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Abstract 

 

Epigenetic changes represent chemical modifications of the DNA molecule and histone 

proteins by which gene expression is altered. Among them, DNA methylation is a known 

mechanism of silencing of tumor-suppressor and DNA repair genes, with an important role 

in carcinogenesis. Many studies have been done in order to identify the methylation 

signatures of these genes in different types of cancer. 

In our study, we investigated the methylation status of promoter regions of eight mismatch 

repair genes (MLH1, MSH2, MSH3, MLH3, PMS1, PMS2, MSH6 and EXO1) in 45 

sporadic colorectal cancer cases and 12 head and neck cancer patients. Two out of eight 

genes, MLH1 and MLH3, exhibited promoter methylation. The results from both groups of 

patients were concordant.  

We summarize that the methylation profiles of MLH1 and MLH3 promoters could be 

potential candidates for epigenetic biomarkers in colorectal cancer, and eventually in head 

and neck cancer. Further investigations, which would confirm this theory, should be 

carried out.  

 

Keywords: Colorectal cancer; epigenetic modifications, DNA methylation; gene 

silencing; mismatch repair genes 
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1. Introduction 

 

 Cancer, as a disease of the modern age, has been the leading cause of death for the 

past few decades. In the Czech Republic, the incidence of cancer has displayed a 

substantial rise in the last 25 years. One of the reasons for this scenario was, and still is, the 

growing number of diagnosed colorectal cancer (CRC) cases in the country (Konecny et al 

2008).  

CRC is a vastly studied disease, considering the fact that its initiation and 

progression steps from histopathological and molecular point of view are well 

distinguishable. This allows CRC to serve as a reliable model for carcinogenesis in general. 

The molecular mechanisms of colorectal carcinogenesis are under investigation for a long 

period and many of them have been fairly well identified. Many germline or somatic 

mutations in tumor-suppressor genes and other cancer related genes are known to play a 

role in CRC initiation. Among them are the mismatch repair (MMR) genes involved in 

post-replicational DNA repair. Oncogenic mutations in the coding regions of few of the 

MMR genes were identified, mainly in hereditary nonpolyposis colorectal cancer (Lynch 

syndrome) (Peltomäki 2005).  

In addition to the genetic mutations present in CRC, epigenetic modifications can 

also target tumor-suppressor genes and proto-oncogenes and induce cell transformation. 

These epigenetic changes represent chemical modifications of the DNA molecule and 

histone proteins by which gene expression is altered. DNA methylation, as one of the most 

studied epigenetic mechanisms, has been recognized as silencer of many tumor-suppressor 

and DNA repair genes in CRC, among which are the MMR genes (Esteller et al 2001). By 

elucidating the cancer epigenome, many new possible epigenetic markers are constantly 

beeing identified and it is expected that many of them may serve as diagnostic, prognostic, 

and predictive markers for cancer in the future. With their help, cancer therapies would be 

tailored for each individual patient and limitations of the currently employed therapies will 

be overcome. 
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2. Literature Review 

 

2.1 Colorectal cancer (CRC) 

 

2.1.1 Epidemiology: worldwide vs. Czech Republic 

 

 CRC is the second most commonly diagnosed malignant disease worldwide and 

can be considered as a cancer of the countries with “Westernized Lifestyle”. The highest 

manifestation of CRC can be found in the more developed regions of the World such as 

North America, Australia/New Zealand, Western Europe, and Japan (Parkin et al. 2005). In 

2006, 412 900 new cases of CRC were reported in Europe (12.9% of all diagnosed cancer 

cases), which placed the CRC on the second position for most prevalent cancers, after 

breast cancer (13.5%). From all the European registered CRC patients, 207 400 have 

succumbed to the disease the same year (Ferlay et al. 2007).  

Czech Republic has shown a steep progression of the CRC incidence rates for the last 25 

years. The incidence rate for colon cancer represents the third highest rate worldwide and 

the rectal cancer incidence is the highest (Parkin et al. 2005; Konecny et al. 2008). This 

pattern of progression is visible in other similar economically transitioning countries like 

Slovakia, Poland and Estonia, while on the other hand the CRC incidence rates in the 

western developed countries are being stabilized (Center et al. 2009). Center and 

colleagues have assumed that the expansion of CRC in the countries in Eastern Europe 

could be due to rapid changes in the lifestyle and nutrition along with socio-economical 

changes and increased obesity. CRC represents the second most common cause of death in 

the Czech Republic, and has the highest mortality rates concerning male population 

worldwide (IARC Cancer Incidence 2007). In spite of the fact that an adult population 

screening test for CRC called guaiac-based faecal occult blood test (gFOBT) is being 

carried out annually since year 2001, the early detection of this disease is still not 

satisfactory (only 43.2% of incident cases in stage I or II) (Dusek et al. 2010). The CRC 

incidence of male population in the Czech Republic and comparison with other countries 

with high incidence is depicted in figure 1. 
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Figure 1. Incidence rates of CRC for male population in the Czech Republic and comparison to other 

countries (modified from: http://www.svod.cz, project for Epidemiology of malignant tumors in the Czech 

Republic) 

 

2.1.2 Characterization of colorectal tumors 

 

 Colorectal cancer is very often referred to as the universal model of carcinogenesis, 

based on the fact that each histopathological and molecular step of tumor development is 

well distinguished. The events of CRC carcinogenesis can take place in four anatomically 

differentiated parts of the gastrointestinal tract, which are classified by the World Health 

Organization (WHO) according to the International Statistical Classification of Diseases 

(ICD) codes for neoplasms as: C18 – malignant neoplasm of colon, C19 – malignant 

neoplasm of rectosigmoid junction, C20 – malignant neoplasm of rectum, and C21 – 

malignant neoplasm of anus and anal canal.  

The stage of the CRC in a patient‟s body is being characterized by TNM 

Classification (TNM), an international staging system. The TNM Classification is an 

anatomically based system that records the primary and regional nodal events of the tumor 

and the absence or presence of metastases. Three main parameters are giving the overall 

stage according to TNM: T parameter describes the primary tumor site, N parameter 

http://www.svod.cz/
http://en.wikipedia.org/wiki/ICD-10
http://en.wikipedia.org/wiki/ICD-10
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describes the regional lymph node involvement, and M parameter describes the presence of 

distant metastases. Each parameter is given a numerical rate and summarized values are 

expressed as four main TNM stages, I, II, III and IV. 

Roughly 15% of all the CRC cases have familial or inherited background, the 

remaining 85% of CRCs are of sporadic nature (Pinto and Clevers 2005). Most known 

hereditary syndromes are familial adenomatous polyposis (FAP) or hereditary 

nonpolyposis colorectal cancer (HNPCC or Lynch syndrome).  

 

2.1.2.1 Genetic pathway  

 

The colonic epithelium must undergo multiple sequential genetic (and/or epigenetic) 

events in order to escape the strict regulatory signal pathways for growth, apoptosis and 

differentiation (Fearnhead et al. 2002). Above events trigger alterations in different 

oncogenes and tumor suppressor genes and further contribute to the progressive 

transformation of normal epithelium into carcinoma tissue. The carcinoma is thus formed 

by a single cell clone expansion which has accumulated certain mutations and gained 

survival advantage (Fearnhead et al. 2002). The most common transformation process 

includes, as an initial step, genesis of adenomatous polyp or adenoma (Tanaka 2009). 

Adenomas are lumps of epithelial cells that show different grades of dysplasia (structural 

and cytological alterations in the epithelium that predispose to cancer development). 

Severe dysplasia in an adenoma might be a marker for increased risk of cancer, particularly 

for lesions greater than 1.0 cm in diameter. Indeed, a long-term experience indicates 

significantly decreased risk of CRC in patients with an early removal of adenomas. But 

taken together, most adenomas are benign and asymptomatic, and only a small fraction 

evolve into malignancy, though the evidence indicates that almost all colorectal cancers 

develop from adenomatous polyps (Tannapfel et al 2010).  

One of the first proposed models for colorectal tumor development is the model of 

Fearon and Vogelstein from 1990. The authors have proposed a theory of accumulation of 

multiple mutations, responsible for a transition from normal mucosa tissue through 

adenoma to carcinoma and metastasis (Figure 2). This theory is characterized by 

chromosomal changes (usually allelic losses, known as loss of heterozygosity-LOH) in the 
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DNA regions coding for tumor suppressor genes, known as chromosomal instability 

pathway (CIN). The most common initial genetic changes are mutations or allelic losses of 

the tumor suppressor Adenomatous Polyposis Coli (APC) gene, located on chromosome 5q 

(Fearon and Vogelstein 1990). APC is known as a regulator of the Wnt/ß-catenin signaling 

pathway often deregulated in cancer (Jones et al. 2008). Further mutations of KRAS or 

BRAF genes yield growth to larger (intermediate) adenomas, and in later phase allelic 

losses at chromosomes 17p and 18q lead to carcinoma (Fearon et al. 1987; Fearon and 

Vogelstein 1990). Fearon and his colleagues (1990) discovered a candidate tumor 

suppressor gene located on chromosome 18q, the DCC (deleted in colorectal carcinoma) 

gene. Only recently three other candidate genes located on the chromosome 18q were 

identified, SMAD4, SMAD2 and SMAD7 (Pittman et al. 2009). The SMAD proteins are 

involved in the TGF-β signaling pathway responsible for many cellular essential processes 

such as cell growth, cell differentiation and apoptosis, hence a frequent target in cancer. 

Chromosome 17q harbors the TP53 tumor-suppressor gene and mutations in this gene have 

been reported massively in all colorectal carcinomas (Takayama et al 2006).  

 

 

    Figure 2. Fearon and Vogelstein‟s genetic model of colorectal carcinogenesis (Pinto and Clevers 2005) 

 

The entire process of colorectal carcinogenesis can chronologically be measured in 

decades (Fearon and Vogelstein 1990). Hence the successful precancerous cell clone has to 

establish a microenvironment tolerant to future accumulative mutations (Worthley et al. 

2007). This process is known as genomic instability and comprises two main differentiated 

http://en.wikipedia.org/wiki/Cell_growth
http://en.wikipedia.org/wiki/Cell_differentiation
http://en.wikipedia.org/wiki/Apoptosis
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pathways. The first proposed and predominant pathway is the CIN or “suppressor” 

pathway (Fearon and Vogelstein 1990). This pathway includes accumulation of numerical 

or structural chromosomal aberrations. The other main pathway leading to genomic 

instability is the microsatellite instability (MSI) or “mutator” pathway, which is instability 

of the short tandem repeats or microsatellites. The MSI has been shown to result from 

mutations in the DNA mismatch repair genes (hMLH1, HMSH2, hPMS1, hPMS2 and 

hMSH6), responsible for recognition and repair of mismatched bases in daughter DNA 

strand during DNA replication (Kinzler and Vogelstein 1996). These two main pathways, 

CIN and MSI, leading to genomic instability are excluding each other, which addresses the 

fact that either pathway is sufficient to lead to colorectal carcinogenesis (Walther et al. 

2008).  

Additionally, recent investigations revealed epigenetic modifications as an 

important player in carcinogenesis. For instance, aberrant methylation of promoter regions 

silences variety of tumor suppressor and DNA repair genes in various cancers (including 

CRC) and exhibits comparable effect as that exerted by somatic mutations (Johnson et al. 

2009). 

Epigenetic events can control gene expression independently on DNA sequence 

alterations and in a potentially heritable way. Main epigenetic mechanisms involved in 

cancer are DNA methylation, histone modifications and expression of non-coding 

microRNAs (reviewed in Portela and Esteller 2010; Taby and Issa 2010).  For instance, 

serrated CRC pathway is characterized by epigenetic modifications presented by gene 

promoter sequence methylation. Since this methylation process occurs on the cytosine 

bases in CpG dinucleotides clustered in regions called CpG islands, and around 60% of 

human gene promoters are associated with CpG islands, this event was named as CpG 

Island Methylator Phenotype (CIMP+) (Toyota et al. 1999). More detailed literature data 

concerning epigenetic events in cancer development will be reviewed in a chapter bellow. 

Moreover, additional genetic and epigenetic analysis classified CRC into three 

different subclasses: CIMP1, CIMP2, and CIMP-negative. CIMP1 cancers are 

characterized by high MSI and BRAF mutations and rare KRAS and TP53 mutations; 

CIMP2 are associated with KRAS mutations and rare MSI, BRAF or TP53 mutations; and 
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CIMP-negative cases are characterized by high rate of TP53 mutations and lower MSI and 

BRAF or KRAS mutations (Shen et al. 2007).  

 

2.1.2.2 Role of cancer stem cells in tumorigenesis 

 

 It is well known that tumors consist of heterogeneous population of cells with 

various levels of cellular differentiation and morphologic features. But, it is also believed, 

that the majority of them are of monoclonal origin (Fialkow 1976, Vogelstein et al. 1985). 

 Recently, growing evidence suggests that tumor growth and progression are 

supported by a small population of tumor cells with stem-like properties, the so called 

cancer stem cells – CSC (Dalerba et al, 2007). These CSCs are exclusively tumorigenic, 

whereas progenitor cells are responsible for tumor growth and expansion (Clarke et al, 

2006).  

 When mutations occur in the long-lived stem cell in the bottom of the colon crypt it 

may stimulate an accumulation of multiple mutations over time. This mutated stem cell 

can give rise to additional mutated stem and progenitor cells through symmetric and/or 

asymmetric division, thus leading to tumor growth with mutated, transformed and 

heterogeneous cells (Ricci-Vitiani et al. 2009). 

 Not every tumor cell can metastasize, only selected clones have this potential for 

metastatic spread to distant organs, and CSCs are considered to have the metastatic 

potential in a heterogeneous solid cancer tissue (Anderson et al. 2011). In addition to this, 

CSCs have displayed increased chemo- and radio-resistance which lead to new hypotheses 

predicting that CSCs are responsible for tumor relapse and resistance to therapy (Dylla et 

al. 2008; Diehn et al. 2009; Anderson et al. 2011).  

 

2.2. Head and neck cancer  

 

2.2.1. Epidemiology 

 

 Head and neck cancers (HNC) comprise a large group of anatomically and 

morphologically diverse malignant lesions. More than ten anatomic localizations are 

included, generally localized in the oral cavity, larynx, pharynx, salivary glands, and 
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nose/nasal passages. The majority of these cancers display the histopathology of squamous 

cell cancer (HNSCC) (Stadler et al. 2008) 

 Head and neck cancer is the sixth most common cancer type in the world (Crowe et 

al, 2002). Approximately 405,000 new cases of oral cancer (oral cavity and pharynx 

excluding nasopharynx) are diagnosed each year worldwide, from which two-thirds occur 

in developing countries (IARC Globocan 2002). Each year 66,650 new oral cancer cases 

are diagnosed in the countries of the European Union (EU) (IARC Globocan 2002). The 

outcome of the late diagnosis of this disease results in nearly 11,000 deaths each year in 

the United States alone (Jemal et al 2008).  

 The high mortality rate of HNC is likely due to a high proportion of patients 

presenting advanced disease stages, missing suitable markers for early detection and failure 

to respond to available chemotherapy (Molinolo et al 2009).  

 

2.2.2 Head and Neck carcinogenesis 

 

 In most cases, the development of HNC is the result of accumulative genetic and/or 

epigenetic alterations. These can lead to the three main steps: initiation, promotion and 

progression of the successful cancerous cell clone. As the initial step which can lead to 

early genetic change and further to carcinogenic process can be the exposure to different 

carcinogenic factors. For instance, tobacco smoke containing a variety of carcinogens has 

the highest association with HNSCC incidence and leads to structural changes in DNA 

(Stadler et al 2008). Other most common risk factors involved in HNSCC development are 

alcohol consumption, betel nut chewing, and infection with the human papillomavirus 

(HPV) (reviewed in Molinolo et al 2009). Exposure to these factors can lead to the 

abnormal expression of tumor suppressor genes and proto-oncogenes, which can activate 

pathways leading to malignant transformation of cells. The abnormal expression can often 

lead to somatic mutation, deletion, loss of heterozygosity (LOH) or epigenetic 

modification such as hypermethylation of DNA. After the first step, greater genetic 

instability is achieved usually by a second hit.  

 Many molecular pathways involved in head and neck carcinogenesis were 

uncovered. Knowledge of these pathways has led to identification of many potential 
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tumor-specific gene mutations. The most important identified pathways and deregulated 

genes, implicated in carcinogenesis, tumor progression, and response to therapy in HNC, 

are: epidermal growth factor receptor (EGFR), insulin-like growth factor-1 receptor (IGF-

1R), phosphatidylinositol-3-kinase/protein kinase B pathway (PI3-K/Akt), mammalian 

target of rapamycin (mTOR), nuclear factor – kappa B (NF-κB), signal-transducer-and-

activator-of-transcription (STAT) family proteins, Wnt pathway, transforming growth 

factor-β (TGF-β) etc (reviewed in Stadler et al 2008; Molinolo et al 2009).  

 Epigenetic silencing of tumor-suppressor genes by hypermethylation of promoter 

regions was detected in HNC patients for p16, suppressors of cytokine signaling 1 and 3 

(SOCS-1 and SOCS-3), genes encoding soluble frizzled receptor proteins (SFRP), APC 

gene etc (Molinolo et al 2009). Interesting finding was brought by a study in Turkey, 

where 47% of the investigated HNC patients had methylation of the mismatch repair gene 

hMLH1, and 30% of them had methylated mismatch repair gene hMSH2 (Demokan et al 

2006).  

 

2.3 Epigenetics and carcinogenesis 

 

 Epigenetics, as the name itself implies, is something above the genetic information 

contained in the DNA molecule. Epigenetic modifications can basically control the 

expression of each gene encoded in the molecule of inheritance. These modifications are 

essential for development of each organism (embryogenesis, cellular differentiation) and 

lead the conversion of genetic information into observable phenotypic features.  

 

2.3.1 Epigenetic Mechanisms 

 

 Epigenetic mechanisms can be grouped into three basic categories: DNA 

methylation, post-translational histone modifications and small noncoding RNAs. 

Although they can be arbitrarily separated, these factors function together and the observed 

phenotype is a result of their interactions (Protela and Esteller 2010).  
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2.3.1.1 DNA methylation 

 

DNA methylation is the most studied epigenetic event in humans. It represents a 

covalent modification of the cytosine base at the 5‟ position and the methylated cytosine is 

part of a CpG dinucleotide. CpG dinucleotides usually cluster into CpG island (CGI) 

regions, which range from cca 200 bases to 2Kb in size and contain higher concentration of 

C and G bases than other regions (Bird 1986). These CpG islands occur in roughly 60% of 

all human gene promoters.  

The methylation process takes place during replication and is catalyzed by enzymes 

known as DNA methyltransferases (DNMTs). DNMTs catalyze the transfer of a methyl 

group from S-adenosyl methionine to DNA, and three members of this family possess 

methyltransferase activity: DNMT1, DNMT3a and DNMT3b. DNMT1 enzyme is known 

as a maintenance methyltransferase and methylates hemimethylated DNA during DNA 

replication, while the DNMT3a and DNMT3b are the de novo DNA methyltrasferases and 

play role during embryonic development. Nonetheless, the process of maintenance and de 

novo methylation cannot be well separated and each group of enzymes supports the 

function of the other (Jones and Liang 2009).     

 Healthy differentiated cell has highly methylated CpG loci across the genome 

(mostly repetitive elements like Alu and SINE) and most of its promoter CGIs are 

unmethylated and protected from methylation (Esteller 2007; Illingworth and Bird 2009). 

Hence, DNA methylation of CGIs in promoter regions is highly associated with gene 

silencing. Gene silencing has regulatory functions and represents the main process of 

genomic imprinting (hypermethylation of one gene allele and monoallelic expression) 

(Kacem and Feil 2009), as well as X-chromosome inactivation in females (Klose and Bird 

2006). The inhibition of gene expression through DNA methylation can be achieved by 

few mechanisms. Methyl groups on DNA can either directly and sterically inhibit binding 

of transcription factors to their target sites in promoter regions, or they can recruit methyl-

binding domain proteins (MBDs) (Klose and Bird 2006). Subsequently, MBDs recruit 

additional histone-modifying enzymes such as histone deacetylases (HDACs) and histone 

methyltransferases (HMTs), resulting in chromatin remodeling and gene silencing (Nan et 

al. 1998; Lopez-Serra and Esteller 2008) (Figure 3).  



19 

 

 

 

    Figure 3. Normal transcriptional regulation in higher Eukaryotes and interconnection between  

the different epigenetic mechanisms is shown. (Taby and Issa 2010) 

 

Recent findings suggest that cytosine DNA methylation can occur in regions of 

lower CpG density lying closely to CGIs, known as CpG island shores. Methylation of 

these regions is associated with gene silencing and is responsible for the majority of tissue-

specific DNA methylations driving cell differentiation (Doi et al. 2009; Rodriguez-Paredes 

and Esteller 2011). 

Every regulatory mechanism, if aberrant, can be a cause of disease. DNA 

methylation patterns of neoplastic tissues differ from normal tissue patterns by exhibiting 

global loss of DNA methylation (Goelz et al. 1985), and specific hypermethylation of 

CGIs in promoter regions of certain genes (Silverman et al. 1989). Global hypomethylation 

leads to activation of different endogenic and proto-oncogenic repetitive sequences like 

retrotransposons (Goelz et al. 1985), and hypomethylation of specific promoters can 

activate many oncogenes and abolish imprinting of the same. Frequent events of 

hypomethylation and subsequent loss of imprinting (LOI) are present in the insulin-like 
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growth factor 2 (IGF2) gene in a wide variety of tumors, including colorectal cancer (Ito et 

al. 2008). On the other hand, hypermethylation of promoter regions silences variety of 

tumor suppressor and DNA repair genes in cancer and its effect is comparable with that of 

somatic mutations (Johnson et al. 2009). Until present, many of these genes were identified, 

and amongst the most studied are: DNA mismatch repair gene human mutL homolog 1 

(hMLH1), DNA repair gene O
6
-methylguanine-DNA methyltransferase (MGMT), cell 

cycle regulator p16 or cyclin-dependent kinase inhibitor 2A (CDKN2A), the tumor 

suppressor gene adenomatous polyposis coli (APC), TP73 – a member of p53 family 

transcription factor etc (Esteller et al 2001; Taby and Issa 2010).  

Interconnection between the epigenetic and genetic mechanisms has been 

demonstrated in colon carcinoma cell line, where only a wild-type allele of selected 

silenced genes was hypermethylated, hence mutated allele was expressed (Myohanen et al 

1998). Recently the interest increases in elucidating the human epigenome and many 

scientists are in search of novel methylation biomarkers for profiling tumors and designing 

individual therapies. The potential of epigenetic profiles as biomarkers is supported by the 

fact that more epigenetic modifications than genetic mutations are present in human 

colorectal cancer patients (Schuebel et al 2007). A theory is emerging that epigenetic 

changes occur quite early and there is a question if they may represent the first step in 

carcinogenesis. Few studies have reported hypermethylation of certain tumor suppressor 

genes in normal colon mucosa with rising methylation percentage in adenomas and cancers. 

These methylation events positively correlated with age in normal colon mucosa (Ahuja et 

al 1998; Shen et al 2005). 

 

2.3.1.2 Histone modifications 

 

Epigenetic events can also take place on the histone proteins in a form of different 

post-translational covalent modifications. The core histones H2A, H2B, H3 and H4 

assemble into octamer and together with a 147 bp segment of DNA wrapped in 1.65 turns 

around them form the nucleosome. These nucleosomes can form higher order chromatin 

structures according to the type of chromatin and cell cycle phase. Chemical modifications 

occur in the protruding N-terminal tails of the histone molecules. The most common are: 
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acetylation, methylation, phosphorylation and ubiquitination (Kouzarides 2007). These 

histone modifications and their various combinations can lead to a more open or closed 

state of chromatin structure, changing consequently gene expression. For example, 

trimethylation of lysines (K) 4, 36 or 79 on H3 histone (H3K4me3, H3K36me3 and 

H3K79me3), monomethylation of H4K20 and H2BK5, and acetylation of H3K9 and 

H3K14 activate gene expression, while di- or trimethylation of H3K9 and trimethylation of 

H3K27 lead to gene repression (reviewed in Rodriguez-Paredes and Esteller 2011). 

Histone modification is tightly connected with DNA methylation and they work together 

through the final epigenetic phenotype. All of the above mentioned histone modifications 

can be disrupted in cancer. Good example is the loss of acetylation at Lysine16 and 

trimethylation at Lysine20 of histone H4, coupled with DNA hypomethylation, at 

repetitive sequences in many human cancers (Fraga et al 2005). 

 

2.3.1.3 Small noncoding RNAs 

 

 Small noncoding RNA molecules are being frequently studied as an epigenetic 

hallmark. A group of these RNAs, known as microRNAs (miRs), are approximately 22 

nucleotide-long molecules, which can silence target genes through RNA interference 

mechanism (Bartel and Chen 2004). miRs represent important regulators of cellular 

processes like proliferation, differentiation, apoptosis and development (reviewed in 

Berdasco and Esteller 2010). These molecules can be involved in cancer as well, either like 

tumor-suppressors or oncogenes (known as oncomirs), since they can target different genes 

and silence them. Nonetheless, expression of miRs can be also epigenetically controlled by 

DNA methylation and histone modification. Promoter hypermethylation of tumor 

suppressor microRNA molecule was reported in cancer cells, which lead to subsequent 

silencing of this miRs molecule, hence suppressed anti-oncogenic function of the same 

(Saito et al 2006). 

 

2.4 Human DNA repair pathways 

 

 Mammalian cells are great masters at maintaining genomic stability and integrity. 

Approximately 150 DNA repair genes have been identified to date (Wood et al 2005). 
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Genetic and/or epigenetic alterations in these genes are often a reason for accumulation of 

mutations in the genome, which can lead to the development of tumors and various 

metabolic disorders.  

Furthermore, these genes could be divided into genes associated with signaling and 

regulation of DNA repair and into genes associated with distinct repair pathways. In this 

chapter five main categories will be described in brief and particular attention will be 

dedicated to the mismatch repair pathway and its influence in CRC carcinogenesis, as the 

main object of this study (reviewed in Christmann et al 2003). 

 

2.4.1 Single step reversion repair by O
6
-methylguanine-DNA methyltransferase 

(MGMT) 

 

 The enzyme responsible for a removal of O
6
-alkylguanine, a promutagenic event, is 

the cellular DNA-repair protein MGMT. It repairs the alkylated guanine in a single-step 

reaction by transferring the alkyl group from the alkylated guanine onto an internal cystein 

residue in its active center (Christmann et al 2003). After this repair the MGMT enzyme is 

degraded by the proteasome, since it is irreversibly inactivated by the alkyl group.  

 

2.4.2 Base excision repair (BER) 

 

 BER pathway is responsible for removing DNA bases damaged by alkylation, 

deamination or oxidative species (Robertson et al 2009). The enzymes responsible for the 

recognition of DNA-damaged bases are known as DNA glycosylases. They are creating 

apurinic/apyrimidinic (AP) site by flipping the damaged or incorrect (e.g. uracil) base out 

of the DNA helix and cleaving it (hydrolization of the N-glycosidic bond). After the 

removal of the damaged base, the DNA strand is cleaved either by an AP endonuclease or 

an AP lyase. The gap is subsequently completed by DNA polymerase β and ligated by 

DNA ligase III (Robertson et al 2009). The strand displacement and DNA-repair synthesis 

can also be performed through long-patch BER pathway, where PCNA, polymerase ε, 

polymerase δ and ligase I enzymes are involved (Christmann et al 2003).  
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2.4.3 Nucleotide excision repair (NER) 

 

 NER represents a large pathway involving 30 different proteins and removes bulky 

DNA adducts of aflatoxine B1, polycyclic aromatic hydrocarbons (e.g. benzo[α]pyrene) 

and other genotoxic agents, UV-light-induced photolesions ([6-4]PPs and CPDs), and 

intra-strand cross-links (de Boer and Hoeijmakers 2000). NER can be divided into three 

distinct pathways: global genomic repair (GGR), transcription-coupled repair (TCR) and 

transcription domain-associated repair (DAR) (Nouspikel 2009). 

 GGR is a transcription-independent mechanism and is thought to remove DNA 

lesions, distorting the double-stranded DNA structure, from the non-transcribed regions of 

the genome and the non-transcribed strand of transcribed regions. XPC complex, 

consisting of XPC, HR23B and Centrin-2, is responsible for the damage recognition 

(Nouspikel 2009, Jensen et al 2011). 

 

2.4.4 DNA double-strand break repair  

 

Double-strand brakes (DSBs) can trigger off genotoxic effects such as 

chromosomal breaks and exchanges, which can lead to programmed cell death. DSB repair 

can be effected through two main pathways, homologous recombination (HR) and non-

homologous end-joining (NHEJ), which are error-free and error-prone respectivelly 

(Christmann et al 2003).    

HR pathway uses an undamaged DNA molecule sequentially homological to the 

damaged DNA molecule (e.g. sister chromatid) as a template for repair. The main 

enzymatical role belongs to the Rad protein family, which protects the damaged DNA 

against exonucleolytic digestion and catalyzes strand-exchange events with the 

complementary strand by invading the undamaged DNA duplex and displacing one strand. 

After the strand exchange performed by Rad proteins, the resulting structures are resolved 

according to the classical model of Holliday (reviewed in Christmann et al 2003). 

 NHEJ is the predominating mammalian DSB-repair pathway in comparison with 

HR (ratio 1000:1). DNA ends of the DSB are re-ligated without any homology between 

them, which makes it a highly error-prone choice. Initial step of the NHEJ system is the 

recognition of the damage by the heterodimeric protein complex Ku, which binds to the 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22de%20Boer%20J%22%5BAuthor%5D
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DNA ends. Other proteins are recruited for the process of ligation of the two DNA ends. If 

the DNA ends are not compatible for ligation (e.g. 5„ and 3„ overhangs) several other 

proteins including the Artemis exonuclease facilitate the end-joining reaction (reviewed in 

Jensen et al 2011).  

 

2.4.5 Mismatch repair pathway (MMR) 

 

 MMR pathway is a system responsible for removal of base mismatches, originally 

discovered in E.coli (Radman and Wagner 1986). These mismatches can be due to various 

reasons, such as spontaneous and induced base deamination, oxidation, methylation and 

replication errors (Christmann et al 2003). The bacterial MMR system employs three 

specialized protein molecules known as MutS, MutL and MutH. The mammalian MMR 

pathway involves three homologues of MutS: MSH2, MSH3 and MSH6; four homologues 

of MutL: MLH1, MLH3, PMS1 and PMS2; and few other enzymatically active proteins, 

like RFC (replication factor C), PCNA (proliferating cell nuclear antigen), exonuclease I 

and DNA polymerase δ (Zaanan et al 2011). The MutS homologue MSH2 forms 

heterodimers MutSα or MutSβ with either MSH6 or MSH3, respectively. These complexes 

are able to recognize base-base mismatches such as G/T (resulting from deamination of 5-

methylcytosine), G/G, A/C and C/C (recognized exclusively by MutSα) and insertion-

deletion loops (IDLs) (recognized predominantly by MutSβ) (Fang and Modrich 1993; 

Genschel et al 1998). The MutSα complex is more abundant in the cell than MutSβ. The 

MSH2 protein has the highest expression rate from all the MutS homologues, and protects 

MSH3 and MSH6 from degradation (Chang et al 2000). The MLH1 protein is the 

predominant MutL homologue, and can interact with PMS2, PMS1 and MLH3 forming 

complexes MutLα, MutLβ and MutLγ, respectively. MutLα is the major complex of the 

MMR pathway and can interact with either MutSα or MutSβ to repair both base 

mismatches and IDLs. The role of the MutLβ complex in humans still haven‟t been 

disclosed, while MutLγ seems to recognize MutSα substrates (G/T mismatch and small 

IDLs) rather than MutSβ substrates (larger IDLs) (Cannavo et al 2005). 

 The process of repair starts with the recognition of mismatches or chemically 

modified bases. This first step is performed by the MutSα heterodimer built up from 
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MSH2 and MSH6, eventually by the MutSβ heterodimer in case that 2-10 nucleotide IDLs 

are present. After recognition, MutSα binds to the damaged DNA strand and recruits the 

MutLα heterodimer formed by MLH1 and PMS2. Exchange of ADP for ATP drives the 

MutSα complex to slide along the DNA strand, while the PMS2 protein produces nicks on 

either side of the mismatch. ExonucleaseI removes up to 1000 bases from the damaged 

strand in a 5‟-3‟ direction, including the mismatch spot. Concerning the excision step, 

there are still some uncertainties, knowing the fact that it can be bidirectional. This means, 

that besides the 5‟-3‟ exonuclease I, additional enzyme with 3‟-5‟ exonuclease activity 

performes this step (Hsieh and Yamane 2008). After excision replication protein A (RPA) 

is recruited and responsible for the protection of the newly exposed ssDNA. The gap is 

filled by the DNA polymerase δ bound to its processivity factor PCNA, which is loaded 

onto the DNA by RFC protein. The newly re-synthesized DNA strand is ligated by DNA 

ligase I (reviewed in Jensen et al 2011). 

 

 

Figure 4. Eukaryotic DNA mismatch repair pathway (Zaanan et al 2011) 

 

 Apart from the post-replicative repair, MMR proteins have demonstrated several 

additional functions highly relevant in carcinogenesis. They have been implicated in 

various recombination processes, where they correct recombination intermediates 

containing mismatches, or they could exhibit anti-recombinogenic activity and prevent 

homologous recombination between diverged sequences (Jacob and Praz 2002). By 

blocking recombination between diverged repeats (e.g. Alu sequences) which can lead to 
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chromosomal translocations, amplifications, deletions or insertions, they can ensure 

chromosomal stability (de Wind et al 1995). MMR is also involved in double-strand break 

repair, DNA damage response, cell cycle regulation and p53-dependent and p53-

independent apoptotic response (summarized in Jacob and Praz 2002; Zaanan et al 2011). 

 

2.4.5.1 MMR pathway and CRC carcinogenesis 

 

 In the mid 60‟s, an autosomal dominant pattern of inheritance was demonstrated on 

two large families having multiple primary cancers, including adenocarcinomas of the 

colon (Lynch et al 1966). Later on, linkage analysis of large group of kindreds with CRC 

mapped two susceptibility loci to chromosomes 2p21-22 and 3p21 (Aaltonen et al 1993; 

Peltomaki et al 1993). The studied tumors exhibited microsatellite instability (unrepaired 

insertions or deletions in the mono-, di, or trinucleotide repetitive regions of DNA known 

as microsatellites). Based on the similarities between the MSI characteristic for these 

tumors and the mutator phenotype of MMR-deficient bacteria and yeast, MMR genes were 

selected as potential candidates. Two genes from this pathway were identified as the 

targeted genes in Lynch syndrome (HNPCC), MSH2 on chromosome 2p and MLH1 on 

chromosome 3p (Fishel et al 1993; Bronner et al 1994). Besides these two genes, germline 

mutations of two additional MMR genes, PMS1 and PMS2, were detected in patients with 

HNPCC (Nicolaides et al 1994).  

Lynch syndrome, an autosomal dominantly inherited predisposition to early onset 

of multiple tumors, comprises 0.8-5% of all CRCs (Koopman et al 2009). From MMR 

genes, mutations in MLH1, MSH2 and MSH6 represent more than 95% of all known Lynch 

syndrome-associated mutations, while PMS2 can as well host pathogenic germline 

mutations, though in a lower variety (Peltomäki 2005). Since these genes are also involved 

in signaling damage-induced apoptosis, their inactivation would not only increase number 

of mutations but as well give a selective growth advantage to the cells leading to tumor 

development. Hence, MMR genes are thought to be the predominant genes responsible for 

Lynch syndrome phenotype.  

Deficient mismatch repair (dMMR) is present in up to 20% of the sporadic CRC 

cases. However, in the sporadic form the dMMR phenotype is caused by hypermethylation 
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of the MLH1 promoter region rather than somatic mutations or loss of heterozygosity 

which otherwise inactivate the wild-type allele of MMR genes in HNPCC (Peltomäki 

2003). MLH1 promoter hypermethylation have shown to be often biallelic, and also 

present already in non-neoplastic colorectal mucosa and colorectal adenomas (precursors 

of colon cancer), denoting that hypermethylation of this MMR gene is an early event in 

cancer development (reviewed in Peltomäki 2003). Although little is known how this de 

novo methylation of promoter regions is initiated, recent study suggests that a certain 

polymorphism in the MLH1 gene region predisposes it to DNA methylation, which results 

in the loss of MLH1 gene expression, mismatch repair deficiency and consequently 

genome-wide MSI (Mrkonjic et al 2010). 

 

2.4.5.1.1 MSI status and CRC  

 

 As it has been indicated above, the genomic MSI originates from defective MMR 

system. This means that the MSI can be due to inactivating mutations in the MMR genes, 

or more commonly due to MLH1 promoter-hypermethylation and subsequent 

transcriptional silencing. The tumor phenotype of MSI CRC may differ according to the 

two different mechanisms of MMR inactivation (Iacopetta et al 2010). On the other hand, 

most sporadic MSI CRCs arise due to MLH1 promoter-hypermethylation, which follows 

the CpG island methylator phenotype (CIMP) pathway (Ahnen 2011). The CIN and CIMP 

phenotypes have diverse associations with gender and age: CRC exhibiting CIN phenotype 

are more common in younger men, while CIMP CRC are more common in older women 

and are usually associated with oncogenic BRAF V600E mutations (Iacopetta et al 2010). 

The histo-morphological features are distinct to either CIN or CIMP CRC phenotypes: 

although tumors arise in general in the proximal colon, the former are histologically poorly 

differentiated, mucinous, characterized by dense lymphocyte infiltration, whereas the latter 

are frequently large in size and are associated with a less aggressive clinical course 

(Wheeler et al 2000).  

 The MSI+ phenotype is important marker indicating deficient MMR (dMMR) 

phenotype in colorectal carcinogenesis. It may exert adverse consequences by altering (due 

to somatic mutations) many important genes involved in DNA damage signaling and repair, 
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apoptosis, cell growth and differentiation, as well as transcription factors (Zaanan et al 

2011). All of these target genes contain usually mononucleotide short repeat regions in 

their coding sequence of up to 10 bp in length. These repeats are very often misreplicated 

and in dMMR tumor cells may reset in somatic mutations. Usually, these mutations are 

deletions or insertions of one to two nucleotides in these regions, causing a frameshift 

mutations with subsequent the synthesis of truncated and inactive proteins (Iacopetta et al 

2010). Up to date, there are cca 600 predicted target genes which contain coding repeats 

(Woerner et al 2010), summarized in table 1. 

 

Table 1. Target genes in colorectal cancer with microsatellite  

instability (adapted from Iacopetta et al 2010) 

Function, gene Mononucleotide 

coding repeat 

Frequency of 

mutation (%) 

 

DNA repair 

 

 

 

 

RAD50  (A) 9 28 

MSH3  (A) 8 38 

MSH6  (C) 8 22 

BLM  (A) 9 9 

Apoptosis   

APAF1  (A) 10 13 

BAX  (G) 8 45 

BCL10  (A) 8 13 

Caspase-5  (A) 10 48 

Signal transduction   

TGFβRII  (A) 10 81 

ACTRII  (A) 8 58 

IGFIIR  (G) 8 17 

WISP-3  

 

(A) 9 31 

Cell cycle   

PTEN  (A) 6 18 

RIZ  

 

(A) 8, (A) 9 27 

Transcription factor   

TCF-4  (A) 9 39 
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2.4.5.2 MSI and CIMP profile, a potential early prognostic marker of CRC 

 

 The MSI profile is defined by testing microsatellite markers. In 1997 NCI reference 

panel has been created, known as the Bethesda panel (Boland et al 1998). This panel 

contained two mononucleotide repeats (BAT25 and BAT26) and three dinucleotide repeats 

(D2S123, D17S250, and D5S346). These markers were tested for insertions and deletions 

which can cause frameshift. According to their stability, tumors were characterized as 

high-frequency MSI (MSI-H), if two or more of five markers were instable, low-frequency 

MSI (MSI-L), if only one of the five markers were instable, and microsatellite stable 

(MSS). However, by using the Bethesda panel, investigators found difficulties 

distinguishing between MSI-L and MSS tumors, and new pentaplex panel for MSI 

screening was proposed, containing five mononucleotide repeats as markers, which 

showed much higher sensitivity and specificity in defining MSI status (Suraweera et al 

2002).  

 There are many contradictory results regarding MSI status and its applicability in 

clinics and for prognosis. However, one meta-analysis of available data affirmed that 

dMMR with MSI is associated with a favorable outcome in CRC and therefore should be 

used as an independent prognostic marker (Popat et al 2005). The dMMR CRCs are 

associated with less aggressive disease progression, since only 4% of metastatic tumors 

exhibit MSI (Hewish et al 2010). On the other hand, CRC cases with BRAF V600E 

mutation (sporadic cases with CIMP+ MSI profile) have been associated with an 

unfavorable outcome and worse prognosis than familial cases (reviewed in Hewish et al 

2010). This fostered the search of novel DNA methylation markers that can be used as 

powerful future tools in the clinic. MLH1 has emerged as a valuable candidate marker for 

DNA methylation in sporadic MSI CRC cases (Ogino et al 2007).  

 

2.4.5.3 Therapy 

 

 Regarding therapy for advanced CRC, 5-fluorouracil (FU) is the most common 

adjuvant drug being used. The mode of action of FU has been described in (Pritchard et al 

1997). MMR system has been associated with the cytotoxic effect of FU, though the 

mechanism is not obvious (Hsieh and Yamane 2008). This conclusion was derived from 
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the fact that dMMR cells exhibited increased survival after treatment with FU (Meyers et 

al 2004). This effect was noticed in MSI-H patients, where FU-based chemotherapy did 

not seem to improve survival, whereas MSS patients had a better response to 

chemotherapy, suggesting that MSI, hence dMMR, may be considered as indicators for 

chemoresistance to FU (Benatti et al 2005; des Guetz et al 2009). Targeted studies are 

therefore warranted with the ultimate goal of designing individualized therapies.  

In a search for such novel therapies, epigenetic mechanisms of gene silencing are at 

the target. The hypermethylation of MLH1 promoter region, common for sporadic CRCs, 

may be underlying chemoresistance to FU and other alkylating agents. The reason for this 

belief was the fact that dMMR colon cancer cells after treatment with demethylating agent 

5‟aza-2‟deoxyxytidine (5-aza-dC, known as decitabine) showed re-expression of MLH1 

and overcame in vitro the resistance to FU (reviewed in Hegi et al 2009). For now, 

decitabine has been used for treatment of acute myeloid leukemia and was in stage trials 

for solid tumors (reviewed in Shames et al 2007). It was also noticed that it induced 

demethylation of genomic DNA instead of hypermethylated promoter regions in colorectal 

cancer cells (Mossman et al 2010). Further analyses and trials would be needed before 

combined individualized therapies for CRC patients take place in practice.  

 

2.5 Sodium Bisulfite conversion 

 

 Sodium bisulfite (NaHSO3) in reaction with denatured DNA modifies specifically 

cytosine bases. Bisulfite attacks cytosine base and hydrolyzes the amino group at position 

4 forming uracil-bisulfite adduct. This adduct is subsequently desulfonated to uracil 

(Hayatsu et al 1970) (Figure 5). Methylcytosine resists this bisulfate-mediated 

deamination. This chemical modification of cytosine to uracil by bisulfite treatment has 

later provided a method for discrimination between cytosine and 5-methylcytosine, which 

simplified the study of DNA methylation (Frommer et al 1992). Nowadays, many methods 

are using the bisulfite conversion of DNA as a first step, in order to determine the 

methylation pattern. Among them, bisulfite sequencing, combined bisulfite restriction 

analysis (COBRA), methylation-specific PCR, high resolution melting analysis (HRM), 
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base-specific cleavage by MALDI-TOF etc. can be mentioned (reviewed in Shames et al 

2007).    

 

 

Figure 5. Sodium bisulfite treatment of genomic DNA: (A) The chemical reaction of bisulfite conversion of 

cytosine. (B) The outcome of bisulfite conversion according to the methylation status of the original 

sequence (Kristensen and Hansen 2009) 

 

2.6 Methylation-specific polymerase chain reaction (MSP) 

 

 MSP as a novel method for determining DNA methylation status at specific loci 

was developed in 1996 (Herman et al 1996). According to this traditional MSP 

methodology, two sets of primers are designed: the first set of primers is methylation 

specific (MSP primers), which means that the primers will anneal to the methylated DNA 

template only and amplify it, while the second set of primers is being used for the 

amplification of umnethylated DNA after bisulfite conversion in order to confirm the 

presence of suitable template after sodium bisulfite treatment. Higher specificity of MSP 

primers is achieved by including many CpG sites in the primer sequences, preferably at or 

close to the 3‟ end. After the amplification, gel electrophoresis is employed for detection of 

the PCR products. Hence, original MSP method is highly specific, user friendly and 

inexpensive technique that utilizes small amounts of bisulfite converted DNA and provides 

qualitative information about the methylation status of a given loci. It is widely used in 
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research, as well as for some routine diagnostic tests at a clinical level (reviewed in 

Carmona and Esteller 2010).  

 However, MSP has few limitations. It is highly qualitative but not quantitative 

method, and false-positives can occur. In order to avoid false-positive results and increase 

analytical sensitivity, optimization is needed, usually by lowering the number of PCR 

cycles, using appropriately designed primers and high annealing temperature (Kristensen 

and Hansen 2009).  
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3. Aims of the study 

 

1. To obtain methylation profile in promoter regions of MMR genes in patients with 

sporadic CRC. 

 

2. To extend the study to HNC patients and compare methylation profiles of MMR genes 

in the two cancer types.  

 

3.1. To assess the association between epigenetic modifications in MMR genes and 

histopathological characteristics of CRC, as well as the MSI status.  

3.2. To consider the possible role of these methylation profiles as early diagnostic, 

predictive and prognostic biomarkers for CRC. 
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4. Materials and methods 

 

4.1 Study population 

 

 The study population consisted of 2 groups of patients. The first and main group 

included 45 CRC patients (33 males and 12 females) from the Thomayer Hospital in 

Prague. The second group consisted of 12 HNC patients (2 males and 10 females), and 

tissue and blood samples from these patients were obtained from the Central Military 

Hospital in Prague.  

Details about age, gender, cancer staging, smoking habit and life style of CRC 

patients can be seen in table 1 in the Results section. 

Concerning HNC patients, only age and gender information are available: mean age 

was 63.1±9.1, and the age range was from 51 to 81 years. 

 

4.2 Ethics Committee approval 

 

This study was approved by the Ethics committee of Thomayer University Hospital 

in Prague, and the Ethics committee of the Institute of Experimental Medicine ASCR v.v.i., 

Prague, Czech Republic. .  

 

4.3 Methylation status of MMR genes 

 

4.3.1 Isolation of DNA and RNA from tissue samples of patients 

 

Tissue samples of CRC and HNC patients were collected into cryotubes during the 

operation and frozen at -80°C. In CRC patients, a tumor tissue sample, a healthy tissue 

sample (surrounding tissue) and a blood sample were collected. In HNC patients, only 

tumor tissue samples and blood samples were available. The latter were used as a healthy 

control. 

 Genomic DNA was isolated from frozen tissue samples using the 

AllPrepDNA/RNA kit (Qiagen, Valencia, CA) and following the producer´s protocol. 

Briefly, the frozen tissue samples were transferred into MagNA Lyser Green Beads tubes 
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(Roche, Switzerland). Six hundred μl of RLT Plus Buffer were added and homogenized at 

7000 rpm for 30 seconds by the MagNA Lyser Instrument. Then incubation period at 4°C 

for 60 sec followed. The homogenization step in the MagNa Lyser Instument was repeated 

and the obtained supernatant was transferred into 1.5 ml RNAse free tube. Additional 

homogenization was performed using 5 ml syringe and 20G needle. The tubes were spun 

down in centrifuge for 3 minutes at maximum speed (14000 rpm) in order to remove cell 

debris. The supernatant was transferred into AllPrep DNA spin column placed in a 2 ml 

collection tube. Then the columns were centrifuged at 10000 rpm for 30 sec. The AllPrep 

DNA spin columns were placed into new collection tubes and stored at 4°C for later DNA 

purification. Flow-through was used for RNA purification. 

One volume (600 μl) of 70% ethanol was added to each flow-through. Up to 700 μl 

of the sample were transferred to an RNeasy spin column placed in 2 ml collection tube. 

Centrifugation of columns followed at 10000 rpm for 15 sec. After the flow-through 

removal, 700 μl of washing Buffer RW1 were added to each RNeasy spin column. 

Centrifugation step (10000 rpm for 15 sec) with discarding of flow-through was repeated. 

Then 500 μl of elution Buffer RPE were added to each RNeasy spin column. 

Centrifugation, elimination of flow-through, and again addition of Buffer RPE (500 μl per 

sample) followed. Samples were centrifuged at 10000 rpm for 2 min. Flow-through was 

discarded and RNeasy spin columns were placed into new 2 ml collection tubes. Samples 

were spun down at max speed (14000 rpm) for 1 min. Afterwards each column was placed 

into a new 1.5 ml collection tube (Eppendorf). Rnase-free water (30 μl) was added directly 

to the spin column membrane. Tubes with columns were centrifuged at 10000 rpm for 60 

sec to elute the RNA. Another 30 μl aliquot of RNase-free water was pipetted onto each 

column membrane and centrifugation step was repeated with same parameters. Eluted 

RNA was stored at -80°C  

 The AllPrep DNA spin columns, previously stored at 4°C, were processed for 

further extraction of DNA. Washing buffer AW1 (500 μl) was added to each AllPrep DNA 

spin column. Columns were then centrifuged at 10000 rpm for 15 sec. Flow-through was 

discarded. Washing buffer AW2 (500 μl) was added to each column. Centrifugation 

followed at max speed for 2 min. Flow-through was discarded and columns placed into 

new 1.5 ml collection tubes. Elution buffer EB (50 μl) was added directly to the spin 
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column membrane and columns were incubated at room temperature for 1 min. Then they 

were spun down for 1 min at 10000 rpm in order to elute the DNA. Another 50 μl of 

Buffer EB were added and the whole following procedure repeated in order to achieve a 

higher DNA concentration in 100 μl volume.  

 

4.3.2 Isolation of DNA from blood samples 

 

 Blood samples were collected from patients by venepuncture into vacuum EDTA 

Vacutainer tubes and frozen at -20°C for later DNA extraction.  

 DNA from blood was isolated by a standard phenol/chloroform extraction 

procedure. Whole amount of blood (cca 5-6 ml) was transferred into centrifugation tube 

and was filled up to 12 ml with Tris-HCl 20mM MgCl2 1mM solution (solution 1, 

Appendix section). Tubes were centrifuged at 3500 rpm for 15 min at room temperature 

(RT). Supernatant was discarded and 1-2 cm of pellet was kept. Same amount of solution 1 

was added and same centrifugation repeated. In case of unclear precipitate after these two 

washings, the step was repeated for a third time. After achieving a clear and white pellet, 1 

ml of lysis solution (solution 2, Appendix section) was added to each sample and pellet 

was disrupted by pipetting up and down. Samples were transferred to 1.5 ml eppendorf 

tubes and vortexed for 5 min. Subsequently they were centrifuged at 13600 rpm for 5 min 

at RT. Supernatant was discarded and tubes were left open to dry for few minutes. Dried 

pellet was resuspended in 400 μl of sterilized distilled water Milli-Q (MQ) and vortexed 

for 2 min. Centrifugation step at 13600 rpm for 5 min was repeated. Then supernatant was 

discarded and pellet was resuspended in 80 μl of Proteinase K buffer (solution 3, Appendix 

section). These solutions were added to each sample: 10 μl of 10% SDS, 100 μl of 5M 

NaCl, and 240 μl of MQ water. Phenol:chloroform:isoamyl alcohol (250 μl, component 

ratio 25:24:1; solution 4, Appendix section) was added to each sample. Samples were 

vortexed for 5 min until the solutions became foamy. Centrifugation followed at 13600 

rpm for 5 min at RT. Each supernatant was transferred into a new eppendorf tube avoiding 

transferring the interphase with proteins. Cold 96% ethanol (400 μl) was added and each 

tube was shaken gently to eventually see DNA strands. Tubes were then centrifuged at 

13600 rpm for 5 min at 4°C. Supernatant was discarded slowly and carefully not to disturb 
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the pellet. Pellets were washed by adding 1 ml of 70% ethanol and briefly vortexed. 

Centrifugation step at 4°C was repeated. Supernatants were discarded and tubes were left 

open overnight in order to dry the pellet.  

 The next day, 200 μl of MQ water were added and tubes were vortexed for cca 2 

min. Samples were left overnight at 4°C. The following day the DNA concentration of the 

processed samples was measured on NanoDrop and DNA samples were stored at -20°C.  

 

4.3.3 Sodium bisulfite conversion of unmethylated cytosines in DNA 

 

 The purified DNA was later converted using the EpiTect Bisulfite Kit (Qiagen, 

Valencia, CA), according to the standard protocol recommended in the kit handbook. 

Briefly, the steps of conversion were as follows:  

DNA samples were thawed. Aliquots of Bisulfite Mix were dissolved by adding 

800 μl RNase-free water and vortexed. Bisulfite reactions were prepared in 200 μl PCR 

tubes (Table 1). 

 

  Table 1. Bisulfite reaction components 

Component Volume per reaction (μl) 

DNA solution (1000 ng in final 

volume) 

Variable (according to DNA 

concentration), max 20 μl 

RNase-free water Variable (0 to 20 μl) 

Bisulfite Mix dissolved 85 

DNA protect buffer 35 

Total volume 140 

 

 

PCR tubes containing the bisulfite reactions were vortexed thoroughly. Bisulfite DNA 

conversion ran in a thermal cycler with program shown in table 2. 

 



38 

 

      Table 2. Cycler program for bisulfite conversion reaction 

Step Time Temperature 

Denaturation 5 min 95°C 

Incubation 25 min 60°C 

Denaturation 5 min 95°C 

Incubation 85 min 60°C 

Denaturation 5 min 95°C 

Incubation 175 min 60°C 

Hold Indefinite 20°C 

  

The cleanup of bisulfite converted DNA followed after completion of bisulfite 

DNA conversion. PCR tubes were briefly centrifuged and each bisuflite reaction was 

transferred into a clean 1.5 ml eppendorf tube. Freshly prepared buffer BL containing RNA 

carrier solution (560 μl) was added to each sample. Samples were vortexed and spun down 

shortly. Each solution was transferred into a labeled EpiTect spin column. Columns were 

spun at 14000 rpm for 1 min. Flow-through was discarded. Buffer BW was added to each 

spin column (500 μl) and all columns were centrifuged for 1 min at max speed. Flow-

through was discarded. Buffer BD (500 μl) was added to each column and samples were 

incubated at room temperature for 15 min. Centrifugation step (14000 rpm for 1 min) 

followed and flow-through was discarded. Columns were washed with 500 μl of buffer 

BW, centrifuged at 14000 rpm for 1 min and cleansed from flow-through. The washing 

step was repeated once again. Spin columns were placed into new 2 ml collection tubes 

and spun down at 14000 rpm for 1 min in order to remove any residual liquid. After this, 

columns were placed into clean 1.5 ml eppendorf tubes. Elution step followed by adding 

20 μl of EB buffer directly to the centre of each column membrane, and centrifugation for 

1 min at 12000 rpm. Elution step was repeated once again in order to increase DNA yield 

in the eluate. Converted samples were stored at -20°C.   
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4.3.4 Methylation specific polymerase chain reaction (MS-PCR) 

 

 To obtain the methylation profile of the CpG island promoter regions of the eight 

selected genes (MLH1, MSH2, MSH3, MLH3, PMS1, PMS2, MSH6 and EXO1) a 

methylation specific PCR (MS-PCR) was performed. For this method a commercial 

EpiTect MSP kit (Qiagen, Valencia, CA) was used.  

 MS-PCR is a highly sensitive process and requires a high specificity in order to 

discriminate cytosine from thymine (uracil). It uses a bisulfiticaly converted DNA as a 

template and two pairs of primers are designed in order to amplify and discriminate 

methylated from unmethylated DNA. The EpiTect MSP Kit from Qiagen contains a 

HotStarTaq d-Tect DNA Polymerase, which is a modified form of the recombinant 94 kDa 

Taq DNA Polymerase from Qiagen. The advantage of using this polymerase is that its 

modification prevents elongation of mismatched bases at the 3‟ end of the primer. By this 

the occurrence of false positives is extensively lowered.  

 Primers for each of the eight selected MMR genes were designed using the 

following steps:  

1. Gene sequence was found in Ensembl database (http://www.ensembl.org/).  

2. CpG island regions in the 5‟ end of each sequence were determined using online 

tools “CpG Island Searcher” (http://cpgislands.usc.edu/) and “EMBOSS CpG Plot” 

(EBI, http://www.ebi.ac.uk/Tools/emboss/cpgplot/). 

3. Sequence containing CpG islands was used in “MethPrimer” online tool for design 

of MSP primers (http://www.urogene.org/methprimer/index1.html) 

4. Constructed primers were analyzed for hairpin and dimer formation using the 

online  tool “OligoAnalyzer 3.1” 

5. Primers were ordered from Sigma-Aldrich corporation (Missouri, USA) 
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Table 3. Primer sequences for primers amplifying M (methylated) and U 

(unmethylated) template DNA for each gene 

Gene Primer sequence 

 

MLH1 

Forward M primer: TTT TTT TAG GAG TGA AGG AGG TTA C 

Reverse M primer: ACT AAA CAC GAA TAC TAC GAA CGA T 

Forward U primer: TTT TTT TAG GAG TGA AGG AGG TTA T 

Reverse U primer: ACT AAA CAC AAA TAC TAC AAA CAA T  

 

MSH2 

Forward M primer: AGT AGT TTT TTT AGT GCG GAG GTA C 

Reverse M primer: ACA AAT TCA AAT CCG AAA CGA 

Forward U primer: GTA GTT TTT TTA GTG TGG AGG TAT GG 

Reverse U primer: TAA TCA CAA ATT CAA ATC CAA AAC A 

 

MSH3 

Forward M primer: ATT CGA AAT ATT ATT TTT TGG GTT C 

Reverse M primer: GAC TAA ATT CCC CTT TTC TAC TAC G 

Forward U primer: TTG AAA TAT TAT TTT TTG GGT TTG A 

Reverse U primer: CAA CTA AAT TCC CCT TTT CTA CTA CAC 

 

MLH3 

Forward M primer: TTT CGT GTT TTG GAT TTA GGT TC 

Reverse M primer: CGA CAA CAA CTA ACG AAT AAA CGT 

Forward U primer: TTT TGT GTT TTG GAT TTA GGT TTG 

Reverse U primer: CCA ACA ACA ACT AAC AAA TAA ACA TT 

 

PMS1 

Forward M primer: TAG TAG GTT TGT CGC GTT GTT TAC 

Reverse M primer: ACT AAA TTT TCT CTA ACC CAA AAC G 

Forward U primer: AGT AGG TTT GTT GTG TTG TTT ATG A 

Reverse U primer: TAA ATT TTC TCT AAC CCA AAA CAC T 

 

PMS2 

Forward M primer: TAG AAT TAA AGT AAA AGG GGG TAG C 

Reverse M primer: CTA TCA AAA ATC GAC TTC GTA ACG T 

Forward U primer: GGT AGA ATT AAA GTA AAA GGG GGT AGT 

Reverse U primer: TAT CAA AAA TCA ACT TCA TAA CAT C 

 

MSH6 

Forward M primer: TTT TAG GAG TTT CGT TCG ATA GAA C 

Reverse M primer: AAA CCT TAT TAA CAT CAC TCA ACG C 

Forward U primer: TTT TAG GAG TTT TGT TTG ATA GAA TG 

Reverse U primer: AAC CTT ATT AAC ATC ACT CAA CAC C 

 

EXO1 

Forward M primer: GCG GGT GTA AAT ATT TTT AAT TTT C 

Reverse M primer: ATA AAC AAC GAC TCA CTA CCA TAC G 

Forward U primer: TGG GTG TAA ATA TTT TTA ATT TTT GA 

Reverse U primer: AAA CAA CAA CTC ACT ACC ATA CAA C 

 

 Each MSP experiment included a control reaction to ensure that the designed PCR 

primers are specific for the detection of the specific methylated or unmethylated DNA 

sequence. For each pair of primers three control reactions were simultaneously performed: 
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MSP reaction with methylated bisulfite converted DNA template (positive control); MSP 

reaction with unmethylated bisulfite converted DNA template (negative control); and MSP 

reaction with no DNA template for eventual contamination detection. For the first two 

controls commercial DNA templates were used, EpiTect Control DNA for evaluation of 

PCR primers used for methylation analysis (Qiagen, Valencia, CA).  

 The reactions were prepared in 200 μl PCR tubes (table 4). For single analyzed 

gene each DNA sample was used for two reactions in parallel: one PCR mix containing set 

of primers amplifying methylated converted DNA and one PCR mix containing set of 

primers amplifying unmethylated converted DNA.  

 

        Table 4. PCR reaction mix 

Component Volume per reaction (μl) 

RNase free water 14 

2xMasterMix* 25 

Primer F (10 μM) 5 

Primer R (10 μM) 5 

Bisulf. converted DNA (20ng/ μl) 1 

Total volume 50 

 * MasterMix from the EpiTect MSP kit is 2x concentrated and contains:  

HotStarTaq d-Tect Polymerase, Tris-Cl, KCl, (NH4)2SO4, MgCl2, and dNTPs. 

 

Prepared PCR reactions were amplified in thermal cycler. Two cycler programs were used 

after optimization (table 5). One program was used for amplifying DNA with U primers, 

and second program for amplifying DNA with M primers (due to different Tm 

temperatures of the primers), regardless the amplified gene sequence. 
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     Table 5. Thermal cycler amplification programs 

Step U primers amp. program M primers amp. program 

Initial activation step 95°C for 10 min 95°C for 10 min 

Cycling step 1: 

denaturation 

94°C for 15 s 94°C for 15 s 

Cycling step 2: 

annealing 

57°C for 30 s 60°C for 30 s 

Cycling step 3: 

extension 

72°C for 30 s 72°C for 30 s 

Number of cycles 40 35 

Final extension 72°C for 10 min 72°C for 10 min 

Hold 10°C for ever 10°C for ever 

  

 

4.3.5 Agarose gel electrophoresis 

 

 The amplified samples were run on 3% agarose gel to identify the methylation 

status of the analyzed genes for each patient in healthy and tumor tissue (eventually blood). 

 Each gel was prepared by heating 1.5 g of agarose powder in 50 ml of 1x TBE 

buffer and 5 ml of distilled H2O in microwave. After cooling at 60°C, 5 μl of GelRed (Lab 

Mark, Czech Republic) nucleic acid gel stain (non-toxic replacement for ethidium bromide) 

were added to the gel (1mg/ml) and solution was poured into the gel mould with 16 teeth 

combs. Gel was left at room temperature until became solid. Ten μl of each PCR product 

were mixed with 1 μl of loading buffer dye and the mixture was loaded onto the solid 

agarose gel. The loading buffer was prepared according to the instruction in Appendix 

section (solution 5). Molecular weight standard, pBR322 DNA/BsuRI (HaeIII) Marker 5 

(Fermentas, Canada) was run simultaneously with the samples in order to distinguish their 

molecular weight. Electrophoresis was run at 120 V for cca. 30 min.  

 After electrophoresis each gel was digitally photographed using UV 

transilluminator UltraCam (UltraLum, Claremont, CA).  
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4.4 Statistical Analysis  

 

 Statistical analyses were performed using software package “Statistica for 

Windows 7.0”. Non-parametric analysis (Mann-Whitney U Test) was used for comparison 

of numerical data between two independent groups. For comparison of more than two 

groups, one way ANOVA test was used (Kruskall Walis test). For nominal data, X
2
 test 

was used and to test the statistical significance, Fisher exact test was performed. A p-value 

of less than 0.05 or 0.01 was taken as statistically significant.   
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5. Results 

 

5.1 Demographic and clinical data of studied patients 

 

 

 

*N indicates the number of individuals for whom particular data were available. BMI = 

body mass index; FHC = family history of cancer; FH CRC = family history of CRC; 

Living habits: 1=city, 2=city and country, 3=country; Education: 1=basic, 2=high school, 

3=university; Diagnosis: c18=colon cancer, c19=rectosigmoideal cancer, c20=rectal 

cancer. 

 

Table 1. Demographic and clinical data in patients with colorectal carcinoma 

Patients Females       n=12 Males   n=33 Statistical 

analysis(test; p-value) 

Age  60.33±9.46 69.13±10.05 Mann-Whitney U test 

p=0.02 

Diagnosis 

c18/c19/c20 

4/0/7 

N=11 

13/4/14 

N=31 

Chi square test 

p=0.42 

Diabetes (yes/no) 0/6 

N=6 

5/14 

N=19 

Chi square test 

p=0.16 

Methylation 

(yes/no) 

9/3 18/15 Chi square test 

p=0.22 

TNM (I;II;III;IV) 4/3/1/1 

N=9 

7/9/5/3 

N=24 

Kruskall-Walis test 

p=0.56 

MSI 

Stable/unstable 

6/2 

N=8 

20/3 

N=23 

Chi square test 

p=0.43 

BMI (kg/m
2
) 27.2±5.4 26.3±2.9 Mann-Whitney U test 

p=0.98 

FHC  3 

N=9 

12 

N=25 

Chi square test 

p=0.45 

FH CRC  1 

N=9 

5 

N=25 

Chi square test 

p=0.55 

Smokers  4 

N=9 

9 

N=25 

Chi square test 

p=0.65 

Living habits 

1/2/3 

4/1/1 

N=6 

10/3/5 

N=18 

Kruskall-Walis test 

p=0.63 

Education 

1/2/3 

0/6/0 

N=6 

4/13/2 

N=19 

Kruskall-Walis test 

p=0.40 
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Histogram: Age

K-S d=,09851, p> .20; Lilliefors p> .20
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Graph 1. Distribution of age in the group of CRC patients 

 

The age distribution of CRC patients follows Gaussian curve, though shifted to the right 

(higher age limit). The age range is from 43 to 87 years, and in the range from 50 to 80 

years 85% of patients can be located. 

 

5.2 Methylation profile of MMR genes 

 

 The eight relevant MMR genes were analyzed by performing MS-PCR using the 

designed MSP primers described above, followed by agarose gel electrophoresis. 

Methylation of the promoter region of the selected genes was detected only in two of them: 

MLH1 and MLH3. Methylation status of the promoter region of MSH3 gene was not 

determined due to the fact that the primers failed to amplify the selected region (failure in 

both the positive and the negative controls). In order to overcome this obstacle, two 

additional sets of primers were designed, but unfortunately did not solve the amplification 



46 

 

problem. Hence, this gene was omitted from the analyses. The other 5 MMR genes (MSH2, 

PMS1, PMS2, MSH6 and EXO1) weren‟t found to possess any promoter methylation.  

 

5.2.1 HNC patients group 

 

Regarding methylation in general, there was no statistical difference in age between 

patients with and without methylation (p=0.40). Only two patients out of twelve (16.6%) 

exhibited methylation of MLH1 gene in tumor tissue, and the same patients also exhibited 

methylation of MLH1 in blood samples. Another two patients (16.6%) had methylation of 

MLH3 gene promoter region in tumor tissue, but did not exhibit methylation of MLH3 in 

blood. 

 

5.2.2 CRC patients group: association of methylation status in MMR genes with other 

available parameters 

 

 Fifteen out of 45 analyzed patients (33.3%) had methylation in the promoter region 

of MLH1 gene in tumor tissue. Concerning MLH3 gene promoter region, only 6 patients 

(13.3%) exhibited methylation in tumor tissue. Three of the patients harbored 

simultaneously methylation of MLH1 and MLH3 promoters in tumor tissue. 

 

No statistically significant association was found between the patients‟ age and the 

methylation profile of the analyzed MMR genes (table 2). No statistically significant 

association was recorded between the patients‟ BMI and the methylation profile of the 

analyzed MMR genes (table 3). 
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Table 2. Association of age with methylation status of MMR genes (analyzed by 

Mann-Whitney U test) 

Gene /tissue type 
Mean±SD 

Methylated 

Mean±SD 

Unmethylated 

 

p-value 

hMLH1 and/or hMLH3  

/ TT and HT 

N=27 

66.8±11.4 

N=18 

66.7±9.3 
0.97 

hMLH1 / TT 
N=15 

67.9±11.2 

N=30 

66.2±10.4 
0.64 

hMLH1 / HT 
N=14 

69.7±8.8 

N=31 

65.4±11.1 
0.23 

hMLH3 / TT 
N=6 

64.0±13.3 

N=39 

67.2±10.2 
0.76 

hMLH3 / HT 
N=3 

55.7±13.6 

N=42 

67.5±10.03 
0.11 

hMLH1 and/or hMLH3 

/ TT 

N=18 

65.83±12.1 

N=27 

67.4±9.6 
0.73 

hMLH1 and/or hMLH3 

/ HT 

N=17 

67.2±10.8 

N=28 

66.5±10.6 
0.74 

*TT = tumor tissue; HT = healthy tissue. 

 

 

Table. 3 Association of methylation status of MMR genes with BMI 

Gene /tissue type Mean±SD 

Methylated 

Mean±SD 

Unmethylated 

 

p-value 

hMLH1 and/or 

hMLH3  / TT and HT 

N=18 

25,97±2.9 

N=12 

27.4±4.3 

0.28 

hMLH1 / TT N=11 

26.2±3.4 

N=19 

26.7±3.7 

0.72 

hMLH1 / HT N=8 

26.1±3.1 

N=22 

26.74±3.7 

0.67 

hMLH3 / TT N=5 

25.3±3.3 

N=25 

26.8±3.6 

0.39 

hMLH3 / HT N=2 

24.5±2.06 

N=28 

26.7±3.6 

0.41 

hMLH1 and/or 

hMLH3 / TT 

N=13 

25.9±3.2 

N=17 

26.9±3,8 

0.45 

hMLH1 and/or 

hMLH3 / HT 

N=10 

25.8±2.9 

N=20 

26.9±3.8 

0.40 

*TT = tumor tissue; HT = healthy tissue; BMI = body mass index. 
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Table 4. Distribution of MLH1 gene promoter methylation in healthy 

surrounding tissue across different TNM stages of CRC patients 

TNM 
MLH1 

methylated 

MLH1 

non-methylated 
Row - Totals 

I 2 (25.00%) 9 (36.00%) 11 

II 5 (62.5%) 7 (28.0%) 12 

III 1 (12.50%) 5 (20.00%) 6 

IV 0 (0.00%) 4 (16.00%) 4 

All Grps 8 (100.00%) 25 (100.00%) 33 

Kruskal-Wallis X
2
=1.59; df=1; p=0.21 

 

 

Table 5. Distribution of MLH3 gene promoter methylation in healthy 

surrounding tissue across different TNM stages of CRC patients 

TNM 
MLH3  

methylated 

MLH3  

non-methylated 
Row - Totals 

I 0 (0.00%) 11 (35.48%) 11 

II 1 (50.00%) 11 (35.48%) 12 

III 0 (0.00%) 6 (19.35%) 6 

IV 1 (50.00%) 3 (9.68%) 4 

All Grps 2 (100.00%) 31 (100.00%) 33 

Kruskal-Wallis X
2
=0.39; df=1; p=0.53 
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Table 6. Distribution of MLH1 gene promoter methylation in tumor 

tissue across different TNM stages of CRC patients 

TNM 
MLH1  

methylated 

MLH1  

non-methylated 
Row - Totals 

I 4 (44.44%) 7 (29.17%) 11 

II 4 (44.44%) 8 (33.33%) 12 

III 1 (11.11%) 5 (20.83%) 6 

IV 0 (0.00%) 4 (16.67%) 4 

All Grps 9 (100.00%) 24 (100.00%) 33 

Kruskal-Wallis X
2
=2.16; df=1; p=0.14 

 

 

Table 7. Distribution of MLH3 gene promoter methylation in tumor 

tissue across different TNM stages of CRC patients 

TNM 
MLH3  

methylated 

MLH3  

non-methylated 
Row - Totals 

I 0 (0.00%) 11 (37.94%) 11 

II 2 (50.00%) 10 (34.48%) 12 

III 1 (25.00%) 5 (17.24%) 6 

IV 1 (25.00%) 3 (10.34%) 4 

All Grps 4 (100.00%) 29 (100.00%) 33 

Kruskal-Wallis X
2
=0.84; df=1; p=0.36 
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Table 8. Distribution of any MMR gene promoter methylation  

(MLH1 and/or MLH3) in healthy and/or tumor tissue 

across different TNM stages of CRC patients 

TNM 
MLH1/MLH3 

methylated 

MLH1/MLH3 

non-methylated 
Row - Totals 

I 5 (31.25%) 6 (35.29%) 11 

II 8 (50.00%) 4 (23.53%) 12 

III 2 (12.50%) 4 (23.53%) 6 

IV 1 (6.25%) 3 (17.65%) 4 

All Grps 16 (100.00%) 17 (100.00%) 33 

Kruskal-Wallis X
2
=1.96; df=1; p=0.16 

 

Although it appears that there is a substantial difference in methylation in general 

in TNM stages I and II (31 and 50%) versus III and IV (12 and 6%), this difference, 

however, is not statistically significant (table 8). Concerning the methylation status of each 

gene separately in healthy or tumor tissue, no statistically significant association with 

specific TNM stage has been recorded (table 4-7). 

 

Table 9. Distribution of any MMR gene promoter methylation (MLH1 

and/or MLH3 ) in healthy and/or tumor tissue according to the place of 

residence of CRC patients (living in a city. city and country or country) 

Place of residence 
MLH1/MLH3 

methylated 

MLH1/MLH3 

non-methylated 
Row - Totals 

City 7 (53.85%) 7 (63.64%) 14 

City and Country 2 (15.38%) 2 (18.18%) 4 

Country 4 (30.77%) 2 (18.18%) 6 

All Grps 13 (100.00%) 11 (100.00%) 24 

Kruskal-Wallis test; chi square=0.24; df=1; p=0.63 
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Table 10. Distribution of any MMR gene promoter methylation (MLH1 

and/or MLH3 ) in healthy and/or tumor tissue according to the different 

education levels of CRC patients  

Education 
MLH1/MLH3 

methylated 

MLH1/MLH3 

non-methylated 
Row - Totals 

Basic 2 (15.38%) 2 (16.67%) 4 

High school 9 (69.23%) 10 (83.33%) 19 

University 2 (15.38%) 0 (0.00%) 2 

All Grps 13 (100.00%) 12 (100.00%) 25 

Kruskal-Wallis test; chi square=2.00; df=1; p=0.16 

 

 

 No statistically significant association was found between the methylation status of 

MMR genes and place of residence or education level of patients (table 9 and table 10).  

 

 

 

Table 11. Comparison of MSI status and methylation profile of any MMR 

gene promoter region (MLH1 and/or MLH3 ) in healthy and/or tumor 

tissue in CRC patients 

MLH1/MLH3 

Meth. status 
MSI - stable MSI - unstable Row - Totals 

methylated 10 (38.46%) 4 (80.00%) 14 

non-methylated 16 (61.54%) 1 (20.00%) 17 

All Grps 26 (100.00%) 5 (100.00%) 31 

Pearson chi square=2.92; df=1;  p=0.09; Fisher exact test=0.11 
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Table 12. Comparison of MSI with methylation status of MLH1 gene 

promoter region in healthy tissue from patients with CRC 

MLH1 Meth. 

status 
MSI - stable MSI - unstable Row - Totals 

Methylated 3 (11.54%) 3 (60.00%) 6 

Non-methylated 23 (88.46%) 2 (40.00%) 25 

All Grps 26 (100.00%) 5 (100.00%) 31 

Pearson chi square=6.31; df=1; p=0.01; Fisher exact test=0.04 

 

Table 13. Comparison of age between groups regarding MSI status 

(stable or unstable) 

 MSI stable  (n=26) MSI unstable (n=5) p-value 

Age (mean±SD) 64.6±10.1 71.4±8.9 0.18 

 

 

When comparing the MSI status with the patients‟ methylation profile of MMR 

genes (MLH1 and MLH3 in particular) in healthy and tumor tissue, no statistically 

significant differences were found. The p-value was getting close to the arbitrary 

statistically significant value (p≤0.05), yet the group of investigated patients was relatively 

small. 

Apparently, 80% of the MSI unstable patients had methylated promoter regions of MLH1 

and/or MLH3 genes (see table 11). The comparison of MSI status with methylation profile 

of MLH3 gene in healthy tissues did not show statistically significant difference (p=0.393). 

Similarly, MSI status was not associated with any of MLH1 and MLH3 methylation in 

tumor tissue (p=0.968 and 0.605, respectively). The MSI status (unstable) was however 

significantly associated with the methylation profile of MLH1 (methylated) in healthy 

tissues in CRC patients (table 12). 
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Table 14. Comparison of the MHL1 gene promoter methylation in healthy 

surrounding tissue between groups of patients with or without family 

history of CRC 

family history of 

CRC 

MLH1 

methylated 

MLH1 

non-methylated 
Row - Totals 

no 11 (100.00%) 17 (73.91%) 28 

yes 0 (0.00%) 6 (26.09%) 6 

All Grps 11 (100.00%) 23 (100.00%) 34 

Pearson chi square=3.48; p=0.06; Fisher exact test=0.08 

 

 

Table 15. Comparison of the MHL3 gene promoter methylation in healthy 

surrounding tissue between groups of patients with or without family 

history of CRC 

family history of 

CRC 

MLH3 

methylated 

MLH3 

non-methylated 
Row - Totals 

no 1 (50.00%) 27 (84.38%) 28 

yes 1 (50.00%) 5 (15.63%) 6 

All Grps 2 (100.00%) 32 (100.00%) 34 

Pearson chi square=1.53; p=0.21; Fisher exact test=0.32 

 

 

Table 16. Comparison of the MHL1 gene promoter methylation in tumor 

tissue between groups of patients with or without family history of CRC 

family history of 

CRC 

MLH1 

methylated 

MLH1 

non-methylated 
Row - Totals 

no 9 (69.23%) 19 (90.48%) 28 

yes 4 (30.77%) 2 (9.52%) 6 

All Grps 13 (100.00%) 21 (100.00%) 34 

Pearson chi square=2.49; p=0.11; Fisher exact test=0.13 
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Table 17. Comparison of the MLH3 gene promoter methylation in tumor 

tissue between groups of patients with or without family history of CRC 

family history of 

CRC 

MLH3 

methylated 

MLH3 

non-methylated 
Row - Totals 

no 3 (60.00%) 25 (86.21%) 28 

yes 2 (40.00%) 4 (13.79%) 6 

All Grps 5 (100.00%) 29 (100.00%) 34 

Pearson chi square=2.02; p=0.16; Fisher exact test=0.20 

 

 

Table 18. Comparison of any gene promoter methylation (MLH1 and/or 

MLH3) in healthy and/or tumor tissue between groups of patients with or 

without family history of CRC 

family history of 

CRC 

MLH1/MLH3 

methylated 

MLH1/MLH3 

non-methylated 
Row - Totals 

no 17 (77.27%) 11 (91.67%) 28 

yes 5 (22.73%) 1 (8.33%) 6 

All Grps 22 (100.00%) 12 (100.00%) 34 

Pearson chi square=1.11; p=0.29; Fisher exact test=0.29 

 

 

Table 19. Comparison of any gene promoter methylation (MLH1 and/or 

MLH3) in healthy tissue between groups of patients with or without family 

history of CRC 

family history of 

CRC 

MLH1/MLH3 

methylated 

MLH1/MLH3 

non-methylated 
Row - Totals 

no 12 (92.31%) 16 (76.19%) 28 

yes 1 (7.69%) 5 (23.81%) 6 

All Grps 13 (100.00%) 21 (100.00%) 34 

Pearson chi square=1.96; p=0.16; Fisher exact test=0.16 
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Table 20. Comparison of any gene promoter methylation (MLH1 and/or 

MLH3) in tumor tissue between groups of patients with or without family 

history of CRC 

family history of 

CRC 

MLH1/MLH3 

methylated 

MLH1/MLH3 

non-methylated 
Row - Totals 

no 10 (66.67%) 18 (94.74%) 28 

yes 5 (33.33%) 1 (5.26%) 6 

All Grps 15 (100.00%) 19 (100.00%) 34 

Pearson chi square=4.54; p=0.03; Fisher exact test=0.05 

 

Statistically significant association was found between the present family history of 

CRC in patients and methylation (generally in genes MLH1 and MLH3) in tumor tissue 

(table 20). However, any firm conclusions cannot be derived due to the limited number of 

observations.  

 

When gender was correlated with the different localization of CRC it appeared that there 

was no statistically significant difference between men and women (chi square 0.65; df=1; 

p=0.42) (see table 1). On the other hand, gender correlated significantly with overall 

MMR methylation in tumor tissue (table 21). There was higher percentage of methylation 

in tumor tissue in females compared to males. However, no statistically significant 

difference between gender and methylation for MLH1 and MLH3 separately in tumor 

tissue was observed. Methylation of MLH1 and MLH3 in healthy tissue, separately and in 

general, did not reveal any significant difference between males and females. 
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Table 21. Comparison of methylation in general (MLH1 and/or MLH3) in 

tumor tissues between females and males 

MLH1/MLH3 

Meth. status 
Female Male Row – Totals 

Methylated 8 (66.67%) 10 (30.30%) 18 

Non-

methylated 
4 (33.33%) 23 (69.70%) 27 

All Grps 12 (100.00%) 33 (100.00%) 45 

Pearson chi square test 4.85; p=0.03; Fisher exact test 0.03 

 

The presence of diabetes mellitus did not correlate significantly either with 

methylation profile in general, or seaparately with each gene in tumor or healthy tissue, or 

with MSI status and TNM classification.  

 

5.2.2.1 Methylation profile of MMR genes in blood 

 

 Additional experiments with isolated DNA from peripheral blood lymphocytes 

were performed. DNA was tested for methylation of MLH1 and MLH3 genes only in 

patients who exhibited methylation of these two genes in tissues. Out of fourteen tested 

patients for methylation of MLH1 in blood, five samples showed to be methylated. For 

methylation of MLH3 gene in blood, only five patients were tested, and one sample only 

was methylated. The methylation status of MLH1 and MLH3 in blood DNA did not show 

any significant correlation with age (p=0.25), and was not associated with family history of 

CRC in patients, or with TNM stages (p=0.30 and p=0.86, respectively). 
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6. Discussion 

 

 It is now well known that besides genetics, epigenetic factors may play a crucial 

role in tumorigenesis. Different epigenetic mechanisms can operate and alter important 

cellular functions, ultimately leading to its transformation. One of the most studied 

epigenetic mechanisms is DNA methylation. As described previously, it can act as a 

silencer of certain tumor-suppressors and other cancer-related genes in many cancers 

(Portela and Esteller 2010). One of the reasons why this phenomenon is widely studied is 

to evaluate if hypermethylated promoters can serve as early biomarkers in cancer patients. 

These biomarkers could cover three main purposes: cancer detection (diagnostic markers), 

tumor prognosis (prognostic markers), and prediction of treatment responses (predictive 

markers) (Rodriguez-Paredes and Esteller 2011).  

 In the present study, the methylation profile of MMR genes in patients diagnosed 

for sporadic CRC or HNC was assessed. The purpose of these experiments was to disclose 

the possible role of the methylated promoters of the studied genes as epigenetic biomarkers. 

Ultimately, methylation status along with somatic mutations and mRNA expression levels 

of MMR genes may give a clue on the DNA repair phenotype in cancer patients. 

 The promoter region of the MLH1 gene exhibited methylation in approximately 

34% of CRC patients when tested in tumor tissue. The frequency of the MLH1 methylation 

was expected to be the highest from all the genes examined, and was concordant with 

similar studies (Kane et al 1997; Ghimenti et al 1999; Shannon and Iacopetta 2001; 

Auclair et al 2011). Although not statistically significant (due to the small studied group), 

the methylation of this gene in tumor tissue was present mostly in patients with TNM stage 

I and II and showed no presence in patients diagnosed with stage IV (table 6., Results 

section). This finding supports the hypothesis that dMMR tumors have a reduced 

metastatic potential and is consistent with the finding that dMMR caused by 

hypermethylation of the MLH1 promoter is a rare event in advanced CRC patients 

(Koopman et al 2009).  

 No methylation of the MSH2 promoter was detected in our studied group of 

sporadic CRC patients. This appears to be logical, since the recent study of Nagasaka and 
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co-workers reported MSH2 hypermethylation in patients with Lynch syndrome, but not in 

those with sporadic CRC (Nagasaka et al 2010). However, MSH2 aberrations can play a 

role in sporadic colorectal carcinogenesis, often through somatic mutations in the coding 

region (Børresen et al 1995; Moslein et al 1996; Wu et al 1997). 

 MLH3 methylation was detected in tumor tissue in 13.3% of the investigated CRC 

patinents. This gene, as part of the MMR system, was identified a decade ago (Lipkin et al 

2000). However, its role in MMR and in colorectal carcinogenesis in general is not 

completely clear. The MLH3 protein as a part of the MutLγ complex recognizes G/T 

mismatches and small IDLs, and is supposed to play a role in mammalian meiosis (Lipkin 

et al 2002; Cannavo et al 2005; Charbonneau et al 2009). There are few inconsistent 

reports concerning the influence of germ-line or somatic mutations in MLH3 on CRC 

tumorigenesis. On one hand there are studies demonstrating no association between MLH3 

mutations and hereditary CRC (Loukola et al 2000; Hienonen et al 2003; Ou et al 2009), 

and on the other hand few studies provide support to the idea that MLH3 mutations might 

play a role in colorectal carcinogenesis (Wu et al 2001; Lipkin et al 2001; Liu et al 2003). 

None of the mentioned investigators have studied the methylation profile of this gene 

though, and no reports concerning the methylation profile of MLH3 in CRC patients exist 

at present. Hence, this finding could be considered as interesting and deserves further 

investigations, as well as confirmation of the positive results with other method than MS-

PCR in order to exclude possible false-positives.  

Another noteworthy fact is the presence of MLH3 methylation in tumor tissue of patients 

with more advanced stages and absence of it in stage I (table 7, Results section). This is in 

opposite to the situation of MLH1 methylation in tumor tissue, which showed higher 

occurrence in patients with less advanced stages (stage I and II)  and absence in stage IV 

(table 6, Results Section). It is likely that this difference is not statistically significant due 

to the small number of patients involved in the study. One patient aged 43 years exhibited 

methylation of MLH3 promoter in healthy tissue, tumor tissue and blood, but no 

methylation of MLH1 was detected, and she had no family history of CRC. She happened 

to be in the most advanced (IV) tumor stage. This corresponded to the fact that sporadic 

CRCs occurring in young patients represent a subset with a higher proportion of advanced 

tumors and poor prognosis, and significantly differ from those sporadic CRCs present in 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22B%C3%B8rresen%20AL%22%5BAuthor%5D
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patients aged over 60 years (Griffin et al 1991; Liang et al 2003). Noda and colleagues 

(2007) studied these differences between two age divergent groups of sporadic CRC 

patients and reported few other than MMR genes hypermethylated in patients aged bellow 

40 years along with a significantly lower percentage of MLH1 methylation compared to the 

group of older patients. They summarized that the promoter hypermethylation of these 

genes could be closely related to the development of sporadic CRCs in young patients, 

regardless of aging. MLH3 wasn‟t among the investigated genes. Although promoter 

methylation of MLH3 was detected in only one young patient in our study, it should be 

taken into account considering the fact that the studied group was small and composed of 

older patients (only two patients aged bellow 50 years). This finding may serve as a basis 

for further investigations of MLH3 hypermethylation and its association with advanced 

sporadic CRCs in larger group of younger patients. Simultaneously, particular attention 

should be paid to the Amsterdam criteria to avoid familial syndromes, such as Lynch 

syndrome (occurrence of CRC in younger age). 

The present methylation of both MLH1 and MLH3 promoters in healthy tissue 

could be due to the fact that the studied group of patients is older, and methylation as age-

related phenomenon was described in normal colon mucosa concerning other cancer 

related genes silenced in CRC (Ahuja et al 1998; Belshaw et al 2010). The above 

observation on increasing methylation status with ageing concerns also MLH1 promoter 

methylation (Kawakami et al 2006). Ahuja et al (1998) demonstrated that methylation of 

certain gene promoters occurred in healthy mucosa tissue in elderly population and same 

promoters became hypermethylated in CRC. In our hands, MS-PCR method applied is 

linked with limitations in terms of quantitation, which prevent proper comparison of the 

methylation extent in both healthy and tumor tissues. In the future this limitation can be 

overcome by the use of HRM technique, provided with software enabling quantitative 

assessment of the promoter methylation. 

The detection of promoter methylation in blood could be discussed from few points 

of view. As the blood was taken from patients diagnosed for CRC or HNC, it can be 

speculated that the detected methylation was from circulating tumor cells. However, this is 

a case of advanced stages of cancer, where metastases are present. The patients detected 

with blood methylation in this study weren‟t belonging to the group with advanced tumor 
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stage (TNM IV). Thus, the first hypothesis can be rejected. Germline or “constitutional 

epimutation” may be another explanation. This relatively new concept represents the 

transcriptional silencing of a single allele of the gene in normal somatic tissues by 

promoter methylation and in the absence of a sequence mutation within the affected locus. 

Basically, it can mimic genetic mutation and can occur as a germline event that 

predisposes to disease (Hitchins 2010). There are few studies speculating that epimutations 

found in somatic normal tissue are inherited in patients diagnosed with HNPCC (Lynch 

syndrome) (Suter et al 2004; Morak et al 2008). However, the patients detected with 

methylation in blood in our study did not have any family history of CRC and, as the 

whole studied group, were considered as sporadic, since they did not meet Amsterdam 

criteria for Lynch (HNPCC) hereditary syndrome. The above facts rule out the hypothesis 

of putative germline epimutation in blood. At last, one study reported a positive 

relationship between estrogen receptor α methylation in leukocytes and colonic tissue in 

subjects with and without CRC, but methylation profile in leukocytes was unable to serve 

as diagnostic disease marker (Ally et al 2009). These authors suggested that the observed 

DNA methylation in the blood of the investigated individuals is the result of a systemic 

methylation defect (Ally et al 2009). This may be the case in our studied group concerning 

the methylation of MLH1 and MLH3 in blood.  

 One of the statistically significant findings in our study was the association 

between overall methylation of MMR genes in tumor tissue with a present family history 

of CRC (table 20, Results Section). However, the studied group consisted of sporadic 

CRC patients who did not comply with the Amsterdam criteria for hereditary Lynch 

syndrome or with the criteria for autosomic dominant FAP. This association could be a 

result of possible aggregation of the gene silencing in families, but there is no evidence for 

direct inheritance of Mendelian pattern. The result could be as well a mere coincidence, 

since only 34 CRC patients were included in this particular analysis.  

 Second statistically significant finding is the female gender association with overall 

methylation of MMR genes in tumor tissue (table 21, Results Section). This corresponds 

to the statement that CRCs exhibiting CIN phenotype are more common in younger men, 

while CIMP+ CRCs are more common in older women (Iacopetta et al 2010). 
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 The MSI+ phenotype is seen in 15-20% of sporadic CRCs (Jacob and Praz 2002). 

This phenotype is closely related with the deficient MMR system, and can be due to 

mutations and/or epigenetic silencing of the MMR genes. In our study approximately 16% 

of the analyzed patients were MSI+, and significant association of the MSI+ phenotype 

with methylated MLH1 gene promoter was found, however in healthy tissue (table 12, 

Results section). This may or may not be taken as relevant, since only 5 patients out of 31 

exhibited MSI and the distribution might have been incidental. The association between 

the overall methylation of MMR genes‟ promoters (MLH1 and MLH3) in healthy and 

tumor tissues and the MSI+ phenotype was getting close to the arbitrary statistically 

significant value (p≤0.05), but did not reach it.  

 Not all the patients with detected methylation in MMR gene promoters exhibited 

MSI. One of the explanations for this can be the assumption that only one allele of the 

MMR genes was methylated, thus silenced, but the other wild-type allele was expressed 

and sufficient to maintain proficient MMR system.  

Methylation of the MLH1 and MLH3 promoters was detected in the studied HNC 

patients. The frequency of methylation in both genes was 16.6% (2 out of 12 patients). 

Despite the fact that the studied group was small and additional information were limited, 

the methylation pattern corresponded to the one exhibited by the analyzed sporadic CRC 

patients (methylation of same genes‟ promoter regions detected). Partial consistency is 

present when confronting the literature. Few studies have reported promoter 

hypermethylation of MMR genes MLH1 and MSH2 in tumor tissue from HNC patients 

(Demokan et al 2006; Czerninski et al 2009). To our knowledge, there have been no 

studies investigating the methylation status of MLH3 promoter region in HNC patients. 

 In brief, the obtained results indicate an important role of DNA methylation in 

CRC and HNC carcinogenesis, which is worthy of further investigation. 
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7. Conclusion 

 

This diploma work had three main aims which are listed and commented below. 

 

1. To obtain methylation profile of promoter regions of MMR genes in patients with 

sporadic CRC.  

 Methylation profile was obtained for seven out of eight studied MMR genes. We 

failed to obtain profile for the MSH3 gene promoter. Promoter regions of genes MLH1 and 

MLH3 were methylated in 33.3% and 13.3% of the patients, respectively. The rest five 

MMR genes, MSH2, MSH6, PMS1, PMS2 and EXO1, showed no methylation. 

 

2. To extend the study to Head and neck cancer patients and compare methylation profiles 

of MMR genes in the two cancer types.  

 Twelve HNC patients were included in the study and investigated for methylation 

in MMR genes. Similarly to the CRC patients, the same genes (MLH1 and MLH3) were 

detected with methylation. The frequency of methylation was however different, 16.6% for 

each gene.  

 

3.1. To statistically assess the association between epigenetic modifications in MMR genes 

and histopathological characteristics of CRC, as well as the MSI status.  

 Statistical evaluations  revealed the following associations:  

a) between the methylation status of MMR genes (MLH1 and MLH3) in tumor 

tissue and a family history of CRC in patients;  

b) between the methylation status of MMR genes in tumor tissue and the female 

gender among patients;  

c) between the MSI+ phenotype and the methylation of MLH1 promoter in healthy 

tissue . 

3.2. To consider the possible role of these methylation profiles as early diagnostic, 

predictive and prognostic biomarkers for CRC. 
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 MLH1 and MLH3, two out of the eight studied MMR genes, could be considered as 

possible candidates for epigenetic biomarkers in carcinogenesis. Our findings could serve 

as basis for further investigations of follow-up character, since this is only a cross-sectional 

study and could not fully evaluate the prognostic and predictive potential of these markers.  
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8. Appendix  

 

8.1 Composition of used solutions  

 

Solution 1. TRIS-HCl 20mM MgCl2 1mM 

 

For 250 ml: 

 

Tris((hydroxymethyl)aminomethane M.W.=121.1) 0.61 g  

ddH2O 250 ml 

*1mM MgCl2 (M.W. = 203.3) 0.05 g 

 

 

Solution 2. Lysis solution 

 

For 100 ml: 

 

0.32M Sucrose 10.95 g 

1% Triton 1 ml 

*50mM MgCl2 1.016 g MgCl2x6H2O 

*12M Tris (pH = 7,5) 1.2 ml 1M Tris solution 

 

 

Solution 3. Proteinase K buffer 

 

For 500 ml of solution: 

 

*0.3750M NaCl 37510,97 g NaCl 

*0.12M EDTA 120 ml 0.5 M EDTA 

ddH2O up to 500 ml 

 

(for 0.5M EDTA: 22.3 g EDTA in 120 ml H2O, pH=8) 

 

Store at 4 C. 

 

 

Solution 4. Phenol : Chloroform : Isoamylalcohol solution 

 

For 50 ml of fresh solution: 

 

Phenol pH 8 25 ml 

Chloroform 24 ml 

Isoamylalcohol 1ml 
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Solution 5. Loading Buffer Dye 

 

For 1 ml of solution:  

 

Bromphenol blue, Xilene 100 µl 

60 % glycerol 600 µl 

*60 mM EDTA 120 µl 0.5M EDTA 

*10 mM Tris-HCl (pH 7.6) 10 µl 1M Tris-HCl 

dd H2O 170 µl 

 

 

* concentration in final solution 

 

 

 

8.2 Examples of methylation profiles on agarose gels 

 

 

 
Figure 1. MLH1 promoter methylation present in healthy tissue in Patient 2. (H = healthy tissue, T = tumor 

tissue; U = amplified sequence with primers complementary to bisulfate converted unmethylated DNA 

sequence; M = amplified sequence with primers complementary to bisulfate converted methylated DNA 

seguence; NC = negative control; PC = positive control) 
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Figure 2. MLH3 promoter methylation present in tumor tissue in Patient 1. (H = healthy tissue, T = tumor 

tissue; U = amplified sequence with primers complementary to bisulfate converted unmethylated DNA 

sequence; M = amplified sequence with primers complementary to bisulfate converted methylated DNA 

seguence; NC = negative control; PC = positive control; NTC = non-template control) 

 

 

 

 
Figure 3. MSH2 promoter methylation detection, no methylation present. (H = healthy tissue, T = tumor 

tissue; U = amplified sequence with primers complementary to bisulfate converted unmethylated DNA 

sequence; M = amplified sequence with primers complementary to bisulfate converted methylated DNA 

seguence; NC = negative control; PC = positive control) 
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