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1
 Human Genome Organization (HUGO) Gene Nomenclature Committee (HGNC), that provides the official 

gene symbols, full gene name, unique ID number and chromosomal location in accordance with the Guidelines 
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Summary 

Worldwide the burden of gastrointestinal malignancies accounts for almost a fourth of new 

cases and a third of cancer-related deaths per year. Alterations in the DNA methylation 

pattern are frequently observed in cancer and often occur early in tumor development, even 

before histopathological alterations can be seen. 

In this thesis, we aim at identifying genes frequently methylated across gastrointestinal 

cancers and evaluating their potential as biomarkers in selected cancer types such gastric, 

colorectal and pancreatic cancer. 

For this purpose a stepwise approach was used, starting with a list of genes responsive to 

epigenetic drug treatment in gastrointestinal cancer cell lines and down-regulated in 

gastrointestinal tumors compared to normal tissue. From this list, 30 genes containing a CpG 

island in the promoter were selected for methylation analysis in gastrointestinal cancer cell 

lines (n=20) by methylation specific PCR (MSP). The results were validated by bisulfite 

sequencing before quantitative methylation specific PCR (qMSP) was used to evaluate the 

biomarker potential in colorectal (n=94), gastric (n=26) and pancreatic (n=20) cancers, and 

normal colorectal mucosa (n=56). 

Across the gastrointestinal cancer cell lines, UCHL1 and TRIM36 were the most commonly 

methylated genes (≥75%), followed by CKB, BMP6, MT1E, PRKAR2B and C1orf115 

(≥50%). In patient material, UCHL1 was methylated in 68% of colorectal-, 73% of gastric- 

and 15% of pancreatic cancers; whereas TRIM36 was methylated in 4%, 23% and 5% 

respectively. Both genes achieved 100% specificity. The area under the Receiver Operating 

Characteristics (ROC) curve (AUC) for UCHL1 was 0.742 for colorectal cancer. 

In conclusion, UCHL1 was identified as a potential biomarker for colorectal and gastric 

cancer. In addition, this is the first report of TRIM36 methylation across gastrointestinal 

cancer cell lines. 
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1 Introduction 

Cancer is a heterogeneous group of diseases that can develop from virtually any cell from the 

body that acquire abilities for uncontrolled cell proliferation and invasiveness
2
. The hallmarks 

of cancer describe the capabilities that cells may progressively acquire throughout tumor 

evolution. These distinctive and complementary capabilities include sustaining proliferative 

signaling, evading growth suppressors, resisting cell death, enabling replicative immortality, 

inducing angiogenesis and activating invasion and metastasis, reprogramming energy 

metabolism and evading immune destruction [1]. These hallmarks are facilitated and 

orchestrated by two enabling characteristics: tumor promoting-inflammation and genomic 

instability and mutations [1]. 

The genetic and epigenetic alterations target three broad categories of genes through cancer 

development: oncogenes, tumor suppressor genes and stability genes [2, 3]. Oncogenes 

promote cell growth and originate from wild-type genes (proto-oncogenes) that become 

altered or constitutively active. Tumor suppressor genes are negative controllers of the cell 

cycle progression and generally become inactivated during tumorigenesis. The stability genes 

(caretaker genes) are responsible for DNA repair. When they become inactivated they will 

leave the cells exposed to a higher mutation rate that can lead to oncogene activation or tumor 

suppressor inactivation [2, 3]. 

 

Figure 1. Classic genetic model of cancer. Series of mutations leads to the selective overgrowth of a monoclonal 

population of tumour cells. Epigenetic changes are viewed in this model as surrogate alterations for mutations. 

Figure from Feinberg, et al. [4] 

                                                 
2
 http://www.cancerresearchuk.org/about-cancer/what-is-cancer 

http://www.cancerresearchuk.org/about-cancer/what-is-cancer
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According to the classical clonal genetic model of cancer (Figure 1), succession of mutations 

and chromosomal alterations were considered as the main causes of cancer development [4]. 

Nonetheless, it is now known that cancer has both genetic and epigenetic aberrations with 

shared roles in carcinogenesis. In fact, in the last decade great efforts have been made to 

determine the genome-wide distribution of epigenetic features in both normal (e.g. Roadmap 

Epigenomics Project
3
) and cancer tissues (e.g. Human Epigenome Atlas

4
) [5]. Epigenetic 

changes are frequent in cancer and can often be found early in carcinogenesis, in normal-

appearing cells before transformation [6], and have been related to increase the probability of 

cancer [7]. 

1.1 Epigenetics 

The term epigenetics was first introduced by Waddington to elucidate how genetically 

identical cells could differ in their gene expression patterns. Nowadays, epigenetics can 

widely be defined as the changes in gene expression not related to the DNA sequence 

inherited through mitosis and/or meiosis [8]. 

The epigenetic modifications work together in a network that mediates the chromatin 

marking and packing. This interaction regulates the transcriptional availability of the genome 

[9] through marks like histone modifications, nucleosome positioning, non-coding RNA 

silencing, DNA methylation, among others (Figure 2 and Figure 3) [10]. These epigenetic 

mechanisms are an important part of the normal development, to establish cellular identity 

and to guarantee genomic stability [10]. 

The epigenetic state of the genome (epigenome) is stable, in the sense that epigenetic 

silencing contributes to determine tissue-specificity, and X-chromosome balance in female. 

But the epigenome can also be easily modified during cell development, and later on during 

life in response to diet, stress, ageing or environmental exposure [11]. Given the flexibility of 

the epigenome, it is not surprising that aberrant epigenetic changes can arise which in turn 

can alter the DNA expression. In this sense, deregulation of genes involved in various 

signaling pathways can be affected which can lead to pathologies like cancer [12]. 

                                                 
3
 http://www.roadmapepigenomics.org/ 

4
 http://www.genboree.org/epigenomeatlas/multiGridViewerPublic.rhtml 

http://www.roadmapepigenomics.org/
http://www.genboree.org/epigenomeatlas/multiGridViewerPublic.rhtml
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Figure 2. Mechanisms for regulation of the epigenome at the different levels of chromatin organization. 

Epigenetic modifications are associated with inactive (off) or active (on) transcription. Figure from Zhou, et al. 

[13]. 

 

Figure 3. Non-coding RNAs (ncRNAs) like long ncRNAs are an additional mechanism for regulation of the 

epigenome. These can induce recruitment of protein complexes to establish other epigenetic marks like DNA 

methylation and histone modification among others. Figure modified from Fatica, et al. [14] 

1.1.1 Chromatin 

Chromatin is the complex of chromosomal DNA and specialized proteins named histones [8]. 

The basic and functional unit of the chromatin is the nucleosome which is composed of 146-

147 bp of DNA coiled around an octamer of four core histones (H3, H4, H2A and H2B) and 

locked by the linker histone H1. The latter also facilitates the assembly of higher order of 

chromatin structures [15]. 

The chromatin alternates between two configuration states (Figure 4): euchromatin and 

heterochromatin. The euchromatin has fewer nucleosomes positioned so DNA access can be 

facilitated for DNA binding proteins like the replication machinery, DNA repair components 



4 
 

and the RNA polymerase II complex [8]. In comparison, heterochromatin is more densely 

packed and can further compact the chromatin into chromosomes [16, 17]. 

 

Figure 4. Overview of chromatin structure and epigenetic modifications. From the right, genomic DNA and 

histones can contain covalent modifications (yellow circles). The DNA is wrapped around histones into 

nucleosomes, the primary layer of chromatin structure. The nucleosome packing mediates the chromatin 

structure into domains of decondensed (euchromatin) and condensed (heterochromatin) configuration towards 

higher order structures. Epigenetic modifiers regulate the covalent marks which are established by writers, 

interpreted by readers and removed by erasers. Figure from Jones, et al. [5]. 

Nucleosome positioning 

On top of serving as basic structures for DNA packing, nucleosomes can alter the 

accessibility of regulatory DNA sequences to transcription factors. Around gene promoters 

there is a precise nucleosome positioning compared to a more arbitrary distribution in the 

gene body [10]. Gene activation is associated with the absence of nucleosomes from the area 

right upstream of the transcription start site (TSS), whereas the presence of nucleosomes 

relates to gene repression [18]. 

Chromatin remodeling complexes contribute to the active compaction and decompaction of 

DNA, and thus to the flexibility of chromatin organization. The complexes mediate the 

assembly and disassembly of nucleosomes and exchange of histone variants [19]. To date, 

SWI/SNF, ISWI, CHD, and INO80 families of chromatin remodeling complexes have been 

described [20]. 



5 

 

Histone modifications and variants 

The core histones in the nucleosomes can be exchanged by histone variants like H3.3 and 

H2A.Z, and can additionally be modified, which will affect the nucleosome remodeling 

activity and in consequence the gene activity [19]. Another type of proteins known as histone 

chaperons can work together with the chromatin remodeling complexes to assemble and 

disassemble the nucleosomes, or alone to deliver variant histones for exchange [21]. 

The histone tails protrude from the nucleosome and can be target for modifications such as 

acetylation and methylation in specific amino acids. These modifications act sequentially or 

in combination, and establish the “histone code”. This code is read by other proteins that can 

determinate the chromatin structure and functional state [8, 11]. For example, gene 

expression can be facilitated by acetylation of lysine residues of histones H3 and H4, and 

trimethylation of histone H3 on lysine 4 (H3K4) and lysine 36 (H3K36). On the other hand, 

methylation (tri-) can also be associated with gene silencing when it happens in H3K9 and 

H3K27 [11] by Polycomb group (PcG) proteins like polycomb repressive complex 2 (PRC2) 

through their catalytic domain EZH2 [22]. The histone modifications repertoire includes also 

other chemical groups and tail position sites, for a full overview see Kebede, et al. [23]. 

Non-coding RNA 

Non-coding RNAs (ncRNAs) are functional RNA species that do not encode proteins, but 

can contribute in regulating the expression of other genes. This abundant group of RNA 

includes intronic RNAs, microRNAs (miRNAs), long non-coding RNAs (lncRNAs), circular 

RNAs and extracellular RNAs, but this terminology should not be used rigorously as 

ncRNAs can overlap between categories [24]. 

Maturation or degradation of mRNA can be regulated by miRNAs. In addition they can also 

induce trimethylation of H3K9 (H3K9m3) [25] that can result in gene silencing. Likewise, 

they can reduce global DNA methylation and reactivate gene expression by down-regulating 

expression of de novo DNA methyltransferases, enzymes involved in DNA methylation [26]. 

Transcriptional regulation can also be achieved by lncRNAs, as they can recruit the 

polycomb repressive complex 2 (PRC2) which trimethylates H3K27 that will contribute to 

gene repression (Figure 3) [27]. 
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1.1.2 DNA methylation 

The most prevalent epigenetic modification in DNA is the addition of a methyl group to the 

carbon 5 of cytosines (5-methylcytosine or 5mC) followed by guanine [28]. DNA 

methylation is important for mechanisms like X chromosome silencing, repetitive sequence 

repression and genomic imprinting [29], to mention some, and is essential for normal cell 

development [30]. 

DNA methylation regulates transcriptional activity and is mediated by the interplay of 

epigenetic modifiers (Figure 4) which form part of the DNA methylation machinery. These 

can be categorized according to their functions [5] into writers like DNA methyltransferases 

(DNMTs) that establish the methylation; erasers like ten- eleven translocation (TET) proteins 

that are involved in removal of methylation and readers like methyl-CpG binding domain 

(MBD) containing proteins that recognize the methylation and mediates its effect in the 

chromatin. 

CpG sites and CpG islands 

The CG dinucleotide or CpG sites are distributed throughout the genome into CpG-poor and 

CpG-rich regions [11] and this distribution is in general associated with their methylation 

status (Figure 5) [30]. 

The CpG sites that are scattered along the gene bodies, endogenous repeats and transposable 

elements are predominantly methylated [31]. In addition, DNA methylation in the exons can 

modulate alternative RNA splicing by enhancing the recognition of exons [32]. 

Additionally, many CpG sites can heavily cluster into DNA segments known as CpG island, 

which have a high G+C content and a higher observed/expected CpG ratio [31]. The CpG 

islands generally overlap the 5' end region (promoter, untranslated region and exon 1) of 60-

70% of the genes and are usually unmethylated [33]. 
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Figure 5. CpG sites in chromatin and their roles in gene expression. CpG islands are commonly located at gene 

promoters and have nucleosome-depleted regions (NDRs) at the transcriptional start site (TSS). CpG islands are 

mostly unmethylated. Downstream the TSS, CpG sites are predominantly methylated in repetitive elements and 

gene bodies. The methylation status in other regions such enhancers and insulators also regulate gene 

expression. Figure from Jones [34]. 

The gene expression can also be regulated by methylation of the CpG island shores. The CpG 

island shores are regions with a lower CpG density in the proximity (up to 2kb far) of the 

CpG islands. Interestingly, they have shown a tissue-specific differential methylation that can 

discriminate tissue type, both in human and mouse [35]. 

DNA methylation writers 

Methylation of cytosines is a hereditable and reversible epigenetic process that is carried out 

by DNA methyltransferases (DNMTs) in two distinct processes: maintenance methylation 

and de novo methylation [36]. 

Maintenance methylation ensures the inheritance of established methylation patterns after 

replication of DNA to maintain tissue-specific methylation patterns. DNMT1 methylates 

hemi-methylated sites, so restores the methylation pattern in the daughter DNA in accordance 

to the parental DNA [37]. DNMT1 is also known as the major maintenance DNMT [38]. 
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On the other hand, de novo methylation determines the embryonic methylation patterns and 

tissue-specific gene expression required during development [36]. DNMT3A and DNMT3B 

are known as the major de novo methyltrasnferases, and can methylate CpGs that were 

unmethylated on the parental DNA [36]. 

Nonetheless, DNMT1, DNMT3A and DNMT3B may all contribute to both DNA methylation 

processes [39] The activity of de novo DNMTs is enhanced by DNMT3L, a DNMT with a 

catalytic domain that is nonfunctional, that acts as a cofactor [40]. 

DNA methylation erasers 

DNA demethylation is equally important in development, and is necessary for deleting the 

parental origin methylation and to help establish the pluripotency of primordial germ cells. 

Different mechanisms have been reported to achieve DNA demethylation. These include 

passive loss of methylated CpGs by replication, or active loss dependent on enzymes that 

modify and remove the methyl groups on cytosines [41]. 

Modifications can be actively catalyzed by TET proteins, DNA dioxygenases that oxidize 

5mC into 5-hydroxymethylcytosine (5hmC) [42] and further oxidize it into other cytosine 

derivatives like 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC) [43]. Then, these can 

be removed and unmethylated cytosines are inserted in the repaired region [44]. 

DNA methylation readers 

There are proteins that will recognize DNA methylation and modulate its effect by producing 

changes in the chromatin. Three protein families recognize 5mC: MBD family, zinc finger 

(ZnF) proteins and SET and RING finger-associated (SRA) domain proteins [45]. As an 

example, MBD proteins like MeCP2, MBD1, MBD2 and MBD4 can recruit chromatin 

remodelers, histone deacetylases (HDACs), and histone methyltransferases to repress 

transcription [9]. 

1.1.3 Interaction of epigenetic marks in gene silencing 

The distinct epigenetic mechanisms introduced so far work together in regulating the gene 

expression. As previously mentioned, gene silencing relies on the cooperation of histones and 

DNA, specifically 5mC, histone deacetylation and methylation [46] among others. 
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Distinct proteins associated to chromatin remodeling can identify DNA methylation and 

histone modifications or both. These modifications can be recognized simultaneously by a 

protein or protein complexes [47]. As an example, DNA methylation can be directly 

recognized by DNMTs [46] and MBD proteins that recruit DNA transcriptional co-repressor 

complexes similar to PcGs [48] with histone deacetylases and histone methyltransferases [49] 

that will modify H3K9 and H3K27 and alter the chromatin into a repressive state. 

Interestingly, methylation of H3K9 consecutively recruits DNMT3A and DNMT3B which 

can further methylate other, previously unmethylated, CpG sites in nearby nucleosomes [50]. 

Furthermore, the PcGs can recruit other PcGs including PRC1 [22] which can ubiquitinate 

H2A, a repressive modification [51] and enhance the chromatin repressive state. The link 

between DNA methylation and histone modifications is represented by UHRF1, a SRA 

domain protein that contains domains that recognize both DNA hemimethylation and 

H3K9m3 [52]. An additional piece in this puzzle are ncRNAs which, like miRNAs and 

lncRNAs can recruit PRC2 [25, 27]. 

The order of the events may vary between organisms and genes [46, 49], but it is worth to 

mention that any imbalance in this epigenetic linking can lead to aberrant gene silencing 

associated with diseases like cancer [49]. 

1.2 Driver and passenger genes in cancer 

Based on whether genes provide selective growth advantage to the tumor cell or not, they can 

be classified into drivers and passengers, respectively. “Driver genes identified in at least in 

one cancer type are referred as cancer genes” [53]. 

A driver gene contains alterations that provide a selective growth advantage to the cell where 

it occurs, whereas a passenger gene does not. These alterations can be mutations
5
 and / or 

epigenetic alterations
6
 that induce the abnormal expression or gene silencing of driver genes 

during tumor progression [53] such as activation of oncogenes on one side and inactivation of 

tumor suppressor genes and stability genes on the other. 

                                                 
5
 Alter the genome (atypical), can be drivers or passengers if confer or not selective advantage to the cell in 

which it occurs. 
6
 Alter the epigenome (atypical) can conduct aberrant gene expression or silencing. 
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Mutations and epigenetic alterations provide alternative mechanisms to accomplish similar 

results. For example, BRCA1 and CDKN2A (p16, INK4A) silencing can occur by means of 

an inactivating mutation or promoter hypermethylation [9, 54]. 

The heterogeneity between different cancer types and within the same cancer type can partly 

be reflected by drivers genes [54] which identification is critical for the development of 

molecular markers and targeted therapies that can improve decisions in clinics [55]. 

The discovery of new driver genes by means of mutation analysis have slowed down [53]. It 

is expected that driver epigenetic changes represent a strong group of cancer drivers waiting 

to be identified [54]. Some studies exemplify this possibility as observed that across eleven 

cancer types, consistent methylation clusters can be detected, some of them with a great 

capacity to separate tumor from normal samples based on the methylation levels [56]. 

1.3 Epigenetics in cancer: Aberrant DNA 

methylation 

Many mutations and epigenetic alterations seen during tumorigenesis affect almost all levels 

of the epigenetic machinery [7], establishing a causative function for an altered epigenome in 

cancer [5]. Alterations in the writers, readers and erasers do not occur independently. As an 

example, Scourzic, et al. [57] presented evidence of the concomitant role of DNMT3A 

mutation and TET2 inactivation in lymphoid malignancies in vivo. Moreover, how the 

described alterations induce cellular transformation, can be related to how they regulate 

aberrant DNA methylation. 

During cancer initiation and progression, a decrease of methylation of normally methylated 

cytosines in intergenic regions occurs in parallel with an increase of methylation in cytosines 

in CpG islands (Figure 6). 
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Figure 6. DNA methylation in normal- and cancer-cells. Figure from Stirzaker, et al. [30] 

Global hypomethylation was the first phenomenon described to be associated with abnormal 

methylation in cancer [58]. DNA hypomethylation commonly occurs in the repetitive regions 

of the genome [11] and is strongly related to the reactivation of transposable elements that 

can lead to genomic instability, aberrant expression of oncogenes and loss of imprinting [59]. 

In contrast, the CpG islands located in the gene promoters are commonly the target of gene-

specific hypermethylation and generally results in epigenetic silencing [9]. 

In brief, the DNA methylation machinery can be altered in different ways during 

tumorigenesis. The coming sections describe the changes in the DNA methylation patterns 

seen in cancer and how they interact with other epigenetic mechanisms, in addition to some 

specific examples. 

1.3.1 Genomic hypomethylation 

Genomic hypomethylation occurs early in cancer development [60-63] and is suggested to be 

irreversible [61]. Recently, Ishak, et al. [64] demonstrated that the well-known tumor 

suppressor retinoblastoma protein (pRB) mediates silencing of repetitive genomic elements to 

promote genome stability and loss of this function relates to cancer susceptibility. This 

observation indicates the relevance of genomic hypomethylation to induce cellular 

transformation. 

Even more, genomic hypomethylation can continue with the tumor progression as frequently 

observed in colorectal cancer, where it is associated with pathological stage [63]. This 
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mechanism is also observed in a wide variety of cancers including glioma [60] and breast 

cancer where loss of 5mC further relates to metastatic progression [65]. 

During tumor development, the loss of methylation can also affect the genes that have 

promoter methylation [66] and this can be associated with gene overexpression as reported 

for maspin and S100P in pancreatic cancer [67]. Also, the promoter of ncRNAs can be target 

of this aberrant hypomethylation which can contribute to their overexpression like the case of 

promoter hypomethylation of miR-224 that in turn promotes proliferation, migration, and 

invasion of tumor cells in lung cancer [68]. 

Another consequence of loss of 5mC is loss of imprinting. In this context, the parental allele 

that was specifically silenced becomes activated, thus gene expression becomes biallelic 

resulting in a fold in gene expression. Loss of imprinting of insulin-like growth factor 2 

(IGF2) is an interesting example that results in a higher expression of the gene product [69]. 

IGF2 is an important autocrine growth factor which increased expression have been 

associated with the development of various cancer types [70]. Therefore, is not surprising that 

loss of imprinting of IGF2 significantly associates with colorectal cancer, and as an early 

epigenetic event associates with initiation of colorectal neoplasia [69]. 

1.3.2 CpG island hypermethylation 

CpG islands, found in 60-70% of gene promoters [35], are often affected by aberrant 

hypermethylation in cancer which commonly results in reduced expression of the associated 

gene [71]. Aberrant hypermethylation is suggested to occur at an early stage of cancer 

development [72]. It has also been proposed that the tumor microenvironment can trigger this 

mechanism [73]. Recognized examples of promoter DNA hypermethylation in multiple 

cancer types include e.g. tumor suppressor genes, cell cycle inhibitors, DNA repair genes, 

etc. 

Some examples of tumor suppressor genes include RASSF1 isoform A, BRCA1 and APC 

[74]. For instance, methylation of APC and many other Wnt target genes can enhance the 

overall activity of Wnt signaling pathway in colorectal cancer [75]. Recently discovered 

tumor suppressor genes can be also epigenetically repressed, like SOX30 and LHX6 

hypermethylation in lung cancer that can alter p53 expression and apoptosis [76, 77], and 
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RGS2 silencing in prostate cancer which contributes to the acquisition of the hormone-

refractory phenotype [78]. 

Other genes affected by aberrant hypermethylation are regulators of the cell cycle comprise 

cyclin-dependent kinase (CDK) inhibitors p15 (CDKN2B) and p16 (CDKN2A) [79, 80]. 

Interestingly, it has been suggested that hypermethylation of CDK inhibitors like p21 

(CDKN1A) and p16 (CDKN2A) allow proliferation of cells with dysfunctional telomeres 

resulting in chromosomal instability as reported in breast cancer (Radpour et al., 2010). 

Epigenetic silencing due to DNA methylation can target DNA repair genes such as MLH1, 

which allows the exponential increment of mutations in short sequence repeats known as 

microsatellites. Most sporadic cases of microsatellite instability (MSI) phenotype in 

colorectal cancer arise as a consequence of this epigenetic inactivation and have also been 

reported in other cancer types [9]. 

Similarly, promoters of ncRNA can also be affected by DNA hypermethylation in cancer. For 

example, miR-29 is a negative regulator of DNMT3A and DNMT3B expression that can 

become silence by promoter hypermethylation and in this way de novo methylation is 

enhanced [26, 81, 82]. The active expression of DNMT3A in turn can also mediate promoter 

methylation of miR-29 [83]. 

CpG island methylator phenotype in cancer 

During aging, it has been observed that there is a linear increment of DNA methylation which 

can contribute to the silencing of genes and increased risk for cancer development. This 

global process will produce the methylation of genes which can be categorized into type A 

(age related) and type C (cancer associated). The methylation of the latter is less frequent and 

can lead to epigenetic silencing with a selective growth advantage for the affected cells [84]. 

CpG island methylator phenotype (CIMP) tumors are characterized by widespread CpG 

island methylation in multiple genes and can be clustered by concordant methylation of type 

C genes into a subset with its own molecular, pathological and clinical features [84, 85]. Also 

important, CIMP has been identified in premalignant lesions which suggests to have an early 

onset in colorectal carcinogenesis [86]. 
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CIMP was first described in colorectal cancer [87] and is often linked to MLH1 methylation, 

as previously mentioned a common cause of MSI [88]. The frequency of MSI is 

approximately 12%-15% for all colorectal cancer [89] and commonly overlaps with CIMP 

[90]. Recently, BRAF (V600E) mutation has been suggested to be a mediator of methylation 

of MLH1 and CIMP genes in colorectal cancer and also genes that are frequently 

hypermethylated in other epithelial tumors like melanoma [91]. Another proposed 

mechanism to establishment of CIMP is KRAS (G13D) mutation in colorectal cancer [92]. 

Interestingly, BRAF V600E mutation is not seen in gastric MSI cancers [93]. 

The most frequently panel used to identify CIMP in colorectal cancer relies on the 

methylation status of CACNA1G, IGF2, NEUROG1, RUNX3 and SOCS1 [88]. CIMP+ 

colorectal tumors are generally located proximally in the colon, and occur mainly in women 

and older patients. At the histopathological level, they are mucinous and poorly 

differentiated. Molecular characteristics include presence of frequent KRAS and BRAF 

mutations and low frequency of p53 mutations [84]. Recently it has been reported that BRAF 

mutation is mostly associated with CIMP+ tumor with methylation of MLH1 whereas KRAS 

mutation are more likely to happen in those with unmethylated MLH1 and these differences 

associates with clinicopathological features [94]. 

Further examples seen in solid tumors comprise glioblastoma, esophageal cancer,, intra and 

extrahepatic bile ducts, ovarian,[84], gastric [95, 96], pancreatic [97] and hepatocellular 

cancer [98]. In addition to solid tumors, CIMP has been also reported in blood malignancies 

e. g. lymphocytic, and myelogenous leukemia [85]. Interpretation of CIMP as a common 

cancer phenomenon has been proposed but is still controversial [99] due to absence of a well-

defined molecular profile as seen for colorectal cancer. 

1.4 Gastrointestinal cancer 

Cancer of the digestive system
7
 accounts for a large proportion of cancer cases and deaths in 

the world [100]. Cancers affecting the stomach, colorectum, pancreas, liver, biliary tract and 

gall bladder will be hereafter referred to as gastrointestinal cancers. 

                                                 
7
 Tumors affecting the gastrointestinal tract (mouth to anal canal) and accessory glands (liver, biliary tract and 

pancreas) 
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The risk factors for the gastrointestinal malignancies include infectious diseases like 

Helicobacter pylori and hepatitis viruses in gastric and hepatic cancer respectively [93, 101]; 

unhealthy lifestyle like smoking or bad nutrition habits [101-103] among others. 

Most reported primary gastrointestinal cancers are of the epithelial type including carcinomas 

and adenocarcinomas
8
 [93, 101, 103, 104]. In addition, they often follow a stepwise 

progression from an asymptomatic towards a malignant stage, which can initiate with a 

benign state like adenomas in colorectum and pancreas [102, 103] or chronic inflammation 

like in gastritis in gastric cancer [61] or more advanced stages like cirrhosis in hepatic cancer 

[101]. 

1.4.1 Epidemiology 

From the World Health Organization (WHO) – International Agency for Research on Cancer 

(IARC; GLOBOCAN series), it is estimated that gastrointestinal malignancies such as 

gastric-, colorectal-
9
, hepatic-, gall bladder- and pancreatic cancer account for a fourth of 

diagnosed cancers and a third of total cancer deaths
10

 in the world (Figure 7) [105]. 

Colorectal cancer (1,360,000 cases and 694,000 deaths), gastric cancer (951,000 cases and 

723,000 deaths), and hepatic cancer (782,000 cases and 745,000 deaths) are individually 

ranked among the third, fifth and sixth most common cancers; and alongside with pancreatic 

cancer (338,000 cases and 331,000 deaths) are within the most common causes of cancer 

deaths globally. The incidence frequency pattern is similar when it is gender-standardized 

and colorectal and gastric cancers rank within the 5 most frequent cancers in both genders, 

together with hepatic cancer in males [100]. 

                                                 
8
 Malignant epithelial tumor with glandular organization 

9
 It includes anus data. 

10
 It excludes non-melanoma skin cancer, here after identified as total cancer. 
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Figure 7. Global gastrointestinal cancer incidence and mortality distribution. Gastrointestinal cancer is estimated 

to have an incidence (left) of 3,610,620 cases accounting for 25,7% of new cancer cases and a high mortality 

(right) of 2,635,753 accounting for 32,1% of cancer-related deaths worldwide. Source: GLOBOCAN 2012, 

IARC -12.3.2017 

In Norway, gastrointestinal cancer is responsible for close to a fifth of new cancer cases and a 

fourth of cancer-associated deaths
11

. Colorectal cancer
12

 is the second most frequently 

diagnosed cancer for both men (2,193 cases) and women (2,148 cases), and the second cause 

of cancer-related mortality (1,563 deaths combined male and female) [106]. 

Colorectal cancer is the main contributor of gastrointestinal cancer both for incidence and 

mortality in Norway (Figure 8). This cancer type has experienced an incidence increase over 

time. On the other hand, gastric cancer has experienced a decrement of cases with time 

contributed by the decline of H. pylori prevalence and dietary habits. The incidence of 

pancreatic cancer is relatively low, however, this neoplasia has a very poor prognosis for both 

men and women [106] and has a high mortality rate which accounts for a big core of 

gastrointestinal cancer deaths. 

                                                 
11

 It excludes non-melanoma skin cancer. 
12

 Includes anus data. 
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Figure 8. National gastrointestinal cancer incidence and mortality. Gastrointestinal cancer is calculated to 

comprise 19.7% (6,036 cases) of incidence and 26.2% (2,859 deaths) of mortality of cancer in Norway. Source: 

Cancer in Norway 2015, Cancer Registry of Norway – 14.3.2017 

Interestingly, according to the historical categorization of countries into developed
13

 and 

developing countries, it can be seen that the biggest gastrointestinal cancer burden (61.3%) 

lies in less developed regions (Figure 9). Meanwhile based on the human development index 

(HDI) 
14

 data, 50.7% of cases were diagnosed in “very high” and “high” human development 

regions with a longer life expectancy at birth, longer education period and higher income per 

capita [107]. Countries with higher levels of human development would benefit from the 

control of lifestyle factors that increase the cancer risk [108] and screening for early detection 

that in the long term can reduce the incidence rate. 

On the other hand, the deaths to new cases ratio is higher in “medium” and “low” 

development regions (0,83 and 0,90 respectively) compared to the “very high” and “high” 

regions (0,58 and 0,77 respectively) which can be explained by the advanced stage at 

diagnosis seen in the regions with lower human development. In these populations, cancer 

represents the major cause of death. Prevention of cancer-associated infectious diseases, early 

diagnosis and treatment of common cancers like colorectal cancer would help to reduce the 

burden in these regions [109]. 

                                                 
13

 It includes Northern America, Europe, Australia/ New Zealand and Japan. 
14

 Marker of socioeconomic development 
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These observations emphasize the existence of gastrointestinal cancer disparities worldwide 

that can benefit from targeted interventions. Nonetheless, a common cancer control strategy 

is early detection of gastrointestinal cases when a curative treatment is more likely and cost-

effective. 

 

Figure 9. Incidence distribution of gastrointestinal cancer by sex and by regions. Historical reference 

distribution (left) and Human Development Index (HDI) distribution (right). Source: GLOBOCAN 2012, IARC 

-12.3.2017 

1.4.2 Molecular similarities 

A great number of genetic and epigenetic alterations occur through the development of 

gastrointestinal cancers, but as it was discussed previously (see Driver and passenger genes in 

cancer) only few of them will be beneficial for the tumor. The availability of affordable and 

genomic methods has enabled the molecular evaluation of distinct gastrointestinal cancers 

resulting in the identification of molecular subtypes on the different cancer types. Each 

molecular subtype can represent a group of tumors with common deregulated pathways that 

can allow the discovery of candidate drivers. Interestingly, similarities have been observed 

across the molecular subtypes regardless of organ of origin [110] and some molecular 

alterations are frequently shared [111]. 
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Distinct mechanisms can produce the necessary alteration for cancer to occur. These 

instabilities can be at the genetic and epigenetic level [112]. These instability mechanisms 

will facilitate the accumulation of aberrant modification of oncogenes and tumor suppressor 

genes expression [102]. 

The first one described was chromosomal instability (CIN) that generates aneuploidy and is 

related to chromosomal duplications, losses and rearrangements; associated to reactivation of 

transposable elements and proliferation of cells with dysfunctional telomeres. CIN account 

for a great number of tumors such in colorectal cancer [113], gastric cancer [93] and 

pancreatic cancer [114]. 

Other type of genetic instability is MSI which will lead to the accumulation of genetic 

mutations in repetitive sequences like microsatellites as a consequence of the inactivation of 

the DNA mismatch repair genes. The silencing mechanisms include promoter methylation, 

somatic and germline mutations including Lynch syndrome. Lynch syndrome is an autosomal 

dominant syndrome predisposition to distinct cancers including colorectal, biliary tract, 

pancreas, stomach and others with most (~90%) germline mutations in MLH1 and MSH2 

[104]. 

The epigenetic instability observed in CIMP has been proposed to be a common phenomenon 

in epithelial malignancies like adenocarcinomas [115]. In addition to colorectal cancer, CIMP 

has been described in gastric cancer, pancreatic cancer, biliary tract and hepatic cancer [95, 

97, 98]. 

Similarities across the different gastrointestinal cancer types are also observed for the genes 

disturbed in the different altered signaling pathways during tumor development. For instance, 

KRAS mutation is a shared feature for activation of MAPK signaling pathway in 

gastrointestinal malignancies [93, 102, 114] but is less common in hepatocellular carcinoma 

and gall bladder cancer [101, 116]. 

Other examples can be found in the disruption of apoptosis. This can be achieved in distinct 

gastrointestinal cancers by TP53 inactivation and CDKN2A mutations; or SMAD4 silencing 

that encodes a transcription factor of pro-apoptotic genes [93, 102, 114]. The interconnection 

across the distinct gastrointestinal cancers can be better represented in Li-Fraumeni 

syndrome, associated to germline mutations in TP53 that is related to the early onset of 

colorectal cancer and other cancers including those affecting the digestive system [117, 118]. 
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1.4.3 Symptoms and diagnosis 

Earlier in this chapter, it was mentioned that many gastrointestinal malignancies like gastric-, 

colorectal- and pancreatic cancer have precursor states that if detected at an early stage can be 

treatable and even cured [119]. Nonetheless, the symptoms related to gastrointestinal 

malignancies are not pathognomonic and can lead to a later diagnosis which reduces the 

treatment success [120]. 

Some general symptoms for colorectal cancer include blood in feces, change in bowel 

activity and abdominal pain in colorectal cancer, and other more unspecific as anemia-related 

symptoms or weight loss. These signs should lead to further clinical evaluation, especially in 

an elderly patient. Colonoscopy is the gold standard for the diagnosis and in addition has a 

therapeutic effect associated to the removal of adenomas which can reduce cancer incidence 

and mortality [102]. 

In gastric cancer, no characteristic symptoms are found. At the time of diagnosis, 65% of 

patients have the most advanced stages, when significant manifestations can be detected 

[121] like persistent abdominal pain and vomiting associated to gastric obstruction [122]. 

Gastric cancer should be included in the differential diagnosis for patients with unspecific 

abdominal aching older than 70 years old [121] and should be screened in individuals with 

record of former H. pylori infection [61]. 

Clinical signs observed in pancreatic cancer are also unspecific and include jaundice, 

abdominal pain that irradiates to the back and in some cases, can be associated to diabetes 

mellitus onset. If cancer is suspected, imaging methods are recommended, like multidetector 

computed tomography or endoscopic ultrasonography complemented with fine-needle 

aspiration biopsy [103, 104]. 

The standard procedure for diagnosis of gastrointestinal cancers includes histopathological 

evaluation. Most of these malignancies are adenocarcinomas which can be further classified 

into subtypes [104]. The disease staging and risk assessment are important factors to 

determine the treatment for the patient. For this purpose, the TNM (tumor, node, metastasis) 

classification is used according to the American Joint Committee on Cancer (AJCC)/Union 

for International Cancer Control (UICC) guidelines and staging manual [123, 124]; and the 

Barcelona Clinic Liver Cancer (BCLC) staging classification is used in liver cancer [101]. 

However, the histopathological features have limitations to accurately predict which patients 
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within these stages may benefit from adjuvant treatment, and highlights the need of 

identifiers for the cases that might benefit from a similar treatment [110] 

1.5 Clinical relevance of DNA methylation in 

gastrointestinal cancer 

Gastrointestinal malignancies, like gastric and colorectal cancer have treatable precursor 

lesions that are likely to be cured or even prevented. Detection of cancer at early stages is 

cost-effective, important considering that healthcare system resources are not unlimited 

[119]. During tumor development, alterations of DNA methylation occur early in the disease 

which are well preserved in biological samples [125] and can be easily detected by PCR-

based methods which do not need specialized or costly equipment. Thus, methylation 

analysis can be implemented in a regular molecular genetics laboratory [126] (see Sodium 

bisulfite modification). 

The mapping of cancer epigenomes represent a source for the identification of potential 

missing driver genes, considering that the number of predicted drivers necessary for tumor 

development is higher than those detected [54]. In addition, DNA methylation as an 

epigenetic feature could provide robustness to the signature of the molecular cancer subtypes 

described for most gastrointestinal cancers to date. For instance, Epstein-Barr virus tumors 

which is a suggested molecular subtype of gastric cancer, has CDKN2A promoter 

hypermethylation as a feature of this subtype [93]. The importance of classification according 

to the molecular characteristics shared is that it may provide the opportunity to identify 

patients that will respond more effectively to molecularly targeted therapies [117]. 

1.5.1 Biomarkers 

According to the National Cancer Institute, a biomarker
15

 is defined as “a biological 

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

process or of a condition or disease”. Some applications include early detection, guidance in 

the decision of treatment (predictive) or clinical management (prognostic). However in this 

section we will focus in the use of DNA methylation as a biomarker for early detection. 

                                                 
15

 https://www.cancer.gov/publications/dictionaries/cancer-terms?cdrid=45618 

https://www.cancer.gov/publications/dictionaries/cancer-terms?cdrid=45618
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DNA methylation biomarkers have shown to have high sensitivity, specificity, reproducibility 

capacity; and to be suitable for early detection of distinct gastrointestinal cancers [111, 127, 

128]. It can be identified in different biological sources like serum, pancreatic juice, stool, 

biliary brushes samples, etc [84, 127]. Some additional advantages of DNA methylation are 

its stability under regular storage conditions and capacity to be detected even in small 

fragments of DNA [17, 125]. 

So far, the U.S. Food and Drug Administration (FDA) have approved two non invasive 

screening tests that include DNA methylation as a diagnostic biomarker providing additional 

options for colorectal cancer screening. Cologuard (Exact Sciences Corporation) is a 

multitarget stool- based test that includes NDRG4 and BMP3 methylation in the screening 

panel together with mutation and hemoglobin markers. The other test is Epi ProColon 

(Epigenomics), a blood test that detects SEPT9 methylation [129]. Interestingly, these tests 

have demonstrated to be superior on detecting colorectal tumors compared to fecal 

immunochemical test (FIT) [89]. Nonetheless, still a positive result in either screening test 

should be followed by diagnostic colonoscopy [129]. 

Other non-commercial biomarker panels have been reported in the literature. For instance, 

hypermethylation of CNRIP1, FBN1, INA, MAL, SNCA, and SPG20 is detected in colorectal 

adenomas but rarely in healthy colorectal mucosa. The six biomarkers combined as a panel 

had areas under the ROC curve of 0.984 for cancers and 0.968 for adenomas which reflects 

the high sensitivity and specificity of the panel for the early diagnosis of colorectal cancer 

[128]. 

Similarly, CDO1, DCLK1, SFRP1 and ZSCAN18 methylation panel have 87% sensitivity and 

100% specificity for cholangiocarcinoma diagnosis [130]; and together with ZNF331 were 

used as a 5-genes panel and were found hypermethylated across gastrointestinal cancer 

tissues with a sensitivity of 92% for gastric cancer, 90% for pancreatic cancer; 95% for 

colorectal cancer with a specificity of 98% for the latter [111]. 

Some of these markers have already demonstrated good performance in minimally invasive 

samples. For instance, Andresen, et al. [127] reported a DNA methylation panel (VIM, 

SEPT9, CDO1 and CNRIP1) with 85% sensitivity and 98% specificity for 

cholangiocarcinoma in biliary brush samples. 
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1.5.2 Epigenetic treatment 

Aberrant changes in the epigenome can be reversed towards a “normal” state in tumor cells 

by epigenetic drugs to reactivate epigenetically silenced tumor suppressor genes. To date well 

known epigenetic drugs target the enzymes that establish the epigenetic marks such DNMT 

inhibitors (DNMTi) and HDAC inhibitors (HDACi). 

DNMTi are nucleoside analogs of cytosine that are incorporated to DNA, and when interact 

with DNMTs inhibit their activity [131] and lead to passive demethylation of DNA while at 

lower doses induce the formation of endogenous dsRNA that can activate anti-viral response 

toward the tumor cell [132]. DNMTi includes 5- azacytidine (Vidaza) and 5-aza-2′-

deoxycytidine (Decitabine or AZA), zebularine and guadecitabine [133]. 

HDACi have also shown to be an important class of epigenetic drugs which are likely to 

induce histone hyperacetylation that leads to a more open chromatin conformation [131]. 

Some HDACi examples include panobinostat and entinostat. 

Both epigenetic drug classes are effective in vitro and in vivo and have proved to act 

synergistically in inducing gene expression [133]. Demethylating drugs are currently used in 

hematological malignancies under the approval of the FDA [131], however studies in solid 

tumors are more limited. Epigenetic treatment in combination with other anticancer therapies 

like conventional chemotherapy, immunotherapy and ionizing radiation could be beneficial 

as it have been reported in model organisms. 

DNMTi are studied to be used with chemotherapy to overcome chemoresistance. 

Guadecitabine in combination with oxaliplatin outperform oxaliplatin monotherapy in tumor 

cell proliferation in vitro and can delay tumor growth without systemic toxicity in vivo as 

reported for hepatocelullar carcinoma [134]. Standard chemotherapeutic drugs used in 

colorectal cancer such oxaliplatin or 5-fluorouracil are potentiated by AZA in colorectal 

cancer cell lines where the combination induces a higher number of cells that undergo cell 

cycle arrest and apoptosis [135]. 

DNMTi can also promote the expression of tumor-associated antigens and in general trigger 

the immune cell response towards the cancer cells. An ongoing phase I trial (recruitment 
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December 2013-December 2017)
16

 evaluates the effectiveness of the combination of an colon 

cancer tumor vaccine (CY/GVAX) and guadecitabine in patients with metastatic colon or 

rectum cancers [133]. DNMTi have also a synergistic effect with ionizing radiation. For 

instance, the radiosensitivity of human colon cancer cells to ionizing radiation is increased by 

treatment with AZA and the combination has a greater effect than any of the treatments alone 

[137]. 

                                                 
16
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2 Background for the master thesis 

and experimental approach 

The identification of epigenetically repressed genes across several cancer types is the overall 

aim of a large project at the Department of Molecular Oncology, Radiumhospitalet. This 

master thesis is part of this project, focusing on the discovery of genes that are inactivated by 

promoter DNA methylation in gastrointestinal cancers. 

The epigenome-wide approach used to identify the methylated genes found during this thesis 

is summarized in Figure 10 and Figure 11. The method was first described in 2006 by Lind, 

et al. [138] and has led to the successful identification of novel epigenetic biomarkers in 

different hematological malignancies [139] and solid tumors [130, 140]. 

Prior the beginning of this thesis (Figure 10, grey outlined frames), the gene expression 

microarray of 22 cancer cell lines from five digestive tissue types (colon, biliary tract, gall 

bladder, stomach and pancreas) before and after treatment with epigenetic drugs, including 5-

aza-2’deoxycytidine (AZA)
17

 and trichostatin A (TSA)
18

, was compared to the gene 

expression profile in cancer and healthy tissues from colon, stomach, biliary tract and 

pancreas tissues available in public datasets. In total, gene expression data for 8082 genes 

were common across cell lines and tissue datasets. From this list, 755 genes were found to be 

upregulated (two-fold) after epigenetic treatment in the cancer cell lines. 

At the starting point of this thesis (Figure 10, none outlined frames), these epigenetically 

deregulated genes were selected if previous analyses showed that they were simultaneously 

either: 1) down regulated in colorectal, gastric, biliary tract and pancreatic cancer; 2) down 

regulated in colorectal, gastric, and biliary tract or 3) down regulated in colorectal, gastric, 

and pancreatic cancer. Fifty five genes fulfilled these criteria and were recorded as candidate 

genes to be investigated in this thesis. 

                                                 
17

 https://meshb.nlm.nih.gov/record/ui?ui=C014347 
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 https://meshb.nlm.nih.gov/record/ui?ui=C012589 
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Figure 10. Overview of the approach used for the identification of the candidate gene list for detection of 

gastrointestinal cancers. The figure is divided into two parts: the outlined frames indicate the in house methods 

performed before the start of this thesis; the non outlined frames indicate the steps performed in this thesis. 

From the 55 candidate genes (Figure 11), 32 were novel candidates whereas 23 genes have 

been identified previously as potential biomarkers for other cancer types studied by our 

research group (former candidates). The novel candidates were further included if they had a 

CpG island in their promoter area. For the former candidates, the selection criteria were: 1) 

have shown frequent methylation in different gastrointestinal cancer cell lines; or 2) have not 

been analyzed, in gastrointestinal cancer cell lines in previous analyses carried out by our 

group. The final list included 30 genes (32 transcripts) which were subjected to methylation 

analysis in cancer cell lines; and the two most promising candidates were validated in patient 

material. 
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Figure 11. Overview of the experimental pipeline used in the thesis. The colored boxes frame the experimental 

steps. Green shade: technical controls were used in the correspondent step. Orange shade: cancer cell lines or 

patient tissues were used in the correspondent step. The white boxes summarize the methods and approach on 

each experimental step with the analyzed candidate genes in parenthesis (See Materials and Methods). The 

divisions on the right indicate the findings on each step (See Results). 
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3 Aims 

The overall aim of this thesis is to identify genes that are inactivated by promoter DNA 

methylation across gastrointestinal cancers. 

Specific sub-goals include:  

 Select relevant candidate genes for targeted methylation analyses based on a 

previously established dataset of epigenetically deregulated genes across 

gastrointestinal cancer cell lines and patient tissues. 

 Analyze the promoter methylation status of the selected candidate genes in a 

representative panel of gastrointestinal cancer cell lines. 

 Assess their biomarker potential in selected cancer types like gastric, colorectal and 

pancreatic cancer. 
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4 Materials and Methods 

4.1 Materials 

4.1.1 Cancer cell lines 

DNA from twenty cancer cell lines comprising six cancer types were used as a 

gastrointestinal cancers panel (Table 1) in the present thesis. 

Preceding this thesis work, the cancer cell lines were authenticated using the AmpFLSTR 

Identifiler PCR Amplification kit (Life Technologies, CA, USA). In addition, the cancer cell 

lines tested negative to Mycoplasma spp. with MycoAlert™ Mycoplasma Detection Kit 

(Lonza, Walkersville, MD, USA). DNA from the cell lines was isolated using phenol 

chloroform or magnetic particles (Maxwell ® 16 DNA Purification Kit, Promega) methods. 

Cancer cell line Tissue of origin Research Resource Identifiers (RRIDs)
19

 Gender 

EGI-1 Bile duct RRID:CVCL_1193 Male 

KMBC Bile duct RRID:CVCL_M267 Male 

JHH-5 Liver RRID:CVCL_0364 Male 

JHH-4 Liver RRID:CVCL_2787 Male 

HCT116  Colon , MSI RRID:CVCL_0291 Male 

HCT15 Colon , MSI RRID:CVCL_0292 Male 

RKO Colon , MSI RRID:CVCL_0504 - 

SW48 Colon , MSI RRID:CVCL_1724 Female 

SW480  Colon , MSS RRID:CVCL_0546 Male 

HT29 Colon , MSS RRID:CVCL_0320 Female 

LS1034 Colon , MSS RRID:CVCL_1382 Male 

Colo320 Colon , MSS RRID:CVCL_1989 Female 

Mz-ChA-1  Gall bladder  RRID:CVCL_6932 Female 

Mz-ChA-2 Gall bladder  RRID:CVCL_6933 Female 

NCI-N87  Gastric  RRID:CVCL_1603 Male 

AGS Gastric  RRID:CVCL_0139 Female 

KATO-III Gastric  RRID:CVCL_0371 Male 

SNU-1 Gastric  RRID:CVCL_0099 Male 

PaCa-2 Pancreas  RRID:CVCL_0428 Male 

HPAF-II Pancreas  RRID:CVCL_0313 Male 

Table 1. Gastrointestinal cancer cell line panel used for promoter methylation analysis of the candidate genes. 

4.1.2 Tissue samples 
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Bisulfite treated DNA from colorectal, gastric and pancreatic tissue samples were procured in 

house for the validation of the most promising biomarkers. 

The colorectal samples comprised cancer and control samples. For colorectal cancer, 104 

tissue samples and clinical data were available (median age=71; range 30-93 years old), 

sourced from Oslo University Hospital from the Aker Universitets Sykehus 2 and hospitals in 

the south-east region of Norway. In addition, 56 normal colorectal mucosa samples obtained 

from cancer-free individuals (median age=67; range 63-72 years old) during a population-

based surveillance (Telemark, Norway) were included. In addition, 26 gastric cancer samples 

processed by the Institute of Molecular Pathology and Immunology, University of Porto, 

Portugal and 20 pancreatic cancer samples sourced from Oslo University Hospital, 

Rikshospitalet, Norway were included. 

All colorectal and gastric samples were fresh frozen (FF) whereas all pancreatic samples 

were formalin fixed and paraffin embedded (FFPE). 

4.1.3 Technical controls 

Distinct controls were employed for the optimization of assays to be used for the novel 

candidate biomarkers. These technical controls comprised normal blood (NB) henceforth 

non-methylated control and in vitro-methylated DNA (IVD) henceforth a methylated control. 
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4.2 Methods 

4.2.1 Candidate gene selection for methylation analysis 

Prior the beginning of this thesis, a list of candidate genes that were epigenetically 

deregulated across gastrointestinal cancers was generated. This list was provided in the initial 

steps of this thesis. In order to choose those that were relevant for DNA methylation analysis 

further considerations were taken. 

The sequences of candidate genes were investigated for the existence of CpG island in the 

promoter area (1000bp upstream and 500 downstream of the TSS) in the UCSC Genome 

Browser (hg38 assembly). The genes with the presence of a CpG island in the promoter were 

considered for downstream methylation analysis. Likewise, the alternative transcripts with 

different promoter and CpG island. 

Interestingly, some genes were formerly investigated in our research group, as part of other 

cancer-type candidate gene list such as candidate biomarkers for B-cell lymphomas [141] and 

testicular cancer [142]. From these genes, only those known to 1) have shown frequent 

methylation in different gastrointestinal cancer cell lines; or 2) have not been analyzed, in 

gastrointestinal cancer cell lines in previous analyses carried out by our group were 

considered for downstream methylation analysis. 

4.2.2 Sodium bisulfite modification 

DNA methylation information is normally lost following DNA amplification in vitro. 

Interestingly, sodium bisulfite treatment of DNA has different effect on unmethylated and 

methylated cytosines which is used to translate the methylation marks of cytosines into 

changes in the DNA sequence that can be easily detected by PCR-based methodologies. 

The treatment consists of the reversible addition of bisulfite (sulfonation) to the 5-6 double 

bond of cytosines to mediate the deamination of cytosine to uracil. The sulfonation is rapidly 

achieved in unmethylated cytosines but not in methylated cytosines, which are protected by 

their methyl group at position 5. The later desulfonation converts the unmethylated cytosines 

into uracil, and read as thymine when amplified; while the methylated cytosines remain as 

cytosines [143]. Therefore, the methylation status of CpG sites can be detected as DNA 
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sequence differences in the correspondent position as “unmethylated DNA” or “methylated 

DNA” respectively. 

Experimental procedure 

The EpiTect® Bisulfite Kit (Qiagen Inc., Valencia, CA, USA) was used to carry out the 

sodium bisulfite modification of the genomic DNA.The bisulfite conversion reaction 

consisted of 20 µl of a DNA solution (1.3µg) mixed with Bisulfite Mix (85µl) and DNA 

Protec Buffer (35µl) to a final volume of 140µl. The reaction turned from green to blue after 

the addition of the buffer which indicated a proper mixing and pH conditions for the reaction 

to take place. 

The bisulfite DNA conversion was performed in a thermal cycler with heated lid (MJ Mini 

Personal Thermal Cycler, Bio-RAD, Hercules, CA, USA) under three series consisting of 5 

minutes of denaturation (95°C) followed by progressive periods of incubation (60°C) which 

were required for the addition of bisulfite ions (sulfonation) and cytosine deamination; and 

ensured the highest cytosine conversion rate. 

The cleanup of bisulfite-converted DNA was completed in a robotic workstation for 

automated purification of DNA (QIAcube®, Qiagen) following the EpiTect Bisulfite - 

Cleanup – Standard protocol version 3
20

. This included a convenient on-column 

desulfonation step in the purification procedure, which was preceded and followed by 

washing steps that remove the bisulfite salts and other chemicals. The final step in the 

QIAcube was the elution of DNA in 40µl of elution buffer to a DNA concentration of 

approximately 32.5ng/µl. After, 80µl of elution buffer were added to a final DNA 

concentration of approximately 10.83ng/µl. 

4.2.3 Methylation-specific polymerase chain reaction (MSP) 

The Methylation-Specific PCR (MSP) is a method developed in 1996 that uses conventional 

PCR for the methylation analysis of bisulfite treated DNA [144]. Two methylation-status 

dependent primer sets are designed to anneal to the same CpG containing region, one set is 

designed to amplify unmethylated DNA (henceforth “U-primers”) and the other, methylated 

DNA (henceforth “M-primers”) [31] (Figure 12). 

                                                 
20

 https://www.qiagen.com/us/qiacube/standard/protocolview.aspx?StandardProtocolID=867 

https://www.qiagen.com/us/qiacube/standard/protocolview.aspx?StandardProtocolID=867
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Figure 12. Schematic representation of MSP assay principle. Two sets of methylation dependent primers are 

designed to anneal and amplify the bisulfite converted sequences if it is unmethylated (U-primers / green dotted 

arrows) or if it is methylated (M-primers / red dotted arrows). Black line: bisulfite converted sequence; black 

circles: non-evaluated CpG sites; light grey circles: evaluated CpG sites; arrows: MSP primers (green and red 

dotted); frame: region covered by MSP primers (light grey dotted). 

Primer design 

The UCSC Genome Browser (hg38 assembly) was used to identify the reference sequence of 

the promoter area from the relevant genes which was used as input in Methyl Express 1.0 

(Applied Biosystems) to design the MSP primer set (U-primers and M-primers). 

Some key points were considered to improve the performance of the MSP primers [144]: 

 Numerous CpG sites should be included, with one located close to the 3’ region of the 

MSP primers (preferably ≥ 2 in each primer). This will increase the specificity of the 

primers during annealing and thereby improve the discrimination between the 

unmethylated and methylated DNA. 

 Numerous cytosines derived from non-CpG sites should be included. This will ensure 

the specificity to bisulfite converted DNA, and avoid potential false positive 

methylation signal from non-converted DNA. 

 If possible, the amplicon length should be less than 200bp. 

 The MSP primer set which aligned to the region upstream the TSS was chosen in 

preference. 
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The optimization of key parameters for the MSP assay was carried out to identify the 

conditions at which the U-reaction and M-reaction produced amplicons with similar band 

intensity (after electrophoresis and from visual inspection of the PCR products). 

The PCR amplification conditions were optimized independently for every MSP primer set. 

The bisulfite converted DNA of unmethylated control and methylated control were used as 

template for the assay optimization. 

As a first step, a temperature gradient of 47 -62°C was used to identify the annealing 

temperature at which the U-reaction and M-reaction were equally efficient. Some MSP 

primer sets required further optimization with supplementary magnesium, a cofactor of DNA 

polymerase known to increase the enzyme activity. Nonetheless, a minority of MSP primers 

had a suboptimal performance after the optimization and were redesigned into new MSP 

primer sets. 

The standard PCR amplification conditions and MSP reactions were carried out as described 

in the next section. If additional optimization with magnesium was required, it was added in a 

gradient of 1.5, 1.7 and 2.0 mM and the water volume readjusted in the MSP reaction. 

The information about the MSP primer sets used in this thesis including sequence, fragment 

size and location, annealing temperature and magnesium content can be found in Attachment 

II. 

Experimental procedure 

A MSP assay was run for each gene (and transcript variants if applied) and the bisulfite 

treated DNA from the 20 gastrointestinal cancer cell lines were used as template. The MSP 

reaction consisted of 2.25 µl (~24.4 ng) of DNA template; 2.5 µl of 10x PCR buffer 

containing 1.5 mM Mg
2+

 buffer (Qiagen); 0.5 µl of Mg
2+

 solution (25mM, Qiagen); 2.0 µl of 

each primer (10mM, BioNordika); 2.0 µl of dNTP mix (4 x 2.5mM); 0.2 µl of HotStarTaq 

DNA Polymerase (1 U, Qiagen) and Milli-Q water to a volume of 25 µl. 

The PCR amplification was performed in a DNA Engine Tetrad 2® thermal cycler (Bio-Rad, 

Cambridge, UK). The thermal cycler program started with an initialization step at 95 °C for 

15 minutes, to activate the HotStarTaq DNA Polymerase. The standard conditions continued 

with 35 cycles of denaturation at 95 °C for 30 seconds, annealing at 47-61 °C for 30 seconds, 
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and elongation at 72 °C for 30 seconds, followed by final elongation step at 72 °C for 7 

minutes. 

The final MSP product was mixed with 5 µl of gel loading buffer (1x TAE buffer and 0.1% 

xylen cyanol) and loaded onto a 2% agarose gel pre-stained with ethidium bromide (0.07%; 

VWR, Pennsylvania). In addition, 5 µl of EZ Load Molecular Ruler 100bp was used to assign 

the molecular weights to the DNA fragments. 

The loaded agarose gel was run in a horizontal electrophoresis cell for 25 minutes at a 

constant voltage of 200V provided by PowerPac™ Basic power supply (Bio-Rad). Finally the 

products were visualized on an UV transilluminator (ChemiDoc™ XRS+ Gel Documentation 

system, Bio-Rad). 

Every MSP run included the unmethylated- and methylated controls. In addition, non-

bisulfite treated genomic DNA (henceforth non-converted DNA) to discard the amplification 

of unconverted DNA that could lead to false positives and finally Milli-Q water as negative 

control. Genes frequently methylated in the tested gastrointestinal cancer cell lines were 

validated by an independent MSP round. 

Scoring of results 

The amplicons were scored based on a revised scoring system developed within our research 

group. In short, the images obtained from the agarose gel electrophoresis were processed 

using Image Lab™ software version 2.0.1 (Bio-Rad). The scoring system evaluates the 

intensity of the resulting gel bands using a color scheme named spectrum. First the band 

intensities were translated into a color scale, from zero, representing no band, to five, which 

represents a very strong band (Figure 13, upper frame). 

The final score was the result of dividing the value of the sample by the value of the positive 

control (Figure 13, lower frame). A band was considered positive if the final score was 

between 0.4 and 1.25. The bands with final scores outside this range were censored. 

A sample was categorized as fully methylated if only the M- reaction produced a positive 

band (Figure 13, sample 4). A sample was categorized as unmethylated if only the U- 

reaction produced a positive band (Figure 13, sample 2). However, if both the M-reaction and 
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U-reaction yielded positive bands, the sample was categorized as hemi-methylated (Figure 

13, sample 6). 

 

Figure 13. Scoring system for evaluation of MSP results. The intensity of the bands in the MSP gel was 

translated into a spectrum color scale from 1 to 5 (arrow gradient). Examples of the different scale values are 

shown. Modified from Kim Andresen. Lower frame: Scoring of samples according to the band scale intensity. 

For each sample, the U-reaction and M-reaction products were loaded next to each other. The amplicon intensity 

of each MSP reaction was compared with the correspondent the positive control (diamond: U-reaction 

evaluation; oval: M-reaction evaluation). Result categories: U=unmethylated; U/M=hemi-methylated; 

M=methylated. 

4.2.4 Direct bisulfite sequencing 

In the bisulfite sequencing method, bisulfite converted DNA is amplified regardless of the 

methylation status [145] (Figure 14), followed by Sanger sequencing to determine the 

methylation status of each cytosine in a given DNA sequence [126, 146]. The objective of 

using bisulfite sequencing was to: 1) validate the findings from the MSP at a single CpG 

level; 2) to use this data to select the region with the most representative CpG sites to be 

included in the subsequent qMSP analyses. 
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Figure 14. Schematic representation of bisulfite sequencing assay principle. One set of methylation independent 

primers are designed to anneal and amplify the bisulfite converted sequences without considering its 

methylation status (grey continuous arrows). Black line: bisulfite converted sequence; black circles: non-

evaluated CpG sites; grey circles: evaluated CpG sites; arrows: MSP primers (green and red dotted) and bisulfite 

sequencing primers (grey continuous); frames: region covered by MSP primers (light grey dotted) and bisulfite 

sequencing primers (grey continuous). 

Primer design 

Methyl Primer Express 1.0 software (Applied Biosystems) was used to design the bisulfite 

sequencing primers that preferably cover a target sequence in the genomic DNA 

characterized by the absence of CpG sites but with presence of one or more non-CpG 

cytosines to ensure amplification of only bisulfite treated DNA [147]. 

If possible, the primers should be located at a flanking distance of 50 bp from the MSP 

primers binding site to ensure the good quality of the sequence for the methylation analysis of 

the DNA fragments amplified by MSP. 

The optimization protocol set up was similar to the standard PCR amplification conditions 

used for MSP assay. Both the unmethylated control and methylated control were used as the 

template for optimization. The temperature that allowed amplification of these two controls 

with comparable efficiency was chosen. 

The detailed information about the primer sets used for the bisulfite sequencing assay like 

sequence, fragment size and location, annealing temperature and magnesium content can be 

found in Attachment II. 

Experimental procedure 

Initial PCR 
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In the initial PCR, the bisulfite treated DNA from the 20 gastrointestinal cancer cell lines 

were used as template. Bisulfite treated DNA from NB and IVD were used as negative and 

positive control respectively. 

The bisulfite sequencing PCR set up was was as follows: 2.25µl of bisulfite converted DNA 

as template, 2.5 of 10x PCR buffer containing 1.5 mM Mg
2+

 buffer (Qiagen), 2.0 µl of each 

bisulfite sequencing primer (10mM, BioNordika), 2.0µl of dNTP mix (4 x 2.5mM), 0.2µl of 

HotStarTaq DNA Polymerase (1 U, Qiagen), and Milli-Q water to a volume of 25 µl. The 

amplification was carried out in a DNA Engine Tetrad 2® thermal cycler (Bio-Rad, 

Cambridge, UK) with an identical program to the MSP assay with the exception of the 

annealing temperature that was appropriate to each bisulfite sequencing assay. 

Afterwards, 10 µl of the amplification product was mixed with 3 µl of gel loading buffer (1x 

TAE buffer and 0.1% xylen cyanol) and visualized in 2% agarose gel pre-stained with 

ethidium bromide to verify that the amplified product had the correct molecular weight (on 

all the tested samples) before sequencing. 

Purification of PCR products 

The unconsumed dNTPs and primers in the PCR product were removed by adding 2 µl of 

illustra™ ExoProStar™ Enzymatic PCR and Sequencing Clean-Up kit (GE Healthcare Bio-

Sciences Corp.) to 10 µl of the PCR product. The purification reaction was performed in a 

DNA Engine Tetrad 2® thermal cycler (Bio-Rad, Cambridge, UK). The thermal cycler 

program consisted of two steps: incubation at 37 °C for 15 minutes followed by inactivation 

at 80 °C for 15 minutes. 

Sequencing reaction 

The BigDye® Terminator Kit v1.1 (Applied Biosystems) was used for the sequencing of the 

samples. The kit includes AmpliTaq DNA Polymerase, deoxynucleoside triphosphates 

(dATP, dCTP, dGTP, dUTP) and fluorescent labelled dideoxynucleoside triphosphate 

(ddNTPs). 

All products were sequenced with sense primer (henceforth sense reaction) and antisense 

primer (henceforth antisense reaction). The sequencing reaction contained: 2.0 μl of purified 

PCR product, 2.0 μl of 5x BigDye® Terminator v1.1 Sequencing buffer, 2.0 μl of BigDye® 
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Terminator v1.1 ready reaction mix (Applied Biosystems), 0.10 μl of the primer (10μM, 

BioNordika) and Milli-Q water to a final volume of 10μl. 

The sequencing was done in a DNA Engine Tetrad 2® thermal cycler (Bio-Rad, Cambridge, 

UK). The program was set as follows: an initial denaturation step at 96 °C for 2 minutes, 

continued with 25 cycles of denaturation at 96 °C for 15 seconds, annealing at 50 °C for 5 

seconds, and elongation at 60 °C for 4 minutes. 

Purification of sequencing products 

BigDye® XTerminator™ Purification Kit (Applied Biosystems) was used for the purification 

of the sequencing products before the capillary electrophoresis. The reagents of the kit, 

XTerminator™ Solution and SAM™ Solution were mixed in a ratio 1 to 4.5 (v/v) until 

homogeneous. This premix was mixed well before each aspiration and dispensed within one 

minute of aspiration to avoid separation of the components. 

The purification reaction consisted of 10µl of the sequencing product volume, 10µl of 

XTerminator™ Solution and 45 µl of SAM™ Solution. The plates containing the reactions 

were sealed using MicroAmp™ Clear Adhesive Films. The reaction plate was vortexed at 

2000 rpm for 30 minutes in an Eppendorf® MixMate® Vorter Mixer. 

Capillary electrophoresis 

The capillary electrophoresis allows the separation of the dye-labeled DNA products that 

differ in molecular weight by only one nucleotide, the dye-labeled ddNTPs located at 3' end. 

The capillary electrophoresis was performed in an ABI PRISM 3730 Sequencer (Applied 

Biosystems). The adhesive film was removed from the plate and it was covered with a septa 

mat, then placed into the sequencer for capillary electrophoresis using the Standard Run 

Module, 36cm array, POP-7™ polymer (Applied Biosystems). 

Analysis of sequencing electropherograms 

The electropherograms were generated in the Sequencing Analysis 5.2 (Applied Biosystems, 

Thermo Fisher Scientific Company) as ABI files.  



40 
 

The methylation level for each CpG site within the DNA fragment was determined by the 

ratio between the peak height of the cytosine (C) signal and the peak height of the cytosine 

(C) plus thymine (T) signal [148]. 

The obtained values ranged from zero (0) to one (1). The CpG sites with a ratio ≥0.80 were 

considered fully methylated. Sites with a ratio >0.20 and <0.80 were categorized as hemi-

methylated, and CpG sites with a ratio ≤0.20 were considered unmethylated. 

4.2.5 Quantitative methylation-specific polymerase chain reaction 

(qMSP) 

The quantitative methylation assay utilizes the fluorescence-based real-time PCR (TaqMan®) 

technology and is known as quantitative MSP (qMSP) or MethyLight. The most commonly 

used methodology is the one in which methylation dependent primers and probes are 

designed to specifically bind the methylated allele; whereas methylation independent primers 

are designed to bind a housekeeping element in the DNA to normalize the DNA input [149]. 

To calculate the results of the qMSP, absolute quantification using the standard curve method 

was chosen. The standard curve of a positive control is created by serial dilutions with known 

quantity. Then, the samples are compared to the standard curve to calculate the unknown 

quantity of the target sequence. 

Primer and probe design 

Primer Express® 3.0 Software (Applied Biosystems, Thermo Fisher Scientific Company) 

was used to manually design the qMSP primers and probes. Some considerations in the 

design were: at least eight CpG sites were covered in total by primers and probe. In 

consideration that these primers should amplify the samples independently of its methylation 

status, they should in addition cover a target sequence in the genomic DNA with presence of 

non-CpG cytosines to secure specificity to bisulfite converted DNA. In addition, none 

primers or probes should contain long repeating stretches or SNP’s. 

The probe sequence had to fulfill further requirements like have a melting temperature (Tm) 

between 68 to 70 °C, GC content between 30% and 80% and not have a G residue at the 5’ 

end. For the primers, the Tm should be between 58 °C to 60 °C to ensure a Tm difference 
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with the probe of at least 10 °C. Only the qMSP primers and probes that complied with these 

conditions were selected. 

A list with further information about the qMSP primers and probes can be found in 

Attachment III. 

Experimental procedure 

The most promising candidates were evaluated in larger samples series that comprised 150 

tissue samples from three cancer types and 56 normal mucosa samples.  

The qMSP reactions were carried out in 384-well plates. Each run included Milli-Q water and 

non-converted DNA as negative controls; two IVDs as methylation positive controls; a five 

points standard curve (generated from 1:5 serial dilutions (32.5 – 0.052 ng) of the IVD); and 

the bisulfite treated DNA from the tissue samples. 

The qMSP reaction premix comprised 10 µl of 1x TaqMan® Universal PCR Mastermix, No 

AmpErase® UNG, (with AmpliTaq Gold® DNA polymerase and ROX™ dye as internal 

fluorescence reference, Applied Biosystems, Thermo Fisher Scientific Company), 0.18 µl of 

each primer (100µM, BioNordika), 0.40 µl of probe labeled with FAM™ dye (10µM, 

Applied Biosystems, Thermo Fisher Scientific Company), and 6.24 µl of Milli-Q water. 

The EpMotion® 5075 automated pipetting system (Eppendorf, Hamburg, Germany) was 

used to distribute 17 µl of the qMSP reaction premix into each well containing 3µl of 

bisulfite treated template (32.5 ng). The amplifications were run in triplicates in a 7900HT 

Fast Real-Time PCR System (Applied Biosystems, Thermo Fisher Scientific Company). The 

thermal cycling program was set as follows: an initial denaturation step at 95 °C for 10 

minutes, continued by45 cycles of 95 °C for 15 seconds and 60 °C for 1 minute. 

Calculation of methylation: Percent of methylated reference (PMR) 

The amplification plots and fluorescence threshold were visualized in the 7900HT Version 

2.3 Sequence Detection Systems software (Applied Biosystems, Thermo Fisher Scientific 

Company). 

The median of the triplicates quantity value was used for the data analysis. The fresh frozen 

samples (colon and gastric) that amplified the internal control after cycle 35 were censored 
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according to the recommendations from Applied Biosystems, Thermo Fisher Scientific 

Company. The DNA of the FFPE samples (pancreas) was expected to have reduced quality 

so the censoring threshold was increased to cycle 40 [111]. 

The methylation level of each sample was normalized using the internal control, the ALU-C4 

element [150]. The qMSP results were calculated as percent of methylated reference (PMR) 

by dividing the normalized quantity of the samples by the normalized quantity of the positive 

control (IVD) and multiply by 100, giving values ranging from 0–100 [8, 151]. 

The integer above the highest PMR value across the normal colorectal mucosa samples was 

used as a scoring threshold to dicotomize the methylation status of the cancer samples. 

Accordingly, the samples with a PMR value higher than this common threshold were 

considered methylated. 

4.2.6 Statistics 

The statistical analyses were performed using IBM® SPSS® Statistics version 24 (SPSS, 

Chicago, IL). GraphPad PRISM® 6 (GraphPad Software, Inc., San Diego, CA) was used for 

visualization of the data. 

The Fisher’s exact test and Pearson Chi-Square test were used to analyze associations 

between categorical data (methylation frequencies and different tissues). The receiver 

operating characteristics (ROC) curve analysis was used to evaluate the biomarker potential 

of relevant candidates by using the PMR values from cancer- and normal tissues. 

P-values were derived from two-sided tests and P≤ 0.05 was considered statistically 

significant. 
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5 Results 

5.1 Identification of potential DNA methylation 

target genes 

The initial candidate list included 55 genes that were upregulated with at least 2-fold change 

after epigenetic treatment in 22 gastrointestinal cancer cell lines and simultaneously 

downregulated in colorectal, gastric, biliary tract and pancreatic cancer compared to healthy 

controls (Figure 10). 

From this list, 32 genes were not previously reported as commonly methylated across 

gastrointestinal cancers. Twenty-four of the 32 genes harbored a CpG island in their promoter 

region, and therefore selected for methylation analysis. Three genes (CDKN1A, PLCD1 and 

WNT2B) had transcription variants with a different promoter area and CpG island which all 

were included in the study (Table 2). Thus, MSP assays were designed and optimized for 

altogether 27 transcripts, counting 24 genes (Figure 11). 

Approved 
symbol  

Approved name  Isoform Given name Accession 
number

21
 

CDKN1A cyclin dependent kinase 

inhibitor 1A  

transcript variant 1 

transcript variant 4 

CDKN1A_i1a 

CDKN1A_i1b 

NM_000389 

NM_001220778 

PLCD1  phospholipase C delta 1  isoform 1 

isoform 2 

PLCD1_i1 

PLCD1_i2 

NM_001130964 

NM_006225 

WNT2B  Wnt family member 2B  transcript variant WNT-2B2 

transcript variant WNT-2B1 

WNT2B_i2 

WNT2B_i1 

NM_024494 

NM_004185 

Table 2. Genes and transcript variants with alternative CpG containing promoter areas. 

From the 27 MSP assays designed, 26 optimized MSP assays were developed and were 

further used in this study. Five of the initial 27 MSP primer sets had to be redesigned and 

finally one (PLCD1_i2) was excluded. 

The remaining 23 genes have been included in various candidate lists previously identified in 

our research group (Ali, 2010; Andresen et al., 2012; Bethge et al., 2014; Bethge et al., 2013; 

Brenna, 2014; Lind, 2005; Presthus, 2014), often in different cancer types. From these genes, 

6 were selected for the present thesis and their available MSP assays were used in this study 

(Figure 11). 

                                                 
21

 National Center for Biotechnology Information (NCBI) reference sequence numbers accessed via UCSC 

Genome Browser those represent the nucleotide sequences used for primer design. 
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Further information about the final list of candidate genes used in thesis, which includes gene 

symbol and name, chromosomal locations an accession number is listed in Attachment I. 

5.2 Methylation analysis by methylation specific 

PCR (MSP) in gastrointestinal cancer cell lines 

To illustrate, the MSP gel picture of UCHL1 is shown with the correspondent categorization 

of the samples (methylated, hemi-methylated and unmethylated) (Figure 15). Thirty genes, 

represented by 32 transcript variants were subjected to qualitative methylation analysis by 

MSP in the 20 gastrointestinal cancer cell lines (Figure 16). Seven genes: UCHL1, TRIM36, 

CKB, BMP6, MT1E, PRKAR2B and C1orf115 showed methylation in 50% or more of the 

tested cancer cell lines. UCHL1 and TRIM36 were methylated in 95% and 75% of the cancer 

cell line respectively. These top two genes were chosen for further analyses in primary 

colorectal-, gastric- and pancreatic tumor samples and normal colorectal mucosa controls. 

 
Figure 15. Gel electrophoresis of MSP assay for UCHL1. For each sample, the U-reaction and M-reaction 

products were loaded next to each other to facilitate the analysis. The expected amplicon was 126bp for both 

reactions. Controls included normal blood (NB) and (IVD). Additional controls (*) included non-bisulfite 

treated template and water. Molecular ruler: 100 bp framing each side of the gel. 
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Figure 16. Overview of MSP results of 30 genes tested in 20 cancer cell lines. The promoter area of 32 

transcripts was analyzed. MSP results are sorted by the frequency of methylation across the gastrointestinal 

cancer cell lines tested. Genes with methylation frequency equal or higher than 50% are located above the black 

line. MSI: microsatellite unstable, MSS: microsatellite stable.
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CKB 3 3 3 3 1 2 3 2 1 2 2 1 1 1 1 3 3 2 3 3 70 %

BMP6 3 3 1 3 3 3 3 3 1 3 3 1 1 1 1 3 3 3 1 1 60 %

MT1E 2 1 3 2 1 1 1 2 1 1 2 3 2 1 2 2 1 2 1 2 55 %

PRKAR2B 3 1 3 3 1 1 3 1 1 2 2 1 1 1 3 3 3 1 1 2 50 %

C1orf115 1 1 1 1 1 1 2 1 2 2 2 3 1 1 1 3 3 2 2 2 50 %

GSN_iA 1 3 3 3 1 1 2 1 1 1 1 3 1 1 1 3 2 2 1 1 40 %

PDE2A_i2 0 1 1 3 1 1 3 3 1 2 1 3 1 1 2 3 3 1 1 1 40 %

TTLL7 3 2 1 1 1 1 2 2 1 1 1 1 1 1 1 3 2 1 2 2 40 %

WNT2B_i2 1 1 2 2 1 1 2 2 1 1 1 1 1 1 1 3 3 2 1 1 35 %

HSPA2 1 2 1 1 1 1 3 0 1 1 1 1 1 2 1 0 2 2 2 1 30 %

TTC18/CFAP70 0 1 1 1 3 2 1 2 1 1 1 1 1 1 1 2 3 1 1 1 25 %

IL1R1_i1 1 2 1 1 1 1 1 1 1 1 1 3 1 1 1 2 1 2 1 1 20 %

RGS2 1 1 1 1 1 1 1 2 1 1 1 2 1 1 1 2 2 1 1 1 20 %

SLC25A4 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 3 3 1 1 1 10 %

TMOD1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 1 1 1 10 %

PLCG2 1 1 1 1 1 1 1 1 1 1 1 2 1 1 1 2 1 1 1 1 10 %

RIMS3 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1 2 1 1 10 %

WNT2B_i1 1 0 1 1 1 1 1 2 1 1 1 1 1 1 2 1 1 1 1 0 10 %

SSBP2_i1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 3 1 1 1 5 %

PLCD1_i1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1 1 5 %

STARD5 1 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 5 %

ACADSB 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 %

PMM1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 %

ARNTL_iA 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 %

CDKN1A_i1B 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 %

EAF2_i1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 %

SMPD1_i2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 %

CLMN 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 %

CDKN1A_1A 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 0 1 0 %

SORBS1 0 1 1 1 0 0 0 0 1 1 1 1 1 1 0 1 1 1 1 1 0 %

0 Not scorable 1 Unmethylated 2 Hemimethylated 3 Methylated
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5.3 Direct bisulfite sequencing 

BS was used to analyze the promoter region of UCHL1 (covering 27 CpG sites) and TRIM 36 

(covering 15 CpG sites) in 20 gastrointestinal cancer cell lines. The overall methylation levels 

from the bisulfite sequencing regions were in good accordance to the MSP results, and 

evidenced the utility of bisulfite sequencing to corroborate that the targeted region by MSP 

was representative for the methylation status in the promoter area (Figure 17). 

 

 

Figure 17. Overview of bisulfite sequencing results of UCHL1and TRIM36 in 20 gastrointestinal cancer cell 

lines. On each figure, the upper part has a schematic representation of the promoter region (5’→3’) covered by 

the bisulfite sequencing assay and the alignment of MSP, qMSP primers and probes. CpG sites are symbolized 

as vertical lines; the TSS is marked by an elbow arrow +1; MSP primers as dotted arrows; qMSP primers as 

continuous thick arrows and probe as continuous thick line. The lower part, illustrates the methylation status of 

CpG sites across the different gastrointestinal cell lines. Each CpG is depicted as circle and colored according to 
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its methylation status. Green circle: unmethylated CpG site; yellow circle: hemimethylated CpG site; red circle: 

methylated CpG site; no circle: undetermined. 

In addition, the good quality of the base calling for the methylated and unmethylated controls 

was observed in the electropherograms. Similarly, the consistent conversion to uracil (and 

amplified as thymines) of cytosines in non-CpG sites compared to the initial nucleotide 

sequence was seen (Figure 18 and Figure 19). 

 

Figure 18. Comparison of representative electropherograms of UCHL1 in gastrointestinal cancer cell lines with 

different methylation status. A representative sequence covering six CpG sites marked in Figure 17 with a 

horizontal black line is depicted. The initial unconverted nucleotide sequence and the alignment of the 

correspondent bisulfite converted sequences and electropherograms of three cancer cell lines are illustrated. An 

underscored letter represents the corresponding position of a cytosine within a CpG site while a bold letter, the 

one of a non-CpG site cytosine before bisulfite conversion. Bold red Ts and blue Cs denote unmethylated and 

methylated cytosines, respectively; bold black Ys illustrate hemimethylated CpG sites. 

A highly homogenous methylation pattern was found all over the promoter area of UCHL1, 

and downstream the TSS of TRIM36. Thus, these regions were selected to guide the target of 

the qMSP assay (Figure 17). 
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Figure 19. Comparison of representative electropherograms of TRIM36 in gastrointestinal cancer cell lines with 

different methylation status. A representative sequence covering seven CpG sites marked in Figure 17 with a 

horizontal black line is depicted. In the picture is shown the initial unconverted nucleotide sequence and the 

alignment of the correspondent bisulfite converted sequences and electropherograms of three cancer cell lines. 

An underlined letter represents the corresponding position of a cytosine within a CpG site while a bold letter, 

the one of a non-CpG site cytosine before bisulfite conversion. Bold red Ts and blue Cs denote correspondingly 

unmethylated and methylated cytosines in CpG sites before bisulfite conversion; bold black Ys illustrate 

hemimethylated CpG sites. 

5.4 Methylation analysis by quantitative MSP 

(qMSP) in gastrointestinal patient material 

From the qMSP in tissue samples, UCHL1 methylation was observed in colorectal- (68%), 

gastric- (73%) and pancreatic- (15%) cancer samples (Figure 20, left). TRIM36 methylation 

was found to be methylated in colorectal- (4%), gastric- (23%) and pancreatic- (5%) cancer 

specimens (Figure 20, right). The PMR threshold was set as 2 for UCHL1 and 1 for TRIM36 

for all the cancer types. The results of the qMSP assay are summarized in Table 3. 
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Figure 20. Methylation frequency of UCHL1 and TRIM36 in three gastrointestinal cancer types. PMR thresholds 

were used to categorize the cancer samples into methylated (red) and unmethylated (green). 

 Methylation % 
(ratio) 

Range PMR 
values 

Median PMR 
values 

Mean PMR 
values 

UCHL1     

Colorectal cancer 68% (67/99) 0.0-47.18 9.53 11.97 

Gastric cancer 73% (19/26) 0.0-23.78 4.22 8.13 

Pancreatic cancer 15% (3/20) 0.0-8.19 1.08 1.55 

Normal colorectum 0% (0/56) 0.0-1.70 0.34 0.40 

TRIM36     

Colorectal cancer 4% (4/99) 0.0-11.27 0.0 0.26 

Gastric cancer 23% (6/26) 0.0-48.97 0.0 4.53 

Pancreatic cancer 5% (1/20) 0.0-2.34 0.0 0.13 

Normal colorectum 0% (0/56) 0.01-0.32 0.09 0.10 

Table 3. Methylation frequencies and PMR descriptive values for UCHL1 and TRIM36 in three gastrointestinal 

cancer types and normal mucosa samples measured by qMSP. PMR: percent of methylated reference. 

The frequency of UCHL1 methylation observed in colorectal cancer and gastric cancer was 

significantly higher than in pancreatic cancer (P=<0.001). For TRIM36 there was a higher 

methylation frequency in gastric cancer compared to colorectal cancer (P=0.006) and 

pancreatic cancer although not significant for the latter. 

For both UCHL1 and TRIM36 a higher methylation frequency could be seen in colorectal- 

and gastric- cancer compared to the non-malignant controls (Figure 21). 
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Figure 21. Distribution of PMR values of UCHL1 and TRIM 36 for colorectal cancer (up), gastric cancer 

(middle), pancreatic cancer (low) and control. Colorectal cancer (n=94); gastric cancer (n=26); pancreatic cancer 

(n=20) and normal colorectal mucosa (n=56) samples. The scoring threshold is visualized as a dashed line. PMR: 

percent of methylated reference. 

Receiver Operating Characteristic (ROC) analysis was used to depict the true positive rate 

(sensitivity) against the false positive rate (1-specificity) of UCHL1 and TRIM36 methylation 

to predict colorectal cancer. The area under the ROC curve (AUC) for UCHL1 was 0.742 

(P=0.042; 95% CI: 0.661-0.824) (Figure 22) and for TRIM36, 0.098 (P=0.042; 95% CI: 0.041-

0.155). 

 
Figure 22. Receiver operating characteristic (ROC) curve for predicting colorectal cancer by UCHL1 

methylation. The area under the ROC curve (AUC) for UCHL1 was 0.742 (blue) is shown. The reference line is 

depicted as a dashed line. 
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6 Discussion 

6.1 Material considerations 

6.1.1 Cell lines 

Established cancer cell lines were extensively used in this thesis. Such cell lines can act as 

good in vitro models given that they closely resemble the respective cancer type. Nonetheless, 

differences are expected considering that cancer cell lines contain further genetic and 

epigenetic alterations required for unlimited growth compared to primary cells [54]. In this 

sense, the methylation frequencies in cancer cell lines are reported to be higher or similar 

compared to the clinical samples [152]. Aware of this occurrence, more than one cancer cell 

line was used per anatomical site to increase the representativeness of the gastrointestinal 

panel. 

An additional consideration in the use of cell lines is the possibility of cell line 

misclassification, which have frequently been reported in the literature [153, 154]. Derivatives 

of the HeLa cancer cell line have for instance been misclassified as embryonic intestinal cells 

(RRID:CVCL_1907) and adenoid cystic carcinoma cells (RRID:CVCL_6874) [155]. Such 

misclassification will obviously affect the conclusions drawn from a study [156]. Mycoplasma 

spp. infection can in addition to altering cell behavior and gene expression [157] impact on 

epigenetic characteristics [158]. Based on this, cancer cell line authentication and 

Mycoplasma testing are routinely carried out in our laboratory. 

6.1.2 Patient material 

In this thesis, fresh frozen and formalin-fixed paraffin-embedded (FFPE) tissues were used 

for validation of the most promising DNA methylation candidates. Processing and archiving 

conditions of tissues can affect the quality of the DNA which in turn can impact the DNA 

methylation results. Fresh frozen tissues undergo rapid freezing at -80°C after tumor resection 

to reduce nucleic acid degradation securing high DNA quality. Formalin-fixed paraffin-

embedded (FFPE) tissues are the most common practice for tissue storage in pathology 
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laboratories. These samples can experience extensive DNA-protein linkage that can lead to 

DNA fragmentation and reduce the DNA quality. In addition, the bisulfite treatment required 

for the methylation analysis can further degrade the DNA and reduce the starting yield [159]. 

Despite these challenges, the methylation pattern is well preserved in archival FFPE samples 

across different tissue types and minimal differences have been reported compared with fresh 

frozen tumors [130, 159-161]. Nonetheless, to surpass the difficulties associated with FFPE 

samples some considerations were taken. These included methylation analysis assays 

designed to target short DNA sequences and a higher threshold to censor samples, partly 

compensating for the expected delayed amplification compared to fresh frozen samples in the 

qMSP as previously reported by Vedeld, et al. [111]. 

In previous studies, healthy colorectal mucosa has shown to be a relevant control for DNA 

methylation analysis across gastrointestinal cancers [111, 127]. In lack of healthy tissue from 

gastric and pancreas, normal colorectal mucosa was used as an overall control for evaluating 

whether the detected DNA methylation was cancer specific or not. However, potential tissue-

specific differences should be considering during interpretation of the data. 

6.2 Methodological considerations 

6.2.1 Bisulfite treatment 

During PCR amplification, the covalent modifications in the DNA such as methylation are 

lost. As previously mentioned (see Materials and Methods), bisulfite treatment efficiently 

converts the unmethylated cytosines into uracil (read as thymine) whereas the methylated 

cytosines remain unchanged. Treatment of DNA with bisulfite prior the amplification in vitro 

thereby transfers an epigenetic difference into a measurable genetic difference. The converted 

DNA can be used as a template in qualitative and quantitative methylation analysis in 

combination with PCR-based methods. 

An incomplete bisulfite conversion can be detrimental for the methylation analysis. 

Unmethylated cytosines can be interpreted as methylated which can result in false positives in 

the downstream analysis. Thus, important measures should be taken for an efficient bisulfite 

conversion such: DNA pureness, complete denaturation, control of pH conditions among 

others [162]. 
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Currently, diverse bisulfite conversion kits are commercially available with optimized 

protocols that ensure an efficient conversion. In this thesis, the Epitect Bisulfite Kit (Qiagen) 

has been used, with an expected conversion rate of >99% [126]. The kit includes a DNA 

protection buffer with a pH indicator that prevents DNA fragmentation and helps to keep 

track of the correct pH for cytosine conversion. In addition, offers the option of a standardized 

clean-up with QIAcube system. Finally, the kit has a modified protocol to increase the DNA 

recovery yield in FFPE samples known to experience DNA loss during the harsh conditions 

of bisulfite conversion. 

6.2.2 Methylation Specific PCR (MSP) 

In the present thesis, the MSP primers were designed to include CpG and non-CpG cytosines 

to maximize their ability to distinguish unmethylated from methylated DNA, and fully 

converted from unconverted DNA, [162].In addition, the assays were designed to amplify 

small fragments. To avoid bias in the final result, the MSP conditions were carefully 

optimized to secure equal amplification of methylated and unmethylated sequences. Controls 

were also included to detect any cross-reaction that may lead to false positive or false negative 

results.  

To ensure an appropriate evaluation of the methylation status across the individual samples a 

highly-standardized scoring system was used in this study. This method evaluated the band 

intensities in samples and controls, and normalized these values in relation to the 

corresponding positive control. Thus, systematically determining when a sample had a 

positive result for a U-reaction, M-reaction or both. The results obtained were in accordance 

with the bisulfite sequencing results, which supports the use of MSP to provide information 

about the methylation pattern within the CpG-rich region analyzed. In addition, highlights the 

benefit of standardization in the interpretation of MSP results to reduce the chance of 

subjective bias and ensure concordance in interpretation as carried out in our laboratory. 

6.2.3 Direct bisulfite sequencing 

Direct bisulfite sequencing was used to determine the methylation pattern of individual CpG 

sites within the regions analyzed by MSP. This is a tool for both validating the MSP results as 

well as to create the necessary data to design representative quantitative methylation assays. 
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Direct bisulfite sequencing is both faster and considerably less expensive compared to cloning 

and sequencing of the clones which can be costly and time consuming [101, 146]. Cloning 

before sequencing is recommended for clinical samples as these might contain different cell 

types including normal cells and intra-tumoral heterogeneity and thus distinct methylation 

patterns that may hinder the interpretation of electropherograms. However, the close to 

monoclonal character of cancer cell lines provides a more homogeneous DNA source suitable 

for direct bisulfite. 

Bisulfite conversion decreases the sequence complexity by converting most cytosines into 

thymines [148]. To counterbalance this challenge, a sequencing kit developed to facilitate the 

reading through difficult sequence motifs and dinucleotides repeats was used. In addition, the 

primers were designed to bind to a single location in the converted DNA given the reduced 

sequence complexity of the bisulfite treated DNA. Finally, long thymine repeats in the target 

region were preferably avoided to prevent polymerase slippage that could result in 

disturbances in the electropherograms. When these long stretches could not be omitted, 

sequencing with the forward and reverse primers provided data for the fragment as whole. 

The methylation status across the CpG sites within a CpG island can vary. Bisulfite 

sequencing provides information on the methylation at a single CpG level which facilitates 

the selection of a representative area of the promoter for further analyses. As an 

exemplification, the analysis of different regions in the MAL gene by Mori, et al. [163] and 

Lind, et al. [164] resulted in methylation frequencies in colorectal cancer of 6% and 83% 

respectively. By bisulfite sequencing, Lind, et al. [164] demonstrated that one of the bisulfite 

sequencing primers of the Mori, et al. [163] study was placed in a non-representative part of 

the MAL promoter, devoid of methylated cytosines. 

In this thesis, direct bisulfite sequencing was used to analyze the methylation pattern of the 

promoter regions of UCHL1 and TRIM36. While all CpG sites in the UCHL1 amplicon had 

the same methylation level, the CpG sites in TRIM36 did not. For TRIM36, the methylation 

pattern was heterogeneous upstream of the TSS while it was more homogeneous downstream. 

This underscores the utility of bisulfite sequencing to select representatively methylated 

region for qMSP assay analysis. 

6.2.4 Quantitative Methylation Specific PCR (qMSP) 
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To measure the methylation frequency of selected candidate genes in the patient material, 

quantitative methylation specific PCR (qMSP) was used. The TaqMan® probe designed to 

bind methylated CpGs increases the accuracy of the assay compared to MSP. The probe 

which is an oligonucleotide with a fluorescent label, binds to the PCR product on each 

amplification cycle, thus the fluorescence increase is proportional with the product. Even 

though, MSP can give semi-quantitative data, discrepancies between band intensity and 

dilution ratio limit its reliability for this purpose [126]. In addition, effective quantification of 

methylation levels by qMSP in tissues can effectively determine the threshold that can 

differentiate healthy from neoplasic tissue [161]. 

The high-throughput capacity of qMSP provides and additional advantage of the method for 

analyzing large series of biological samples. For the MSP and bisulfite sequencing the 

sequence differences from the methylation DNA need to be revealed by gel or capillary 

electrophoresis which can be time-consuming and limit their application for high-throughput 

analysis [149]. In this thesis, qMSP was used for quantitative methylation analysis of the two 

most promising DNA methylation candidates in clinical material from colorectal, gastric and 

pancreatic cancer patients. 

Recently, Pharo, et al. [165] pointed out the importance of a standardized pipeline for PCR-

based methylation analysis and identified sources of variability, including the reference for 

normalization as a key contributor. The normalization of the samples in this thesis was done 

according to Pharo, et al. [165] study, using the repetitive element ALU-C4, which provides 

robustness by its high copy number in the genome. Even though inherent technical variations 

can occur, by taking care of the recommended guidelines, more robust results can be 

achieved. 

The PMR value reflects the relative methylation level in the samples. When dichotomizing 

samples into ‘methylated’ and ‘unmethylated’ groups, the highest PMR seen across normal 

colorectal mucosa was used as a threshold. Samples with higher or PMRs than the threshold 

were scored as methylated whereas those with lower PMR than the threshold were scored as 

unmethylated as previously described by Vedeld, et al. [111]. The use of this common 

threshold is conservative since higher methylation levels are seen for colorectal cancer 

compared to other tissues [111]. In this sense, high specificity threshold was set for both 

genes. 
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6.3 Aberrant DNA methylation in gastrointestinal 

cancer 

In the present thesis, UCHL1 and TRIM36 were identified to be the most commonly 

methylated across a large panel of gastrointestinal cancer cell lines. Interestingly, both of 

them seems to play roles in ubiquitinylation, While UCHL1 is deubiquitylating enzyme 

(DUB) [166], TRIM36 is ubiquitylating enzyme, more specifically a ubiquitin ligase (E3), 

representing enzymes with opposing functions in the ubiquitin/protesome system [167]. Both 

will be described in more detail in the following. 

Next in the ranking were CKB, BMP6, MT1E, PRKAR2B and C1orf115 that were methylated 

in at least 50% of the gastrointestinal cancer cell lines analyzed which suggests that this might 

be a common event in certain gastrointestinal tumor types. Interestingly, transcriptional 

repression of CKB, BMP6, MT1E and PRKAR2B is observed in the colon cancer cell lines 

from the NCI-60 panel
22

; with an inverse relation to the reported methylation values [168]. 

However, information about the situation in vivo for gastrointestinal cancers is limited. In 

general, publications refer to reduced protein or mRNA expression of these genes such 

PRKAR2 and MT1E in colon cancer [169, 170]. Aberrant methylation is correlated to the 

downregulation seen for BMP6 in hepatic and colon cancers [171, 172], and CKB in gastric 

cancer [173]. Further investigation of the promoter methylation of these genes in clinical 

samples by more accurate methods such qMSP would be interesting (see Future perspectives). 

6.3.1 Ubiquitin C-terminal hydrolase L1 

In this thesis, UCHL1 was the most frequently methylated gene across 20 gastrointestinal 

cancer cell lines. In accordance to these observations, Yu, et al. [174] and Tokumaru, et al. 

[175] previously reported UCHL1 hypermethylation in colorectal (HCT116, HT29) and 

gastric (KATO-III, AGS and SNU-1) cancer cell lines. Indeed, colorectal and gastric cancer 

cell lines were commonly responsive to the demethylating agent AZA used to identify 

epigenetically deregulated genes in colorectal and gastric cancer as evaluated by Okochi-

Takada, et al. [176], Yamashita, et al. [177] and were also responsive in similar analyses done 

in our laboratory prior to this thesis. These common positive responses to AZA treatment 
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encourage DNA methylation plays a key role in the epigenetic inactivation of UCHL1 in 

gastrointestinal cancer cell lines. 

We further found UCHL1 to be frequently methylated in colorectal (68%) and gastric (73%) 

cancer. Our results are supported by the studies of Okochi-Takada, et al. [176] and 

Yamashita, et al. [177] who reported often UCHL1 methylation in 47% of colorectal and 48% 

of gastric cancers (n=17; n=31), respectively. The difference in colorectal cancer methylation 

frequency, seen between Okochi-Takada, et al. [176] and this study, may be explained by the 

larger sample size and more importantly, the use of a quantitative method (qMSP) in this 

thesis. For gastric cancer, histopathological differences may affect the methylation occurrence 

as categorization into intestinal and diffuse type lead to frequencies of 36.4% and 77.8% 

respectively [177]. This is not surprising as these histopathological types recently have been 

associated with independent molecular subtypes in gastric cancer [93]. Taken together, 

UCHL1 methylation is seen as a common epigenetic alteration in colorectal and gastric 

cancer. 

Function 

As previously mentioned UCHL1
23

 is a member of the ubiquitin carboxy-terminal hydrolases 

(UCH) family [166]. Ubiquitylation is a post-translational modification that can target 

proteins to be recognized and degraded by the 26S proteasome [178]. Other functions include 

the regulation of endocytosis, signal transduction, DNA repair and histone modification [179]. 

UCHL1 is normally expressed in adult tissues and its promoter hypermethylation has been 

shown to correlate with reduction of UCHL1 expression [174]. The TP53 pathway is one of 

the targets of UCHL1, where it deubiquitinates TP53 and ARF (positive regulator) and 

through its additional ligase activity, promotes ubiquitination of MDM2 (negative regulator). 

As a result TP53 can accumulate, cell proliferation is inhibited and apoptosis can occur [180]. 

Furthermore, it has been proposed that UCHL1 may be involved in additional apoptotic 

pathways independent of TP53 [181]. Combined this makes UCHL1 highly interesting also in 

a functional perspective. 

6.3.2 Tripartite motif containing 36 
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To our knowledge, this is the first report of TRIM36 methylation in gastrointestinal cancer 

cell lines. During the validation in patient material, a reduction in the methylation frequencies 

was observed and TRIM36 was found methylated in 4% of colorectal and 23% of gastric 

cancer samples. As pointed out before, cancer cell lines occasionally contain more aberrations 

than seen in clinical samples. These results may indicate that loss of TRIM36 function can be 

more important for cancer cells grown in culture compared with the in vivo situation. 

However, DNA methylation may have an additional effect beyond silencing. As reported in 

prostate cancer, aberrant widespread methylation in the CpG island of the canonical TRIM36 

promoter can induce the use of an alternative promoter [182] resulting in expression of variant 

5 (NM_001300759) instead of the canonical variant 1 (NM_018700) [183]. Interestingly, 

alternative promoter use as a result of  DNA methylation has been described for both normal 

and cancer cells across different tissue types [184]. In this thesis TRIM36 variant 1 

(NM_018700) was studied and some cancer cell lines had extensive methylation such KMBC, 

HCT116, RKO, SW48, COLO320, AGS, KATO-III and SNU-1. TRIM36 variant 1 and 

variant 5 distinguish in their first exon, but the functional relevance of this difference is 

unknown [185]. In a future perspective, it would be interesting to also analyze the DNA 

methylation of variant 5 and the corresponding gene expression and search for potential 

associations to clinical-pathological features. 

Function 

Tripartite motif (TRIM)-containing proteins like TRIM36
24

 can be defined as E3 ubiquitin 

ligases. E3 are scaffold proteins that mediates the interaction of E2 and the substrate; and it 

has been suggested to be key for substrate recognition during the ubiquitylation process [167]. 

TRIM36 has also been related to other kinds of post-translational modifications, such small 

ubiquitin-related modifier (SUMO) related to regulation of the cell cycle and apoptosis [178]. 

In addition, TRIM36 is indicated to play a role in constrain of the cell cycle followed by 

inhibition of cell proliferation and chromosome segregation [167]. Therefore is not surprising 

that epigenetic silencing might provide a selective advantage to the tumor cell. 

6.3.3 Translational relevance 
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As seen in this thesis, the aberrant methylation of UCHL1 is highly cancer-specific, as it 

happens in great manner in both colorectal and gastric cancer, but not in healthy tissue. This 

observation is supported by former publications of cancer-specific methylation of UCHL1 

detected in gastrointestinal malignancies such gastric- [186, 187], pancreatic-, gall bladder-, 

biliary tract- [188] and hepatic [174] cancer. 

These observations indicate that the UCHL1 hypermethylation may have a biomarker 

potential, supported by its detection in non- or low-invasive samples. For example, Wang, et 

al. [186] reported prevalent methylation of UCHL1 in serum from 56.1% gastric cancer 

patients. The utility of UCHL1 promoter methylation has also been reported for gall bladder-, 

biliary tract- and pancreatic cancer in biliary and pancreatic fluids [188]. 

As previously seen for other biomarkers, combinations of a handful biomarkers may improve 

the sensitivity and specificity for a particular cancer-type [111, 130]. In this thesis, UCHL1 

showed 68% sensitivity and 100% specificity, resulting in an AUC value of 0.742 for 

detecting colorectal cancer, emphasizing the utility of UCHL1 methylation as a biomarker for 

colorectal and gastric cancer. 

In the literature, UCHL1 hypermethylation is recognized as an early epigenetic change 

associated to the exposure of cancer predisposing conditions like H. pylori related gastritis 

and smoking [6, 189]. Moreover, the levels rise with tumor progression as reported in 

esophageal and gastric cancer [6, 186] with the highest seen in advanced stages as metastasis 

[187]. In addition, it seems to be a predictor of chemo-resistance in cancer [190]. Thus, 

UCHL1 may provide prognostic and potentially also predictive information which may offer 

and extra advantage to its diagnostic marker potential. 

TRIM36 methylation on the other hand, does not seem to have biomarker potential for 

detection of gastrointestinal malignancies. The AUC value of 0.098 for colorectal cancer 

underscores this. However, TRIM36 methylation was found in 23% of the gastric cancer 

samples. Interestingly, Schneider, et al. [117] draw attention to the significance of 

classifications according to molecular alterations, which might represent a shared targetable 

vulnerability of the cancer phenotype in question. In the absence of clinical information for 

these samples, it cannot be excluded that epigenetic silencing of TRIM36 may be present in a 

specific subtype of gastric cancers. 



60 
 

The described functions of UCHL1 and TRIM36 may indicate potential role in tumor 

development. Interestingly, UCHL1 is found methylated in all tested colon, leukemia, 

melanoma and the majority of breast cancer cell lines in the NCI-60 panel, and this status is 

associated with gene repression [168]. Similarly, He, et al. [191] demonstrated TRIM36 to be 

hypermethylated in lung, liver, breast and ovarian tumor compared to their adjacent healthy 

tissues, and this epigenetic modification was associated with silencing of transcription. 

However, if UCHL1 and TRIM36 have a potential as epigenetic driver of cancer development, 

remains to be elucidated and depends on the functional consequences that these alterations 

might represent (see Future perspectives). 

The picture is more complicated by studies indicating UCHL1 and TRIM36 as positive 

regulators of tumorigenesis. For example, gene-specific hypomethylation is reported for 

UCHL1 in gall bladder cancer, whereas lower frequency of methylation is reported in 

metastatic colorectal cancer [192]. The discrepancies in opposing roles of UCHL1 are 

suggested to be related to the stage or cancer-type. TRIM36 overexpression has been 

identified in prostate cancer [193], however no data about the methylation status was 

available for this study.  
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7 Conclusions 

In the present thesis, promoter methylation of UCHL1 was shown to be a frequent and cancer-

specific event in colorectal and gastric cancer, indicating a biomarker potential in these 

malignancies. If validated in larger cohorts in a combination with other biomarkers, it could 

have a potential for early detection of disease. 

TRIM36 is reported, for the first time, to be commonly methylated across gastrointestinal 

cancer cell lines. TRIM36 promoter methylation might contribute to expression of an 

alternative transcript which could be addressed in future studies. 

Finally, five additional genes: CKB, BMP6, MT1E and PRKAR2B and C1orf115 were found 

methylated in ≥50% of gastrointestinal cancer cell lines and would be interesting for further 

analyses in patient series.   
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8  Future perspectives 

The potential utility of UCHL1 methylation as a biomarker for detection of colorectal and 

gastric cancer should be addressed in future studies, comprising large independent clinical 

sample series. Whether or not UCHL1 has prognostic value could also be evaluated. Our 

laboratory has a large biobank of colorectal- cancer patients with correspondent clinical-

pathological data which could be suitable for this. 

Based on the prevalence of UCHL1 methylation in the literature in cancer cell lines and 

tumors from various cancer types, it would be interesting to analyze UCHL1 methylation 

across the more than 100 cell lines from 17 cancer types available from our department, to see 

if it represents a ‘universally’ methylated gene. 

Studies of TRIM36 hypermethylation in relation to the differential expression of TRIM36 

variants and their functional differences might provide insights about their potential biological 

role in cancer development. 

Moreover, the tumor suppressive function suggested for UCHL1, in combination with the 

frequency of UCHL1 hypermethylation across diverse cancer types, makes it interesting to 

analyze for a potential epigenetic driver function. 

The methylation status of the other candidate genes CKB, BMP6, MT1E, PRKAR2B and 

C1orf115 are also promising, and would be interesting for validation of these findings in 

clinical samples. Similarly, frequent methylation of CKB and BMP6 throughout cell lines 

from different cancer types has been reported and should be interesting to analyze in the vast 

cancer cell lines collection in house to see if they represent a common epigenetic alteration in 

cancer.   
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Attachment I: Approved gene symbol, gene 

name, chromosomal location, accession 

number of genes 
Approved 
symbol  

Approved name  HGNC
25

 ID Location Accession number
26

  
or reference 

ACADSB  acyl-CoA dehydrogenase, 
short/branched chain  

HGNC:91  10q26.13 NM_001609 

ARNTL  aryl hydrocarbon receptor 
nuclear translocator like  

HGNC:701  11p15.3 NM_001030272 

BMP6  bone morphogenetic protein 
6  

HGNC:1073  6p24.3 NM_001718 

C1orf115  chromosome 1 open reading 
frame 115  

HGNC:25873  1q41 NM_024709 

CDKN1A  cyclin dependent kinase 
inhibitor 1A  

HGNC:1784  6p21.2 NM_000389 
NM_001220778 

CKB  creatine kinase B  HGNC:1991  14q32.33 NM_001823 

CLMN  calmin  HGNC:19972  14q32.13 NM_024734 

EAF2  ELL associated factor 2  HGNC:23115  3q13.33 NM_018456 

GSN  gelsolin  HGNC:4620  9q33.2 NM_000177 

HSPA2  heat shock protein family A 
(Hsp70) member 2  

HGNC:5235  14q23.3 NM_021979 

IL1R1  interleukin 1 receptor type 1  HGNC:5993  2q11.2-q12.1 NM_000877 

MT1E  metallothionein 1E  HGNC:7397  16q13 NM_175617 

PDE2A  phosphodiesterase 2A  HGNC:8777  11q13.4 NM_001143839 

PLCD1  phospholipase C delta 1  HGNC:9060  3p22.2 NM_001130964 

PLCG2  phospholipase C gamma 2  HGNC:9066  16q24.1 NM_002661 

PMM1  phosphomannomutase 1  HGNC:9114  22q13.2 NM_002676 

PRKAR2B  protein kinase cAMP-
dependent type II regulatory 
subunit beta  

HGNC:9392  7q22.3 NM_002736 

RGS2  regulator of G-protein 
signaling 2  

HGNC:9998  1q31.2 NM_002923 

RIMS3  regulating synaptic 
membrane exocytosis 3  

HGNC:21292  1p34.2 NM_014747 

SLC25A4  solute carrier family 25 
member 4  

HGNC:10990  4q35.1 NM_001151 

SMPD1  sphingomyelin 
phosphodiesterase 1  

HGNC:11120  11p15.4 NM_001007593 

SORBS1  sorbin and SH3 domain 
containing 1  

HGNC:14565  10q24.1 Lind, et al. [142] 

SSBP2  single stranded DNA binding 
protein 2  

HGNC:15831  5q14.1 NM_001256732 

STARD5  StAR related lipid transfer 
domain containing 5  

HGNC:18065  15q25.1 NM_181900 

TMOD1  tropomodulin 1  HGNC:11871  9q22.33 NM_003275 

TRIM36  tripartite motif containing 36  HGNC:16280  5q22.3 Bethge, et al. [141] 

TTC18  cilia and flagella associated 
protein 70  

HGNC:30726  10q22.2 NM_145170 

                                                 
25

 Human Genome Organization (HUGO) Gene Nomenclature Committee (HGNC), that provides the official 

gene symbols, full gene name, unique ID number and chromosomal location in accordance with the Guidelines 

for Human Gene Nomenclature. 
26

 National Center for Biotechnology Information (NCBI) reference sequence numbers accessed via UCSC 

Genome Browser that represent the nucleotide sequences used for primer design. 
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Approved 
symbol  

Approved name  HGNC
25

 ID Location Accession number
26

  
or reference 

TTLL7  tubulin tyrosine ligase like 7  HGNC:26242  1p31.1 NM_024686 

UCHL1  ubiquitin C-terminal 
hydrolase L1  

HGNC:12513  4p13 NM_004181 

WNT2B  Wnt family member 2B  HGNC:12781  1p13.2 NM_024494 
NM_004185 
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Attachment II: List of MSP and BSP primers, and assay conditions 

The information about primers includes sequence, fragment size and location. The information about each assay includes annealing 

temperature, MgCl2+ concentration and elongation time. TSS: Transcription start site. 

Primer name Sense Primer Antisense Primer Fragment size 
(bp) 

Fragment 
location 

(TSS) 

Annealing 
temperature 

(°C) 

MgCl
2+

 
(mM) 

ACADSB_MSP_m CGTCGTCGTTTTCGTTATC TCCTACTCACGCGAAACTTA 102 -165 to -63 55,3 1,5 

ACADSB_MSP_u GTTGTTGTTGTTTTTGTTATT TCCTACTCACACAAAACTTAAA 102 -165 to -63 55,3 1,5 

ARNTL_iA_MSP_m GTTAGCGGGTTGTCGAGTC CGAATACCTACCTCTTCCCG 102 -150 to -48 57,3 1,5 

ARNTL_iA_MSP_u TGGTTAGTGGGTTGTTGAGTT CAAATACCTACCTCTTCCCACC 102 -150 to -48 57,3 1,5 

BMP6_MSP_m GGTTTAGAGTGATCGCGTC GCGCAAATCTCTAAAAACG 107 -184 to -77 55,3 1,5 

BMP6_MSP_u GAGGTTTAGAGTGATTGTGTT CACACAAATCTCTAAAAACAC 107 -184 to -77 58,8 1,5 

C1orf115_MSP_m TTTATTGTGTAGTGCGCGTC CCGAACTAACCTACCAAACG 101 -134 to -33 55,3 1,5 

C1orf115_MSP_u ATGTTTATTGTGTAGTGTGTGTT TCCAAACTAACCTACCAAACAAC 101 -134 to -33 60,7 1,5 

CDKN1A_i1a_MSP_m AGGTTTAGTTGGTTCGGC CTCAAAAAAACGAAACCCG 100 -118 to -18 58,8 1,5 

CDKN1A_i1a_MSP_u GTTAGGTTTAGTTGGTTTGGT CCTCAAAAAAACAAAACCCAC 100 -118 to -18 58,8 1,5 

CDKN1A_i1b_MSP_m TAGGTTTAGTTGGTTCGGC CTCAACGCGACCCTAATATA 143 -150 to -7 55,3 1,5 

CDKN1A_i1b_MSP_u GGTTAGGTTTAGTTGGTTTGGT ACTCAACACAACCCTAATATACA 143 -150 to -7 58,8 1,5 

CKB_ms GTTTTAGCGAGGGGATAGTTC CGCGACTCTTAAAAAACACA 158 -148 to +10 59,0 1,5 

CKB_us GGGTTTTAGTGAGGGGATAGTTT CCACAACTCTTAAAAAACACAA 158 -148 to +10 59,0 1,5 

CLMN_MSP_m CGATTTTAGTTTCGCGGC CAACCATAAAACGCGAACG 122 +1 to +123 60,7 1,5 

CLMN_MSP_u GTGATTTTAGTTTTGTGGT ACAACCATAAAACACAAACA 122 +1 to +123 57,3 1,5 

EAF2_i1_MSP_m ATTATAGCGTCGCGGTTTTTC CCGAAACGTCTCACGTTCTA 135 -162 to -27 57,3 1,5 

EAF2_i1_MSP_u GTATTATAGTGTTGTGGTTTTTT ACCAAAACATCTCACATTCTAA 135 -162 to -27 57,3 1,5 

GSN_iA_MSP_m GGTTATTTAAGGTCGGCGATTC AAACAACGCGCAAAACAAC 110 -4 to +106 57,3 1,5 

GSN_iA_MSP_u GGTTATTTAAGGTTGGTGATTT AAACAACACACAAAACAAC 110 -4 to +106 57,3 1,5 

HSPA2_MSP_m TCGTGTCGCGTTTTAGTTC ACCAAATATACGCGCTTTTTC 101 -126 to -25 58,8 1,5 
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Primer name Sense Primer Antisense Primer Fragment size 
(bp) 

Fragment 
location 

(TSS) 

Annealing 
temperature 

(°C) 

MgCl
2+

 
(mM) 

HSPA2_MSP_u TTTTTGTGTTGTGTTTTAGTTT ACCAAATATACACACTTTTTCACA 101 -126 to -25 53,0 1,5 

IL1R1_i1_MSP_m GTTGGGATATTCGGTTAGTTC CTCGCGACCGAAAACTAC 127 -141 to -14 53,0 1,5 

IL1R1_i1_MSP_u AGAGTTGGGATATTTGGTTAGTTT CTCACAACCAAAAACTACCAA 127 -141 to -14 58,8 1,5 

MT1E_MSP_m GGGAATATCGCGTATTTGC TATACGCCGCAAAAAAACC 124 -133 to -9 53,0 1,5 

MT1E_MSP_u GGGAATATTGTGTATTTGT TATACACCACAAAAAAACC 124 -133 to -9 53,0 1,5 

PDE2A_i2_MSP_m ATTAGGCGAAGTTGTCGC ACGACTCGTCCGACTTAAAA 162 +10 to +172 57,3 1,5 

PDE2A_i2_MSP_u GGATTAGGTGAAGTTGTTGT ACAACTCATCCAACTTAAAAAA 162 +10 to +172 57,3 1,5 

PLCD1_i1_MSP_m TCGTTTTATTTTTAGGGGTC CGAAACCGAAACAAAATAA 149 -87 to +62 55,3 1,5 

PLCD1_i1_MSP_u TTTTTGTTTTATTTTTAGGGGTT AAACAAAACCAAAACAAAATAA 149 -87 to +62 53,0 2,0 

PLCG2_MSP_m GTATTCGGGGTGCGTTTC GCCACGTAATCCTCGAAAAC 108 -94 to +14 57,3 1,5 

PLCG2_MSP_u GTTGTATTTGGGGTGTGTTTT CACACCACATAATCCTCAAAAAC 108 -94 to +14 58,8 1,5 

PMM1_MSP_m TATTTTCGGGATTTCGTTTC CGTCCACGTCAAACAAAC 102 +24 to +126 58,8 1,5 

PMM1_MSP_u TTGTATTTTTGGGATTTTGTTTT TCCCATCCACATCAAACAAAC 102 +24 to +126 53,0 1,5 

PRKAR2B_ms ATTATACGGAGTAGACGCGC AACGCCTACGACGCTAAC 107 -16 to +91 57,0 1,5 

PRKAR2B_us GTTATTATATGGAGTAGATGTGT ACAAACACCTACAACACTAAC 107 -16 to +91 57,0 1,5 

RGS2_MSP_m GAAGTCGGGGTCGTAGAC AAAACGCGAATTAATCGACT 123 -198 to -75 53,0 1,5 

RGS2_MSP_u TAAGAAGTTGGGGTTGTAGAT AAAAACACAAATTAATCAACTAC 123 -198 to -75 53,0 1,5 

RIMS3_MSP_m TTGGGTTTTGTATTCGGC CGACGAAAAAAACTCACG 120 -34 to +86 57,3 1,5 

RIMS3_MSP_u AGTTTGGGTTTTGTATTTGGT AAACAACAAAAAAAACTCACA 120 -34 to +86 55,3 1,5 

SLC25A4_MSP_m TTTAGTTTCGTTTTCGGAAGC TTATATCCCCGCCGAACT 144 -164 to -20 55,3 1,5 

SLC25A4_MSP_u GGTTTAGTTTTGTTTTTGGAAGT CCTTATATCCCCACCAAACT 144 -164 to -20 55,3 1,5 

SMPD1_i2_MSP_m GCGGTTGTGATTTTAAGGC TATCAACGCTACGAAAACGAA 155 -176 to -21 57,3 1,5 

SMPD1_i2_MSP_u GTGGTTGTGATTTTAAGGT TATCAACACTACAAAAACAAA 155 -176 to -21 53,0 1,5 

SORBS1_MSP-MS GTCGGGCGTTGTTAGAGTGGAC CTACGCGCGTCCGCCCCA 164 -130 to +35 68,0 1,5 

SORBS1_MSP-US TTGGTTGGGTGTTGTTAGAGTGGAT CTACACACATCCACCCCACTC 164 -130 to +35 68,0 1,5 

SSBP2_i1_MSP_m TTTTTTGCGTTCGGGTTC CTAACCTTCCGAAACGCG 158 -124 to -34 58,8 1,5 

SSBP2_i1_MSP_u TTTTTTTTTGTGTTTGGGTTT CCTCTAACCTTCCAAAACACA 158 -124 to -34 55,3 1,5 
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Primer name Sense Primer Antisense Primer Fragment size 
(bp) 

Fragment 
location 

(TSS) 

Annealing 
temperature 

(°C) 

MgCl
2+

 
(mM) 

STARD5_MSP_m GTTTGGATTAATTCGGGAGC AAACGACGACGCTAAATCC 100 -58 to +42 55,3 1,5 

STARD5_MSP_u AGGGTTTGGATTAATTTGGGAGT AAACAACAACACTAAATCCCAA 100 -58 to +42 55,3 1,5 

TMOD1_MSP_m TTGGTATTAGCGGGGAAGC GTCGAAACGCGACCCTAA 101 -228 to -127 58,8 1,5 

TMOD1_MSP_u TTTTTGGTATTAGTGGGGAAGT CCCATCAAAACACAACCCTAA 101 -228 to -127 58,8 1,5 

TRIM36_MSP_m AGGTTGATTTGAGATGCGTC CGACGCGAAAATCTAAAAAA 172 -142 to +30 53,0 1,5 

TRIM36_MSP_u GGAAGGTTGATTTGAGATGTGTT CTCAACACAAAAATCTAAAAAAA 172 -142 to +30 53,0 1,5 

TTC18/CFAP70_MSP_m CGCGGAAATAGTAGGTTTTC TCGCGATAACCCTCTAAAAC 109 -62 to +47 53,0 1,5 

TTC18/CFAP70_MSP_u ATTTGTGGAAATAGTAGGTTTTT ACTCACAATAACCCTCTAAAACC 109 -62 to +47 53,0 1,5 

TTLL7_MSP_m GAAGAGGTAGCGGTTTTTTC ACCATTCGCCTACTACGAC 163 -187 to -24 57,3 1,5 

TTLL7_MSP_u TTAGAAGAGGTAGTGGTTTTTTT ACCATTCACCTACTACAACCAA 163 -187 to -24 57,3 2,0 

UCHL1_ms TATTATTTCGCGTTGCGTAC  TATAAAACGCCGACCAAAC  126 -102 to +24 57,0 1,5 

UCHL1_us GTATTATTTTGTGTTGTGTAT  CTATAAAACACCAACCAAAC  126 -102 to +24 57,0 1,5 

WNT2B_i1_MSP_m GGTTTATTTTAGACGTCGGC TCTAAACTTCGTTCCGCTTT 127 -140 to -13 55,3 1,5 

WNT2B_i1_MSP_u AGGGGTTTATTTTAGATGTTGGT TCTAAACTTCATTCCACTTTTCA 127 -140 to -13 55,3 1,5 

WNT2B_i2_MSP_m TCGTTTCGTTAGTTTGGTC ACCTACTCCCGCACGCTA 146 -108 to +38 58,8 1,5 

WNT2B_i2_MSP_u TTTTTGTTTTGTTAGTTTGGTT CACCTACTCCCACACACTACA 146 -108 to +38 55,3 1,5 

       

UCHL1_BSP AAGGATGGGTTTTTAGAAATTT TCCATCRACTTAAACTACATCTT 372 -256 to +116 53,0 1,5 

TRIM36_BSP GGGTTTGGTTTTTATTATTTATTGG ACCCCAACTAAACATTCCC 267 -176 to +91 57,3 1,5 
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Attachment III: List of qMSP primers and probes 

The information about primers includes sequence, fragment size and location. 

Primer name Sense Primer Antisense Primer Fragment 
size 
(bp) 

Fragment 
location 

(TSS) 
UCHL1_qMSP TCGTATTATTTCGCGTTGCGTAC ACGCCGACCAAACGCA 123 -105 to +24 

UCHL1_qMSP_p CGTATTTATTTGGTCGCGATC  21 -74 to -53 

TRIM36_qMSP GGTTTTTTTTTAGATTTTCGCGTC CCGACCTTTATCGCATACCG 68 +6 to +73 

TRIM36_qMSP_p AGAGTCGGGGACGGTT  16 +31 to +46 

 


