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ABSTRACT 
Colorectal cancer (CRC) is one of the leading causes of cancer-related death in the western 
world. Several hereditary CRC predisposing syndromes have been described and their genetic 
component has been elucidated. Taken together, these syndromes account for at most 5% of all 
CRC cases. Twin studies have, however, suggested a much stronger contribution of genetic 
factors suggesting that a number of CRC predisposing genes remain to be identified. 
 
The genome-wide linkage analysis in 18 non-FAP/non-HNPCC colorectal cancer families 
revealed regions of interest on three chromosomes, when the analysis was performed under the 
assumption of locus heterogeneity. The region on chromosome 22q was suggested in the 
parametric analysis, while the results of both parametric and nonparametric analysis provided 
support for the regions on chromosomes 11q and 14q. After finemapping of the regions on 
chromosomes 11q and 14q both the HLOD score and the NPL scores were reduced but still 
within the range of suggestive linkage. Families exhibiting linkage to chromosomes 11 and 14 
were identified and overlapping regions were determined (11q13.2–13.4, 11q22.1– 23.1 and 
14q23.1-24.1). (Paper I) 
 
The SMARCA3 gene has been shown to be a common target for methylation in colon and 
gastric cancer. Germline mutation screening of the SMARCA3 gene was performed in order to 
evaluate the role of this gene among Swedish colorectal cancer patients, some of whom 
also had a family history of gastric cancer. The lack of pathogenic germline mutations 
suggests that the gene has very little role, if any, in the predisposition to colorectal and gastric 
cancer. Several identified variants in the SMARCA3 gene could act as modifying or low-risk 
alleles, however additional studies are needed to determine their role. (Paper II) 
 
The CHEK2 1100delC, novel low-risk breast cancer predisposing allele, has been found at 
particularly high frequency in families with both colorectal and breast cancer. To investigate 
the possible role of this variant in CRC predisposition the variant frequency was determined 
in CRC cases and controls. No over-representation of the variant was detected in cases. 
However, due to the low frequency of the variant in the Swedish population, a very low 
penetrance effect of CHEK2 1100delC could not be excluded. (Paper III)  
 
Bi-allelic germline mutations in the MUTYH gene are known to predispose to recessively 
inherited MAP syndrome, characterized by the occurrence of an increased number of colonic 
polyps. We found no evidence for the contribution of MUTYH in familial CRC with a low 
polyp number. The two most common MUTYH mutations, Y165C and G382D, have been 
identified in the Swedish population and evidence for a slightly increased CRC risk among 
heterozygote carriers of these mutations was seen. In addition, three novel variants affecting 
the same amino acid position, R423Q, R423P and R423R, have been detected among 
sporadic CRC cases, however their significance remains to be determined. (Paper IV) 
 
Keywords: colorectal cancer (CRC), hereditary colorectal cancer (HCRC), two-close 
relatives (TCR), linkage analysis, case-control 
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1 INTRODUCTION 
 

Cancer is a genetic disease, however there is a difference between cancer and classical 

genetic diseases, such as Cystic fibrosis or Duchenne muscular dystrophy, in which 

inherited mutations in corresponding genes inevitably cause the disease. Although a 

certain fraction of cancers are associated with clear genetic component, inherited 

mutations in cancer-associated genes are not sufficient for cancer development. Instead, 

cancer will only develop after the accumulation of additional somatic mutations in a 

number of genes (Vogelstein and Kinzler 1993). Genetic alterations commonly found 

in cancer cells include subtle alterations (such as single-base substitutions, small 

insertions or deletions), chromosome number changes, chromosomal translocations and 

amplifications. In some instances exogenously introduced genes of viral origin have 

been associated with development of cancers (as in the case of cervical cancer and 

human papilloma viral infection).  

 

Several hundreds of different types of cancer affecting different organs have been 

described. Depending on the origin of cells they are derived from cancers are in general 

classified as carcinomas (epithelial cells), lymphomas and leukemias (blood and bone 

marrow cells), melanomas (melanocytes), sarcomas (mesenchymal cells), 

retinoblastomas (stem cells of retina), neuroblastomas (stem cells of neurons) and 

glioblastomas (glial stem cells).  Although cancers represent a heterogeneous group of 

diseases that differ in the cause, symptoms and prognosis, common properties that are 

shared between different cancers have been found. Six essential physiological changes 

found in almost all cancer types include: self-sufficiency in growth signals, insensitivity 

to antigrowth signals, evasion of apoptosis, limitless replicative potential, sustained 

angiogenesis and tissue invasion and metastasis (Hanahan and Weinberg 2000).  

 

1.1  GATEKEEPERS AND CARETAKERS 

As mentioned above, cancer development is a multistep process in which mutations in 

a number of genes accumulate over the time. Genes commonly found mutated in 

cancers can broadly be classified as gatekeepers and caretakers. Gatekeepers are 

composed of oncogenes and tumor suppressor genes. Both groups of genes, when 
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mutated, directly regulate tumor growth by stimulating cell growth or inhibiting cell 

death (Kinzler and Vogelstein 1997).  

 

Oncogenes were initially identified as viral elements that, when transferred to normal 

cells, initiate tumorigenesis (Huebner and Todaro 1969). Their cellular counterparts, 

proto-oncogenes, are highly conserved genes whose products play important roles in 

the regulation of cell cycle progression, cell division and differentiation (Vogelstein 

and Kinzler 2004). Based on their normal function proto-oncogenes can be classified 

into five groups: growth factors, growth factor receptors, transcription factors, signal 

transducers and regulators of programmed cell death. Proto-oncogenes are activated by 

gain-of-function mutations that can either change the structure of proteins making them 

constitutively active (like in the case of subtle changes within the coding region or 

chromosomal translocations generating fusion products) or that can increase the level 

of normal protein (which is achieved by gene amplification or translocation to a region 

of active transcription). These activating mutations act as a dominant event since a 

change in only one allele is usually enough to confer the growth advantage.  

 

Tumor suppressor genes play a crucial role in growth inhibition, cell cycle arrest and 

promotion of apoptosis. The first identified tumor suppressor gene was the 

retinoblastoma (Rb1) gene (Friend et al. 1986). Based on statistical study of 

retinoblastoma in children Alfred Knudson proposed the “two-hit” hypothesis which 

was later found to be applicable for majority of tumor suppressor genes (Knudson 

1971). He observed that children with bilateral tumors had a significantly earlier age of 

onset, compared to the children with a unilateral tumor. Based on that observation he 

proposed that two genetic hits were required to turn a normal cell into a tumor cell and 

that, in the case of bilateral tumors, the first hit was inherited. These hits were, in 

subsequent studies, found to be inactivating mutations in the Rb1 tumor suppressor 

gene. Unlike dominantly acting gain-of-function mutations in oncogenes, recessive 

loss-of-function mutations that inactivate both alleles of the tumor suppressor genes 

occur during tumorigenesis. In accordance with the two hit hypothesis, most tumor 

suppressor genes are inactivated by intragenic mutations (point mutations, small 

insertions/deletions) of one allele in combination with chromosomal changes resulting 

in the deletion of the other allele. In addition to deletions, one of the alleles of most 

tumor suppressor genes can also be silenced by DNA hypermethylation (Jones and 

Baylin 2002). Not all tumor suppressor genes however follow the Knudson’s two hit 
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hypothesis. For some tumor suppressor genes, like DMP1, haploinsufficiency or loss of 

only one allele while the other remains active is found to be enough to confer the 

selective advantage (Santarosa and Ashworth 2004).  

 

Caretakers or stability genes are involved in the maintenance of genome integrity. 

(Kinzler and Vogelstein 1997). Several repair pathways with partially overlapping 

functions are known to play a role in genome maintenance. Subtle lesions that occur 

during normal DNA replication or that are introduced after exposure to mutagens are 

repaired by nucleotide excision repair (NER), mismatch repair (MMR) and base 

excision repair (BER) system, while homologous recombination and non-homologous 

end joining are involved in the repair of lesions affecting larger parts of chromosomes 

such as double strand breaks. In contrast to gatekeepers, caretakers regulate tumor 

growth indirectly. Their inactivation leads to genetic instability resulting in an 

increased mutation rate. Mutations will affect all genes, however only when 

gatekeepers are affected there is a high probability for tumors to develop. Similar to 

tumor suppressor genes, two inactivating loss-of-function mutations affecting both 

alleles of caretaker genes are required for disease initiation.  

 

The role of caretakers has particularly been highlighted after the identification of 

inherited cancer predisposing syndromes caused by germline mutations in these genes. 

Increased predisposition to skin cancer is seen in patients affected with Xeroderma 

pigmentosum (XP), an inherited NER disease characterized by extreme sun sensitivity 

(Cleaver 2005). Germ line mutations in the MMR genes, such as MSH2 and MLH1 are 

known to cause hereditary nonpolyposis colorectal cancer (HNPCC) (Lindblom et al. 

1993; Peltomaki et al. 1993). Bi-allelic mutations in the MUTYH gene, a member of the 

BER pathway, are also known to predispose to colorectal cancer causing recessive 

MUTYH-associated polyposis (MAP) syndrome (Al-Tassan et al. 2002). Mutations in 

genes involved in the repair of double strand breaks, such are ATM, BRCA1 and 

BRCA2, predispose to cancer-prone Ataxia telangiectasia and breast cancer, 

respectively (Hoeijmakers 2001). 

 

1.2 CANCER EPIGENETICS 

Epigenetics refers to all modifications to genes, other that changes in the DNA 

sequence itself, which are heritable during cell division. It is becoming increasingly 
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apparent that cancer arises through a series of not only genetic but also epigenetic 

alterations. The first epigenetic abnormality detected in cancer cells was loss of DNA 

methylation at CpG nucleotides. In 1983 Fearon et al. reported global hypomethylation 

of CpGs  in colorectal tumors compared with surrounding normal cells (Feinberg and 

Vogelstein 1983). Hypomethylation leads to the activation of genes through 

demethylation of normally methylated CpG islands located within their promoter 

regions. Many of the genes found to be over-expressed due to hypomethylation, like 

HRAS and cyclin D2, are known to play an important role in cancer development 

(Feinberg and Vogelstein 1983; Oshimo et al. 2003). The mechanisms leading to global 

hypomethylation in cancers are still unknown, however some data suggest that 

components of the SWI/SNF chromatin remodeling complex may play a role in this 

process. ATRX and Lsh, both members of the SNF2 family, have been found to be 

required for the maintenance of a normal methylation profile (Gibbons et al. 2000; Fan 

et al. 2003). In addition, mutations in some members of the SWI/SNF complex have 

been detected in a number of primary cancers and cell lines (Versteege et al. 1998; 

Hiramoto et al. 1999; Wong et al. 2000; Schmitz et al. 2001). Whether these mutations 

are associated with global hypomethylation in the corresponding cancers remains to be 

determined. 

 

Not only hypomethylation but also hypermethylation of CpG islands has frequently 

been detected in tumors. DNA hypermethylation plays a key role in gene silencing. The 

first tumor suppressor gene found to be silenced through promoter hypermethylation 

was Rb1 (Sakai et al. 1991). Almost half of the tumor suppressor genes implicated in 

familial cancers are known to be inactivated by DNA hypermethylation and it seems 

that this is as frequent event as mutations occurring within the coding region of these 

genes.  

 

Genomic imprinting refers to parent-of-origin-specific allele silencing which is 

maintained, at least in part, by differential methylation of regions where imprinted 

genes reside and which is reprogrammed in the germline. Imprinting abnormalities lead 

to aberrant gene expression and they are often manifested as developmental and 

neurological disorders, if changes occur early during development, and as cancers, if 

they occur later in life (Falls et al. 1999). In particular, loss of imprinting (LOI) of the 

insulin-like growth factor-II gene (IGF2) is detected in several common cancers 

including that of colorectum (Cui et al. 1998). LOI of the IGF2 gene has also been 
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detected in normal colonic mucosa as well as in blood samples from colorectal cancer 

patients suggesting that it can identify a subset of population with colorectal cancer 

(CRC) or at risk of developing CRC (Cruz-Correa et al. 2004). 

 

Recently, an epigenetic model of cancer has been proposed, suggesting that the first 

step in tumor formation is epigenetic alteration of progenitor cells (Feinberg et al. 

2006). In addition, hypermethylation of the hMLH1 gene and the hMSH2 gene 

occurring in the germline have been observed (Suter et al. 2004; Chan et al. 2006). 

These epimutations are thought to act as an alternative to mutations in hMLH1 and 

hMSH2, genes known to predispose to hereditary nonpolyposis colorectal cancer 

(HNPCC). Epimutations were shown to occur as a mosaic and, in the case of hMSH2, 

were also transmitted to offspring. Additional data are, however needed in order to 

elucidate the role of epimutations. 

 

1.3 HEREDITARY CANCER SYNDROMES 

The cancer cells genome, compared to the genome of their progenitors, is altered at 

multiple sites. In most cases these changes represent somatic events, resulting in 

sporadic tumors. However, if one change is already present in the germline 

(predisposing event) this will cause cancer predisposition as seen in hereditary cancer 

syndromes. The presence of two or more family members affected with the same 

cancer or with related cancers (like colorectal and endometrial in the case of HNPCC) 

in combination with young age at onset (younger than in the case of sporadic cancers) 

and multiple primary cancers usually points to hereditary cancer syndromes. More than 

200 hereditary cancer syndromes affecting different organs have been identified so far. 

Although these syndromes account for only a small fraction of all cancers, elucidation 

of their genetic basis has significantly contributed to our understanding of cancer 

biology.  

 

A major fraction of known hereditary cancer syndromes exhibit an autosomal dominant 

mode of inheritance and are mostly caused by germline mutations in one of the tumor 

suppressor or caretaker genes. As both types of genes act recessively at the cellular 

level, an inherited mutation in one allele does not lead to the disease on its own. In 

addition to the mutation present in the germline, the second allele also needs to be 

inactivated and this is achieved somatically, in the target tissue. While most common 
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cancers, like breast and colorectal, are caused by inactivating mutations in tumor 

suppressor or repair genes, some less frequent cancer syndromes that are associated 

with activating oncogenic mutations also exist. The first proto-oncogene found to be 

implicated in inherited cancer susceptibility syndrome was the RET gene. Activating 

germline mutations in this gene are responsible for multiple endocrine neoplasia type 2 

(MEN2) (Santoro et al. 2002). In addition to MEN2, gastrointestinal stromal tumors 

(GIST) and hereditary papillary renal carcinoma (HPRC) are also caused by activating 

germline mutations in the proto-oncogenes, KIT and MET respectively. Many of the 

known cancer susceptibility genes show high penetrance which can in some cases even 

reach 100%, like in the case of adenomatous polyposis coli (APC) gene. 

 

Besides dominant inheritance, a small percentage of cancer susceptibility is attributed 

to recessively inherited cancer predisposing syndromes. Most of these syndromes, like 

Ataxia telangiectasia, Bloom syndrome, Fanconi anemia, Xeroderma pigmentosum, 

represent childhood diseases where increased cancer predisposition is only a part of a 

broad spectrum of phenotypic characteristics. MUTYH-associated polyposis (MAP) is 

the only known recessively inherited syndrome with disease developing in adulthood. 

Moreover, it is the only recessive syndrome with increased cancer susceptibility, to 

cancers of colon and rectum in this case, as its main feature.  

 

1.4 COLORECTAL CANCER 

Colorectal cancer (CRC) is the second most prevalent cancer worldwide and it affects 

men and women almost equally (Parkin et al. 2005). In 2002 CRC accounted for close 

to one million cancer diagnoses and about half million cancer deaths (Parkin et al. 

2005). In Sweden, according to the data of cancer incidence from 2004, CRC ranked 

second in females, after breast cancer, and fourth in males, after prostate, skin and lung 

cancer (The National Board of Health and Welfare, 2004). The incidence of CRC 

differs at least 25-fold worldwide, with the highest rate seen in North America, 

Australia, New Zealand and Western Europe and a low rate seen in Africa and Asia 

(Parkin et al. 2005). Studies of migrants moving from low-risk to high-risk areas show 

that the incidence of CRC increases to the level of their adoptive country even within 

the first generation. These data clearly suggest a contribution of environmental and 

dietary factors in CRC development. A diet rich in animal fat, alcohol use and cigarette 

smoking are some of the factors positively related to the CRC risk, while increased 
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intake of dietary fiber, physical activity and hormone replacement therapy seems to 

lower risk of disease, although some data are still controversial (Boyle and Langman 

2000). The majority of CRC patients develop disease during the sixth decade of life or 

later suggesting the age as one of the important risk factors. In addition, an increased 

predisposition to CRC has also been observed in conditions such as Crohn’s disease 

and ulcerative colitis (Vagefi and Longo 2005). 

                                      

By far the single most important risk factor for CRC development is a family history of 

the disease. First degree relatives of CRC patients have a 2-3 fold increased risk for the 

disease (Johns and Houlston 2001). The familial risk increases with multiple affected 

relatives and it is also related to the age at diagnosis. Several CRC predisposing 

syndromes with highly penetrant single gene mutations have been identified. Familial 

adenomatous polyposis (FAP) and hereditary nonpolyposis colorectal cancer (HNPCC) 

are dominantly inherited syndromes that are caused by mutations in the adenomatous 

polyposis coli gene (APC) and mismatch repair genes (MMR), respectively (de la 

Chapelle 2004). Inactivating mutations in the MUTYH gene, member of the BER 

pathway, are the cause of recessively inherited MUTYH-associated polyposis (MAP) 

(Sampson et al. 2005). In the analysis of cancer incidence among twins, CRC was 

suggested to be one of the most heritable cancers with the contribution of genetic 

factors estimated to be ~ 35% (Lichtenstein et al. 2000). However, known CRC 

hereditary syndromes are found in at most 5% of all cases, indicating that a number of 

CRC predisposing genes remain to be identified (de la Chapelle 2004). 

 

1.4.1 Genetic model of colorectal carcinogenesis 

The polyp-cancer sequence of CRC development recognized by Muto et al. suggested a 

slow evolution of tumors from normal colonic epithelium via adenomatous dysplasia, a 

process in which cells evolve from the ones showing mild dysplasia to the ones 

showing severe dysplasia, resulting in malignant transformation and eventually 

metastasis (Muto et al. 1975). Due to the relative availability of biopsies from different 

histopathological steps of tumor development, the molecular pathology of CRC has 

been studied more extensively than any other cancer type resulting in the discovery of 

cancer related genetic alterations. Based on these results a model that can also be 

applied to other common epithelial tumors has been developed.   

 



 

 8 

The smallest lesions that can be observed in the colorectum are aberrant crypt foci 

(ACF), small areas of epithelium with irregular architecture that can exhibit either 

normal, hyperplastic or dysplastic morphology (Jen et al. 1994; Molatore and Ranzani 

2004). Polyps, a mass of cells protruding from the bowel wall, are classified into two 

groups, according to their histology. The most common lesions found in adults are 

hyperplastic polyps (HP). They consist of a large number of cells lined up in a single 

row that exhibit normal morphology. Adenomatous polyps are on the other hand 

dysplastic. They show abnormal intra and extracellular organization, with several layers 

of epithelial cells lying on the basement membrane and with enlarged nuclei exhibiting 

a different position than those in normal cells. While adenomas are traditionally 

regarded as the precursor lesions for the majority of CRCs and HPs considered as non-

neoplastic, recent data suggest the role of not just adenomas but also HPs in CRC 

development (Higuchi and Jass 2004). 

 

The “adenoma-carcinoma sequence” proposed by Fearon and Vogelstein  describes a 

stepwise evolution of CRC resulting from the accumulation of specific genetic changes, 

each of them associated with recognizable histopathological changes (Fearon and 

Vogelstein 1990). At least four genetic events are needed for CRC development and 

they include inactivation of three tumor suppressor genes and activation of one 

oncogene (Figure 1).  

 

 
 

Figure 1. Schematic view over genetic events involved in CRC development (modified from Fearon et 
al. 1990 and Fodde et al. 2002). 
 

 

DNA mismatch 
repair genes 

TGFβRII, IGF2R, 
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The earliest and most frequent genetic alteration detected in colorectal tumors is 

inactivation of the APC gene (Powell et al. 1992). Germline mutations in APC are the 

cause of dominantly inherited familial adenomatous polyposis (FAP) syndrome 

whereas somatic inactivation of this gene has been detected in the majority of the 

sporadic CRCs (Kinzler and Vogelstein 1996). The protein encoded by the APC gene 

has several important functions, however it is believed that its tumor suppressing 

activity is based on the regulation of the intracellular β-catenin level within the WNT 

pathway (Fodde et al. 2001). Activating KRAS mutations are found in 50% of 

adenomas and carcinomas and seem to be required for adenoma growth and 

progression (Bos et al. 1987; Fodde et al. 2001). A high frequency of loss of 

heterozygosity (LOH) involving chromosomes 18q and 17p has been detected in a 

large proportion of adenomas and carcinomas. (Fearon et al. 1987; Fearon et al. 1990). 

The most probable tumor suppressor genes from the region on chromosome 18q are 

SMAD2 and SMAD4, both encoding key signaling molecules within the transforming 

growth factor β (TGFβ) pathway. Inactivation of p53 located on chromosome 17p is 

found in approximately 75% of colorectal carcinomas but very rarely in benign lesions, 

suggesting that this is a late event associated with tumor progression (Baker et al. 1989; 

Rodrigues et al. 1990). 

 

Other genetic events, besides the one mentioned above, seem to be needed for 

colorectal carcinogenesis. The fact that 50% of CRCs do not have detectable mutations 

in the KRAS genes suggests the involvement of other genes with equivalent function. In 

addition, the order of events rather than their accumulation is suggested to drive 

tumorigenesis (Kinzler and Vogelstein 1996). KRAS mutations are common among 

non-dysplastic lesions with limited potential to progress to cancer (Jen et al. 1994). 

Similarly, germline mutations in the p53 gene do not predispose to CRC.  

 

1.4.2 Genomic instability 

 As several genetic events are needed for tumor development the question is whether 

the normal mutation rate is sufficient for these changes to occur, or whether tumor cells 

exhibit an increased mutation rate as compared to normal cells. Identification of 

germline mutations in the mismatch repair (MMR) genes leading to hereditary non-

polyposis colorectal cancer (HNPCC) provided an answer for at least 15% of all CRC 

cases. As a consequence of deficient MMR the mutation rate in these tumor cells is 
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100-1000-fold greater than in normal cells resulting in microsatellite instability (MSI). 

However, in 85% of colorectal cancers no MSI can be found. Instead, a high rate of 

instability at chromosomal level is detected (chromosomal instability - CIN). Whether 

CIN is the cause or the effect of tumor progression is still a matter of debate but the fact 

that tumor cells can exhibit either MSI or CIN implies that CIN may have similar role 

as MSI and that one type of instability is required for cancers to form.  

 

1.4.2.1 Chromosomal instability (CIN) 

Tumors from FAP patients as well as the majority of sporadic CRCs with inactivating 

mutations in the APC gene exhibit CIN. These tumors are typically located within the 

distal colon and they are characterized by multiple numerical and structural 

chromosomal abnormalities (Lindblom 2001). These aberrations are so complex that 

representative karyotypes, like the ones found in leukemia and lymphomas, can not be 

identified. CIN occurs early in the adenoma to carcinoma sequence as a dominant trait,  

however the mechanisms leading to CIN have not been completely elucidated 

(Lengauer et al. 1997). Alterations of genes involved in chromosome metabolism, 

spindle assembly, cell cycle regulation and mitotic checkpoint control generate CIN in 

yeast, however no clear connection between mutations in these genes and CRC has 

been found so far (Jallepalli and Lengauer 2001). A growing body of evidence suggests 

that the APC protein may play a role in the maintenance of chromosomal stability. APC 

is found to localize to kinetochores of metaphase chromosomes through the interaction 

between its C-terminus and end-binding protein EB1 (Fodde et al. 2001; Kaplan et al. 

2001). APC deficient cells exhibit both numerical and structural chromosomal 

abnormalities resulting from defect in the proper attachment of the mitotic spindle to 

the dividing chromosomes and the regulation of centrosome duplication through the 

interaction of APC with tubulin and the centrosomes (Fodde et al. 2001). Recently, 

however, it has been demonstrated that aberrant WNT/β-catenin signaling caused by 

APC mutations leads to CIN through upregulation of the conductin protein, another 

member of WNT pathway (Hadjihannas et al. 2006). Interestingly, some studies have 

even found a connection between CIN and polyoma JC virus infection (Niv et al. 

2005).  
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1.4.2.2 Microsatellite instability (MSI) 

Microsatellites are short tandemly repeated sequences of one to six nucleotides that are 

spread throughout the genome, occurring in both coding and noncoding regions. These 

repetitive elements are prone to slippage of polymerase machinery during replication 

resulting in deletions or insertions, depending on whether the template or the newly 

synthesized strand is affected. These errors are normally repaired by the MMR system 

whose major components are hMLH1, hMSH2, hMSH3, hMSH6, hPMS1 and hPMS2. 

Deficiency in the MMR system, like the one seen in HNPCC, substantially increases 

the mutation rate which can easily be seen as the expansion or reduction in 

microsatellite sequences, a phenomenon known as MSI (Bhattacharyya et al. 1994). In 

contrast to colorectal tumors exhibiting CIN, tumors exhibiting MSI are poorly 

differentiated, have nearly diploid karyotype and are located mostly in the proximal 

colon (Jass et al. 1998; Jass 2004).  

 

As mentioned previously, caretakers regulate tumor growth indirectly. Thus, 

inactivation of one of MMR genes does not lead to tumor initiation on its own. As a 

consequence of defective MMR system a number of genes, particularly the ones with 

microsatellite or microsatellite-like sequences are affected. Frameshift mutations within 

the coding poly-A tract of the TGFβRII gene, a member of the TGFβ signaling 

pathway, are found at high frequency in both sporadic and hereditary MSI tumors 

(Markowitz et al. 1995). Other genes with a role in tumorigenesis that are common 

target for inactivation due to MSI are IGFIIR, PTEN, BAX, TCF-4, hMSH6, hMSH3 

(Souza et al. 1996; Tashiro et al. 1997; Yamamoto et al. 1997; Duval et al. 1999; 

Schwartz et al. 1999). 

 

In addition to HNPCC, approximately 15% of sporadic CRCs exhibit MSI. In the 

majority of these cancers hypermethylation of the hMLH1 promoter associated with the 

loss of hMLH1 protein expression is found (Herman et al. 1998). Analysis of the 

methylation profile of these cancers revealed a high rate of methylation not associated 

with aging, which was labeled as a CpG island methylator phenotype (CIMP) (Toyota 

et al. 1999). Moreover, it has been shown that MMR deficiency in sporadic CRCs 

occurs almost exclusively as a consequence of CIMP-associated hMLH1 methylation 

(Weisenberger et al. 2006).  
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1.4.3 Sporadic vs. familial CRC 

Traditionally, CRC is classified as either sporadic or familial (hereditary), where 

sporadic cancers represent the majority of all cases. Only a few percent of the total 

burden of CRCs comprise a group of high-risk hereditary syndromes, such as FAP, 

HNPCC and MAP, in which disease causing genes have already been identified. Since 

the genetic contribution in CRC has been estimated to be around 35%, there is a major 

gap in our understanding of the disease. Additional CRC syndromes that contribute to 

familial clustering of the disease are expected to be found. However, aggregation of 

cancers in families can also occur due to chance or shared environment. On the other 

hand, it is not always possible to completely eliminate the effects of genetic factors in a 

given sporadic case. Small family size, reduced penetrance, lack of information on 

family history and poor diagnosis all contribute to misclassification of cases as 

sporadic. Moreover, late onset recessive cancer syndromes are very difficult to 

recognize and such patients would most probably be classified as sporadic cases, if 

gene defects causing recessive syndromes are not known. The first indication of 

recessive mode of CRC inheritance came after the finding that siblings have a 

significantly higher CRC risk than offspring of affected parents (Johns and Houlston 

2001). Identification of inherited bi-allelic mutations in the MUTYH gene causing MAP 

syndrome served as a proof for the existence of recessive CRCs (Al-Tassan et al. 2002; 

Sampson et al. 2005). Estimation of a recessive inheritance that would account for 

0.75% of all CRCs, based on the observation of an increased risk of right-sided colon 

cancer, speaks in favor of additional, yet to be found recessive syndromes (Hemminki 

and Chen 2005). 

 

In 2002 Pharoah et al. proposed a polygenic model of breast cancer in which breast 

cancer susceptibility is mainly due to a large number of alleles acting additively or 

multiplicatively, each of them associated with a very small risk (Pharoah et al. 2002). It 

is now accepted that the same model can be applied to CRC, as well as other common 

cancers (Pharoah et al. 2002). Therefore, it is reasonable to expect that a certain 

fraction of CRCs considered to be sporadic will result from the inheritance of a number 

of low-penetrance variants suggesting that classification of cases as sporadic or familial 

is not as straightforward as previously thought. 

 



 

   13

1.4.4 Familial adenomatous polyposis (FAP) 

FAP was the first recognized form of inherited CRC. It is an autosomal, dominantly 

inherited disease found in not more than 1% of all CRC patients (Potter 1999). FAP is 

clinically characterized by the occurrence of hundreds to thousands of adenomatous 

polyps throughout the colon and rectum during the second and third decade of life. If 

left untreated, one or more adenomas will inevitably develop into carcinoma at a mean 

age of 40 years, implying a 100% penetrance. Tumors are primarily located within the 

distal colon and they exhibit chromosomal instability. In addition to CRC and 

adenomas, FAP patients frequently develop extracolonic manifestations such as 

congenital hypertrophy of the retinal pigment epithelium (CHRPE), osteomas, 

sebaceous and epidermoid cysts, and desmoid tumors. In some cases extracolonic 

malignancies are also found. Based on the patient’s phenotype several FAP variants 

have been described. Gardner’s syndrome is characterized by the presence of colonic 

adenomas, desmoid tumors, osteomas, epidermoid cysts and fibromas (Gardner and 

Richards 1953) while in Turcot syndrome a combination of colorectal and central 

nervous system tumors, usually childhood cerebellar medulloblastoma, is seen 

(Hamilton et al. 1995).  Attenuated FAP (AFAP) is a mild clinical variant of FAP 

characterized by lower number of adenomas (<100), which tend to aggregate more 

often in the proximal colon, and it has a later age of CRC diagnosis (50-55 years). The 

lifetime risk for CRC is as high as in the case of FAP, however the spectrum of 

extracolonic manifestations in AFAP differs; desmoid tumors and CHRPE are rare or 

absent while lesions of the upper gastrointestinal tract are commonly found (Soravia et 

al. 1998). 

 

FAP is caused by germline mutations in the adenomatous polyposis coli (APC) gene, 

located on chromosome 5q (Groden et al. 1991; Nishisho et al. 1991). More than 600 

mutations in the APC gene have been described so far, the majority of which results in 

the production of truncated protein with an abnormal function 

(http://www.hgmd.cf.ac.uk/ac/index.php). In addition, a good genotype-phenotype 

correlation is seen. The classical FAP phenotype is associated with mutations between 

codons 169 and 1393 while AFAP results from mutations in either the 5’ end, the 3’ 

end of the gene (after codon 1595) or mutations located in alternatively spliced exon 9 

(Soravia et al. 1998; Moisio et al. 2002). The Gardner variant of FAP is frequently 

caused by mutations occurring between codons 1403 and 1578 (Soravia et al. 1998; 

Wallis et al. 1999). 
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1.4.5 Hereditary nonpolyposis colorectal cancer (HNPCC) 

HNPCC, or Lynch syndrome, is the most common form of hereditary CRC and it is 

found in about 2.5% of all CRC cases (Lynch et al. 2006). It is an autosomal, 

dominantly inherited disease with the predisposition to not only CRC but also to 

cancers of other sites, most commonly endometrium, stomach, small bowel and 

ovaries. In contrast to FAP, HNPCC patients develop a small number of adenomatous 

polyps which however rapidly develop into cancer, usually within two or three years. 

These tumors are predominantly located in the proximal colon and they tend to be 

poorly differentiated  (Lynch and de la Chapelle 2003). The life-time risk for cancer is 

about 80% with the mean age at diagnosis of 44 years (Aarnio et al. 1999). In addition 

to colonic neoplasia patients with a rare variant of HNPCC known as Muir-Torre 

syndrome also develop sebaceous gland tumors, multiple keratoacanthomas, and basal 

cell carcinomas (Fusaro et al. 1996). 

 

HNPCC is caused by germline mutations in one of the DNA mismatch repair (MMR) 

genes, most frequently involving hMLH1 and hMSH2 (Peltomaki and Vasen 2004). 

Mutations in the hMSH6 gene have been found in about 5% of HNPCC families 

exhibiting an attenuated phenotype, where incomplete penetrance, late onset of cancer 

and a high risk for endometrial cancer among females are seen (Wagner et al. 2001; 

Jarvinen 2004). The role of other MMR genes, hPMS1/2 and hMLH3 in HNPCC is still 

not clear (Liu et al. 2001; Liu et al. 2003). More than 400 pathogenic mutations in the 

MMR genes have been reported in the international HNPCC database 

(http://www.insight-group.org). The majority of HNPCC causing mutations are 

nucleotide changes, however genomic rearrangements, mostly in the hMSH2 gene, are 

also detected.  

  

In 1991 The International Collaborative Group on HNPCC (ICG-HNPCC) proposed 

the first diagnostic criteria, so-called Amsterdam criteria I, with the role of providing 

uniformity in HNPCC classification (Vasen et al. 1991). These criteria were shown to 

be too stringent as they did not include extracolonic cancers and only large families 

with required number of cancer cases were considered. As a consequence a significant 

proportion of HNPCC families were missed. Thus, in 1999, a revised version, the 

Amsterdam criteria II, including also HNPCC-associated cancers were established 

(Table 1) (Vasen et al. 1999).  
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      Table 1.  The Amsterdam criteria II and the Bethesda criteria (revised) 
 

   
 

     
As MSI is a hallmark of HNPCC it is often used as a tool that can facilitate HNPCC 

identification. For this purpose a set of guidelines known as the Bethesda criteria, the 

primary role of which was to select patients for MSI screening, have been developed 

(Table 1) (Umar et al. 2004). The MSI test is performed on both tumor and matching 

normal DNA using a set of five microsatellite markers, two mononucleotide, BAT25 

and BAT26, and three dinucleotide repeats, D2S123, D5S346 and D17S250. Tumors 

exhibiting instability at two or more markers are defined as MSI-high (MSI-H) whereas 

those with instability at one marker are of MSI-low (MSI-L) type. If no instability is 

found at any of the five markers tumors are considered to be MSI stable (MSS). 
     

It is worth noting that a number of families fulfilling the Amsterdam criteria I but who 

do not show MSI are also identified. Whether these families can be classified as 

HNPCC families is still a matter of debate. However, it has been suggested that these 

 
Amsterdam criteria II 
There should be at least three relatives with an HNPCC-associated cancer (CRC, cancers of   
endometrium, small bowel, ureter or renal pelvis) and: 
1. One should be first degree relative of the other two 
2. At least two successive generations should be affected 
3. At least one cancer should be diagnosed before age 50 
4. FAP should be excluded in the CRC case 
5. Tumors should be verified by pathological examination 
 
The Bethesda criteria (revised) 
Tumors from individuals should be tested for MSI in the following situations: 
1. CRC diagnosed in patients who is less than 50 years of age 
2. Presence of synchronous, metachronous CRC or other HNPCC associated tumor, regardless  
of  age 
3. CRC with the MSI-H histology diagnosed in a patient who is less that 60 years of age 
4. CRC in a patient with one or more first-degree relatives with an HNPCC-related tumor, with 
one of the cancers being diagnosed under age of 50 years 
5. CRC in a patient with two or more first- or second-degree relatives with HNPCC-related 
tumors, regardless of age 
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families are not of HNPCC type and they should be designated as familial CRC of 

unknown type (Lynch et al. 2006). 

 

1.4.6 MUTYH-associated polyposis (MAP) 

MAP is the first and so far the only identified recessively inherited CRC predisposing 

syndrome. It is caused by bi-allelic germline mutations in the MUTYH gene (human 

MutY homologue), a member of the BER system. MAP is also the only known disease 

associated with an inherited BER deficiency. The syndrome was identified after 

investigation of a family with three out of seven siblings exhibiting an AFAP-like 

phenotype but with no identifiable APC mutations  (Al-Tassan et al. 2002). Mutation 

screening of the APC gene from tumors showed an increased rate of G:C>T:A 

transversions, suggesting a deficiency in the BER system. Subsequent analysis of the 

genes belonging to the BER system revealed that all three affected family members 

were compound heterozygotes for two missense mutations in the MUTYH gene, Y165C 

and G382D, while unaffected members were either heterozygote carriers of one of the 

mutations or they were homozygous normal. Population-based analysis of MAP 

suggested that the syndrome may be as frequent as FAP (Enholm et al. 2003; 

Farrington et al. 2005). Different founder mutations in MUTYH have been found in 

various ethnic populations. The Y165C and G382D mutations account for more than 

80% of pathogenic mutations found in Caucasians whereas E466X and Y90X have 

been identified in patients of Indian and Pakistani origin, respectively (Chow et al. 

2004). 

 

MAP carcinogenesis proceeds through the pathway that differs from CIN and MSI but 

that shares characteristics of both. MAP tumors are near diploid, without MSI and with 

low level of loss of heterozygosity (LOH) (Lipton et al. 2003). A high frequency of 

somatic APC mutations have been found and all of the detected protein-truncating 

mutations were G>T transversions. Other common target for inactivation is the KRAS 

gene where a G>T transversion affecting codon 12 (G12C) was identified (Lipton et al. 

2003). 

 

Clinically, MAP is very difficult to distinguish from FAP and AFAP, although it 

presents later in life and is restricted to the gastrointestinal tract. Disease-causing 

mutations in the MUTYH gene have been found in 20-30% of patients with 15-100 



 

   17

colorectal adenomas and in 10% of patients with classical polyposis (Sampson et al. 

2003; Sieber et al. 2003; Vandrovcova et al. 2004). In addition, MUTYH mutations 

have also been identified among CRC patients without adenomas (Farrington et al. 

2005). Being a recessive disease, a significant number of patients appear to be sporadic 

and some studies show that in 50% of cases CRC was already found at presentation 

(Sampson et al. 2003; Sieber et al. 2003). MAP is shown to be a high risk recessive 

syndrome with bi-allelic mutations in MUTYH showing complete penetrance by the age 

of 60 years (Farrington et al. 2005). As for the heterozygote state alone, early reports 

including ours suggested a small increase in the CRC risk but no results reached the 

level of significance (Croitoru et al. 2004; Zhou et al. 2005). Recently, however, a 

1.68-fold excess risk for the heterozygous carriers of 55 years of age or older has been 

observed (Farrington et al. 2005).   

 

1.4.7 Harmatomatous syndromes 

A small proportion of familial CRC arises in the settings of rare harmatomatous 

syndromes, where an intermediate risk of CRC has been observed. 

 

Peutz-Jegher syndrome (PJS) is a disease that exhibits an autosomal dominant 

inheritance with reduced penetrance. In addition to harmatomatous polyps that are 

mostly located in the small intestine, typical mucocutaneous melanotic pigmentation is 

seen in most patients. An elevated risk of CRC, gastric, panctreatic, ovarian, breast 

testicular and endometrial cancer is seen (Boardman et al. 1998). Germline mutations 

in the STK11 (serine/threonine-protein kinase 11) are found in 50-70% of PJS patients 

(Hemminki et al. 1998). 

 

Familial juvenile polyposis syndrome (JPS) is the most common of all harmatomatous 

syndromes with an incidence of 1:100 000 to 1:160 000. It is a dominant disease 

characterized by the occurrence of harmatomatous polyps throughout the colon and 

rectum and with an elevated risk for CRC. In ~18% of JPS patient germline mutations 

in the SMAD4 gene have been found, while an additional 20% of patients carry 

mutation in the BMPR1A gene (Howe et al. 2004). Both genes are members of the 

TGFβ-signaling pathway 
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Cowdens disease is a rare autosomal, dominant syndrome affecting 1 in a million 

individuals. Besides harmatomatous polyps, patients develop skin changes and are at 

risk of malignancies of the breast, thyroid and endometrium (Eng and Peacocke 1998). 

The majority of CD patients (80%) carry mutations in the PTEN gene. 

 

Bannayan-Ruvalcaba-Riley syndrome is also associated with mutations in the PTEN 

gene (Marsh et al. 1998). The clinical manifestations are broad and may include 

macrocephaly, mental retardation, multiple hemangiomas and lipomas, skeletal 

malformations and, in up to 45% patients, intestinal polyposis. 

 

1.4.8 Non-HNPCC/non-FAP familial CRC 

Based on segregation analysis it has been suggested that the etiology of approximately 

15% of all CRCs might be explained by mutations in dominantly acting predisposing 

genes (Houlston et al. 1992).  High-penetrant CRC syndromes with identified disease-

causing genes, such as FAP and HNPCC, do not however account for all familial 

clustering of CRC, since they are found in not more than 5% of all cases. Among the 

remaining CRC families of unknown type the polyposis phenotype, like the one seen in 

FAP, has rarely been observed. A certain proportion of CRC families of unknown type 

does fulfill the Amsterdam criteria I for HNPCC classification but these families do not 

exhibit MSI and they do not have mutations in any of the MMR genes. A recent 

analysis of such groups of families has shown that they represent a distinct group with 

later age of onset, distal tumor localization, more adenomas and slower progression of 

adenomas to carcinomas, as compared to HNPCC families (Mueller-Koch et al. 2005). 

Analysis of the cancer incidence among MMR proficient CRC families fulfilling the 

Amsterdam criteria I also revealed that these families differ from HNPCC families, 

since an increase in the incidence of only CRC, although lower than in HNPCC, and no 

increase in the incidence of other HNPCC-associated cancers (endometrium, stomach, 

small bowel, bladder) was seen (Lindor et al. 2005). In addition, the mean age at 

diagnosis of CRC in MMR proficient families (60.7 years) was higher than in HNPCC 

families (Lindor et al. 2005). However, it was still significantly lower as compared to 

the general population strengthening the role of genetic factors in the etiology of the 

disease among these families. In order to make a clear distinction from HNPCC 

families, the term “familial colorectal cancer type X” is suggested for all Amsterdam 

criteria positive families without MMR deficiency (Lindor et al. 2005). This is 
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probably a heterogeneous group of families where a certain proportion of familial 

aggregation of CRC is expected to occur by chance or due to environmental factors. 

Nevertheless, some families are expected to carry mutations in as yet unidentified CRC 

predisposing genes. 

 

In Sweden, around 10% of CRC patients are from families with recognized hereditary 

component but without identified mutations in already known CRC predisposing genes 

(Olsson and Lindblom 2003). Almost 2% of these families show dominant inheritance 

of the disease with three or more first-degree relatives affected with CRC in at least two 

generations (Figure 2). These families are termed hereditary colorectal cancer (HCRC) 

and they probably segregate dominantly acting high-risk predisposing genes. The life-

time cancer risk in HCRC families is similar to the risk observed in HNPCC, although 

with later onset (Lindgren et al. 2002).  A group of low-risk families, termed two-close 

relatives (TCR) families, where two first-degree relatives are affected with CRC is 

found in additional 8.3% of Swedish CRC cases (Figure 2) (Olsson and Lindblom 

2003). In this family group a higher number of adenomas is seen, as compared to both 

HNPCC and HCRC. However, an estimated CRC risk is only 20-30% suggesting the 

possible role of low to moderate penetrance alleles (Lindgren et al. 2002; Liljegren et 

al. 2003). In paper I families belonging to both HCRC and TCR group had been 

included in the genome wide linkage analysis. The lack of a single common 

predisposing locus provided evidence for genetic heterogeneity in the etiology of the 

disease among the analyzed families (Djureinovic et al. 2006). 

                                                                         

     
Figure 2. The frequencies of different groups of CRC in Sweden with respect to genetic background 
(Olsson and Lindblom 2003). HCRC: Familial colorectal cancer; TCR: Two-close relatives; HNPCC: 
Hereditary nonpolyposis colorectal cancer; FAP: Familial adenomatous polyposis.                                                                   

TCR 8,3% 

HCRC 1,9% HNPCC 1,2% 

FAP<1%

Sporadic CRC 
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1.4.8.1 A hereditary mixed polyposis syndrome (HMPS) 

HMPS was described as a distinct CRC predisposing syndrome in Ashkenazi families. 

It is characterized by the development of a variety of different colonic tumors including 

atypical juvenile polyps, hyperplastic polyps, serrated adenomas and classical 

adenomas that eventually progress to carcinoma (Whitelaw et al. 1997). Affected 

individuals usually develop less than 15 polyps and the condition is inherited in a 

dominant manner. No extra-colonic features specific to FAP have been observed 

among HMPS patients. In addition, limited similarity to JPS is seen. CRC within 

HMPS seems to develop through a pathway in which serrated adenomas play an 

important role. Serrated adenomas are very heterogeneous group of lesions and no 

unique classification criteria have been established yet (Jass 2005). However, their 

most important features include morphological resemblance to hyperplastic polyps and 

cytological characteristics (dysplasia) of adenomas. 

 

1.4.8.2 Hereditary breast and colorectal cancer (HBCC) 

Families with clustering of both breast and colorectal cancer have frequently been 

found. Many of these families may result from chance clustering since both cancer 

types are among the most common ones worldwide. However, some families have 

features suggestive of inherited disease where no mutations in any of the known breast 

or colorectal cancer predisposing genes have been found (Lipton et al. 2001).  

 

In a search for new breast cancer predisposing genes the kinase-deficient variant in the 

CHEK2 gene, CHEK2 1100delC, has been identified as a low-penetrance allele with an 

estimated twofold increased risk of developing breast cancer (Meijers-Heijboer et al. 

2002). The same variant has been found in 18% of breast cancer families characterized 

by the presence of CRC cases, defining the hereditary breast and colorectal cancer 

phenotype – HBCC (Meijers-Heijboer et al. 2003). An increased frequency of CHEK2 

1100delC has also been detected among HNPCC and HNPCC-like families with 

HBCC-like colorectal cancer suggesting that the variant is associated with an increase 

in the CRC risk, although lower than in the case of breast cancer. The data suggests that 

the CHEK2 1100delC is not a major predisposing factor for breast and colorectal 

cancers, but instead acts in synergy with as-yet-unidentified cancer susceptibility gene 

(Meijers-Heijboer et al. 2003). Several subsequent studies including ours (paper III) 

have failed to show a clear association between CHEK2 1100delC and increase in the 
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CRC risk (Kilpivaara et al. 2003; Lipton et al. 2003; de Jong et al. 2005). However, 

due to the low frequency of the variant, none of these studies was able to exclude a very 

low penetrance effect among CRC cases. Further studies are needed to establish the 

role of CHEK2 1100delC in colorectal cancer families with HBCC-like phenotype. 

 

1.4.9 Novel CRC loci 

15q13-14  

Using linkage analysis in combination with LOH, a novel CRC locus was mapped to 

chromosome 15q14-22 in one Ashkenazi family affected with colorectal adenomas and 

carcinomas in which no APC mutations had been identified (Tomlinson et al. 1999). 

The locus was named CRAC1 (colorectal adenoma and carcinoma). Interestingly, the 

same region of linkage was identified in three additional Ashkenazi families affected 

with HMPS (Jaeger et al. 2003). Moreover, haplotype analysis of all linked families 

showed that the same rare haplotype on chromosome 15q13-14 was found in all four of 

them, implying that the CRAC1 gene is highly likely to be identical to the HMPS gene 

and that the shared haplotype probably originates from a common founder (Jaeger et al. 

2003). The HMPS/CRAC1 gene from this region has not been identified yet. Whether 

the HMPS/CRAC1 locus plays a role in ethnic groups other than Ashkenazi remains to 

be determined.  

 

9q22.32-31.1 

In a recently performed sibling pair analysis of kindreds diagnosed with either CRC or 

advanced adenoma before age of 65 a novel region on chromosome 9q22.1-31.2 was 

identified (Wiesner et al. 2003). This region was among six identified regions of 

interest, however it provided the strongest evidence of linkage in the analysis of 

discordant sib pairs. Further support for the existence of a CRC susceptibility gene on 

chromosome 9q came after two independent analyses. In the study performed by our 

group evidence of linkage to the region on chromosome 9q22.32-31.1 with the 

multipoint LOD score of 2.4 was seen in an extended Swedish family affected with 

CRC and adenomas (Skoglund et al. 2006). The region of linkage identified in our 

family falls within the region identified by Wiesner et al.. The second confirmation of 

the locus on chromosome 9q was provided from the analysis of 57 CRC families from 

the United Kingdom where a suggestive linkage with the heterogeneity LOD (HLOD) 

score of 1.23 has been seen for the same region as the one found by our group, 
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9q22.32-31.1 (Kemp et al. 2006). No mutations in genes from this region have been 

identified so far. 

 

3q21.1-26.2 

In a search for novel CRC predisposing genes we recently performed a genome-wide 

linkage analysis in 18 CRC families from Sweden (paper I). No common locus was 

identified providing evidence of genetic heterogeneity among tested families. Weak 

evidence of linkage was however observed to the regions on chromosomes 14q23.1–

24.1, 11q13.2–13.4, 11q22.1–23.1 and 22q12.1 when analysis was performed under the 

assumption of locus heterogeneity. In order to further investigate these regions, a 

genome-wide scan was performed in additional 12 families and the data from both 

family groups were pooled. No confirmation to any of the suggested regions was seen. 

However, a novel locus on chromosome 3q21.2-26.2 was identified (Vandrovcova et 

al, submitted). Chromosome 3 was the most consistent finding in the pooled analysis 

where suggestive linkage was obtained in both parametric and nonparametric analysis 

(HLOD score of 1.9 for α=0.45, α value represents a proportion of linked families, and 

NPL score of 2.1). Eight families exhibiting linkage to this region were identified and 

subsequent finemapping performed in these families provided further evidence of 

linkage. One of the linked families was family 242 in which mutation screening of one 

candidate gene from this region, SMARCA3, was performed previously (paper II). 

However, no mutations were identified. 

 

Interestingly, a genome-wide linkage analysis of 69 CRC pedigrees performed with a 

high-density single nucleotide polymorphisms (SNP) array identified the region on 

chromosome 3q21-24 as the most significant finding in the analysis where the affected 

status was restricted to cancer cases only (Kemp et al. 2006).  The maximum HLOD 

score of 3.1 was obtained for α=0.62. An NPL score of 3.4 was seen for the same 

region. The region identified in this study falls within the region identified by our group 

and therefore represents an independent confirmation of our finding.  

 

1.5 STRATEGIES FOR FINDING NOVEL CANCER GENES 

Ever since the elucidation of genetic basis of retinoblastoma a number of cancer 

predisposing genes have been identified. In most cases gene identification has been 

restricted to highly penetrant hereditary cancer syndromes that account for only a small 
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fraction of all cancer cases. As mentioned earlier, mutations in genes known to 

predispose to CRC have been found in only a proportion of patients with a family 

history of the disease. However, the genetic contribution in CRC has been estimated to 

be ~ 35% (Lichtenstein et al. 2000). Moreover, segregation analysis in CRC suggested 

the existence of additional dominantly acting genes (Houlston et al. 1992). These data 

suggest that a number of both high-risk and low-risk CRC predisposing genes await 

identification. Different approaches can be applied in a search for novel CRC 

predisposing genes as well as genes predisposing to other cancers. Their choice 

depends on several factors such as the genetic model of the disease in question and 

material available for the analysis. Some of the methods that can be used for gene 

identification are listed below. 

 

1.5.1 Linkage analysis 

In linkage analysis, a number of DNA markers (microsatellite markers or SNPs) of 

known position are tested in members of families segregating the trait and a 

chromosomal region that may harbor the gene responsible for the trait is determined. 

This is achieved by identification of DNA marker alleles that co-segregate with the trait 

more often than expected by random segregation (Figure 3). The closer two loci are on 

a chromosome the less likely they will be separated by recombination. The 

recombination fraction (theta - θ) is the probability for a recombination to occur. It 

ranges from 0, for loci that are completely linked, to 0.5 for unlinked loci that are far 

apart on the same chromosome or loci that are located on different chromosomes. Theta 

is used as a measure of genetic distance between two loci, with 1% of recombination 

corresponding to approximately 1 centimorgan (cM) of genetic distance. 

                                 
 

Figure 3. Segregation of marker alleles and the trait within a family. All affected family members have 
allele A1 of the specific marker; therefore allele A1 is co-segregating with the trait. 
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Classical linkage analysis is referred to as parametric or model-based analysis since a 

genetic model for the disease has to be provided. This includes the mode of inheritance, 

gene penetrance estimates and allele frequencies. The probability of linkage is given as 

the logarithm of the odds (LOD) score where the odds of linkage represents the ratio 

between two hypotheses; the alternative hypothesis that the loci are linked 

(recombination fraction is θ) and the null hypothesis that the loci are not linked 

(recombination fraction is 0). LOD scores are calculated for different θ values and, if a 

set of families is used, they can be added up across families. Evidence of linkage is 

provided when the maximal LOD score exceeds a predefined threshold.  

 

Parametric linkage analysis has been very successful in identifying a number of 

disease-causing genes including CRC predisposing genes APC, hMLH1 and hMSH2 

(Bodmer et al. 1987; Lindblom et al. 1993; Peltomaki et al. 1993). It is still the method 

of choice for genetic mapping of simple Mendelian diseases and diseases showing 

near-Mendelian inheritance. One of the most important factors for successful linkage 

mapping is careful selection of families segregating the same phenotype. The APC gene 

was localized after selection of families with polyposis phenotype, thus excluding other 

types of CRC (Bodmer et al. 1987).  Some diseases are genetically heterogeneous, that 

is they are caused by mutations in different genes. If families with different gene 

defects are analyzed together a linkage peak may not be detected. One way of avoiding 

the problem of genetic heterogeneity is analysis of single large families that are 

informative enough to be used on their own, the strategy that was used in mapping of 

HNPCC-causing genes hMSH2 and hMLH1  (Lindblom et al. 1993; Peltomaki et al. 

1993).  

 

Nowadays it is becoming more apparent that cancers, particularly the common ones, 

have to be looked at as a complex traits influenced by a number of different genes, 

environmental factors and their interaction. Because of difficulties in providing the 

correct genetic model, parametric linkage analysis has very little power, if any, in 

mapping of such traits. Instead, non-parametric (NPL) or model-free linkage analysis, 

in which no complete specification about the genetic model of the disease has to be 

given, is the method of choice. The NPL analysis was originally developed for sibling 

pairs but latter was also extended to general pedigrees. In many cases sib-pair method 

concentrates on affected sib-pairs and it is based on the idea that two affected siblings 

will share identical-by-descent (IBD) alleles near the disease gene more often than 
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expected under the hypothesis of random segregation (Figure 4). Alleles are said to be 

IBD if they originate from the same ancestor. The affected-relative-pair method 

includes relatives other than sib pairs and is based on the identity by state (IBS) 

relationship.  Two genes are IBS if they are the same alleles regardless of their origin. 
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Figure 4. Affected sib-pairs with IBD sharing. According to Mendelian laws of inheritance the 
probability that sibs will share 1 IBD allele is 50% while probability of sharing 2 or 0 IBD alleles is 25%. 
 

1.5.2 Allelic association 

The proposed model of polygenic susceptibility to breast cancer suggests that a 

substantial proportion of cases are due to a large number of alleles acting additively or 

multiplicatively, each of them however conferring only a small genotypic risk (Pharoah 

et al. 2002). The same model is expected to be applicable to other types of cancers 

including CRC. Due to their small effect, low-penetrance alleles have very little chance 

to be detected by linkage analysis. Allelic association has been shown to be a powerful 

tool in identifying genes behind complex traits. Allelic association is present if the 

frequency of the occurrence of a specific marker allele together with a disease trait 

deviates from the expected occurrence based on random segregation. An association 

seen between a marker allele and a disease trait can result either from linkage 

disequilibrium with a closely located susceptibility gene or from a direct biological 

effect of the tested marker. Two types of association studies can be performed; 

population-based and family-based studies. Population-based association studies are 

designed as case-control studies in which genotype frequencies are determined in a set 

of unrelated affected individuals and compared to frequencies seen in matched controls. 

One of the major factors influencing the result of case-control studies is the sample size 

and it depends on frequency and estimated risk of tested alleles. Selection of adequate 

controls also plays an important role. If the tested population contains several 

genetically distinct population subsets (population stratification) a spurious associations 
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may be seen. The problem caused by stratification can be overcome by performing 

family-based association studies. Methods like the transmission disequilibrium test 

(TDT) compare the frequency of transmission of one allele over the other from 

heterozygous parents. No control samples are needed, instead the untransmitted allele 

serves as an internal control. Population-based association studies are however rarely 

used in cancer as it is often difficult to recruit parents of affected cases.  

 

1.5.3 Somatic alterations in tumors 

Constitutional chromosomal changes are rare in solid tumors, however once identified 

these changes can pinpoint the region harboring a cancer susceptibility gene, as was 

done in the localization of the APC gene (Bodmer et al. 1987). In contrast, somatic 

chromosomal alterations are frequently detected in tumors. Identification of 

chromosomal regions that are consistently deleted in tumor cells compared to normal 

cells may suggest that tumor suppressor genes are located within these regions. Such 

findings were often used as a complementation to the findings from linkage analysis.  

The detection of frequently deleted chromosomal regions may also represent the 

starting point in the process of gene identification, this strategy was successful in 

identifying the gene causing the Peutz-Jegher syndrome (Hemminki et al. 1997). In 

addition to deleted regions, identification of frequently amplified regions may also be 

of importance.   

 

Not just chromosomal alterations but also subtle changes detected at nucleotide level 

may assist in identification of disease-causing gene. Observation of an excess of G:C > 

T:A transversion in the APC gene detected in tumor DNA from patients affected with 

multiple adenomas and cancer  prompted the authors to speculate whether the BER 

deficiency was associated with the disease. In a subsequent mutation screening of BER 

genes inactivating mutations in one member, MUTYH gene, were identified (Al-Tassan 

et al. 2002). 
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2 AIMS 
The general aim of this thesis was to identify novel genetic factors with the role in 

colorectal cancer predisposition. 

The specific aims were as follows: 

1. To identify potential loci harboring novel CRC predisposing genes. 

2. To determine whether the SMARCA3 gene plays a role in the etiology of CRC 

as well as gastric cancer. 

3. To determine the frequency of the CHEK2 1100delC variant among selected 

and unselected CRC patients from Sweden. 

4. To determine the contribution of the MUTYH gene to the predisposition to CRC 

among Swedish familial and sporadic CRC patients.  
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3 MATERIAL AND METHODS 

3.1 PATIENT MATERIAL 

Families with a suggested predisposition to CRC used in papers I-IV were recruited 

from the cohort of patients undergoing counseling at the Cancer Family Clinic, 

Karolinska Hospital. Family history including clinicopathological details was obtained 

by interview and confirmed by medical records, pathological reports or death 

certificates. None of these families had classical or attenuated FAP, as determined by 

colonoscopic examination. HNPCC was excluded using the current clinical screening 

protocol consisting on MSI test, immunohistochemistry of MMR genes on selected 

tumors and mutation screening of the hMLH1, hMSH2, hMSH6 or hPMS2 genes 

performed in families fulfilling the Amsterdam criteria, in cases with MSI positive 

tumors or in families with MSI negative tumors but with a family member diagnosed 

with CRC before the age of 50 (Wahlberg et al. 1999; Liu et al. 2000). All family 

members were offered regular colonoscopy surveillance. Based on the family history of 

the disease, patients were classified into two groups: HCRC and TCR. 

 

A cohort of unselected CRC cases was recruited from 13 hospitals from Stockholm-

Gotland and Uppsala-Örebro health-care regions. From this cohort 665 cases were used 

in paper III to determine the prevalence of the CHEK2 1100delC variant. In addition, 

95 patients with a family history of gastric cancer were selected from the cohort in 

order to test the prevalence of the identified SMARCA3 variants (paper II). 

 

A panel of 450 sporadic CRC cases recruited from the Department of Surgery at 

Uppsala University Hospital and the Department of Pathology at Linköping University 

Hospital were used in paper IV for testing the frequency of the two most common 

mutations in the MUTYH gene found in Caucasians. 

 

Control samples used in paper II-IV were subjects randomly chosen from a cohort of 

anonymous blood donors from Stockholm region. The exact number of control samples 

used in different studies differs depending on the experimental design and PCR 

amplification status. 
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3.2 LINKAGE ANALYSIS 

The principles of linkage analysis are discussed in the Introduction. In paper I a 

genome-wide linkage analysis in 18 non-FAP/non-HNPCC colorectal cancer families 

from Sweden was performed using the ABI Prism Linkage Mapping Set version 2.5 

(Applied Biosystems, Foster city, CA, USA) which consists of 400 fluorescently 

labeled microsatellite markers distributed across the genome. Genotyping was 

performed according to manufacturer’s instruction. Multipoint linkage analyses were 

undertaken using parametric as well as nonparametric methods. In addition, haplotypes 

were generated for all families. Both linkage analyses and the generation of haplotypes 

were carried out using the SimWalk2 program version 2.83 (Sobel and Lange 1996).  

Data generated for the chromosome X were analyzed with the FASTLINK program 

(Cottingham et al. 1993). In the genome-wide linkage analysis two affected status 

criteria, stringent and less stringent, were used. Finemapping of the regions on 

chromosomes 11 and 14 was performed using an additional eleven markers on 

chromosome 11 and 19 markers on chromosome 14, selected for their position and 

heterozygosity. 

 

3.3 DIRECT SEQUENCING 

Direct sequencing used today is a modification of an enzymatic sequencing method 

developed by Sanger et al. (Sanger et al. 1977). The reaction is based on the use of 

2’,3’-dideoxinucleotides (ddNTPs) which lack a hydroxyl group at the 3’ position thus 

serving as a base-specific chain terminator. As four ddNTPs (A, G, C and T) are tagged 

with four different fluorescent dyes all four base-specific reactions can occur in the 

same tube. The DNA template used in the reaction is usually provided in the form of 

PCR product. Synthesis of a complementary strand is performed in the presence of 

labeled ddNTPs which are in competition with an excess of dNTP molecules and the 

reaction will proceed until one of the ddNTPs is incorporated instead of dNTP. Chain 

termination will occur randomly at one of the many possible choices resulting in a 

collection of labeled DNA fragments with a common 5’ end but a variable 3’end. 

Fragments of different length are size fractionated either by gel electrophoresis or in 

capillaries and the emission spectra of each dye is recorded and registered as a 

chromatogram enabling direct reading of the sequences. 
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Mutation screening of the SMARCA3 gene, presented in the paper II, was performed 

using direct sequencing. Primers used for amplification of all exons including 

exon/intron boundaries, together with the 5’ and 3’ untranslated regions and putative 

promoter sequence, were designed using online available Primer3 software package. 

Reactions were performed using the ABI Big Dye Terminator v3.1 kit and fragments 

were separated on an ABI 3730 XL capillary sequencer (Applied Biosystems, Forester 

City, California). In paper III, all fragments of the MUTYH gene exhibiting abnormal 

DHLPC profiles were reamplified and purified PCR products were sequenced using 

ABI Big Dye Terminator v3.0 kit. Sequencing reaction products were analyzed using 

ABI 377 automated sequencer (Applied Biosystems, Forester City, California). 

 

3.4 REVERSE-TRANSCRIPTASE PCR (RT-PCR) 

RT-PCR is used to study the gene expression within the tissue of interest, however it is 

also used as one of the mutation screening methods since it allows detection of large 

insertions or deletions (such as those involving the whole exons) and mutations 

affecting splicing, all of which are usually missed by standard mutation screening 

approaches. The first step is conversion of the total RNA or mRNA isolated from a 

certain tissue into single-stranded complementary DNA (cDNA) using reverse 

transcriptase. The cDNA synthesis can be initiated in at least two ways; either with 

hexamer primers constructed to bind randomly over the whole RNA molecule or with 

oligo (dT) primer binding to the poly A tail of the mRNA molecule. In the second step, 

cDNA is used as a template in the PCR reaction which is performed with exon-specific 

primers designed to amplify the gene of interest. 

 

In paper II cDNA was prepared from total RNA isolated from EBV transformed 

lymphocytes using the random hexamer priming method. The coding region of the 

SMARCA3 gene was amplified in two fragments with primers designed in such a way 

that at least one of them was covering two exons, in order to reduce genomic DNA 

contamination. Products of the reactions were detected on an agarose gel along with 

control samples. 
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3.5 SINGLE NUCLEOTIDE PRIMER EXTENSION (SNUPE) ANALYSIS 

SNuPE analysis of the mRNA is a relatively simple method for testing the difference in 

the level of expression between two alleles of a gene of interest. SNPs are used as 

markers for allele discrimination, therefore the method depends on constitutional 

heterozygosity of the selected polymorphism. Fragments of genomic DNA and cDNA 

harboring the selected SNP are amplified in a PCR reaction and used as a template for 

subsequent primer extension (Figure 5). The extension reaction is performed with a 

fluorescently labeled primer designed to anneal close to the polymorphic site. In 

addition, a combination of three dNTPs with one ddNTP, selected to be complementary 

to one of the two possible bases at the polymorphic site, is used. This implies that 

primer extension of one allele will be terminated after reaching the polymorphic site 

while extension of the other allele will continue until a nucleotide complementary to 

ddNTP is encountered. Thus, the reaction results in the production of two fragments of 

different size that can easily be separated on denaturing gels. As these products are 

fluorescently labeled automated sequencers can be used for their detection and the 

calculated allelic ratios will indicate whether two alleles are differentially expressed. 
                                                     

                                    
 
Figure 5. Schematic view of SNuPE protocol. Difference in the expression of two alleles can be 
estimated based on the ratio of peak areas.                     
 
 
 
SNuPE analyses on RT-PCR products and PCR products from genomic DNA of the 

same individual, a member of family 242, was used to test the allelic difference in the 

expression of the SMARCA3 gene. Both products were analyzed on an ABI 377 

automated sequencer using 10% denaturing polyacrilamide gels and allelic ratio was 
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determined using the Genescan3.1® software program (Applied Biosystems, Forester 

City, California).                                                                                                   
                                                                                                                                                                                                

3.6 SOUTHERN BLOT 

Southern blot is used as a tool to localize a particular DNA sequence and, as one of a 

mutation screening methods, for detection of aberrations involving large parts of 

chromosomes. The target DNA is digested with one or more restriction endonucleases 

and resulting fragments are size-fractionated by agarose gel electrophoresis. The DNA 

is thereafter denatured and transferred from the gel to a nitrocellulose or a nylon 

membrane. Fragments of interest are identified by hybridization with a radiolabeled 

DNA or RNA probe and the signal is visualized by using a photographic film or a 

phosphoimager. 

 

Southern blot was used in testing for large chromosomal aberrations involving the 

SMARCA3 gene (paper II). DNA from one member of family 242 was digested with 

BglII, transferred onto nylon membrane and hybridised with two probes labelled with 

α32P-dCTP. The signal was detected using a phosphoimager.  

 

3.7 ALLELE-SPECIFIC PCR AMPLIFICATION 

Allele-specific PCR is used for direct analysis of known mutations such as single base 

substitutions, small insertions or deletions. It is based on selective amplification of one 

allele over another, which is achieved by designing one of the primers to match the 

desired allele but to mismatch the other allele. The mismatch is usually located at the 

terminal 3’-nucleotide of a primer; however, in some instances when the melting 

temperature (Tm) of the 3’ end of a primer is high, additional mismatches are needed 

for improved discrimination of alleles. In addition, a third primer, common for both 

alleles, is also used. Every sample is tested in two reactions, one performed with a wild 

type-specific primer and the other performed with a mutation-specific primer. Products 

of reactions are simply visualized on an agarose gel.  

 

Allele-specific PCR was employed for testing the prevalence of the CHEK2 1100delC 

variant in a set of selected and unselected CRC patients and controls (paper III). In 

addition to CHEK2 primers, primers specific for the SLC30A9 gene were used as an 

internal control of each reaction. 
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3.8 DENATURING HIGH PERFORMANCE LIQUID CHROMATOGRAPHY 
(DHPLC) 

DHPLC is an automated method for mutation screening of candidate genes. Single base 

substitutions and small insertions or deletions are detected by temperature modulated 

heteroduplex analysis on a reversed-phase column. Mutation detection is based on the 

different elution profiles between heteroduplex DNA molecules and perfectly matched 

homoduplexes under conditions of partial thermal denaturation. The first step in the 

procedure is PCR amplification of genomic DNA templates followed by final 

denaturation and renaturation which enables formation of heteroduplex DNA 

molecules. In the second step, DNA fragments are fractionated on a liquid 

chromatography column. Hydrophobic portion of triethylamine acetate (TEAA) 

interacts with hydrophobic beads in the column while negatively charged phosphate 

groups of partially denatured DNA fragments are attracted to a positively charged 

ammonium groups of TEAA. At increasing concentrations of Acetonitril (ACN) the 

DNA/TEAA attraction is reduced resulting in the elution of DNA fragments, first 

heteroduplex molecules are eluted followed by homoduplexes (Figure 6). As fragments 

pass through the UV detector the absorbance is measured and recorded as a 

chromatogram. DHPLC can detect the presence of all combinations of nucleotide 

substitutions with sensitivity close to 100%, if analyses are performed at multiple 

temperatures. However, the location and the exact type of change have to be 

determined by sequencing.  

 

In paper IV mutation screening of the MUTYH gene was performed by DHPLC using 

Transgenomic Wave DNA Fragment Analysis System equipped with a DNASep 

column (Transgenomics, Crewe, United Kingdom). The denatured and reannealed PCR 

products were loaded onto the instrument directly without purification. The optimal 

conditions such as running column temperature and concentrations of TEAA and ACN 

were determined for each amplicon using the WAVEMAKER 3.4 software provided 

with the instrument.  
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                      Figure 6. Schematic representation of DHPLC (www.transgenomics.com) 

 

 

3.9 STATISTICAL ANALYSIS 

The difference in the variant frequency between cases and controls was measured using 

the Fishers exact test in paper III and the Chi-square test in paper IV. P value <0.05 was 

considered to be statistically significant. 
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4 RESULTS AND DISCUSSION 

4.1 PAPER I 
A genome-wide linkage analysis in Swedish families with hereditary non-familial 
adenomatous polyposis/non-hereditary nonpolyposis colorectal cancer 
 

Colorectal cancer is one of the most common types of malignancies worldwide with the 

estimated lifetime risk in the general population of 5%. A number of syndromes with a 

Mendelian or near-Mendelian inheritance of the disease, like FAP, HNPCC and MAP, 

have been described, however these syndromes are identified in only a small proportion 

of cases with a family history of the disease. In order to identify novel CRC 

predisposing genes a genome-wide linkage analysis was performed in 18 CRC families 

from Sweden using two affected status criteria, stringent and loose. 

 

No common susceptibility locus was identified in either nonparametric or parametric 

analyses performed under the assumption of locus homogeneity using either of the two 

affected status criteria. Several loci were however identified when analyses were 

performed under the assumption of locus heterogeneity. Multipoint parametric linkage 

analysis performed with the stringent affected status criteria provided weak evidence of 

linkage to chromosome 22q12 with the HLOD score of 1.26 and α=0.60. When using 

the less stringent criteria two chromosomes were suggested to be of interest in both 

parametric and nonparametric linkage analysis. The most significant result in this study 

was obtained for the region on chromosome 14q24 where the HLOD score of 2.61 for 

α=0.25 was obtained. The NPL score seen for this region was 2.88 (p=0.001). In 

addition, two regions on chromosome 11 with evidence of linkage were identified. 

Marker D11S908 was suggested to be of interest in both parametric and nonparametric 

analysis (the HLOD score was 2.10 and the NPL score was 2.16) while parametric 

analysis provided evidence of linkage for D11S1314 (HLOD score of 1.96). 

 

As chromosomes 11 and 14 showed the strongest evidence of linkage in this study 

additional markers within these regions were selected for finemapping. Subsequent 

analyses performed with new markers failed to reach the level obtained in the first 

screen. Although both the HLOD scores and the NPL scores were reduced across these 

regions they were still within the range of suggestive linkage. Six families were 

identified to be linked to chromosome 14 and haplotype analysis of these families 
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revealed an overlapping region between markers D14S1038 and D14S1069 (14q23.1-

24.1). In addition, six families exhibited linkage to chromosome 11 where two 

overlapping regions were identified after haplotype analysis, one between D11S987 

and D11S4207 (11q13.2-13.4) and the other between D11S4120 and D11S4090 

(11q22.1-23.1). 

 

In this study no evidence of linkage was seen to the recently identified regions on 

chromosome 15 and chromosome 9 (Jaeger et al. 2003; Wiesner et al. 2003; Skoglund 

et al. 2006). Moreover, weak evidence of linkage to chromosomes 11 and 14 seen in 

only a proportion of analyzed families supports the view that the genetic determinants 

of familial CRC are heterogeneous. 

 

4.2 PAPER II 

Mutation screening of the SMARCA3 gene in Swedish colorectal cancer patients 

 

The SWI/SNF multiprotein complex is involved in chromatin remodelling in an ATP 

dependent manner and is implicated in a variety of important cellular functions. 

Mutations in several of the SWI/SNF family genes (RAD54B, hSNF/INI1, BRG1) have 

been found in different tumors and tumor cell lines suggesting a potential tumor 

suppressor activity of this gene family (Hiramoto et al. 1999; Wong et al. 2000; Yuge 

et al. 2000; Schmitz et al. 2001). In addition, promoter hypermethylation of the 

SMARCA3 gene, another member of the SWI/SNF family, has been reported in colon 

and gastric cancer (Moinova et al. 2002; Hamai et al. 2003; Hibi et al. 2003; Leung et 

al. 2003). In the genome-wide linkage analysis (paper I) a family presented with both 

colorectal and gastric cancer (family 242) exhibited suggestive linkage to the region on 

chromosome 3q harbouring SMARCA3. In order to investigate whether this gene plays 

a role in the predisposition to colorectal and gastric cancer mutation screening was 

performed in family 242 as well as 20 additional colorectal and/or gastric cancer 

families.  

 

Altogether 15 germline sequence variants were identified in the SMARCA3 gene of 

which seven variants were previously reported polymorphisms while eight variants 

represented novel sequence changes. None of the identified variants were clearly 

pathogenic. Heterozygote frequency of the eight novel variants was determined by 
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testing control individuals and for seven of these variants a slightly increased frequency 

was seen in patients. Their significance was further determined in 287 unrelated 

patients with a family history of colorectal cancer of whom 95 also had a family history 

of gastric cancer. A small difference in the frequency between patients and controls, 

although not statistically significant, was detected only for the c.2440C>T variant. 

Subsequent segregation analysis performed in three families with available additional 

material failed to show clear co-segregation of the variant and the disease. Two 

identified promoter variants, -454G>A and -291G>A, were found at low frequency 

among tested patients however neither of these variants was detected in controls. In 

family 242, besides germline mutation screening, RNA analysis and Southern blot 

analysis were carried out but failed to identify aberrations of SMARCA3 associated with 

inherited predisposition to colorectal and gastric cancer. 

 

Although a very low or modifying effect of variants like c.2440C>T, -454G>A and -

291G>A could not be excluded, it seems that SMARCA3 is not a common target for 

mutations, at least not in colorectal and gastric cancer. These data taken together with 

the frequent observation of gene silencing caused by promoter hypermethylation may 

indicate a more important role of SMARCA3 in tumor progression rather that tumor 

initiation. The region of linkage on chromosome 3q22.1-26.31 identified in family 242 

is however still of interest. The same region was identified as the most significant 

finding in the pooled analysis of 30 CRC families, of which 18 were from the first 

screen we have performed in paper I (Vandrovcova et al.). In addition, an independent 

confirmation of this region was obtained in the genome-wide linkage analysis of 69 

CRC pedigrees performed with a high-density SNP array (Kemp et al. 2006). 

 

4.3 PAPER III 

The CHEK2 1100delC variant in Swedish colorectal cancer 

 

The CHEK2 1100delC variant has been suggested to act as a low penetrance breast 

cancer susceptibility allele in families without BRCA1/2 mutations (Meijers-Heijboer et 

al. 2002). Moreover, a high frequency of this variant has been found among families 

with hereditary breast and colorectal cancer (HBCC families) suggesting that the 

variant could also confer a colorectal cancer risk (Meijers-Heijboer et al. 2003). 

Interestingly, the region on chromosome 22 harboring the CHEK2 gene was suggested 
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to be of interest in our previously performed genome-wide linkage analysis 

(Djureinovic et al. 2006).  To determine whether CHEK2 1100delC plays a role in 

CRC predisposition, the variant frequency was determined in selected familial cases, 

unselected cases, in 18 families previously analyzed in the linkage analysis and in 

controls. 

 

No significant difference in the frequency of CHEK2 1100delC was found between 

CRC cases and controls. The variant frequency among selected familial cases, 

unselected cases and controls was 1.15%, 0.93% and 0.66%, respectively. One out of 

45 familial cases (2.22%) with a family history of breast cancer was found to be a 

carrier of the variant, however, as the sample size was too small, the difference was not 

significant. None of the 18 families from linkage analysis was found to carry CHEK2 

1100delC thus excluding the effect of the variant among these families. The 

significance of the region on chromosome 22 remains to be determined in future 

studies. 

 

In addition to our study, several other studies failed to show increased frequency of 

CHEK2 1100delC among CRC cases as well as patients affected with multiple 

colorectal adenomas (Kilpivaara et al. 2003; Lipton et al. 2003; de Jong et al. 2005). 

The variant was also excluded as a major cause of double primary breast and colorectal 

cancer in females from southern Sweden (Isinger et al. 2006). However, due to the low 

frequency of CHEK2 1100delC, none of these studies including ours was able to 

exclude a very low penetrance effect of this variant in CRC predisposition.  

 

4.4 PAPER IV 
Germline mutations in the MYH gene in Swedish familial and sporadic colorectal 
cancer  
 

The BER pathway is involved in the repair of mutations caused by oxidative DNA 

damage, like 8-oxo-guanine products (8-oxoG). 8-oxoG mispairs with adenine residues 

leading to an excess of GC>TA transversions. Recently bi-allelic germline mutations in 

the MYH gene, member of the BER system, have been identified in families with 

multiple colorectal adenomas and cancer without germline mutations in the APC gene 

(Al-Tassan et al. 2002; Sieber et al. 2003). In order to determine the role of the MYH 

gene in familial colorectal cancer associated with a fewer number of polyps germline 
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mutation screening of this gene was performed in 84 non-FAP/non-HNPCC colorectal 

cancer patients. 

 

No obviously pathogenic monoallelic or biallelic germline MYH mutations were found 

among 84 unrelated patients with a family history of CRC, including the two most 

common pathogenic variants, Y165C and G382D, found in Caucasians (Al-Tassan et 

al. 2002; Sampson et al. 2003; Sieber et al. 2003). One silent and three missense 

variants, all previously described as polymorphisms, in addition to six intronic variant 

were identified. These data suggest a very limited role, if any, of the MYH gene in CRC 

predisposition among Swedish families with a low polyp number. It is however 

possible that families with MYH mutations were missed since the prevalence of MYH-

associated colorectal cancers is very low and, due to recessive inheritance of the 

disease, some patients can be wrongly classified as sporadic cases.  

 

In addition to patients with a family history of the disease, the prevalence of the two 

most common pathogenic variants, Y165C and G382D, were determined in 450 

sporadic CRC cases from Sweden and 480 controls. Of the samples tested none were 

found to be homozygote or compound heterozygote carrier of the two variants. The 

heterozygous frequency of Y165C was 0.91% in cases and 0.43% in controls, while the 

heterozygous frequency of G382D was 0.45% and 0.21% in cases and controls, 

respectively. While genotypic distribution of both variants was found to be in Hardy-

Weinberg equilibrium among control samples, their distribution was found to deviate 

from equilibrium among cases. Both Y165C and G382D were overrepresented in cases 

by approximately 2-fold as compared to controls, although the difference was not 

statistically significant. Thus, our data together with recently published studies suggest 

that even heterozygous MYH mutation carriers are predisposed to CRC (Croitoru et al. 

2004; Farrington et al. 2005). In addition to two common pathogenic variants, three 

novel heterozygous sequence changes affecting the same amino acid position, R423Q, 

R423P and R423R, were detected among cases and not in controls. The significance of 

these variants however has to be determined in future studies.   
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5 CONCLUSIONS 
The aim of this thesis was to identify novel genetic factors involved in CRC 

predisposition. Based on our findings the following conclusions can be made: 

 

Genome-wide linkage analysis in 18 non-FAP/non-HNPCC families from Sweden 

failed to identify single common locus harboring a CRC predisposing gene. Three 

chromosomes were however suggested to be of interest when analysis was performed 

under the assumption of locus heterogeneity: chromosomes 22q, 11q and 14q. In 

addition, no evidence of linkage was detected to the recently identified regions on 

chromosomes 9q and 15q. Thus, our data provide further evidence of genetic 

heterogeneity in familial CRC of unknown type. 

 

The lack of obviously pathogenic germline mutations in the SMARCA3 gene suggests 

that the gene is not likely to be associated with an increased predisposition to CRC and 

gastric cancer. However, some variants in the SMARCA3 gene could still play a role as 

modifying or a low-penetrance alleles acting in a multiplicative or additive manner. 

 

We found no evidence for an association of the CHEK2 1100delC variant and the 

colorectal cancer risk. However, as the variant frequency in the Swedish population is 

very low, our study was not able to exclude a very low effect of CHEK2 1100delC. 

 

Our data suggest that bi-allelic mutations in the MUTYH gene are not likely to account 

for familial CRC with low number of polyps. The two most common pathogenic 

MUTYH variants are detected in Swedish population indicating that mutations in the 

MUTYH gene could account for a small proportion of CRC cases in Sweden. In 

addition, evidence for a slightly increased CRC risk among heterozygote MUTYH 

mutation carriers was detected. 

 

 

The analysis of the CRC of unknown type, performed by ours and other groups, clearly 

suggests that disease is genetically heterogeneous. Several novel loci have been 

recently identified and their significance, as well as the disease-causing genes residing 

within these regions, remains to be determined. A high-penetrance genes acting in a 

dominant manner may be identified, however their contribution to the overall CRC 
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incidence will probably be small. In contrast, a significant proportion of CRCs are 

expected to arise due to the action of a number of low-penetrance alleles acting 

additively or multiplicatively. Identification of such alleles is still difficult, but 

emerging technologies and human genome project mean that the identification of these 

variants will become easier. 
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