at -20 °C until further use. 
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3.2.3 Quantitative Methylation-Specific PCR  – qMSP 

Methodological background 

During qMSP, bisulfite converted DNA is amplified by real time polymerase chain reaction 

(qPCR) to determine the amount of methylated DNA template. PCR is today’s most common 

method used to amplify nucleotide sequences. The story tells that the first idea, claimed to be the 

origin of today’s PCR technique and bring out a Nobel Prize in chemistry in 1993, came to Kary 

Mullis a moonlighted night in 1983 when he was cruising in his car in the mountains of northern 

California118. Although Mullis is broadly acclaimed with the original idea, the development of 

PCR as we know it today required substantial work by his colleges at their lab in Cetus Corp119, 

before the first articles came out in the mid 1980s120-122. 

The polymerase chain reaction has become one of the most widely used tools in molecular 

biology and was further advanced to quantitative PCR (qPCR) in 1992 123. qPCR is a powerful 

tool in the quantification of nucleotide sequences and utilizes a probe with a fluorescent dye to 

measure the amount of amplified product throughout the reaction. The end point of a qPCR 

reaction is an amplification plot, where the amount of amplified product per replication-cycle is 

measured. 

What distinguishes qMSP from qPCR is the bisulfite treated DNA template where the strands are 

no longer complementary. Because of this, only one of the strands is amplified during qPCR. The 

primers and probes are specifically designed to bind bisulfite treated and methylated DNA, and 

will only anneal to sequences where (close to) all CpGs are methylated, thus providing signals 

solely for highly methylated DNA templates. 

TaqMan Assay –probe technology 

TaqMan chemistry with TaqMan minor groove binder (MGB) probes from Life Technologies was 

used to perform the qMSP. In this assay TaqMan utilizes oligonucleotide MGB probes where each 

probe consists of a 5’ 6-FAM reporter fluorescent dye and a non fluorescent quencher in the 3’ 

end. Finally, a MGB at the 3’ end enhances the binding of the probe to the single stranded DNA 

thereby increasing the melting temperature. This could permit the use of shorter probes. The 

melting temperature for the probe should be about 10 °C higher than for the primers, ensuring 

the probe to bind its target sequence prior to primer binding and amplification. When the probe 

is intact, the quencher strongly reduces the fluorescence emitted from the fluorescent reporter. 

During replication with the AmpliTaq Gold DNA polymerase the probe will be cleaved by the 

polymerases 5’ nuclease activity. As a consequence, the reporter fluorescent dye will be 
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separated from the quencher, allowing the reporter dye to emit its characteristic fluorescent 

signal (figure 27). Each cycle of sequence amplification will lead to an increase in the intensity of 

the signal as new probes are cleaved by the polymerase. The emitted fluorescence is 

proportional to the amount of fragments amplified. By measuring the intensity of the reporter 

fluorescence in the exponential phase of amplification, the amount of methylated DNA 

sequences can be quantified.  

 

 

 

 

 

 

 

 

 

Figure 27.  The steps of TaqMan qPCR. Annealing: The probe and primers are bound to its target 
sequences. The quencher inhibits the reporter dye emission. Probe displacement: The DNA polymerase 
replicates the DNA fragment, eventually reaching the bound probe. Probe cleavage: The DNA polymerase 
cleaves the probe by its 5’ nuclease activity. The quencher separates from the reporter, and the reporter 
emits fluorescence. Abbreviations: R; reporter, Q; quencher, DNA pol; DNA polymerase. 

 

Experimental setup 

Background 

The bisulfite converted single stranded DNA from the AUS2 series was amplified by qMSP to 

determine the methylation status at selected areas of CpG islands in specific gene promoters. 

This was done to establish CIMP status of the entire AUS2 series and also to identify novel 

colorectal cancers belonging to the newly discovered methylation super negative subgroup. 

Altogether 18 genes were analyzed. Five genes belonging to the CIMP panel from Weisenberger 

and 12 DNA methylation biomarkers for early detection of colorectal cancer (table 2). 
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Table 2. Table of genes analyzed by qMSP. For the DNA methylation biomarkers VIM and SEPT9 were 
included since they are known to be frequently methylated in colorectal cancers127. The remaining 10 
biomarkers are identified at our department. For the biomarkers, 121 tumor samples had already been 
analyzed prior to this thesis. 

 

ALU, a repetitive element comprising 10% of the genome was used as control to normalize for 

potential differences in DNA input128. The primers and probes for ALU (ALU-C4) have been 

designed to bind to sequences depleted of CpG dinucleotides. In that way binding will not be 

affected by cytosine methylation status. For all genes, previously designed and optimized primer 

and probe sets were available.  

SetUp 

For each qMSP reaction 1 µl bisulfite treated DNA with an estimated concentration of 32.5 ng/µl 

were mixed with 0.18 µl of each primer (100 µM; BioNordika AS) and 0.40 µl probe (10µM; Life 

Technologies), 8.24 µl RNase free water (Sigma) and 10 µl 2xTaqMan Universal PCR Master Mix , 

no AmpErase UNG (Life Technologies) to a total volume of 20 µl. The Master Mix consists of the 

AmpliTaq Gold DNA Polymerase, dNTPs, ROX passive reference and buffers. All samples were 

analyzed in triplicates in 384 well plates. Included in each plate were two positive controls (IVD, 

in vitro methylated DNA; Chemicon), one negative control (normal blood (NB) from presumably 

healthy persons), two water controls (RNase free water; Sigma) and five 1:5 dilutions (IVD; 

Chemicon) for the generation of a standard curve. Both IVD and NB were bisulfite treated before 

use. The pipetting was done in an EpMotion 5075 pipetting robot (Eppendorf). The fragments 

were amplified in a 7900HT Fast Real-Time PCR System from Life Technologies during the 

following steps: 95°C for 10 minutes followed by 45 cycles of 95°C for 15 seconds and 60°C for 1 

minute. The first 10 minutes of 95 °C is necessary to activate the polymerase and to denature 

potential double stranded DNA. By lowering the temperature to 60°C in the subsequent cycles, 

 CIMP panel, Weisenberger DNA methylation biomarkers  

Genes CACNA1G, IGF2, NEUROG1, RUNX3, 

SOCS1 

CNRIP1, FBN1, INA, MAL, SNCA, SPG20, 

CDO1, DCLK1, ZNF331, ZSCAN18, VIM, 

SEPT9 

Tumor samples 

analyzed 

364 examined  in this study 121 previously examined in our lab 

242 examined in this study 

Scientific 

references 

Weisenberger et al 200695 Lind et al 2011124, Ahmed et al 2012125, 

Vedeld et al 2014126  
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the primers and probes are allowed to bind and new fragments extended. Raising the 

temperature to 95°C will separate the newly synthesized DNA fragments from their 

complementary strand. 

Analyses of the results  

The 7900HT Sequence Detection System (SDS 2.3) automatically sets a threshold which should 

be above the baseline (initial cycles, beneath detectable levels of fluorescence) but within the 

exponential region of the amplification curve. During the amplification, the Ct (threshold cycle) 

value, being the cycle number where the intensity of the fluorescent signal passes the threshold 

line, is registered. The quantity of methylated DNA templates is further derived from the 

standard curve data and the individual Ct values. The efficiency of the run, which could be 

calculated by E=10(-1/slope)-1, should not be less than 80%. The R2 value should be as close to 1 as 

possible. 

Calculation of Percent Methylated Reference (PMR) 

All samples with more than one of the triplicates having a Ct value above 35 were censored as 

recommended from Life Technologies. The median value (quantity) of the sample triplicates was 

normalized against the median ALU-C4 value for the same sample (GENE/ALU). Further, a PMR-

value was calculated by dividing the normalized value of the analyzed gene by the normalized 

value of the positive control: (GENE/ALU)/ (IVD/ALU). The values were further multiplied by 

100.  

 

 

 

PMR thresholds 

All of the genes had in previous studies been given a PMR threshold value. To dichotomize the 

qMSP data, samples with PMRs above the scoring threshold were considered to be methylated 

whereas samples with PMR values under the threshold were considered unmethylated. The 

PMR threshold for CIMP genes was set to 10, and for a tumor to be considered as CIMP positive, 

≥3 genes should be methylated95. The biomarker genes have distinct PMR thresholds 

determining their methylation status (table 3). A super negative tumor should have promoter 

methylation in ≤1 of the biomarker genes.  

 
PMR = ((GENE/ALU) / (IVD/ALU)) x 100 
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Methylation super negative tumors 

 
Methylated in ≤ 1 of 12 biomarkers 

 

 

 

 

 

 

Table 3. PMR threshold for DNA methylation biomarkers. CNRIP1, FBN1, INA, MAL, SNCA and SPG20 
are from Lind et al 2011124. VIM and SEPT9 are from Ahmed et al 2012125. DCLK1 is from Vedeld et al 
2014129. CDO1, ZNF331 and ZSCAN18 are from Vedeld et al 2014126 

 

 

 

 

 

3.2.4 Affymetrix microarray analyses by Partek 

For the present study, previously published Affymetrix gene expression data (GeneChip Human 

Exon 1.0 ST) were available for 202 of the AUS2 tumor samples (including 7 super negative) and 

21 normal tissue samples130. The expression of genes belonging to the DNA (de)methylation 

machinery was analyzed in these data in order to identify potentially dysregulated genes among 

the super negative tumors. The tumor samples were divided into four groups (CIMP positive, 

CIMP negative, super negatives and super negative likes) based on the methylation status found 

by qMSP and analyzed together with the normal mucosa samples. Promising candidates were 

further subject to more detailed examination in a larger cohort of super negative samples by 

qRT-PCR. An endogenous control (stably expressed gene) for this experiment was selected 

based on the Affymetrix data. Partek Genomics Suite 6.6 was used for data analysis.  

“Classifying” genes involved in DNA methylation 

Our genome consists of approximately 20 000 genes131, 132. To find those being involved in DNA 

methylation, a web search at ‘amigo.geneontology.org’ was performed. Sixty genes were found 

under the gene ontology (GO) term: 0044728, ‘DNA methylation and demethylation’ and filtered 

Gene  PMR Gene  PMR  Gene PMR  Gene PMR 

CNRIP1   7 MAL   7 VIM   2 CDO1 12 

FBN1   7 SNCA   7 SEPT   9 ZNF331    1 

INA   7 SPG20   7 DCLK1   9 ZSCAN18    4 
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by ‘Homo sapiens’. Additionally, 12 genes known to be involved in the same processes from 

scientific literature were added to the list, giving a total of 72 genes.  

 

3.2.5 Quantitative Reverse transcription PCR  

Methodological background 

When Howard Temin in 1964 came up with a hypothesis to explain how RNA viruses could 

induce cancer, and by that proposed the existence of an enzyme capable of converting RNA to 

DNA, he was met with great skepticism. Still he persisted to his hypothesis, and in 1970 he and 

his college Mizutani, together with an independent research group led by Baltimore, could 

announce such an enzyme in two independent articles in Nature133-135.  

This discovery led to the development of quantitative reverse transcription PCR (qRT-PCR) 

where the first step in the procedure is the conversion of RNA to complementary DNA (cDNA) by 

the enzyme Reverse transcriptase. This preliminary step is followed by qPCR.  qRT-PCR is today 

widely used to quantify the amount of an RNA fragment present in a sample.  

TaqMan gene expression assays 

In the qPCR part of the experiment, commercially available TaqMan Gene Expression Assays 

from Life Technologies were used. Each assay contains two primers and one probe, all three 

specifically designed for the cDNA of interest. TaqMan gene expression assays utilize much of 

the same chemistry as the qPCR assays used in qMSP. The probe harbors a FAM dye, a non 

fluorescent quencher and a minor groove binder, and the DNA synthesis is performed by an 

AmpliTaq Gold DNA polymerase. In addition, it is preferable that all assays span an exon 

junction. That is, one of the primers should bind to one exon while the other primer should bind 

to a neighboring exon, avoiding amplification of potential genomic DNA (figure 28). The 

amplified fragment should be as short as possible, no longer than 200 base pairs, to ensure an 

efficient PCR reaction. Additionally, in our case, we wanted the assay to cover as many gene 

transcript variants as possible. 
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Figure 28. Example of qRT-PCR assay. The two primers bind to different exons to avoid amplification of 
genomic DNA. In addition, the probe could span the exon junction to enhance the specificity. Yellow broad 
lines represent exons while black narrow lines represent introns. 

 

Experimental setup 

Background  

qRT-PCR was performed to validate the most promising genes from the microarray gene 

expression data approach, in an expanded series of super negative samples.  Two additional 

genes (DNMT3A and DNMT3B) were included in the study based on their high importance in 

DNA methylation.  Altogether 77 AUS2 samples were examined (table 4). 

 

 

 

 

  

 

Table 4. AUS2 samples examined by qRT-PCR. 

 

Set up 

cDNA for the qPCR was available for the project. For each reaction, 3 µl cDNA (10 ng) was mixed 

with 6 µl RNase free water from Sigma-Aldrich, 1 µl TaqMan gene expression assay, and 10 µl 2x 

TaqMan Universal Master mix II, with UNG both from Life Technologies. The TaqMan master mix 

is the same as for qMSP only it contains the enzyme AmpErase Uracil-N-Glycosylase (UNG). This 

enzyme degrades uracil containing nucleic acids and by adding UNG, contamination of the 

Samples N 

Super negative 10 

Super negative likes 11 

CIMP positive 18 

CIMP negative 18 

Normal colon tissue  20 
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reaction by uracil containing nucleic acids is avoided. An EpMotion 5075 (Eppendorf) was used 

to pipette the samples in triplicates to 384 well plates. Together with the AUS2 samples two 

negative controls and one positive control were run, consisting of RNase free water and 

Universal Human Reference (UHR, total RNA from 10 cell lines; Matrix) respectively. An UHR 

based 5 step standard curve was also included, starting with 50ng cDNA. The standard curve 

was diluted as follows: 2 : 5 : 10 : 10. The PCR reaction was run in a 7900HT Fast Real-Time PCR 

System from Life Technologies. The amplification program starts with 2 minutes of 50°C to 

degrade contaminating nucleic acids by UNG. The following 10 minutes at 95°C activates the 

AmpliTaq Gold DNA polymerase, and denature double stranded cDNA. Subsequently, 40 cycles 

with 15 seconds at 95°C followed by one minute at 60°C was performed. The 15 seconds at 90°C 

will denature the newly synthesized double stranded DNA while lowering the temperature to 

60°C allows for annealing of the probe and primers to the DNA strand, and succeeding 

extensions of new fragments.  

Relative quantification of gene expression 

Relative standard curve method 

The gene expression data were presented by SDS 2.3 software as they were for the qMSP assays. 

The calculation was done in the same way as for qMSP, with some exceptions. For each tumor 

sample, the median value (quantity) of the triplicates was normalized against the median values 

of the control (GENE/CONTROL), with the resulting value representing the relative expression of 

the analyzed gene  

Comparative Ct method 

One of the genes was not expressed in UHR, therefore the expression values were calculated by 

the comparative Ct method (ΔΔCt method). All samples with more than one Ct value above 35 

were censored and set to 35. First the GENE tumor samples were normalized against the 

CONTROL gene to find ∆Ct for each tumor sample (∆Ct GENE). In the second step (ΔΔCt), the ∆Ct 

GENE, were normalized against a calibrator (∆Ct NS) consisting of the 20 normal tissue samples 

(NS). As a last step the fold change was calculated, giving a relative quantification of the gene 

expression (see textbox next side). 
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3.2.6 Statistical analyses 

Gene expression 

From both Affymetrix microarrays and qRT-PCR data, differentially expressed genes between 

the CIMP negative and super negative groups were identified using Partek Genomics Suite 6.6 

and analysis of variance (ANOVA).  For the microarray data, a gene list of significant 

differentially expressed genes was generated by setting the fold change limit to >1.4 or <-1.4, 

and the significance of the change to < 0.05 (P-value with FDR; false discovery rate). Potential 

correlation between the Affymetrix and qRT-PCR data was analyzed using Spearman/Pearson 

correlation tests. Hierarchical clustering of the qRT-PCR data was performed, using Euclidian 

distances and Average linkage clustering. Finally, a principle component analysis (PCA) of 

Affymetrix exome microarray data was performed. With the exception of the gene expression 

correlation (Statistical Package for the Social Sciences; SPSS), all analyzes were done in Partek. 

Mutations, MSI, localization and additional clinicopathological variables 

The obtained CIMP status and super negative status were analyzed against MSI status, BRAF, 

KRAS and TP53 mutation status, tumor localization and stage, and patient gender and age. 

Statistical analyses were performed by SPSS, involving Fisher’s Exact tests, independent sample 

t-tests (age) and multivariate analysis. P values ≤ 0.05 were considered significant. 

 

 

 
∆∆Ct = ∆Ct A – ∆Ct NS 

∆∆Ct = (Ct GENE A – Ct CONTROL A) – (Ct GENE NS – Ct CONTROL NS)/n 

 

Fold change = 2-∆∆Ct 
          

                                                 
A = sample A (Median Ct is calculated for all samples). NS = 20 normal samples, n = number of normal samples 
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3.2.7 MEDLINE literature-search: CIMP review 2011 – 2013. 

MEDLINE is a biomedical bibliographic database covering basic biomedical research and clinical 

sciences. It contains citations for more than 23 million articles published from the 1940s until 

today. Access to the MEDLINE database is provided by systems like Ovid or PubMed. 

MEDLINE by Ovid 

A MEDLINE search was performed using the database search interface OvidSP. The search 

included the following Medical Subject Heading (MeSH)-term ‘Colorectal neoplasms’, selecting 

‘explode’ and ‘all subheadings’. The MeSH-term was combined with the keyword ‘CIMP’. Limits 

were set to ‘Abstracts’, ‘English language’, ‘Full text’ and ‘Humans’.  

The search was done to explore the latest publications with regard to CIMP in colorectal cancer 

and different parameters like CIMP extent, gene panels, analytical methods, threshold settings, 

MSI status, BRAF and KRAS mutations, MLH1 methylation status and patient gender. The search 

covered a period from the start of 2011 until January 2014, and is the beginning of a more 

comprehensive study of published research on CIMP colorectal cancer.  
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4 Results 

4.1 CIMP status 

4.1.1 CIMP positive tumors and associations with 

clinicopathological data 

CIMP status (Weisenberger panel) was evaluated for the 364 AUS2 colorectal cancers by qMSP. 

All analyzes succeeded, giving a success rate of 100%. Altogether 56 of the tumors had three or 

more methylated genes and were therefore classified as CIMP positive, constituting ~15% of the 

cancers (figure 29).  

 

 

 

 

 

 

 

Figure 29. CIMP status of AUS2 colorectal cancers. Of the 364 tumors ~15% were found to be CIMP 
positive. 

 

Possible associations between CIMP status and clinicopathological variables including MSI 

status, mutations in BRAFV600E, KRAS (codons 12, 13 and 61) and TP53 (exons 5 to 8), tumor 

location and age and gender of the patient, were evaluated (summarized in table 5 and 

visualized in figure 30).  

CIMP positive tumors were significantly associated with a proximal localization (P = 1.43E-12) 

as well as MSI (P = 5.75E-37) and BRAF mutations (P = 2.72E-33), 83%, 89% and 79% 

respectively. However, only MSI and BRAF are significant in a multivariate analysis. CIMP 

positive tumors were in addition significantly associated with female gender (P = 4.14E-4) and 
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wild type (wt) KRAS (P = 3.54E-5) and TP53 (P = 2.67E-8), 73%, 91% and 82% respectively. 

CIMP negative tumors were significantly associated with MSS (94%), wt BRAF (95%) and KRAS 

(65%), and TP53 mutations (58%). For all tumor samples, BRAF and KRAS mutations were 

mutually exclusive.  

 

 

 

 

 

 

 

 

 

 

Figure 30. A visualization of the mutation profile and MSI status of CIMP positive and CIMP 
negative tumors. The column represents % mutations/MSI within each CIMP group. BRAF mutations and 
MSI are associated with CIMP positive tumors while KRAS and TP53 mutations are associated with CIMP 
negative tumors.  
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Table 5. Associations between CIMP and additional clinicopathological variables in the AUS2 series 
of colorectal cancer. Ten of the colorectal cancers were synchronous, and have been excluded from the 
analysis of tumor localization.  

 

 

  
CIMP positive 

 
CIMP negative 

  
     

  
n % 

 
n % 

Total   56 15   308 85 
Localization proximal 45 83 

 
99 33 

distal 8 15 
 

99 33 

rectum 1 2 
 

102 34 
  P value 1.43 E-12 
Stage I 10 18 

 
65 21 

II 28 50 
 

113 37 

III 13 23 
 

93 30 

IV 5 9 
 

36 12 
 P value 0.359 

Stage 1 and 2 1 (I and II) 38 68   178 58 

 
2 (III and IV) 18 32 

 
129 42 

 
P value 0.185 

MSI MSI 48 89   19 6 
 MSS 6 11 

 
282 94 

 P value 5.75 E-37 

BRAF  mut 44 79   14 5 

 
wt 12 21 

 
294 95 

 
P value 2.72 E-33 

KRAS  mut 5 9   108 35 

 
wt 51 91 

 
200 65 

 
P value 3.54 E-5 

TP53  mut 10 18   178 58 
 wt 46 82 

 
130 42 

 P value 2.67 E-8 

Gender  male 15 27   163 53 

 
female  41 73 

 
145 47 

 
P value 4.14 E-4 

Average age   75,4     69,8   

  P value 1.13 E-4 
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4.2 Methylation super negative tumors  

4.2.1 Methylation super negative tumors and associations with 

clinicopathological data 

Colorectal tumors with none or just one gene promoter methylated among the 12 biomarker 

genes examined by qMSP were defined as methylation super negative. All analyzes of the 12 

biomarkers succeeded giving a success rate of 100%. In total, 14 cancers were classified as 

methylation super negative, constituting close to 4% of the AUS2 colorectal cancer samples 

(figure 31 and 32). All super negative tumors were, as expected, CIMP negative. Interestingly, 18 

of the 364 tumors had a methylation pattern similar to that of the super negatives, but did not 

fully fulfill the criteria.  These tumors are considered to be super negative likes, and until these 

samples can be precisely characterized by methylome sequencing (see future perspectives), we 

cannot rule out that they ‘biologically’ belong to the super negative subgroup.  

 

 

 

 

 

 

 

 

Figure 31. Super negative status together with CIMP status of AUS2 colorectal cancers. Of the 364 
tumors close to 4% were found to be methylation super negative. 
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Figure 32. Methylation status of all AUS2 colorectal cancers. Twelve previously identified DNA 
methylation biomarkers for colorectal cancer were analyzed. Red color represents methylated tumors 
while green color represents unmethylated tumors. The super negative tumors (n=14; 4%) are located at 
the top of the figure, with the group of super negative like tumors (n=20; 5.5%) right below. 

 

Potential associations between super negative and CIMP negative tumors (super negative likes 

excluded) were evaluated. With the exception of KRAS (P = 0.003) and TP53 (P = 4.02E-05), none 

of the associations were significant. Of the 14 super negative tumors all except one were MSS. All 

were wild-type for BRAF and KRAS mutations and only one had a TP53 mutation. Also, 62% of 

the super negative tumors were rectal cancers and 71% were male gender (table 6). 
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Super negative 

 
CIMP negative 

       

  

n % 
 

n % 

Total   14 4   276 80 
Localization proximal 3 23   91 34 
 distal 2 15 

 
92 34 

 rectum 8 62 
 

86 32 

 
P value 

  
0.158 

  Stage I 3 21   58 21 
 II 5 36 

 
103 38 

 III 4 29 
 

82 30 
 IV 2 14 

 
32 12 

 
P value 

  
0.979 

  Stage 1 and 2 Local 8 57   161 59 

 
Advanced 6 43 

 
114 41 

 
P value     1.00     

MSI MSI 1 7   16 6 

 
MSS 13 93 

 
253 94 

 
P value 

  
0.589 

  BRAF mut 0 0   14 5 

 
wt 14 100 

 
262 95 

 
P value 

  
1.00 

  KRAS mut 0 0   107 39 

 
wt 14 100 

 
169 61 

 
P value 

  
0.003 

  TP53 mut 1 7   173 63 

 
wt 13 93 

 
103 37 

 
P value 

 
  4.02E-05   

 Gender male 10 71   142 51 

 
female 4 29 

 
134 49 

 
P value 

  
0.176 

  Average age   63.7     69.8   

  P value     0.087     

 

Table 6. Associations between super negative tumors and clinicopathological variables in the AUS2 
series of colorectal cancer. Eight of the colorectal cancers were synchronous and were excluded from 
the localization analysis.  
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4.3 Gene expression analyses of components in the 

DNA methylation machinery 

4.3.1 Affymetrix microarray analysis 

For 202 AUS2 tumors with available Affymetrix gene expression data, the values of genes 

involved in DNA (de)methylation were compared between the super negative tumor group 

(n=7) and the other tumor groups, including in 21 normal tissue samples. Seventeen genes were 

found to have a fold change of more than 1.4 in expression between super negative tumors and 

the CIMP negative tumors (super negative likes excluded) and a P value with FDR below 0.05 

(table 7). SPI1 and FOS were upregulated in the super negative tumor group while the rest of the 

genes were downregulated. All 17 genes were further examined by qRT-PCR in a larger series of 

super negative tumors. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 7. Genes identified based on gene expression microarray data. Seventeen genes were 
differently expressed between super negative and CIMP negative tumors. P value and fold change is set 
based on CIMP negative vs. super negative. A negative fold change illustrates that the gene is 
downregulated in super negative tumors. 

 

 

Gene  P value Fold Change 

BRCA1 0.0000089 -2.18 

HELLS 0.0020734 -1.88 

EZH2 0.0000932 -1.83 

APOBEC1 0.0115192 -1.77 

PIWIL4 0.0020746 -1.76 

UHRF1 0.0003807 -1.72 

TDRKH 0.0003888 -1.50 

KDM1A 0.0028524 -1.49 

DNMT1 0.0003600 -1.49 

KDM1B 0.0018053 -1.47 

SMARCA4 0.0002156 -1.46 

MPHOSPH8 0.0046190 -1.45 

EHMT2 0.0000687 -1.44 

ALKBH2 0.0019653 -1.44 

USP7 0.0062107 -1.40 

SPI1 0.0003744  1.41 

FOS 0.0034138  2.26 
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4.3.2 qRT-PCR 

Fold change and P value 

The genes found by the Affymetrix microarray analyzes to be significantly different expressed 

were together with DNMT3A and DNMT3B analyzed by qRT-PCR in 77 samples including 10 

super negative tumors (6 overlapping with the Affymetrix analyses). The resulting fold change 

and P value for methylation super negative tumors vs. CIMP negative tumors are listed in table 8. 

Two XY plots visualize the gene expression data for HELLS and UHRF1 in the different groups of 

cancers and normal tissue (figure 33). 

 

 

 

 

 

 

 

 

 

 

 

 

Table 8. The expression of 19 genes analyzed in AUS2 tumor samples by qRT-PCR. The P value and 
fold change is based on the criteria: super negative tumors vs. CIMP negative tumors. If the gene displays a 
negative fold change, the gene is downregulated in super negative tumors. APOBEC1 was calculated using 
the comparative Ct method and the resulting fold change value will not be directly comparable with the 
other genes. 

 

 

 

 

Gene P value  Fold Change 

APOBEC1 0.001807 -42.68 

PIWIL4 0.035846 -8.37 

KDM1B 0.002455 -3.89 

USP7 0.002127 -2.65 

MPHOSPH8 0.002233 -2.16 

TDRKH 0.000027 -1.72 

EHMT2 0.001485 -1.71 

KDM1A 0.003892 -1.67 

ALKBH2 0.003170 -1.65 

SMARCA4 0.001500 -1.53 

DNMT3A 0.007983 -1.46 

EZH2 0.000456 -1.46 

BRCA1 0.008987 -1.45 

HELLS 0.011188 -1.37 

UHRF1 0.004877 -1.34 

DNMT1 0.018511 -1.31 

DNMT3B 0.003792 -1.08 

FOS 0.008202  3.51 

SPI1 0.073681  3.71 
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Figure 33. Gene expression plots for HELLS and UHRF1. XY plots presenting gene expression profiles of 
two of the genes examined by qRT-PCR. The y-axis represents the gene expression level while the x-axis 
displays the different tissue groups analyzed.  

 

Clustering analysis  

The gene expression results from the qRT-PCR analysis were clustered (figure 34). During this 

clustering analysis, four genes (PIWIL4, APOBEC1, SPI1 and FOS) clustered separately. These 

genes were excluded from the further clustering analyses and are seen in the small cluster to the 

right. 

 

 

 

 

 

 

 

 

 

 

Figure 34. Hierarchical clustering of genes analyzed by qRT-PCR. To the right in the figure are the 
four genes that clustered separately. The y-axis represents the tissue samples (colors’ represents the 
different groups of normal and cancer tissue), while the x-axis displays the genes. Circle: cluster of super 
negative and super negative like tumors surrounded by normal samples. 
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Correlation between microarray and qRT-PCR gene expression data 

Correlation plots were run for all genes comparing microarray data and qRT-PCR results. The 

correlation analysis displayed regression line values spanning from 0.23 for MPHOSPH8 to 0.76 

for PIWIL4 (figure 35).  

 

 

 

Figure 35. Correlation plot for PIWIL4. 
PIWIL4 was the gene providing the best 
correlation between Affymetrix microarray 
data and qRT-PCR with a Pearson 
correlation of 0.76. P = 1.65E-12. 

 

Confirmation of the super negative samples as tumors 

A Principal Component Analysis (PCA) of the Affymetrix microarray data for all genes in the 

genome was performed.  Also, an XY plot of the qRT-PCR data visualizes the expression of SPI1 

in the different groups of cancer and normal tissue.  

 

Figure 36. Two plots displaying the clustering of super negative tumors based on gene expression 
data. (a) PCA (Principal Component Analysis) of Affymetrix exome microarray data of all genes in the 
genome display super negative tumors (7, in green) clustering together with other cancers (red) and not 
with normal samples (blue). (b) XY plot of gene expression data from qRT-PCR (SPI1).  
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4.4 CIMP review of the published literature 

In order to gain a comprehensive overview of CIMP in colorectal cancer, a systematic MEDLINE 

search was performed. Of the 40 articles that were published in the period from 2011 to 2014, 

10 articles considered not to be representative were excluded. Three of these were reviews and 

five had not analyzed CIMP. The last two articles were excluded since they published the same 

CIMP data as Slattery et al 2012136. Key findings from the remaining 30 articles are presented in 

table 9. The studies in the CIMP review classify the tumors as CIMP positive or CIMP high, two 

parameters which are highly concurrent. In the present thesis they have therefore been grouped 

together as CIMP positive. Likewise, CIMP negative tumors include both the CIMP low as well as 

CIMP 0 tumors. Two of the studies (study 17 and 19(20)) did only analyze a particular type of 

lesions (hyperplastic and sessile serrated polyps, and filiform serrated adenomas), and were 

because of this excluded from further discussion. 

 



 

 

 

Table 9. CIMP review 2011-2013. References: Articles: 1137, 2112, 3138, 4139, 5140, 6141, 7142, 8143, 987, 10144, 11101, 12136, 13145, 14146, 15147, 16148, 17149, 

18150, 19151, 20151, 21152, 22153, 23142, 24154, 25155, 26156, 27157, 28158, 29159, 30160, 31161. 

meth12
gender meth12

gender gender

Study. Year n Method Gene panel
5,6,7

CIMP-H CIMP-L CIMP-0 PMR limit
2

MSI BRAF KRAS  MLH1 M / F MSI BRAF KRAS  MLH1 M / F MSI BRAF KRAS M / F

1 Kim et al. 2013 109 Methylight Ogino ≥5 1 - 4 0 > 4 23 77 (L/0)

2 Bae et al. 2013 734 Methylight Ogino ≥5 1 - 4 0 > 4 6 15 28 53/47 55 6 28 62/38 39 4 24 61/39

3 Lochhead et al. 2013 1253 Methylight Ogino ≥6 1 - 5 0 ≥ 4 17 68 62 39 7 8 44 2 2

4 Nishihara et al. 2013 620 Methylight Ogino ≥6 0 - 5 (L/0) 4/64
16 84 (L/0)

5 Donada et al. 2013 120 MSP Weisenberger ≥3 1 - 2 0 18 18 41/59 30 11 67/33 52 13 39/61

6 Nishihara et al. 2013 1260 Methylight Ogino ≥6 0 - 5 (L/0) ≥ 4 16 68 62 30/70

7 Karpinski et al. 2013 84 Illumina Infinium Ogino ≥6 1 - 5 0

8 Dallol et al. 2013 120 MethyLight Weisenberger ≥2 (CIMP+) 0 - 1 (CIMP-) 10 14 (CIMP +)

9 Burnett-Hartman et al. 2013 999 MethyLight Weisenberger ≥3 0 - 2 (L/0) > 10 11 8 2 89 (CIMP-)

10 Wikberg et al. 2013 451 MethyLight Ogino ≥6 1 - 5 0 > 10 13 37.7 49

11 Yamamoto et al. 2012 192 MCAM Issa ≥3 22 50/50 23.9 44/57 54 75/25

12 Slattery et al. 2012 2309 MSP Issa ≥2 1 - 0 (L/0) 14 (CIMP+)

13 Limsui et al. 2012 525 MethyLight Weisenberger  ≥3 (CIMP+)  0 - 2 (CIMP-) 31 (CIMP+) 69 (CIMP-)

14 Kozlowska et al. 2012 99 COBRA Other genes  HME9 IME9 (L/0) 21 55 65 15 35/65 79 (L/0) 4 1 34 57/43

15 Yamauchi et al. 2012 1188 MethyLight Ogino ≥6 0 - 5 (L/0) 4/64
17 68 11 23 32/68 83 (L/0) 5 4 34 46/54

16 Olaru et al. 2012 73 qMSP Weisenberger >3 (CIMP) 0.2
10

12 (CIMP)

17 Ha et al. 201213
13 MSP Other genes ≥4 2 - 3 <=1 39 60 40 60/40 38.5 40 40 80/20 23 0 33 0 33/67

18 Min et al. 2011 245 MethyLight Weisenberger ≥3 1 - 2 0 10 14 62 27 35 59/44 86 (L/0) 13 1 34 56/44 

19 Kim et al. 201111 124 MSP Other genes ≥4 2 - 3 <=1 82  29 6

20 Same art. as Kim et al 201111 124 MSP Issa ≥2 (CIMP+) 0 - 1 (CIMP-) 82 (CIMP+) 42 (CIMP-)

21 Sanchez et al. 2011 73 MethyLight Weisenberger ≥3 (CIMP+) 0 - 2 (CIMP-) 10 18 (CIMP+)

22 Bruin et al. 2011 131 MS-MLPA Ogino ≥6 0 - 5 18 9 26 82 2 5

23 Karpinski et al. 2011 186 MSP Weisenberger ≥3 (CIMP+) 1 - 2 (CIMP-) 25 (CIMP+) 37 33 61/39 75(CIMP-) 4 3 56/44

24 Dahlin et al. 2011 455 MethyLight Ogino ≥6 1 - 5 0 > 10 12 38 49

25 Ju et al. 2011 78 Pyrosequencing Issa ≥2 (CIMP+) 24 (CIMP+)

26 Morikawa et al. 2011 724 MethyLight Ogino ≥6 1 - 5 0 15 85 (L/0)

27 Ibrahim et al. 2011 102 Pyrosequencing Other genes 31(CIMP+) 28 25 47/50 69 (CIMP-) 3 0 61/33 

28 Wong et al. 2011 944 MethyLight Weisenberger ≥3 (CIMP+) > 4 16 (CIMP+) 58 71 55 84 (CIMP-) 7 2 1.6

29 Worthley et al. 2011 20x4 MethyLight Weisenberger Z-score3

30 Shima et al. 2011 855 qMSP Ogino ≥6 1 - 5 0 15 38 47

31 de Vogel et al. 2011 603 MSP Weisenberger ≥3 (CIMP+) 0 - 2 (CIMP-) 28 (CIMP+) 33 42 72 (CIMP-) 4 14

Empty cell - no data reported 8 - Some studies were examining CIMP pos/neg others CIMP high/low/0

1 - Data are in % 9 - HME - High methylation epigenotype = CIMP high, IME - intermediate methylation epigenotype = CIMP low/0

2 - Percentage of methylated reference 10 - Cut of value. Not PMR value.

3 -  Z-score = (PMR value − mean PMR)/standard deviation 11 - This study did only analyze Hyperplastic polyps and sessile serrated adenomas/polyps 

4 - PMR = 6 for CRABP1 and IGF2 12 - meth = methylated

5 - Weisenberger gene panel consists of the genes IGF2, CACNA1G, NEUROG, RUNX3 and SOCS1 13 - This study did only analyze filiform serrated adenomas

6 - Ogino gene panel consists of the genes from Weisenberger panel + CDKN2A, CRABP1 and MLH1 14 - Those not marked with CIMP+ are classified as CIMP high

7 - Issa gene panel consists of genes from the first panel: MLH1, CRABP1, different MINTs 15 - Those not marked with CIMP- or L/0  are classified as CIMP low

mutations

CIMP high / CIMP positive
1 

CIMP low / CIMP negative
1 

CIMP 0 / nonCIMP
1

% of total
14

% of total
15

% of total

nr. of genes methylated8 mutations mutations
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5 Discussion 
In this study, we have evaluated the methylation status of a number of known genes in colorectal 

cancers, leading to the identification of CIMP positive tumors and also tumors belonging to the 

newly discovered subgroup of methylation super negative cancers.   

5.1 Choice of scoring thresholds can impact tumor 

classification 

Genes were classified as either methylated or unmethylated based on their promoter DNA 

methylation level as assessed by qMSP.  When dichotomizing the quantitative DNA methylation 

data (PMR) a scoring threshold is introduced.  As previously mentioned in the ‘methods’ part, 

PMR values above this threshold gives a ‘methylated state’ for the gene examined, whereas PMR 

values below this threshold results in an ‘unmethylated state’. Although the method used to 

determine the PMR value is quite robust, small differences in PMR value will naturally be seen 

for the same gene when the same sample is examined several independent times. This could 

affect the final scoring of the few tumor samples with PMR values close to the threshold, and 

thereby influence the classification of CIMP as well as the classification of super negative tumors.  

All genes included in the CIMP panel had a PMR scoring threshold at 10. By reducing this 

threshold to the half (5), five additional tumors were classified as CIMP positive, which led to an 

increase from 15.4% to 16.8%. If increasing the scoring threshold to PMR 15 two tumor samples 

would lose their CIMP positive status, reducing this group from 15.4% to 14.8%. Altogether only 

7 tumors, constituting 1.9% of the samples analyzed, would be affected by these relatively large 

shifts in scoring threshold, underscoring a general robustness in the CIMP classification. In 

addition to the PMR scoring threshold, the specific number of methylation positive markers 

required for a sample to be scored as CIMP positive will also influence the result. Changing the 

number of methylated genes required from three to two will in our series give additionally 

sixteen tumors classified as CIMP positive (4.4%). Raising the limit to 4 will on the other hand 

lead to the loss of eight tumors (2.2%). Changing the methylated gene threshold one gene up or 

down will have a rather big impact on CIMP classification, affecting 24 cancers (6.6%) 

altogether. This implicates that the gene threshold is more crucial than the PMR threshold. 

However, the scoring thresholds used in this thesis are from a well established gene panel 

known to have a robust performance95.  
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When it comes to the super negative perspective, a more ‘exploratory’ scoring is used, since the 

final dichotomizing of these samples only can be done after validation analyses at the 

methylome level (see future perspectives). However, examining the methylation level of the 

previously established biomarker panel124, 126 has led to the identification of a group of super 

negative candidate tumors together with a super negative likes group. The latter is characterized 

by having methylation levels similar (but somewhat increased) to the super negative group. This 

‘likes’ group possibly contains super negative tumors which, in that case, will be identified by the 

methylome sequencing. In the present thesis, these ‘likes’ tumors were removed from the CIMP 

negative group to avoid their influence on the result when comparing super negatives and CIMP 

negative tumors. However, some of the super negative likes already have characteristics 

indicating their belongingness: Two of them clustered together with super negatives and normal 

samples based on the gene expression (qRT-PCR) data (figure 34, marked with circle), making 

them promising candidates for the super negative subgroup. In contrast, two other super 

negative like tumors were classified as CIMP positive, a subgroup of colorectal cancers 

characterized by high levels of methylation. It is therefore not very likely for those tumors to be 

methylation super negative. 

5.2 CIMP 

Each year about 600 people in Norway develop colorectal cancer through the CIMP pathway. 

Identification and characterization of this colorectal cancer subtype is not merely central in 

understanding the disease, but will also be important in stratifying the patients and potentially 

discover risk factors, predicting prognosis and selecting the right treatment for this group. Also, 

the aberrant methylation pattern characteristic for CIMP is established early in colorectal tumor 

progression101, making it a possible marker for early detection of colorectal cancer. 

As mentioned in the introduction (page 28), there are several different ways to classify CIMP. 

This has also been the core of a long and heated debate regarding whether this subtype really 

exists (page 25). When CIMP first was identified by Issa and colleges it was divided into CIMP 

positive and CIMP negative tumors and identified by the original gene panel described by the 

same group92.  Since then, several ways of identifying CIMP tumors have been proposed, and the 

maybe most frequently used in addition to Issa’s panel is the one proposed by Weisenberger and 

colleges95 which is used in this study. We have previously compared these two panels in our lab, 

and concluded that the Weisenberger panel performed the best162. Another interesting way to 

classify CIMP was published by Shen and colleges in 2007108. In this study, CIMP positive tumors 

are divided into CIMP1 and CIMP2 based on clustering of epigenetic and genetic profiles108. It 
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should be mentioned that the identified CIMP positive group from that study is quite large 

(51%). CIMP1 is in addition to a high degree of methylation in multiple genes, characterized by 

BRAF mutations, whereas CIMP2 has methylation of a limited group of genes, increased 

methylation in age specific genes and KRAS mutations. CIMP negative tumors are characterized 

by rare methylation and TP53 mutations. Another way to classify CIMP was proposed by Ogino 

and colleges. In this approach CIMP is divided into high/low/negative based on a panel of eight 

genes, and as in Shens classification of CIMP2, the ‘low’ tumors are associated with KRAS 

mutations163. Weisenbergers gene panel was utilized in 35% of the articles in the MEDLINE 

CIMP review performed in this study, covering the period from 2011 to 2013 (page 60). The 

same review underscores the lack of consensus regarding how CIMP tumors should be classified 

and which features that actually characterize CIMP. From this literature search the most used 

analytical method the latest years seem to be the same one that was used by us, namely 

MethyLight/qMSP164, which was used in 58 % of the studies. However, qualitative MSP, 

(Illumina) methylation arrays, pyrosequencing and other methods have also been used to 

identify CIMP. The number of genes that have to be methylated for a tumor to be characterized 

as CIMP positive naturally varies between studies using different gene panels, but surprisingly, 

this also varies between studies using the same gene panel. This could, as mentioned earlier, 

lead to considerable differences in CIMP classification. Also the PMR thresholds are set at 

different levels in individual studies using the same gene panel. Interestingly, the two most 

frequently used gene panels in the reviewed articles were from Weisenberger and Ogino, where 

Weisenberger recommends a PMR threshold at 10 and Ogino sets the threshold to 4. These two 

gene panels are based on the same five genes, only with three more genes included in the Ogino 

panel.  

Fifteen percent of all colorectal cancers examined in our study were classified as CIMP positive. 

This finding is in accordance with the articles in the MEDLINE CIMP review, giving 16% CIMP 

positive tumors when evaluated by a MetaAnalysis (data not shown). Two studies were 

excluded from the Meta-Analysis since they had only analyzed specific lesions (hyperplastic and 

sessile serrated polyps151, 165, and filiform serrated adenomas149) which are highly associated 

with CIMP positive cancers, giving as much as 82% and 39% CIMP positive tumors. These two 

studies illustrate the importance of only comparing similar studies, analyzing samples chosen by 

the same criteria. The total number of analyzed tumors is also important, and affects the 

robustness of the study. Our CIMP status is based on the analysis of a substantial number of 

colorectal cancers (n = 364). As much as 14 of the 31 studies in the CIMP review had more than 

400 tumor samples analyzed. Ten studies analyzed from 100 to 400 samples, and for the 
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remaining seven studies the sample size was below 100. The preferable sample size depends on 

the analyzed problem and design of the study.  

BRAF, KRAS and TP53 are frequently mutated in colorectal cancer. We have analyzed the 

distribution of these mutations, together with additional clinicopathological variables like MSI, 

tumor location, stage at diagnosis and the patients’ age and gender in CIMP positive and CIMP 

negative tumors. The most important aspects are discussed here and evaluated against the 

findings in the CIMP review (2011-2013) which should summarize the published data regarding 

CIMP quite well.  

In our study, BRAF mutations were significantly associated with CIMP positive tumors (79%). 

This finding is quite high compared to previously published data (average 36%). However, the 

high portion of BRAF mutations in CIMP positive tumors found in our study seems to mirror the 

total amount of BRAF mutations in our colorectal cancer cohort which was 16%. Compared to 

previous reports (4-12%)166, this is quite high. The biological implication of this tight association 

between CIMP and BRAF mutations is still not clear95, however, it has been suggested that CIMP 

might induce mutations in BRAF (introduction page 27).  

KRAS mutations were in our study significantly associated with CIMP negative tumors (35%) 

with only 9% identified in CIMP positive tumors. This is in concordance with previously 

published studies (average 33%). The CIMP2 group identified by Shen and colleges is associated 

with less methylation and also KRAS mutations108, and it could be possible that the cancers with 

KRAS mutations identified in our study would fit into this characterization. Interestingly, Shen 

and colleges mentions in their article the Weisenberger gene panel, and its disability to detect 

the CIMP2 group108.  

In our analysis BRAF and KRAS mutations were, as known from the literature167, mutually 

exclusive. The reason why tumors hardly ever inhibit both of these mutations might be because 

both proteins are part of the same signaling pathway, therefore only one mutation is needed for 

the cancer to achieve this kind of selective advantage.  

TP53 encodes an important tumor suppressor, triggering apoptosis in response to different 

types of cellular stress168. Half of all colorectal cancers are reported to have mutated 

TP53169inhibiting the proteins ability to activate the transcription of its target genes170. In this 

study 52% of all tumors had mutations in TP53, and, in accordance with the literature81, mutated 

TP53 was significantly associated with CIMP negative tumors (58%). TP53 mutations were not 

reported in the CIMP review.  
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MSI was in our data significantly associated with CIMP positive tumors (86%), and was only 

identified in 6% of CIMP negative cancers. In CIMP positive cancers MSI could probably have 

been induced by methylation and silencing of the mismatch repair gene MLH1, which is actually 

causing 80% of the MSI cases in sporadic colorectal cancers85. Some of the few CIMP negative 

tumors with MSI might present Lynch syndrome cases, a hereditable form of colorectal cancer 

where MSI is caused by mutations in the MMR genes rather than by methylation. The CIMP 

review reported findings of MSI at a considerable lower extent (average 50%) than in our study. 

Some of the high portion of MSI in CIMP positive tumors found by us could be explained from 

our overall MSI percentage of 19%, which is higher than what is reported from the literature 

(12-17%)82.  

Most colorectal cancers are located in the rectum and the distal part of the colon104, which were 

also the case for this study (58%). CIMP positive tumors on the other hand are associated with a 

proximal location, and the same association was found by us (82%). From multivariate analyses 

CIMP positive tumors were only found to be significantly associated with MSI and BRAF 

mutations, underscoring that the association to a proximal localization most likely is caused by 

these two underlying parameters. This was further confirmed by stratifying the cancers based 

on MSI or BRAF status. When looking at all cancers with MSI, both CIMP positive and CIMP 

negative tumors in this group were associated with a proximal location. When looking at all 

tumors with BRAF mutations, both CIMP positive and CIMP negative tumors were also in this 

case associated with a proximal location.  

CIMP positive tumors account for about 1/6 of all colorectal cancers, and understanding its 

implication for prognosis is important for patient management. The prognostic impact of CIMP 

and MSI on colorectal cancers patients are something that will be investigated by us when 

clinical data are available (see future perspective). The role of CIMP as an independent 

prognostic factor for colorectal cancer has been debated based on deviating findings in 

published studies (see also introduction page 29). However, a newly published Review and 

Meta-Analysis113 showed a significant worse disease free survival and overall survival for 

patients with CIMP colorectal cancers  compared with other colorectal cancers113. Patients with 

MSI tumors on the other hand (highly overlapping with CIMP positive tumors in this study as 

well as others) have previously, both from our lab171 as well as from a systematic review86, been 

demonstrated to have a good prognosis.  

Much of the conflicting findings above and also other contradictory results regarding CIMP are 

probably due to the lack of consensus when it comes to classification, gene panels and scoring of 
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the tumors. Today, CIMP data from diverse publications can often not be fully compared, making 

the utilization of CIMP in a clinical aspect difficult. 

5.3 Methylation super negative tumors 

Methylation super negative tumors were first discovered by us during the identification of DNA 

methylation based biomarkers for colorectal cancer, biomarkers based on specific gene 

promoter areas which are highly methylated in cancers but not in normal tissue124, 126. This new 

subgroup of cancers deviates from the other tumors by lacking DNA methylation in almost all 

analyzed genes. Interestingly, ‘normal like’ subgroups of cancers was recently reported by 

Weisenberger in both breast and endometrial cancers, based on DNA methylation data from The 

Cancer Genome Atlas (TCGA)55, 56. This indicates that new insight from the present project might 

hold relevance for cancers in general and not only colorectal cancers. 

To make sure that these methylation super negative tumors indeed are cancers and not merely 

adjacent normal tissue or infiltrating normal cells in the tumor, they have been closely evaluated 

by an expert pathologist. All tumor samples contained cancer cells in ample, although variable 

amounts. The presence of cancer cells was also validated by clustering analysis of gene 

expression data, where super negative cancers clustered together with the other cancers and not 

with normal samples (figure 36a). Also, some of the super negative cancers were of an advanced 

stage, limiting the misinterpretation of benign neoplasms as cancer. Our finding of significantly 

deregulated genes in super negative tumors, which also deviates from normal tissue, 

additionally may support the existence of this group (figure 36b).  

The super negative tumors seem at first glance to lack some of the most common genetic and 

epigenetic drivers of colorectal cancer. They do probably not have extensive promoter 

methylation (which is associated with inactivation of tumor suppressor genes), they seem to 

have few or none mutations in cancer critical genes such as BRAF, KRAS or TP53 and they are 

rarely MSI (a driver due to the accumulation of a range of mutations – see introduction page 23). 

They might have aberrations at the chromosome level (CIN), which has not been examined in 

this study. Notably, CIN is associated with KRAS and TP53 mutations, which do not seem to be 

concurrent with the mutational profile of our super negative group. However, the small size of 

this subgroup makes it difficult to achieve statistically significant findings, both regarding 

mutation profiles and other parameters like MSI, and variations of small numbers can therefore 

not be excluded. Even though the AUS2 series of tumor samples is quite large, the fact that super 

negative tumors only represents about 4% of the colorectal cancers makes the group rather 
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small in this study. Ideally, a large clinically independent series should have been available to 

validate the findings. Since the super negative tumors seem to lack the analyzed drivers of 

cancer development mentioned above, they should have other strong drivers for cancer 

initiation and progression, either at the DNA level or at the expression level. It is also likely that 

super negative tumors could develop by more than one pathway, implying that we should not 

necessarily look for a common, but rather multiple drivers. In order to identify the underlying 

driver(s) of these tumors, analyzes of the expression of genes in the methylation and 

demethylation machineries (RNA level) as well as exome sequencing (DNA level) have been 

initiated. So far, nine super negative tumors are being exome sequenced, and eventually all 

super negative cancers will be sequenced. Recurrent mutations and also changes in gene 

expression might not only represent drivers, but also biomarkers which could complement our 

existing DNA methylation marker panel124, 126. This is warranted since this small group of super 

negative cancers will obviously not be detected by the analyzed DNA methylation based 

biomarkers, including the commercially available biomarkers SEPT9 and VIM125.  

Preliminary data has indicated that patients with super negative tumors might have a better 

prognosis than other colorectal cancer patients, independent of tumor stage (data not shown). If 

this is confirmed, knowing that these patients possibly have a good prognosis make it a little less 

crucial if these tumors are missed in a screening situation using DNA methylation based 

biomarker testing. However, finding a biomarker detecting also these super negative tumors and 

thereby supplementing the methylation based biomarker panel would obviously be preferable 

(see future perspective). When clinical data are available, prognosis of patients with super 

negative cancers will be subjected to further investigations (see future perspective).  

Super negative tumors were also compared with CIMP negative tumors  regarding MSI status, 

methylation status of BRAF, KRAS and TP53, tumor localization, stage, and the patients gender 

and age.  The reason for comparing exactly these two groups of tumors is discussed in the next 

section. The low number of super negative tumors makes it difficult to achieve significant 

findings. However, super negative tumors seem from our data to be significantly associated with 

TP53 and KRAS wild type when compared to CIMP negative tumors.  
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5.3.1 Expression of genes involved in the (de)methylation 

machinery 

The low degree of methylation in the super negative subtype of cancers could have several 

causes. As the first step in characterizing this subgroup, the expression of genes in the 

methylation and demethylation machineries was examined. By identifying the cause(s) of the 

super negative subtype this could not only help understanding these cancers, but maybe also 

those with aberrant hypermethylation, including CIMP positive tumors. The mechanisms 

triggering the development of CIMP positive tumors in colorectal cancers and other cancer types 

are still not determined. 

In the gene expression analysis (as well as in the mutational/MSI analyses discussed above), the 

super negative subgroup was compared specifically with the CIMP negative group. Several 

features already separate the CIMP positive from the CIMP negative tumors (see discussion 

above), hence the most interesting perspective for the super negative tumors is to see whether 

they robustly can be differentiated from the CIMP negative tumors. These tumors are classified 

by having little methylation, and finding a group having even less of this epigenetic mark makes 

the comparison of these two groups of cancers interesting.  

The DNA methyltransferases and the TET proteins have been given much attention when it 

comes to examining DNA methylation levels. However, there are many parts in the big puzzle 

and these proteins do not work alone in methylating or demethylating DNA. Of the genes 

examined in this study all are somehow involved in DNA methylation, and some are known from 

the literature to work closely with the DNA methyltransferases, both with de novo and 

maintenance methylation. From the qRT-PCR data, the change in expression was significant for 

all genes except one. The fold change were variable, with PIWIL4 being the gene with the highest 

change (not including APOBEC1). However, these results might change when the super negative 

subgroup is more completely settled, therefore all genes examined are still interesting 

candidates. One of the genes that have an interesting expression pattern and seem to be 

downregulated in super negative tumors codes for the chromatin remodeler ‘Helicase, 

Lymphoid specific’ (HELLS). HELLS is important for de novo methylation37 and studies in mice 

have reported that depletion of HELLS (Lsh) causes widespread DNA hypomethylation172. HELLS 

is generally found to be upregulated in cancer173, and is co recruited to promoter areas together 

with the histone  methyltransferase EHMT2, another of the examined (and downregulated) 

genes. These two proteins work in complex with the de novo DNA methyltransferases DNMT3A 

and DNMT3B37. Also, HELLS depletion has been linked to transcriptional up-regulation of the 
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oncogene SPI1172. This matches our findings, as SPI1 is one of the two genes found to be 

upregulated in the super negative tumor group. Another interesting gene found to be 

downregulated in super negative cancers codes for the E3 ubiquitin ligase, ‘Ubiquitin-like with 

PHD and ring finger domains 1’ (UHRF1). UHRF1 has several roles in the maintenance of DNA 

methylation. It is involved in recruiting DNMT1 to the replication site174, it can increase the 

activity of DNMT1175, and it may trigger the degradation of DNMT1 by polyubiquilation176. 

Ablation of UHRF1 is reported to induce global hypomethylation37. However, a recent study has 

showed that overexpression of UHRF1 induces DNA hypomethylation in zebrafish and is causing 

liver cancer177. These opposing findings could rely on the many roles of UHRF1. Without UHRF1, 

DNMT1 will perhaps not be recruited to the replication fork, while too much of UHRF1 on the 

other hand could lead to a too rapid degradation of DNMT1. Both cases will eventually lead to 

hypomethylation, and illustrates the essential role of UHRF1 in the maintenance of DNA 

methylation.  

Affymetrix exome microarray data was utilized as a first step in identifying genes deregulated in 

super negative cancers vs. CIMP negative cancers. The expression of these genes was thereafter 

validated by qRT-PCR in a larger cohort of super negative tumors. The correlation between these 

two platforms is generally known to be good178, 179, including  from previous in house studies 

(data not shown), however, in the present project it was not satisfactory. This lack of correlation 

could have several causes, and we expect the major contributor to be the different sources of 

RNA used for the microarray analysis and the qRT-PCR. Although these were isolated from the 

same tumor, they were not necessarily isolated from the exact same piece of the tumor. When 

we decide to analyze a piece of cancer tissue, a small slice is cut off and sent to the pathologist 

for evaluation of tumor percentage and marking of areas which can be used for DNA/RNA 

extraction. The piece is then trimmed so that only the part with sufficient amount of cancer cells 

is used for isolation of the nucleic acids. In this study, RNA from two pieces of the tumor was 

used. Since we know that tumors are heterogeneous in their appearance this could definitely 

affect the result. Also, normal cells could be located proximal to tumor cells, therefore the degree 

of tumor cells in a sample might vary. In addition to the two sources of RNA, technical issues 

with the two very different methodologies could contribute somewhat to the observed 

differences. The Affymetrix exon microarrays have several probes for each gene, or even for 

each exon, and are thereby detecting and summarizing the expression from multiple transcripts. 

qRT-PCR can also detect many transcripts, still this is limited since this method only uses one 

assay/probe.  To reduce this bias, assays used in the present study covered as many transcripts 

as possible.  
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The discovery of the super negative subgroup introduces additional complexity to the area of 

colorectal cancer. Uncovering the mechanisms underlying this subgroup could increase our 

understanding of the epigenetic machinery, and might also turn out to have clinical relevance for 

improved early detection of colorectal cancer or alternatively as prognostic markers. In the 

widest term this subgroup could represent a new pathway/phenotype in the development of 

colorectal cancer. Studying this super negative subgroup is still in its infancy, with the recent 

findings as the preliminary step in a larger project of uncovering the underlying molecular 

mechanisms of this new and exciting subgroup of colorectal cancer. 
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6 Conclusions 
By analyzing the promoter methylation status of 12 genes (previously identified as biomarkers 

for early detection of colorectal tumors) in a large consecutive series, we have identified a 

potential novel subgroup of methylation super negative colorectal cancers (4%). CIMP status 

was analyzed in the same series, and approximately 15% of the colorectal cancers were 

classified as CIMP positive. All methylation super negative tumors were CIMP negative. To get an 

overview of CIMP in colorectal cancer, a Medline literature search (2011-2013) was performed.  

By examining the expression of genes directly or indirectly involved in DNA methylation and 

demethylation, we have identified candidates that are deregulated in the super negative tumors, 

with two of the most interesting being HELLS and UHRF1. By analyzing the DNA (de)methylation 

machinery in super negative tumors in detail, we expect to learn new and important lessons 

about these machineries in general and possibly also the underlying biology of CIMP. 
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7 Ongoing and future perspectives 
As previously mentioned the super negative tumors are part of a large project where the overall 

aim is to gain novel insight into the mechanisms of the DNA (de)methylation machinery. 

In order to properly establish a robust classification of the super negative colorectal cancers, 

these and matching normal mucosa together with 5 CIMP positive and 5 CIMP negative controls 

will be analyzed by methylome sequencing (whole genome bisulfite sequencing). This will give 

us an overview of the genome wide methylation pattern in super negative tumors, both 

regarding overall methylation level as well as distribution.  

We will also analyze in more detail whether the super negative tumors have a defect in their 

DNA (de)methylation machinery, by analyzing both the RNA level and DNA level. Gene 

expression profiling of the entire AUS2 colorectal cancer series by exome microarrays is ongoing 

work at our department, and will with time be available for this project. This will give us a better 

and more robust overview of the gene expression profile in super negative tumors and how this 

differs from other colorectal cancers. Additionally, all super negative tumors will be analyzed by 

exome sequencing, to both identify potential genetic drivers for their tumorigenesis and 

simultaneously search for potential mutations in the methylation machinery.  

Dysregulated genes from the gene expression analyses or mutated genes from the exome 

sequencing, which might explain the phenotype of the super negative tumors, will be subjected 

to functional studies. As a first step this will be performed in well characterized colon cancer cell 

lines162. Using siRNA we plan to deplete the cells of the relevant components and observe the 

effects on the methylome as well as at the cell level (viability, invasiveness etc).  

When updated survival data is available, we will analyze these regarding both CIMP positive and 

super negative tumors. The divergent reports on CIMP association with prognosis could be 

because of poor stratification, as reported in the article from Bae and colleges in 2013 where 

they found that patients with CIMP tumors had different prognosis based on tumor 

localization112. This and other parameters possibly affecting the survival of patients with CIMP 

tumors will be subjected to thorough analyzes. If super negative tumors have a prognostic 

impact, as indicated from preliminary data, this combined with other prognostic markers like 

MSI could be useful in the stratification of colorectal cancer patients. Possible findings from the 

previous mentioned gene expression and mutational analyzes could, if feasible, be utilized as 

biomarkers in the identification of super negative tumors.  
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A CIMP manuscript is under preparation, including the findings from this master thesis, where 

CIMP characteristics will be analyzed to identify possible discrepancies in young and older 

colorectal cancer patients. In addition, we are planning to write a review on CIMP in colorectal 

cancer to give an overview of this inconsistent field of cancer research. The CIMP review in this 

thesis is the first step in the making of this larger review. The disagreement on CIMP 

classification causes deviation regarding the extent of the CIMP group and might also contribute 

to the divergence regarding association to clinicopathological associations. These aspects will be 

closely investigated in this review. 

Finally, many of the super negative tumors are rectal cancers treated with radiation before 

surgery, which means that the tumor material we have access to have been irradiated. Tumors 

belonging to this group will be closely investigated to make sure that the end results are 

adjusted for the effect of this radiation. 
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9 Appendix 

Appendix I. TaqMan gene expression assays 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Gene  ID. (Life Technologies)  

UHRF1 Hs01086727_m1 

DNMT1 Hs00945888_m1 

EHMT2 Hs00198710_m1 

HELLS Hs00934778_m1 

EZH2 Hs00544833_m1 

KDM1A Hs01002741_m1 

KDM1B Hs00400708_m1 

DNMT3A HS01027166_m1 

DNMT3B Hs00171876_m1 

SMARCA4 Hs00231324_m1 

SPI1 Hs02786711_m1 

TDRKH Hs01085462_m1 

ALKBH2 Hs00419572_m1 

PIWIL4 Hs00381509_m1 

MPHOSPH8 Hs00736882_m1 

USP7 Hs00931763_m1 

APOBEC1 Hs00242340_m1 

BRCA1 Hs01556193_m1 

FOS Hs00170630_m1 

GADD45A (control) Hs00169255_m1 
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Appendix III. Posters 

 

Poster presented at Center for Cancer Biomedicine (CCB) meeting, 2013. 
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Poster presented at Oslo Epigenetics Symposium, 2014. 

 


