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ABSTRACT 

 
Colorectal cancer is the third most commonly diagnosed cancer worldwide with an incidence 
rate of over 1 million cases per year. A genetic contribution has been suggested to be involved 
in around 35% of all colorectal cancer cases. However, mutations in single high-penetrance 
genes have been identified in only approximately 5% of all cases, leaving the majority of the 
genetic burden unexplained. Some of this might be attributable to additional high-penetrance 
genes, however, it is of general belief that low- to moderate penetrance alleles are responsible 
for a large proportion of the remaining genetic predisposition for colorectal cancer.  
 
In an attempt to identify novel colorectal cancer predisposing loci, genome-wide linkage 
analysis was performed in 18 non-FAP/non-HNPCC colorectal cancer families. No common 
susceptibility locus was identified thus providing evidence for locus heterogeneity. Analysis 
assuming locus heterogeneity revealed three regions of interest; one region on chromosome 
22q12 was suggested from parametric linkage analysis and two regions on chromosomes 11q 
and 14q from both parametric and non-parametric linkage analyses. Finemapping of 
chromosomes 11q and 14q reduced the LOD scores, but remained suggestive for linkage. 
Haplotype analysis in families with disease linked to chromosomes 11 and 14 gave the 
following overlapping regions; 11q13.2-13.4, 11q22.1-23.1, and 14q23.1-24.1. 
 
A novel susceptibility locus for adenoma and colorectal cancer on chromosome 9q22.2-31.2 
has been suggested from sib-pair studies. Analysis of an extended Swedish colorectal cancer 
family, which had in a previous genome screen shown suggestive linkage to this region, gave 
evidence of linkage of adenoma and colorectal cancer to chromosome 9q22.32-31.1 with a 
multipoint LOD score of 2.4. Haplotype analysis defined the region to 7.9 cM between the 
markers D9S280 and D9S277. Hence, these data supports the evidence of a susceptibility locus 
predisposing to adenoma and colorectal cancer at this chromosomal region.  
 
Genotyping additional 19 non-FAP/non-HNPCC colorectal cancer families for this region 
revealed suggestive linkage of disease in seven other families. In an attempt to identify the 
disease causing gene, the coding regions of totally 9 putative candidate genes were screened for 
germline mutations. TGFBR1 was also investigated for genomic deletions, insertions and 
rearrangements with no aberrations or structural variations detected. 
 
A common variant, TGFBR1*6A, of the TGFBR1 gene has been reported to be associated with 
an increased risk for colorectal cancer. Most recently, this variant has been proposed to be 
directly causally responsible for a proportion of familial colorectal cancer. A second 
polymorphic variant of TGFBR1, Int7G24A, has also been implicated in cancer susceptibility. 
Using a case-control design, TGFBR1*6A and Int7G24A allele frequencies in 83 HNPCC and 
179 non-HNPCC familial colorectal cancer cases were compared with 856 population-based 
controls. While the frequency of the TGFBR1*6A allele was similar in non-HNPCC familial 
cases and controls, the frequency in HNPCC cases was elevated compared to the controls. No 
association was found between the Int7G24A variant and colorectal cancer risk.  
 
To further clarify the role of the TGFBR1*6A variant in colorectal cancer predisposition, a 
case-control study of 1,042 unselected colorectal cancer cases and 856 population controls was 
performed. The frequency of TGFBR1*6A was not significantly different between cases and 
controls. A subsequent meta-analysis of all published case-control studies on the TGFBR1*6A 
variant and colorectal cancer risk gave an odds ratio of 1.13 (95% CI: 0.98-1.30) for 
TGFBR1*6A carriers. In conclusion, these data provide little evidence to support the hypothesis 
that TGFBR1*6A acts as a colorectal cancer susceptibility allele.  
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INTRODUCTION 
 
 
COLORECTAL CANCER 
 
Incidence 
 
Colorectal cancer is the third most commonly diagnosed cancer worldwide and, unlike 
most other cancers, it affects men and women fairly equally with a ratio of 1.2:1. The 
incidence rate reaches over 1 million cases per year with a mortality rate of about 50% 
making colorectal cancer the second most common cause of cancer-related death in the 
Western world. (Parkin et al. 2005) 
 
At least a 25-fold variation in incidence of colorectal cancer is seen worldwide. The 
highest incidence rates are observed in North America, Australia/New Zealand, 
Western Europe, and Japan. Incidence tends to be low in Africa and Asia and 
intermediate in the southern parts of South America. (Parkin et al. 2005) Studies have 
shown that among immigrants and their descendants incidence rates rapidly reach those 
of the host country, sometimes within the migrating generation (Haenszel 1961; 
McMichael et al. 1980; Stirbu et al. 2006). These international differences, together 
with migrant data and recent rapid changes in incidence in countries like Japan, show 
that colorectal cancer, in particularly, is highly sensitive to changes in environment and 
to a large part dietary differences (Potter 1999). 
 
In Sweden the incidence rate of colorectal cancer is approximately 5,600 new cases per 
year with a mortality rate of about 2,500 cases (Socialstyrelsen 2005). While the 
prevalence of colorectal cancer has steadily increased over the last century, mortality 
rates have declined as a result of improved treatment, efficient screening and 
surveillance (Baglioni et al. 2004).  
 
 
Risk factors 
 
A Western lifestyle is considered one of the main factors associated with an increased 
risk for colorectal cancer and it has been estimated that a Western type diet alone could 
contribute to approximately 50% of all sporadic cases (Ahmed 2006). Several 
additional factors have been investigated for their role in colorectal cancer 
development. 
 
Epidemiological studies have shown that a high intake of fat, red meat and alcohol 
increases the risk for colorectal cancer. Smoking is also considered to increase the risk 
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whereas a diet rich in fruit, vegetables and dietary-fibers is considered to lower the risk. 
Non-steroidal anti-inflammatory drugs (NSAIDs), hormone replacement-therapy and 
physical activity have in studies shown to have a protective effect against colorectal 
cancer. (Potter 1999) Yet, some of these associations are controversial (Potter 1999; 
Terry et al. 2001), and for several of these factors little is known about how they 
modify the risk for colorectal cancer. According to several recent publications it is 
possible or even likely that some candidate low-penetrance genes, that will be 
discussed later, contribute to colorectal cancer in combination with certain dietary 
and/or lifestyle factors listed here (de Jong et al. 2002; Houlston et al. 2001).  
 
However, the most important risk factor for colorectal cancer is a positive family 
history of the disease. The relative risk for an individual having a first-degree relative 
with colorectal cancer is two-fold compared to an individual with no affected family 
members. Having more than one relative affected with colorectal cancer increases the 
risk to more than four-fold (Johns et al. 2001).  
 
Stratifying the population by colorectal cancer risk could allow targeted prevention, 
with strategies customized according to individual risk levels. In order to achieve this 
goal, good knowledge is needed on the etiology and pathogenesis of the disease. 
Colorectal cancer is a complex disease whose development is determined by different 
combinations of genetic and environmental factors. The following sections will discuss 
the current knowledge on the underlying genetics of colorectal cancer and possible 
interactions with environmental factors.  
 
 
PATHWAYS TO COLORECTAL CANCER 
 
Colorectal cancer develops as the result of the progressive accumulation of genetic and 
epigenetic alterations that lead to the transformation of normal colonic epithelium to 
adenoma  and eventually to carcinoma (Fearon & Vogelstein 1990; Lengauer et al. 
1998; Vogelstein et al. 1993). The fact that colorectal cancer develops over 10-15 years 
and progresses through equivalent histological and molecular changes has made it 
possible to study its molecular pathology in more detail than any other cancer type. 
Furthermore, from the analysis of the molecular origin of colorectal cancer the 
molecular pathogenesis of several other cancer types have been established. 

 
 
Chromosomal instability pathway 
 
Colorectal cancer development is most commonly initiated by alterations in the 
Wingless (Wnt) signaling pathway and driven by an accumulation of mutations that 
either activate oncogenes or inactivate tumor suppressor genes. These alterations 
provide growth advantage and lead to clonal expansion of the mutated cells. This 
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multistep model of adenoma to carcinoma transition was first proposed by Fearon and 
Vogelstein in 1990 (Fearon & Vogelstein 1990) and is characterized by several events 
of chromosomal aberrations and hence referred to as the chromosomal instability (CIN) 
pathway.  
 
The earliest genetic event described in adenoma-carcinoma development is mutation 
and/or loss of the Adenomatous polyposis coli (APC) gene which leads to an activation 
of the Wnt signaling pathway (Powell et al. 1992). APC mutations or allelic loss of 
chromosome 5q, harboring the APC gene, are observed in up to 80% of all colorectal 
adenomas and carcinomas (Leslie et al. 2002). Germline mutations in the APC gene are 
associated with the dominantly inherited Familial adenomatous polyposis (FAP) 
syndrome (Groden et al. 1991; Nishisho et al. 1991) which will be discussed later.  
 
Also occurring early in the adenoma-carcinoma development, at the early to late 
adenoma transition, is an activating mutation in the KRAS oncogene. KRAS is involved 
in signal transduction of regulatory pathways critical for normal proliferation and 
differentiation (Bos 1989). Activating KRAS mutations are found in about 40% of 
colorectal carcinomas and at similar frequencies in large adenomas. However, KRAS 
mutations are less frequently found in small adenomas, pointing to a more growth 
promoting than initiating role in colorectal tumorigenesis. (Leslie et al. 2002) 
 
Furthermore, allelic losses of chromosomes 17p and 18q have been described in a large 
proportion of colorectal adenomas and carcinomas (Fearon et al. 1987; Fearon & 
Vogelstein 1990). Chromosome 18q is lost in 10-30% of early adenomas, 60% of late 
adenomas and 70% of carcinomas (Leslie et al. 2002). Candidate tumor suppressor 
genes within these regions are SMAD2 and SMAD4 encoding intracellular mediators of 
the Transforming growth factor-beta (TGF-ß) signaling pathway, involved in for 
example proliferation and differentiation (Derynck et al. 2001). Mutations in SMAD2 
and SMAD4 also occur frequently in colorectal cancers (Eppert et al. 1996; Takagi et al. 
1996). Allelic loss of chromosome 17p, harboring the TP53 gene, or mutations in TP53 
have been reported in 50-75% of all colorectal carcinomas but very rarely in benign 
lesions suggesting that functional inactivation of the TP53 gene is a late genetic event 
associated with the transition from adenoma to carcinoma (Baker et al. 1989; Leslie et 
al. 2002; Rodrigues et al. 1990). 
 

 

Figure1. Schematic view over 
genetic events occurring in the 
chromosomal instability 
pathway leading to colorectal 
cancer development. (Adapted 
from (Fearon et al. 1990). 
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Besides the hereditary colorectal syndrome FAP, where patients are predisposed by 
germline mutations in APC, the chromosomal instability pathway is also applicable to 
approximately 85% of all sporadic colorectal cancer development. 
 
 
Microsatellite instability pathway 
 
The microsatellite instability (MIN) pathway is characterized by a deficient DNA 
mismatch repair (MMR) system leading to microsatellite instability (MSI) in tumors. 
MSI is a hallmark of the well-known hereditary colorectal cancer syndrome Hereditary 
non-polyposis colorectal cancer (HNPCC) and about 15% of all sporadic colorectal 
cancers (Aaltonen et al. 1993; Ionov et al. 1993). 
 
MSI is characterized by increasing or decreasing numbers of tandem repeats of simple 
DNA sequences (microsatellites). Microsatellite sequences are prone to mutations 
caused by polymerase slippage during replication. Normally these errors are repaired, 
however, in cells with deficient MMR system these errors remain through DNA 
replication resulting in alleles of different size. (Hoang et al. 1997; Peltomaki 2001) A 
deficient MMR system increases the rate of small insertions/deletions or point 
mutations about 102-103 fold not only occurring in non-coding repeats but also 
frequently in “microsatellite like” short repeats in coding sequences (Eshleman et al. 
1996). Among the most frequently mutated genes in the MIN pathway are TGFBR2, 
BAX and IGF2R.  
 
Inactivating mutations of TGFBR2 (Transforming growth factor beta receptor II) is 
found in approximately 90% of all colorectal cancers with an MSI phenotype and in 
most cases both alleles are affected (Parsons et al. 1995). A study on TGFBR2 
mutational status at various steps of colorectal tumor progression suggested an 
important role in MMR deficient colorectal tumor development. From this study it was 
further implied that the TGFBR2 behaves like a tumor-suppressor and mutations 
correlate with the progression of adenoma to carcinoma. (Grady et al. 1998) 
 
The proportion of sporadic tumors showing a MSI phenotype are thought to arise via 
the recently proposed “serrated polyp-neoplasia pathway” (Jass et al. 2000). This 
pathway is thought to exist independently from the traditional adenoma-carcinoma 
sequence and describes the development of proximal MSI cancer from serrated polyps 
via a two-step process of dysregulated apoptosis due to activating BRAF mutations, 
primarily V599E, followed by loss of DNA repair by hypermethylation of MLH1, a 
member of the DNA MMR system (Huang et al. 2004).  
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Epigenetic alterations 
 
Genetic mechanisms are not the only cause of altered or impaired gene function in 
tumorigenesis. Pathological epigenetic changes (non-sequence based alterations that are 
inherited through cell division) are more and more being considered an alternative to 
mutations and chromosomal alterations in disrupting gene function (Egger et al. 2004). 
These epigenetic changes include global DNA hypomethylation, hypermethylation, 
gene-specific hypo- and hypermethylation, chromatin alterations, and loss of 
imprinting. All of these may lead to abnormal activation of growth-promoting genes or 
abnormal silencing of tumor-suppressor genes (Feinberg et al. 2004). Gene specific 
hypermethylation of normally unmethylated promoters applies to many tumor-
suppressor genes including RB1 in retinoblastoma, p16 in melanoma, VHL in renal-cell 
carcinoma, and Wnt-signaling genes, like APC,  in colorectal cancer (Feinberg et al. 
2006).  
 
Several recent publications report of germline epimutations (i.e. hypermethylation) of  
the MutL homolog 1 (MLH1) and MutS homolog 2 (MSH2) in HNPCC cases screened 
negative for germline sequence mutations in these MMR genes (Chan et al. 2006; 
Hitchins et al. 2005; Suter et al. 2004). These germline epimutations are functionally 
equivalent to an inactivating mutation and produce a clinical phenotype that resembles 
HNPCC. However, while epimutations of MSH2 has been demonstrated to transmit to 
offspring (Chan et al. 2006), the inheritance of epimutations in MLH1 has been weak 
and suggested to be an event primarily in younger individuals without a family history 
of colorectal cancer (Hitchins et al. 2005). 
 
Genomic imprinting is parent-of-origin specific gene silencing, causing reduced or 
absent expression of a specific allele of a gene in somatic cells of the offspring. 
Imprinting is a feature of all mammals affecting genes that regulate cell growth, 
behaviour, signaling, cell cycle, and transport (Feinberg et al. 2006). Loss of imprinting 
(LOI) refers to activation of the normally silenced allele, or silencing of the normally 
active allele, of an imprinted gene. LOI of the Insulin-like growth factor 2 gene (IGF2) 
accounts for half of all Wilms tumors in children (Ravenel et al. 2001). LOI of IGF2 is 
also a common epigenetic variant in adults and is associated with a five-fold increased 
risk for colorectal cancer (Cui et al. 2003; Woodson et al. 2004).  
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COLORECTAL CANCER PREDISPOSITION 
 
About 75% of all patients with colorectal cancer have a sporadic disease, with no 
apparent evidence of having inherited the disorder. The remaining 25% of colorectal 
cancer patients have a family history of colorectal cancer that suggests a genetic 
contribution, common exposures among family members, or a combination of both. A 
twin study on the genetic contribution of hereditary factors to colorectal cancer, 
combining data on 44,788 pairs of twins listed in the Swedish, Danish, and Finnish 
twin registries, found a genetic contribution to be involved in approximately 35% of all 
colorectal cancer cases (Lichtenstein et al. 2000), with shared and non-shared 
environmental factors accounting for the remaining 5% and 60% of all cases, 
respectively (Hemminki et al. 2001).  
 
However, despite this relatively large estimated genetic contribution, mutations in 
single high-penetrance genes have been identified in only approximately 5% of all 
colorectal cancer cases, leaving the majority of the genetic burden unexplained. This 
remaining genetic predisposition might be attributable to low- to moderate penetrance 
genes acting additively, multiplicatively, or as modifiers of risk.  
 
 
High-penetrance genes 
 
Over the last two decades, genetic research for cancer predisposing genes has mainly 
focused on the identification of high-penetrant genes using large families. Genetic 
linkage studies have resulted in the localization and identification of several highly-
penetrant genes for a number of syndromes with an increased risk for colorectal cancer 
(Table 1).  
 
 

Table 1 High-penetrance genes and risk for colorectal cancer 

GENE SYNDROME ABSOLUTE RISK IN MUTATION CARRIERS 

APC FAP ~100% by age 45  

APC Attenuated FAP 69% by age 80 (Burt et al. 2004) 

MMR genes HNPCC 80% by age 75 (MLH1 and MSH2) (Vasen et al. 1996) 

MutYH MAP 100% by age 60 (Farrington et al. 2005) 

STK11 Peutz-Jeghers 39% by age 64 (Giardiello et al. 2000) 

SMAD4 Juvenile Polyposis 17-68% by age 60 (Coburn et al. 1995; Desai et al. 1995) 

Abbreviations: MMR, mismatch repair; FAP, Familial Adenomatous Polyposis; HNPCC, Hereditary Non-polyposis 
Colorectal Cancer: MAP, MutYH associated polyposis 
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Adenomatous Polyposis Coli (APC) 
 
APC (Adenomatous polyposis coli) is a tumor suppressor gene that when mutated 
predisposes to Familial adenomatous polyposis (FAP) and Attenuated familial 
adenomatous polyposis (AFAP). Physical mapping of the APC gene begun in 1986 
with the identification of a deletion of chromosome 5q in a patient with colorectal 
polyposis (Herrera et al. 1986). Subsequent studies demonstrated linkage of the disease 
to chromosome 5q21 (Bodmer et al. 1987; Leppert et al. 1987). APC was identified and 
proved to cause FAP from segregation analysis in families (Groden et al. 1991; 
Nishisho et al. 1991). The APC gene was later characterized and found to encode a 
2,843 amino acid protein, which plays an important role in cell adhesion and signal 
transduction. The major down-stream target of APC is beta-catenin. APC is considered 
a gatekeeper gene and the loss of APC is among the earliest events in the chromosomal 
instability (CIN) pathway (Kinzler et al. 1996; Powell et al. 1992).  
 
Germline mutations in APC result in FAP or one of its variants, Gardner syndrome, 
attenuated FAP, Turcott syndrome, or the flat adenoma syndrome (Grady et al. 2003). 
FAP is one of the most clearly defined and well understood inherited colorectal cancer 
syndromes (Bulow et al. 1996). It is an autosomal dominant disease with an incidence 
rate usually given as 1:10 000 (Potter 1999) to 1:7000 (Kinzler & Vogelstein 1996) and 
responsible for about 1% of all colorectal cancers. FAP is characterized by hundreds to 
thousands of benign colorectal tumors (adenomas or adenomatous polyps) in the colon 
and rectum developing in late childhood or adolescence. Although these benign tumors 
are not individually life-threatening, if left untreated one or several will progress into 
cancer (Kinzler & Vogelstein 1996). Therefore the penetrance of this disease is close to 
100%. In addition, FAP patients often develop extracolonic manifestations, including 
retinal lesions, osteomas, desmoids of the skin, and brain tumors (Kinzler & Vogelstein 
1996). The clinical name Gardner’s syndrome has sometimes been used to designate 
the FAP patients that manifest these extracolonic features.  
 
In most FAP cases the APC gene is either mutated or deleted and since 1991, when it 
was first reported to give rise to FAP (Groden et al. 1991; Kinzler et al. 1991), it has 
been considered an important piece in the familial colorectal cancer puzzle. Individuals 
that carry a germline pathogenic mutation in APC (the first hit according to Knudson’s 
two-hit hypothesis (Knudson 1971) are predisposed and will eventually develop FAP. 
The tumor development follows the occurrence of a second hit in or loss of the APC 
allele from the unaffected parent. This second mutation of the wild-type APC allele 
creates a rate-limiting event providing strong support to the two-hit hypothesis (Kinzler 
& Vogelstein 1996). 
 
More than 300 different APC mutations have been described to cause FAP (Laurent-
Puig et al. 1998). The clinical features of FAP seem to be associated with the location 
of the mutation in the APC gene as well as the type of the mutation creating a complex 
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genotype-phenotype relationship. More than 95% of all germline APC mutations are 
truncating or nonsense mutations and most commonly insertions or deletions leading to 
an altered reading frame (de la Chapelle 2004). Classic polyposis, leading to thousands 
of adenomas or more, is usually associated with mutations in codons 169-1600. The 
associated extra colonic feature of congenital hypertrophy of the retinal pigment 
epithelium, that is seen in some cases of FAP, mostly occurs in patients with mutations 
in codons 463-1387. The clinical variant Gardner’s syndrome is typically caused by 
mutations in the small region between codon 1403 and 1578. (Fearnhead et al. 2001) 
 
An attenuated form of the disease, AFAP (attenuated familial adenomatous polyposis), 
also exists, which is associated with a smaller number of adenomas and later clinical 
presentation. The risk of colorectal cancer is very high, but typically occurs later in life 
than in FAP. AFAP is less well characterized than FAP. It is caused by mutations in the 
3’ and 5’ ends of the APC gene and in the alternatively spliced region of exon 9. 
(Fearnhead et al. 2001)  
 
Recently, it has been shown that colorectal phenotypes indistinguishable from FAP and 
AFAP can also be associated with biallelic inherited mutations of the BER (base 
excision repair) gene, MutYH (human MutY homologue), in the absence of inherited 
mutations of APC (Al-Tassan et al. 2002; Jones et al. 2002; Sampson et al. 2003). The 
role of the MutYH gene in colorectal cancer predisposition will be discussed in more 
detail later. 
 
 
Mismatch repair (MMR) genes 
 
In 1895 the pathologist Aldred Warthin at the University of Michigan described a 
family, “Family G”, having several affected members with different types of cancer 
(Warthin 1913). Many years later, in 1966, Dr. Henry Lynch and colleagues reported 
the observation of two families with an autosomal dominant genetic predisposition for 
early onset colorectal cancer in the absence of multiple colonic polyps and called the 
condition “Cancer family syndrome” (Lynch et al. 1966). The official name for this 
syndrome was later changed to Lynch syndrome until 1985 when the term hereditary 
non-polyposis colorectal cancer (HNPCC) was taken to distinguish it from FAP (Lynch 
et al. 1985).  
 
The genetic breakthrough for HNPCC research came in 1993 when two independent 
research groups in parallel were able to map this syndrome to chromosomes 2p16 
(Peltomaki et al. 1993) and 3p21 (Lindblom et al. 1993). The locus on chromosome 
2p16 was identified by linkage analysis in two large HNPCC families, one from 
Newfoundland, Canada, and the other from New Zealand. The MSH2 gene, a human 
homologue to the gene encoding the bacterial MMR protein MutS, was subsequently 
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identified in this region and shown to be mutated in approximately 40% of all HNPCC 
patients (Fishel et al. 1993; Leach et al. 1993; Peltomaki et al. 2004).  
 
The second susceptibility locus on chromosome 3p21 was also identified by linkage 
analysis in one large Swedish family with HNPCC (Lindblom et al. 1993) and further 
refined by haplotype analysis to chromosome 3p21.3-23 (Tannergard et al. 1994). The 
disease-causing gene in this region was found to be MLH1, the gene for the human 
homolog of the bacterial MMR protein MutL. MLH1 is responsible for approximately 
50% of all HNPCC cases (Peltomaki & Vasen 2004).  
 
In 1995 a third MMR protein, MutS homolog 6 (MSH6), was identified (Drummond et 
al. 1995; Nicolaides et al. 1994). The gene was localized to chromosome 2p16 within 1 
Mb of the MSH2 gene (Papadopoulos et al. 1995). Approximately 10% of all HNPCC 
cancers are due to mutations in the MSH6 gene making germline mutations in the 
mismatch repair genes MLH1, MSH2 and MSH6 the primary cause of HNPCC related 
cancers (Peltomaki & Vasen 2004). Among all known human MMR genes, mutations 
in these three MMR genes account for close to 100% of all known HNPCC-associated 
mutations with a penetrance of approximately 80% for colorectal cancer, 60% for 
endometrial cancer, and below 20% for other cancers (Lynch et al. 2003; Peltomaki 
2005). 
 
HNPCC is the most common known hereditary syndrome associated with colorectal 
cancer, accounting for 1-3% of all colorectal cancer cases (de la Chapelle 2005; Lynch 
et al. 2006). It is autosomal dominantly inherited and, apart from colorectal cancer, 
associated with a number of other cancers. The most common is endometrial cancer, 
but patients with HNPCC are also at risk for cancers of the stomach, small bowel, 
ovaries, liver and biliary tract, brain, and transitional cell carcinoma of the ureter and 
renal pelvis (Aarnio et al. 1995; Vasen et al. 1990; Watson et al. 1993; Watson et al. 
1994). Unlike FAP patients, who develop hundreds to thousands of polyps, HNPCC 
patients develop a modest number of adenomatous polyps that still rapidly evolve into 
cancer at an early age. The mean age of onset for HNPCC ranges from approximately 
44 years in previous studies to 61 years in more recent studies (Aarnio et al. 1999; 
Hampel et al. 2005).  
 
The research criteria for defining HNPCC families were established by the 
International Collaborative Group (ICG) meeting in Amsterdam in 1990, and are 
known as the Amsterdam criteria I (Vasen et al. 1991). The purpose of these criteria 
was to introduce uniformity in HNPCC classification. However, these first set of 
criteria were later shown to be too stringent since they did not include the extracolonic 
cancers associated with HNPCC. Therefore, the criteria were revised to Amsterdam 
criteria II to include also these other cancers (Table 2) (Vasen et al. 1999).  
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Table 2 AMSTERDAM CRITERIA II 

1. There should be at least three relatives with an HNPCC-associated cancer. 

2. One should be a first-degree relative of the other two. 

3. At least two successive generations should be affected. 

4. At least one should be diagnosed before age 50. 

5. Familial adenomatous polyposis should be excluded. 

6. Tumors should be verified by pathological examination. 

*HNPCC-associated cancers: colorectal cancer, cancer of the endometrium, small bowel, ureter, or renal pelvis  

 
A third set of clinical criteria, the least stringent for identifying families with germline 
mutations in one of the MMR genes and in first hand selecting patients for MSI 
screening, are the Bethesda guidelines (Rodriguez-Bigas et al. 1997; Umar et al. 2004) 
(Table 3). If these criteria are fulfilled a test of MSI is usually suggested. The MSI test 
is performed on tumor DNA and matching normal DNA using a set of five 
microsatellite markers; BAT25, BAT26, D2S123, D5S346, and D17S250. If tumors 
show microsatellite instability at two or more markers they are defined as MSI-high 
(MSI-H). Tumors exhibiting instability at one single marker or none of the markers are 
defined as MSI-low (MSI-L) or MSI stable (MSS), respectively.  
 
 

Table 3 REVISED BETHESDA GUIDELINES 

1. Colorectal cancer diagnosed in an individual younger than 50 years. 

2. Presence of synchronous, metachronous colorectal or other HNPCC-associated tumors* in an 

individual regardless of age. 

3. Colorectal cancer with MSI-high pathological associated features** diagnosed in an individual 

younger than 60 years. 

4. Colorectal cancer of HNPCC-associated tumor* diagnosed in at least one first-degree relative 

younger than 50 years. 

5. Colorectal cancer or HNPCC-associated tumor* diagnosed at any age in two first- or second-degree 

relatives. 
*HNPCC-associated tumors include colorectal, endometrial, stomach, ovarian, pancreas, ureter and renal pelvis, 
biliary tract, brain tumors, sebaceous gland adenomas and keratoacanthomas, and carcinoma of the small bowel.  
**MSI-high pathological associated features include infiltrating lymphocytes, Crohn’s like lymphocytic reaction, 
mucinous/signet-ring differentiation, or medullary growth pattern. 
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MutYH 
 
MAP (MutYH-associated polyposis) is a recently described colorectal adenoma and 
carcinoma predisposition syndrome that is associated with biallelic-inherited mutations 
of the human MutY homolog gene, MutYH. The normal role of MutYH is in the base 
excision repair (BER) system and MAP tumors display a mutational signature of 
somatic guanine-to-thymine transversion mutations. The function of MutYH in the BER 
system is to remove adenines misincorporated opposite guanine or 8-oxoG (7,8-
dihydro-8-oxoguanine), a prevalent and stable product of oxidative damage to DNA. 
(Chmiel et al. 2003; Slupska et al. 1996) The complete genetic pathway of MAP 
tumorigenesis has not been elucidated. However, the pattern of somatic mutations 
observed in adenomas and colorectal cancers from MAP patients, together with 
functional data on mutant MAP-associated alleles, supports a causal relationship 
between MutYH-associated deficiency in BER and colorectal tumorigenesis in MAP 
(Al-Tassan et al. 2002; Chmiel et al. 2003). 
 
MAP was first identified during the investigation of ‘family N’, in which three of seven 
siblings were affected with AFAP-like phenotypes in the absence of an identifiable 
inherited truncating mutation in APC (Al-Tassan et al. 2002). Characterization of 
somatic mutations of APC in colorectal tumors from the affected siblings showed that 
the majority (15 out of 18) were G:C to T:A transversions, suggesting the possibility of 
an inherited deficiency in the repair of 8-oxoG-related mutations. Germline biallelic 
MutYH missense mutations were identified in each of the three affected siblings. In 
contrast, family members who were heterozygous for either mutation showed no 
abnormality on colonoscopy. By linking the pattern of somatic APC mutations to the 
presence of functionally significant biallelic mutations of MutYH, Al-Tassan et al. 
provided the first evidence that MAP represented a novel recessive colorectal adenoma 
and carcinoma predisposition syndrome. Biallelic MutYH mutations have subsequently 
been identified in approximately 25% of patients with FAP-like and AFAP-like 
phenotypes in whom no inherited APC mutation could be identified and segregation 
has been consistent with transmission of MAP as an autosomal-recessive trait with high 
penetrance. (Eliason et al. 2005; Jones et al. 2002; Sampson et al. 2003; Sieber et al. 
2003). 
 
Interestingly, recent findings show that monoallelic MutYH variants might have a low-
penetrant colorectal adenoma and carcinoma predisposing effect. Individual studies, 
with limited sample size, have shown a small but non-significant increased risk 
associated with monoallelic carrier status (Zhou et al. 2005). However, a meta-analysis 
of all published reports on MutYH and risk for colorectal cancer showed a small but 
statistically significant relative risk of 1.27 (95% CI: 1.01-1.61) for monoallelic variant 
carriers (Tenesa et al. 2006).  
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Low-penetrance genes 
 
Some high- or moderate penetrance colorectal cancer predisposing genes most certainly 
remain to be detected. However, it is of general belief that low-penetrance variants are 
responsible for a large proportion of the genetic predisposition to colorectal cancer. 
Numerous single nucleotide polymorphisms (SNPs) and other common variants have 
been investigated for association with an increased risk for colorectal cancer. An 
association has been found in approximately one third of all published studies, however 
the replication rate has been very low for most significant findings (Houlston & 
Tomlinson 2001). Two of the most well studied low-penetrance variants and 
association with colorectal cancer risk are the APC-I1307K and the TGFBR1*6A.  
 
Two larger systematic reviews on specific polymorphisms and risk of colorectal cancer 
have been published and significant associations were found for ALDH2, APC-I1307K, 
GSTT1, HRAS1-VNTR, MTHFRVal/Val, NAT2 and TP53 (de Jong et al. 2002; 
Houlston & Tomlinson 2001). However, only HRAS1-VNTR and MTHFRVal/Val 
were significantly associated in both studies. The MTHFRVal/Val genotype was further 
found to be associated with a reduced risk for colorectal cancer in a recently reported 
scan of 1,467 SNPs in more than 2,000 cases and controls (Webb et al. 2006). 
 
 
TGFBR1*6A 
 
Transforming growth factor-beta (TGF-ß) controls proliferation, differentiation, and 
other important functions in many cell types. TGF-ß signals through a heteromeric cell-
surface complex of two types of membrane bound Serine/Threonine protein kinase 
receptors; Transforming growth factor beta receptor I (TGFBR1) and Transforming 
growth factor beta receptor II (TGFBR2). Both receptors show a widespread expression 
pattern and are expressed in the colon as well as in tumor cells. The heterodimerization 
of the two receptors result in activation of the receptor kinases, which in turn 
phosphorylate and activate downstream Smad2 and Smad3 proteins. Phosphorylated 
Smad2 and Smad3 form heteromeric complexes with Smad4 and translocate to the 
nucleus where they activate transcription of multiple TGF-ß response genes. TGF-ß 
receptor-dependent signals are critical for cell growth and differentiation and are 
commonly disrupted during tumorigenesis. (Derynck et al. 2001)  
 
Somatic mutations in TGFBR2 are most frequently found in HNPCC cases (Tannergard 
et al. 1997) and the TGFBR2 gene has been shown to be inactivated in a subset of colon 
cancer cell lines exhibiting microsatellite instability (Markowitz et al. 1995). A 
polyadenine tract in the TGFBR2 coding sequence is commonly mutated in these 
patients due to defects in the MMR system. Altogether, 70-90% of all colon cancers 
with microsatellite instability exhibit frameshift mutations in TGFBR2 (Parsons et al. 
1995). However, missense and inactivating mutations in TGFBR2 have also been 
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reported in colon cancer which does not display microsatellite instability (Grady et al. 
1999).  
 
Mutations in the TGFBR1 gene have less frequently been found associated with 
malignancy. Inactivating mutations in TGFBR1 has been reported in ovarian cancer, 
metastatic breast cancers, pancreatic carcinomas and T-cell lymphomas (Derynck et al. 
2001). Recently, a newly described autosomal dominant syndrome of altered 
cardiovascular, craniofacial, neurocognitive and skeletal development was found to be 
caused by heterozygous mutations in TGFBR1 as well as TGFBR2 (Loeys et al. 2005). 
 
A common polymorphic variant of the TGFBR1, TGFBR1*6A, located in exon 1, has a 
deletion of three alanines within a stretch of 9 alanines and has been suggested to be 
associated with an increased risk for several types of malignancies including colorectal 
cancer (Pasche et al. 1998). This polymorphic polyalanine repeat lies within a predicted 
signal peptidase cleavage site (Franzen et al. 1993). Functional studies on cell lines 
have shown the TGFBR1*6A to be an impaired mediator of TGF-ß signaling, 
compared to the normal TGFBR1 (Chen et al. 1999; Pasche et al. 1999).  
 
A meta-analysis of 12 case-control studies with altogether 4,399 cancer patients and 
3,451 healthy controls showed an increased risk for colorectal, breast and ovarian 
cancer in TGFBR1*6A carriers compared to non-carriers (Pasche et al. 2004). The 
same analysis showed that heterozygous carriers of the TGFBR1*6A allele have a 20% 
increased risk for developing colorectal cancer while homozygous carriers have a 
greater than 100% increased risk. A case-case study conducted to evaluate the 
applicable risk of the TGFBR1*6A allele to familial colorectal cancer showed the 
highest allelic frequency to be among MMR mutation negative patients with 
microsatellite stable tumors, though not statistically significant (Bian et al. 2005).  
 
A second polymorphic variant of TGFBR1 located in intron 7, Int7G24A, has also been 
suggested to be implicated in cancer susceptibility. Associations with kidney, bladder, 
breast, and non-small cell lung cancer have been reported (Chen et al. 1999; Chen et al. 
2004; Zhang et al. 2003). Homozygotes for the Int7G24A variant have been suggested 
to have a more than three-fold increased risk of developing non-small cell lung cancer 
compared to wild-type homozygotes (Zhang et al. 2003). A meta-analysis showed a 
76% increased risk of cancer in Int7G24A carriers (Zhang 2005). 
 
 
APC-I130K 
 
Somatic mutations in the APC gene are an early event in colorectal tumorigenesis and 
can be detected in the majority of colorectal tumors. The APC gene encodes a large 
protein with multiple cellular functions and interactions, including roles in signal 
transduction, in the Wnt-signaling pathway, mediation of intercellular adhesion, 
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stabilization of the cytoskeleton and possibly regulation of the cell cycle and 
apoptosis (Fearnhead et al. 2001). The fact that APC is part of so many different, 
important pathways makes it an ideal target for mutation in carcinogenesis. 
 
A variation in the APC gene, APC-I1307K, was first described by Laken et al  in 1997 
and suggested to act as a low-penetrance allele associated with an increased risk for 
colorectal cancer in the Ashkenazi Jewish population (Laken et al. 1997). The APC-
I1307K variant involves a T to A transversion at codon 1307 in exon 15 of the APC 
gene, creating an A8 tract instead of the normal A3TA4. This has no detectable effect 
on the function of APC, however it is suggested to create a hypermutable region of the 
gene, indirectly conferring increased colorectal cancer susceptibility (Laken et al. 
1997). The frequency of the APC-I1307K variant has been estimated to 6.1% in healthy 
Ashkenazim compared to 10.4% in Ashkenazim affected with colorectal cancer. When 
stratifying for the presence of a family history of colorectal cancer, approximately 28% 
of all probands are carriers of the APC-I1307K variant. Since the original observation 
by Laken et al (Laken et al. 1997) several studies have found the APC-I1307K variant 
associated with an increased risk for colorectal cancer (Frayling et al. 1998; Gryfe et al. 
1999; Woodage et al. 1998). Pooled analysis of all published studies resulted in an odds 
ratio of 1.58 (95% CI: 1.21-2.07) for carriers of the APC-I1307K variant (Houlston & 
Tomlinson 2001).  
 
Additional common variants in the APC gene have been reported, and for a few of 
these an association with increased risk for colorectal cancer has been observed, for 
example E1317Q and D1822V (Frayling et al. 1998; Lamlum et al. 2000; Powell et al. 
1992; Wallis et al. 1999). In a study of 91 consecutive colorectal cancer cases from 
Sweden, no association of either of these variants with an increased risk for colorectal 
cancer was found (Zhou et al. 2004). From this study, a novel variant, 8636C>A, was 
however suggested to confer an increased risk for colorectal cancer with an OR of 1.8 
(95% CI: 0.96-3.40).  
 
 
HRAS1-VNTR 
 
The proto-oncogene HRAS1, member of the RAS family, encodes a protein involved in 
mitogenic signal transduction and differentiation (Krontiris et al. 1993). HRAS1 signals 
through a G-protein coupled receptor and is activated in several types of tumors (Lowy 
et al. 1993). Specific activating point mutations in HRAS1 are found in tumor cells from 
bladder, lung, colon, and melanoma.  
 
The HRAS1-VNTR (variable number of tandem repeats) minisatellite is located 1 
kilobase downstream of HRAS1 and is composed of 30 to 100 units of a 28-base pair 
consensus sequence. Over 30 alleles of 1000 to 3000bp of the HRAS1-VNTR have 
been described (Krontiris et al. 1986). The four most common alleles, a1, a2, a3, and 
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a4, represent 94% of all alleles (Krontiris et al. 1993). Rare alleles of the HRAS1-
VNTR minisatellite have been reported to appear in patients with cancer about three 
times as often as in controls (Krontiris et al. 1993; Krontiris et al. 1985); many such 
alleles have only been observed in cancer patients. How the HRAS1-VNTR variant 
increase cancer susceptibility is unclear. It has been shown that this repeat modulates 
the expression of nearby genes by interacting with transcriptional regulatory elements, 
such as the rel/NF-κB family of regulatory factors (Houlston & Tomlinson 2001). The 
association may also be the result of linkage disequilibrium with an unknown variant 
(Krontiris et al. 1993). Five case-controls studies on the HRAS1-VNTR and risk of 
colorectal cancer have been published (Ceccherini-Nelli et al. 1987; Gosse-Brun et al. 
1998; Klingel et al. 1991; Krontiris et al. 1993; Wyllie et al. 1988). Pooled data from 
these studies gives an OR of 2.5 (95% CI: 1.54-4.05) for colorectal cancer (Houlston & 
Tomlinson 2001).   
 
 
MTHFR C677T 
 
Global and gene-specific changes in DNA methylation, either hypomethylation or 
methylation of usually unmethylated sites, is observed in colorectal carcinogenesis 
(Laird et al. 1994). These changes in DNA methylation may cause loss of tumor 
suppressor gene and oncogene expression. In colorectal cancer this occurs during 
progression of adenomas to carcinomas (Breivik et al. 1999; Toyota et al. 1999). There 
is some evidence that DNA methylation can be influenced by the availability of methyl 
group donors, such as folate (Kim et al. 1996). Folate together with methionine levels 
are controlled by two enzymes; 5,10-methylenetetrahydrofolate reductase (MTHFR) 
and methionine synthetase (MTR). Both these enzymes are important for DNA 
methylation and synthesis. (Banerjee et al. 1990)  
 
A common polymorphism in the MTHFR gene, Ala677Val, codes for an enzyme with 
reduced activity. Homozygotes for this variant, Val/Val, have about 30% of the normal 
enzyme activity and decreased levels of methyl-THF (Jacques et al. 1996). 
Furthermore, this variant is associated with lower plasma folate levels, and increased 
plasma homocysteine levels (Jacques et al. 1996; Ma et al. 1996). 
 
Several studies have investigated the relationship between the Ala677Val 
polymorphism and risk for colorectal cancer or adenoma (Chen et al. 1998; Chen et al. 
1996; Ma et al. 1997; Park et al. 1999; Slattery et al. 1999) and found an inverse 
relationship between this variant and colorectal cancer risk. Pooled analysis gave an 
OR of 0.76 (95% CI: 0.62-0.92) for the Val/Val genotype compared to Ala/Ala and 
Ala/Val genotypes (Houlston & Tomlinson 2001).  
 
As discussed earlier, a diet low in fiber has been shown to increase the risk for 
colorectal cancer. Recent epidemiologic studies have suggested that micronutrients or 
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phytochemicals in fiber-rich foods like folate and methionine may be of major 
importance. Especially folate has received attention lately and is being studied in 
randomized intervention trials. (Giovannucci 2002) 
 
 
Modifier genes 
 
Besides the genes described so far, another group of genes seem to be important in 
colorectal cancer predisposition, although their exact roles and mechanisms remain to 
be fully elucidated. These genes are usually referred to as modifier genes from their 
hypothetical modifying effect on colorectal cancer risk. The evidence for the existence 
of modifying genes comes from the knowledge that although known mutations in 
syndromes like HNPCC and FAP are highly penetrant, variations are seen in for 
example age at onset and phenotype (Giardiello et al. 1994; Peltomaki et al. 2001). 
These differences are likely to be due to variations in modifier genes as well as 
environmental factors. If these differences are mainly due to modifier genes, linkage 
analysis and candidate gene studies, would possibly help to clarify the underlying 
mechanisms (de la Chapelle 2004). However, such studies are difficult to conduct in 
humans essentially due to genetic and environmental heterogeneity of the human 
population. These limitations can be overcome by using inbred strains of mice as a tool 
to study the genetics of complex human diseases including searching for low-
penetrance tumor susceptibility genes and modifier genes.  
 
A classical example, when studies on mice have provided knowledge about a complex 
human disease, is the discovery of the modifier of Min (Mom-1) locus using the 
ApcMin/+ model. The ApcMin/+ model, which is the murine counterpart to human 
FAP (Moser et al. 1990), show great phenotypic variation depending on the genetic 
background. The Mom-1 locus was mapped to the distal portion of chromosome 4 by 
linkage analysis (Dietrich et al. 1993) and explains 50% of the genetic variation in 
polyp number (Nadeau 2001). This region was shown to contain a gene encoding a 
secretory phospholipase (Pla2g2a) (Cormier et al. 1997; MacPhee et al. 1995). 
However,  even if the human orthologue to Pla2g2a does not greatly modify the 
penetrance or expressivity of APC mutations (Nimmrich et al. 1997), the finding that 
Pla2g2a modulates polyp number in mice has nevertheless been informative given the 
pathway in which it acts. Pla2g2a is part of the prostaglandin synthesis pathway. 
Aspirin, sulindac and other non-steroidal anti-inflammatory agents markedly reduce 
susceptibility to polyps in mice and human perhaps by interfering with 
cyclooxygenase-2 (COX-2) activity in the prostaglandin pathway (Taketo 1998a; 
Taketo 1998b; Torrance et al. 2000).  
 
As reviewed by Nadeau (2001), there is some evidence that similar modifier genes 
exist in human. For example, a dominant modifier, DFNM1, has been found to 
suppress the recessive deafness syndrome DFNB26 (Riazuddin et al. 2000). 
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Furthermore, Peripherin-1 (PRP1), that in a recessive manner causes Retinitis 
pigmentosa, has been shown to act as a dominant gene when a particular allele of the 
unlinked ROM1 gene is present (Kajiwara et al. 1994). Finally, an example of a 
modifier gene that reduces expressivity involves a gene identified on chromosome 13 
that lowers cholesterol levels in individuals who are predisposed to familial 
hypercholesterolaemia (Knoblauch et al. 2000). 
 
 
EVIDENCE FOR ADDITIONAL COLORECTAL CANCER SUSCEPTIBILITY 
GENES 
 
Non-FAP / Non-HNPCC familial colorectal cancer  
 
In Sweden approximately 10-15% of all cases with a family history of colorectal cancer 
do not fulfill the clinical diagnostic criteria for FAP or HNPCC (Olsson & Lindblom 
2003). Of these families, 1.9% is considered to be high-risk families (hereditary 
colorectal cancer families; HCRC) (Olsson & Lindblom 2003) (Figure 2). They are 
composed of three or more first-degree relatives affected with colorectal cancer in at 
least two generations and are likely to segregate high-risk predisposing genes 
transmitted in a dominant manner. The life-time risk of colorectal cancer in these 
families is similar to that observed in HNPCC families, although with a later age of 
onset (Lindgren et al. 2002). Another 8.3% of Swedish colorectal cancer families 
comprise a group of families with lower risk (20-30%) for colorectal cancer where two 
first-degree relatives affected with colorectal cancer are identified (two close relatives 
families; TCR) (Figure 2). In these families there is a higher incidence of colorectal 
adenomas compared to the high-risk families. Inheritance of mildly to moderately 
penetrant susceptibility factors is a possible cause of the disease in these TCR families, 
but environmental factors cannot be excluded. (Liljegren et al. 2003; Lindgren et al. 
2002; Olsson & Lindblom 2003). 
 
 
 

 
 
 

Figure 2. The frequencies of different 
groups of colorectal cancer in Sweden, 
with respect to genetic background (Olsson 
et al. 2003).  
HCRC: Familial colorectal cancer; TCR: 
Two-close relatives; HNPCC: Hereditary 
nonpolyposis colorectal cancer; FAP: 
Familial adenomatous polyposis. 
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A significant number of families fulfilling the Amsterdam criteria for HNPCC do not 
show MSI in their tumors or have germline mutations in the DNA mismatch repair 
genes. These families have in the past been clinically classified as HNPCC. However, 
recent studies provide evidence that these families comprise a new entity of hereditary 
colorectal cancer (Bisgaard et al. 2002; Lindor et al. 2005; Mueller-Koch et al. 2005; 
Scott et al. 2001). Molecular and clinical evaluation of these MMR mutation negative 
families have shown later age of onset, lower incidence of colorectal cancer, 
significantly lower incidence of endometrial- and gastric cancer, and no occurrence of 
syn- or metachronous extracolorectal cancer, distal localization, and slower tumor 
progression compared to MMR mutation positive families (Bisgaard et al. 2002; Lindor 
et al. 2005; Mueller-Koch et al. 2005; Scott et al. 2001). In all studies age of onset 
occurred later in the MMR mutation negative group compared to mutation positive. 
However, it was still significantly lower than for sporadic colorectal cancer indicating a 
genetic contribution to tumorigenesis in these families, possibly by moderate to high-
risk genes, even though a certain proportion of the familial risk of colorectal cancer 
might be expected to occur by chance or due to environmental factors.  
 
A second type of families, often misclassified as HNPCC, was recently described 
(Young et al. 2005). These families are affected with colorectal cancer in multiple 
generations with a pattern suggestive of an autosomal dominant trait. However, tumors 
from different family members show discordant MSI status and hyperplastic polyps, 
most often with a serrated epithelium, are frequently observed. High levels of the 
BRAFV599E mutation has been found providing additional evidence that these families 
represent a syndrome of familial colorectal cancer that is distinct from HNPCC and 
suggestively develop through the serrated polyp-carcinoma pathway (Young et al. 
2005). Subsequent studies on the relationship between the BRAFV599E mutation and a 
family history of colorectal cancer supports the findings by Young and colleagues and 
the existence of a colorectal cancer syndrome associated with somatic BRAF mutations 
and a variable MSI status (Samowitz et al. 2005; Vandrovcova et al. 2006). Moreover, 
one study suggests that in this syndrome there is also an increased risk of extracolonic 
tumors (Vandrovcova et al. 2006).  
 
 
Novel adenoma and colorectal cancer susceptibility loci 
 
15q13-24 
 
Using genetic linkage analysis a novel colorectal cancer susceptibility locus on 
chromosome 15q14-22, colorectal adenoma and carcinoma (CRAC1), was identified in 
an Ashkenazi family (SM1311) with a dominantly inherited predisposition to colorectal 
adenomas and carcinomas (Tomlinson et al. 1999). In this family a maximum two-
point Logarithm of odds (LOD) score of 2.16 was reached at marker D15S118. 
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A subsequent genome-wide screen in a large family of Ashkenazi descent (SM96) 
affected with hereditary mixed polyposis syndrome (HMPS) linked this phenotype to 
the same region (maximum two-point and multipoint LOD scores of 5.3 and 7.2, 
respectively, at marker ACTC) suggesting a common susceptibility locus in the two 
families (Jaeger et al. 2003). Haplotype analysis revealed a common haplotype in the 
region between markers D15S1031 and D15S118, a haplotype found to be rare in the 
general Ashkenazi population. An additional set of five families segregating a HMPS 
phenotype of mixed polyps and early onset colorectal cancer have been found to carry 
this haplotype, however, no gene has so far been identified. 
 
 
9q22.32-31.1 
 
A genome-wide linkage scan using sibling pairs concordantly or discordantly affected 
with colorectal cancer or advanced adenomas (>1cm or high-grade dysplasia) before 65 
years of age gave significant linkage to a novel region on chromosome 9q22.2-31.2 
between markers D9S283 and D9S938 with a p-value of 0.00045 (Wiesner et al. 2003). 
In this study, besides several suggested regions on chromosomes 1, 6, 10, and 16, the 
region on chromosome 9 was the only region supported by both excess allele sharing 
among concordantly affected sibling pairs and deficient allele sharing among 
discordant sibling pairs. The authors reported the linkage result to be in a pattern 
consistent with an autosomal dominant inheritance and suggested this locus to be a 
relatively frequent cause of colorectal cancer and adenoma development.  
 
From a genome-wide linkage scan by our group in 1998 suggestive linkage to this 
region on chromosome 9q was detected in one family (Family 24) with adenoma and 
colorectal cancer with a LOD score >1 (unpublished data). In this family continued 
surveillance until now has resulted in the identification of adenomas in several 
previously unaffected family members. Thus linkage analysis was redone using 
markers in the suggested region on chromosome 9, considering also the newly 
diagnosed adenoma patients as gene carriers (Skoglund et al. 2006). Analysis in this 
extended family did confirm linkage of adenoma and colorectal cancer to the region on 
chromosome 9q with a maximum multipoint LOD score of 2.4. The region defined by 
family 24, 9q22.32-31.1, falls within the region reported by Wiesner et al. (2003). 
Haplotype analysis in family 24 narrowed down the linked region between markers 
D9S280 and D9S277, a region of 7.9 centimorgan (cM).   
 
Recently a third study was published which suggestive evidence of linkage 
(HLOD=1.23 and NPL=1.21, p=0.11) of colorectal cancer in 57 colorectal cancer 
families from the United Kingdom to this region on chromosome 9q (Kemp et al. 
2006). Enrichment for cases with a priori genetic etiology by analyzing families with at 
least one person affected at younger than 45 years of age (n = 39 families) gave a 
maximum multipoint NPL score of 2.65 (P = 0.007). In this group, significant NPL 
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scores >1.67 (p < 0.05) were found in a 6.5 cM region between markers D9S1851 and 
D9S277. With a more stringent threshold the linked region was defined to 1.7 cM 
between markers D9S971 and D9S272/D9S173.  
 
No disease-causing gene has yet been identified on chromosome 9q22.32-31.1. 
Although several genes in this region are putative aspirants, the TGFBR1 gene is the 
prime candidate. However, mutational screening of the TGFBR1 has so far been 
fruitless with little evidence for the TGFBR1 being the disease causing gene (Kemp et 
al. 2006) 
 
 
3q21-24 
 
In a search for novel colorectal cancer susceptibility genes we performed a genome-
wide linkage scan in 18 colorectal cancer families from Sweden (Djureinovic et al. 
2006). No common locus was identified and genetic heterogeneity among the families 
was concluded. Suggestive linkage, assuming locus heterogeneity, was detected to 
regions on chromosomes 14q23.1-24.1, 11q13.2-13.4, 11q22.1-23.1, and 22q12.1. To 
further investigate these regions, an additional set of 12 families were genome-wide 
analyzed and data from this study was pooled with that from the previous 
(Vandrovcova et al. unpublished). A novel locus on chromosome 3q21.2-26.2 was 
identified in the pooled analysis using both parametric and non-parametric statistical 
models (HLOD=1.9 and NPL=2.1). A total number of eight families were found to 
exhibit linkage to this region.  
 
A recent genome-wide linkage analysis of 69 colorectal cancer families from the 
United Kingdom using a high-density SNP array containing 10,204 markers found 
evidence for the same locus on chromosome 3q with a maximum NPL score of 3.40 
(p=0.0003), narrowing down the region to 3q21-24. The same locus also gave the 
highest multipoint HLOD score under a dominant model (HLOD=3.10, p=0.038) with 
62% of the families linked to the locus, representing an independent confirmation of 
this locus. 
 
 



Genetic Studies of Colorectal Cancer 

21 

STRATEGIES FOR IDENTIFYING COLORECTAL CANCER 
SUSCEPTIBILITY GENES 
 
Linkage analysis 
 
Linkage analysis has been the method traditionally used to identify disease genes and 
has been very successful for mapping genes that underlie several of the most common 
monogenic Mendelian disorders. For example, the colorectal cancer predisposing genes 
APC, MLH1 and MSH2 (Bodmer et al. 1987; Lindblom et al. 1993; Peltomaki et al. 
1993), were identified by the use of  linkage analysis.  
In linkage analysis members of families segregating the trait are genotyped for a 
number of informative genetic markers (microsatellites or SNPs) located throughout 
the genome. The position of the markers can be determined from publicly available 
marker maps. Examples of marker maps are the Généthon map, the Marshfield map, 
and the DeCode map etc. The obtained genotype data can be used to study the 
segregation of the chromosomes and a chromosomal region that may harbor the gene 
responsible for the trait can be determined. This is achieved by the identification of 
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. Theta ranges from zero, for loci that are 
completely linked and always segregate together, to 0.5 for unlinked loci that are far 
apart on the same chromosome or located on different chromosomes. Theta is also used 
as a measurement of genetic distance between two loci, with 1% of chance for 
recombination corresponding to approximately 1 cM (Kosambi 1944).  
 
Classical linkage analysis is referred to as parametric or model-based analysis since it 
requires the information of the genetic model for the disease which is studied (Morton 
1955). This information includes the mode of inheritance, gene penetrance and marker 
allele frequencies. The probability of linkage is given as the logarithm of odds (LOD) 
score where the odds of linkage represent the ratio between two hypotheses; the 
alternative hypothesis that the loci are linked (θ=0) and the null hypothesis that the loci 
are not linked (θ=0.5) (Morton 1955). When more than one family is analyzed the LOD 
scores can be summed up across the families. As suggested by Morton in 1955, sums of 
LOD scores of 3.0 or more (the odds of 1000:1 in favor of linkage) are indicative of 
linkage and -2.0 or less are indicative of non-linkage. Thus values between -2.0 and 3 
are inconclusive and require more family data before a conclusion can be made.  
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Figure 3. Genetic chromosomal recombination and corresponding segregation of marker alleles and 
disease trait in a family. Marker A: allele 3 and marker B: allele 5 co-segregate with the trait (black 
symbols=carriers of disease trait).  
 
An important factor to consider when performing linkage analysis is genetic 
heterogeneity. Genetic locus heterogeneity exists when two or more genes act 
independently to cause an identical trait. This is an important consideration in linkage 
studies since heterogeneity may confound the analysis. Stratifying the families by 
specific phenotype characteristics before the analysis might reduce any existing 
heterogeneity as does analyzing single large families. However, when performing 
classical linkage- or LOD score analysis, besides analyzing the data assuming locus 
homogeneity, it is common to perform a series of analyses at different levels of 
heterogeneity. 
 
The term “complex genetic trait” refers to a trait phenotype with an unknown mode of 
inheritance. Complex genetic diseases are traits that show no clear pattern of Mendelian 
inheritance, such as dominant or recessive, but generally have moderate to high 
evidence of a genetic contribution and familial aggregation. Examples of complex 
diseases are Alzheimer disease, diabetes, psychiatric disorders, stroke, Parkinson 
disease, cardiovascular disease, and various cancer syndromes, certainly including a 
proportion of colorectal cancers. When a definite genetic model cannot be assumed, as 
in complex disorders, parametric (model-based) linkage analysis has little power to 
detect linkage. Instead, a non-parametric (NPL) or model-free linkage analysis can be 
used for which no genetic model for the disease has to be assumed (Kruglyak et al. 
1996).  
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Association studies 
 
Dominantly acting alleles that increase cancer incidence by twofold or less will rarely 
cause multiple-case families and are therefore difficult or impossible to identify through 
linkage analysis (Risch et al. 1996). To identify a gene variant with a frequency of 0.1, 
conferring a two-fold increase in risk, by linkage analysis would require about 10,000 
affected sibling pairs. However, it should be detectable through association with only 
500 unselected cases and 500 controls.  
 
There are two types of association studies; case-control studies and family based 
studies. Case-control studies compare allele frequencies in a set of unrelated affected 
individuals to a set of matched controls. The design of the study and especially the 
choice of control population are crucial when performing these types of studies. It has 
been argued that when conducting association studies based on genotyping, it is not 
necessary to take into account factors such as age and non-colorectal cancer disease, 
since they do not influence the genotype. The age-structure of cases and controls is 
however generally considered a source of potential bias, although a minor one, because 
genotypes may display age-dependency. (Houlston & Tomlinson 2001) A number of 
studies have been performed using non-colon cancer controls. The use of healthy 
controls is however better since the variant studied might confer susceptibility to non-
colon cancer disease.  
 
The issue of population stratification (i.e., the existence of multiple population subtypes 
in what is assumed to be a relatively homogeneous population) in case-control studies, 
and resulting false positive results, is also of concern. If population subtypes exist, it 
will then be possible to find associations between disease and random markers that are 
unlinked to disease loci. To avoid this problem, it is essential that any potential 
confounding effect of population stratification be taken into account in the design and 
analysis of a study. (Houlston & Tomlinson 2001) One way to avoid the problem of 
population stratification is to use family-based controls. Family-based studies control 
for the possibility of genetic differences between cases and controls by comparing the 
frequencies of alleles transmitted to the affected child with the alleles not transmitted. 
The transmission disequilibrium test (TDT) is the most commonly used family-based 
test. It can be a very powerful test to detect linkage especially when the genetic effect is 
small, like with genetically complex traits (Risch & Merikangas 1996; Spielman et al. 
1993).  
 
There are several different approaches when analyzing the risk associated with a 
specific genetic variant. For simple biallelic polymorphisms, the odds ratio (OR) of 
colorectal cancer can be calculated by comparing allele frequencies between cases and 
controls. This approach is, however, less powerful than a comparison of frequencies of 
the three genotypes among cases and controls using homozygosity of the wild-type 
allele as the reference group. Where homozygotes are rare one can combine the 
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heterozygotes and homozygotes together, but this is only appropriate if a dominant 
model can be presumed. Similarly, combining heterozygotes with wild-type 
homozygotes is only appropriate if alleles act recessively. (Houlston & Tomlinson 
2001)  
 
Most studies performed lack adequate statistical power to detect the weak associations 
that low-penetrance alleles are likely to confer. Fewer than 40% of the colorectal cancer 
studies reviewed by Houlston and Tomlinson (2001) had 80% or more power to detect 
a twofold difference in risk with a p-value of 0.05. The analysis of large numbers of 
variants also raises the problem of multiple testing, which further affects the statistical 
power. One way to significantly increase the statistical power is however to use cases 
selected for a family history of colorectal cancer. (Houlston et al. 2003) Figure 4 shows, 
that if genotyping one control sample per case, an allele conferring a relative risk of 2.0 
carried by 5% of the population would be detectable using 800 unselected cases. If the 
prevalence were only 1% in controls, however, 3,700 unselected cases would be 
required. In contrast, if the cases analyzed had two affected relatives, the number 
required would be reduced from 3,700 to 700, a more than five-fold reduction. 
 
 

 
 
Figure 4. Number of cancer patients required to detect a susceptibility allele conferring a multiplicative 
relative risk of 2, with one control per case (90% power at p=0.01), (Adapted from Houlston and Peto 
(2003)) 
 
 
Most studies reported on low penetrance alleles and risk of colorectal cancer has 
evaluated only one or two variants at each candidate locus. However, the more recent 
accessibility and lower costs of SNP microarrays and high-throughput SNP genotyping 
has made genome-wide association studies feasible. One example of using SNP 
microarrays for searching for low-penetrance alleles for colorectal cancer is the recently 
reported study by Webb et al (2006) where 1,467 non-synonymous SNPs in 871 genes 
were genotyped in 2,575 cases and 2,797 controls. A number of SNPs were found 
associated with colorectal cancer risk including several previously reported. After 
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adjusting for multiple testing the authors found one single SNP, AKAP9-M4631, to 
remain significantly associated.  
 
 
Tumor studies 
 
Most genes that result in a high risk of colorectal cancer when mutated in the germline 
have also been shown to be to somatically mutated in sporadic colorectal tumors. APC 
is mutated in the germline in FAP and is subject to biallelic somatic mutation in the 
majority of colorectal adenomas and carcinomas. The MMR genes are mutated in the 
germline in HNPCC and MLH1 is inactivated (usually via promoter methylation) in 
approximately 10–15% of sporadic colorectal cancers.  
 
A systematic analysis of somatic alterations in colorectal cancer was recently published 
where mutation screening of 13,203 genes was done in 11 colorectal cancers (Sjöblom 
et al. 2006). In total, 751 somatic mutations were identified in the initial screen, which 
is many more than would have been predicted to occur by chance. Hence the authors 
postulated that the majority of these were passenger mutations, arisen during repeated 
rounds of cell division in the tumor. From the subsequent validation screen and 
stringent statistical selection criteria (based on a comparison to the mutation frequency 
expected to be observed by chance given the background mutation rate) they identified 
69 genes (average of 9 per tumor) that were mutated at a significant frequency in 
colorectal cancer. A large number of these were not previously known to be mutated in 
tumors and provide valuable information for not just basic cancer research but also for 
the development of new diagnostic and therapeutic strategies.  
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AIMS OF THE STUDY 
 
 
The general aim of this thesis was to investigate the genetic basis of colorectal cancer 
and adenoma predisposition. 
 
The specific aims were: 

1. To identify novel colorectal cancer and adenoma predisposing loci. 
2. To confirm and fine-map the novel adenoma and colorectal cancer 

susceptibility loci on chromosome 9q22.32-31.1. 
3. To investigate the novel adenoma and colorectal cancer loci on 

chromosome 9q22.32-31.1. 
4. To determine the contribution of genetic variation in the Transforming 

growth factor beta receptor I to colorectal cancer predisposition. 
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MATERIALS AND METHODS 
 
 
PATIENTS 
 
Families used in papers I, II, and III were ascertained through the Family Cancer Clinic 
at Karolinska University Hospital, Stockholm, Sweden during 1990-2004, on the basis 
of a suggested inherited predisposition for colorectal cancer. Family history, including 
clinicopathological details, was obtained by interview and confirmed by medical 
records, pathological reports or death certificates. Diagnoses of HNPCC or non-
HNPCC were established on the basis of 1) families having at least two first or second 
degree relatives with verified colorectal cancer or adenomas (in all families with at least 
one family member with an age at onset < 50 years), 2) exclusion of familial 
adenomatous polyposis (FAP), 3) at least one colorectal cancer (from the youngest case 
available) from each family tested for microsatellite instability (MSI) (Boland et al. 
1998), and 4) Mutation screening of the MMR genes;  hMLH1, hMSH2 and hMSH6 in 
all families fulfilling the Amsterdam criteria I or II and in all families with at least one 
individual with a MSI-high (MSI-H) positive colorectal cancer.  Mutation screening 
was done using direct sequencing and/or Denaturing Gradient Gel Electrophoresis 
(DGGE) in combination with Reverse Transcriptase PCR (RT-PCR), Protein 
Truncation Test (PTT), Multiplex Ligation-dependent Probe Amplification (MLPA) or 
Quantitative Fluorescent PCR (QF-PCR). Families with a germline mutation in one of 
the MMR genes were considered as HNPCC. The remaining families were diagnosed 
and counseled as non-HNPCC with MSI negative familial colorectal cancer. Based on 
pedigree analysis, the non-HNPCC families were classified as HCRC or TCR (see 
Introduction).  
 
From all 262 families, one case was selected from each family for case-control studies 
(paper III). The selection was made using the following priority order; 1) proband 
(when affected), 2) youngest colorectal cancer case or 3) youngest case with adenoma. 
Epidemiological studies have shown that a personal history of colon adenomas places 
one at increased risk of developing colon cancer (Jacobson et al. 1996; Lindgren et al. 
2002; Neugut et al. 1993). Demographics and clinical status of the HNPCC and non-
HNPCC familial colorectal cancer cases used in paper III are shown in Table 4. 
 
A cohort of 1,042 unselected colorectal cancer cases were ascertained through 12 
hospitals serving the Stockholm-Gotland and Uppsala-Örebro health-care regions in 
Sweden, and used for case-control studies in paper IV. 
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In papers III and IV a population based control group consisting of 856 blood-donors 
visiting the Karolinska University Hospital, Stockholm, Sweden during 2004-2005 was 
used for case-control studies.  
 
For loss of heterozygosity (LOH) studies in paper II one colorectal tumor available 
from family 24 plus 24 colon tumors (23 carcinoma and one adenoma) from 21 
MMR/MSI negative families from Finland was used.  
 
 

 
 
 

Table 4 Demographics and clinical status of HNPCC and non-HNPCC familial colorectal 
cancer cases 

   HNPCC   Non-HNPCC  
   No. (%) of patients  No. (%) of patients 

Age, mean (SD), y   45 (11)  57 (11) 
Sex      
 Male  46 (55)  78 (44) 
 Female  37 (45)  101 (56) 
Clinical manifestation      
 CRC  82 (99)  132 (74) 
 Adenoma  1 (1)  47 (26) 
Fulfillment of guidelines*      
 Amsterdam criteria I  42 (56)  17 (9) 
 Amsterdam criteria II  53 (71)  19 (11) 
 Bethesda guidelines  73 (97)  140 (78) 
Microsatellite status      
 Stable  11 (13)  179 (100) 
 Unstable  59 (71)  0 (0) 
 ND  13 (16)  0 (0) 
MMR mutation status      
 Positive  83 (100)  0 (0) 
 Negative  0 (0)  27 (15) 
 ND  0 (0)  152 (85) 
 
*Amsterdam criteria I (Vasen et al. 1991); Amsterdam II criteria (Vasen et al. 1999); Bethesda guidelines (Rodriguez-
Bigas et al. 1997; Umar et al. 2004). Abbreviations: HNPCC, Hereditary non-polyposis colorectal cancer; SD, 
standard deviation; CRC, colorectal cancer; ND, not done; MMR, mismatch repair. 
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METHODS 
 
Linkage analysis 
 
Linkage analysis (see Introduction) was performed in Papers I and II in an attempt to 
identify novel, or confirm suggested, colorectal cancer susceptibility regions. In Paper I 
a genome-wide linkage analysis was performed in 18 non-FAP/non-HNPCC families 
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 with an average spacing of 10 cM and an average 
heterozygosity of 0.76.  
 
Each marker was amplified independently according to the manufacturer’s protocol. 
For finemapping additional 11 markers on chromosome 11 and 19 markers on 
chromosome 14 were genotyped. Finemapping markers were selected based on 
position and reported heterozygosity. Their position, relative to the position of the first 
marker set used, was estimated from the Généthon human linkage map.  
 
In Paper II microsatellite markers from the ABI Prism Linkage Mapping Set together 
with additional markers, selected as above, creating a denser marker map was used.  
 
Amplified fragments were separated on an ABI 377 automated sequencer (Applied 
Biosystems, Foster City, CA) together with an internal size standard. Electrophoretic 
data was analyzed using Genescan 3.1 and Genotyper 2.0 software programs (Applied 
Biosystems, Foster City, CA).  
 
Both multipoint parametric and non-parametric linkage analysis of all autosomes was 
carried out using the SimWalk2 program version 2.83 (Sobel et al. 1996). This program 
uses the Markov chain Monte Carlo and simulated annealing algorithms to compute 
location scores which are directly comparable to multipoint LOD scores and are 
presented in log10 units. Parametric linkage analysis was performed assuming both 
locus homogeneity and locus heterogeneity. Under the assumption of locus 
heterogeneity location scores were calculated by varying a proportion of linked families 
(α-value) until the highest HLOD scores were obtained. The SimWalk2 program was 
also used for generating haplotypes.  
 
An autosomal dominant mode of inheritance was assumed with the disease allele 
frequency of 0.0001 and equal female and male recombination rate. The penetrance for 
homozygous normal, heterozygous and homozygous affected was 0.05, 0.80 and 0.80 
respectively.  
 
The X chromosome was analyzed by computing single point LOD scores using the 
FASTLINK program (Cottingham et al. 1993). 
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Linkage analysis was performed using two different criteria for the affected status. In 
the first, more stringent affected status criteria, all patients with colorectal cancer or 
with adenomas with high grade dysplasia of any size were coded as affected regardless 
of age of onset. Patients with adenomas with low grade dysplasia or with hyperplastic 
polyps were coded as unknown. In the second, less stringent affected status criteria, all 
patients with colorectal cancer, adenomas of any size (with high or low grade 
dysplasia), 2 or more hyperplastic polyps or one hyperplastic polyp larger than 10 mm 
were coded as affected regardless of age of onset. Families included in the genome-
wide linkage analysis are described in Table 5 and Figure 5.  
 
 
 
 

Table 5. Description of the 18 families included in the genome-wide linkage analysis 

Family 

ID 

No of CRC 

cases 

No of affected 

- criteria 1 

No of affected 

- criteria 2 
Other cancers Family type 

29 3 3 7 Endo HCRC
53 3 3 6 Endo HCRC 
68 3 6 7 Endo, Br HCRC 
70 2 2 5 -- TCR 
100 2 4 9 GB TCR 
101 3 4 7 Br HCRC 
134 3 3 5 Ga HCRC 
155 6 10 13 Ga, Ki HCRC 
161 3 3 6 Ov, Le, Ce, Pr HCRC 
181 3 4 4 Pa HCRC 
191 3 4 5 -- HCRC 
197 2 2 5 Lung, Br TCR 
201 2 2 5 Ov TCR 
202 2 4 9 -- TCR 
216 3 3 6 Ga, Br HCRC 
242 6 9 16 Ga HCRC 
244 1 1 6 -- TCR 
309 4 4 6 Br HCRC 

 
Endo- endometrial, Br- breast, GB- gall bladder, Ga- gastric, Ki- kidney, Ov- ovarian, Le- leukemia, Ce- cervical, Pr- 
prostate, Pa- pancreas 
HCRC- hereditary colorectal cancer families; TCR- two close relatives families 
Criteria 1 – patients with CRC or adenomas with high grade dysplasia 
Criteria 2 – patients with CRC, adenomas with high or low grade dysplasia, 2 or more hyperplastic polyps or 1 polyp 
> 10mm 
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Figure 5. Pedigrees of the families used for genome-wide linkage analysis. Black symbol indicates 
affected according to the loose criteria, grey symbol indicates unknown affected status and white symbol 
indicates unaffected. Id numbers starting with 9 indicates that no material was available for genotyping.  
Abbreviations: Br, breast cancer; Ce, cervical cancer; CRC, colorectal cancer; En, endometrial cancer; 
Ga, gastric cancer; HD, high-grade dysplasia; HP, hyperplastic polyp; Le, leukemia; Ov, ovarian cancer; 
Pa, pancreatic cancer; Re, rectal cancer; SA, serrated adenoma; TA, tubular adenoma. 
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Denaturing High-Performance Liquid Chromatography (DHPLC) 
 
Denaturing high-performance liquid chromatography (DHPLC) is used for analyzing 
genetic variation. DHPLC is based on the principle that heteroduplexes are formed 
when mutated and normal DNA molecules are hybridized together and thus can be 
distinguished from homoduplexes of two normal or two mutant DNA molecules. These 
two molecules vary from each another by the difference in elution profiles at a given 
optimal temperature. DHPLC can detect various types of genetic changes, such as 
single base substitutions, small insertions and deletions, with sensitivity close to 100%.  
 
In detail, the DNA template is PCR amplified, denatured and reannealed leading to the 
formation of heteroduplex DNA molecules. The DNA, in form of for example a PCR 
product, is loaded onto a liquid chromatography column. In the column, hydrophobic 
beads interact with the hydrophobic portion of triethylamine acetate (TEAA) which in 
turn, with the positively charged ammonium groups, binds to negatively charged 
phosphate groups of the DNA molecules. The strength of the TEAA-DNA binding is 
based on the number of ion pairs formed between the positively charged TEAA and 
negatively charged DNA. By adding increasing concentrations of the organic solvent 
acetonitrile (ACN) the TEAA-DNA binding is destroyed and the DNA fragments are 
eluted from the column. Since heteroduplexes have incorrect base-pairing at the 
mutation site and hence fewer ion pairs to interact with the TEAA, they will be eluted 
earlier than homoduplex DNA molecules with correct base pairing. As the DNA 
molecules pass through a UV detector the absorbance is measured and visualized as a 
chromatogram, which allows heteroduplexes to be separated from homoduplexes 
(Figure 6).  
 

 
 
 
 
 

Figure 6. Schematic representation 
of DHPLC (adapted from Migal - 
Galilee Technology Center, 
http://www.migal.org.il/dhplc.html) 
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For mutational analysis of TGFBR1 (Table 6) and candidate genes in the linked region 
on chromosome 9q, DHPLC was carried out using a Transgenomic Wave DNA 
Fragment analysis system, an automated instrument equipped with a DNASep column 
(Transgenomic, Crewe, United Kingdom). The denatured and reannealed PCR products 
were loaded onto the instrument directly without purification.  
 
The optimal column running temperature and concentrations of TEAA and ACN for 
each specific PCR amplicon were obtained by using the WAVEMAKER 3.4 software 
package. Abnormal elution profiles were identified by visual inspection of the 
chromatograms. DHPLC cannot determine the location or type of genetic variation, 
therefore any PCR product showing an aberrant profile was re-amplified from genomic 
DNA for direct sequencing.  
 
 
Direct sequencing 
 
DNA sequencing is the process of determining the nucleotide order of a given DNA 
fragment. Today, most DNA sequencing is performed using the chain termination 
method developed by Frederick Sanger (Sanger et al. 1977). This technique, referred to 
as Sanger sequencing, uses sequence-specific termination of a DNA synthesis reaction 
by modified nucleotide substrates.   
 
In chain terminator sequencing (Sanger sequencing), extension is initiated at a specific 
site on the template DNA by using a short complementary oligonucleotide primer. The 
oligonucleotide primer is extended using a DNA polymerase. Included with the primer 
and DNA polymerase are four deoxynucleotide bases, along with a low concentration 
of a chain terminating nucleotide (most commonly a di-deoxynucleotide). Limited 
incorporation of the chain terminating nucleotide by the DNA polymerase results in a 
series of related DNA fragments that are terminated at positions where that particular 
nucleotide is used. The fragments are then size-separated by electrophoresis. 
 
Previously, visualization was done by labelling the primer with for example 
radioactivity. An alternative to the labelling of the primer is to label the terminators 
instead, commonly called ‘dye terminator sequencing’. The major advantage of this 
approach is the complete sequencing set can be performed in a single reaction, rather 
than the four needed with the labeled-primer approach. This is accomplished by 
labelling each of the dideoxynucleotide chain-terminators with a separate fluorescent 
dye. The sequencing reaction is then size-separated and visualized on an automated 
DNA sequencer. Sequences can be directly read from the generated chromatograms 
and base pair substitutions are easily recognized as overlapping peaks.  
 
Mutational analysis of TGFBR1 (Table 6) and candidate genes in the linked region on 
chromosome 9q with abnormal DHPLC profiles was carried out by direct sequencing. 
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Sequencing reactions were performed using the ABI Big Dye Terminator v3.1 kit and 
fragments were separated and visualized on an ABI 3730 XL capillary sequencer or an 
ABI 377 automated DNA sequencer (both from Applied Biosystems, Foster City, 
California).  
 
 

Table 6. Primer sequences and method used for mutation screening of the TGFBR1 gene 

FRAGMENT FORWARD PRIMER (5’-3’) REVERSE PRIMER (5’-3’) METHOD 

5’UTR part 1 TGAAGAAAGGACTAGTCTGACAGG CTCCTCAGTGCCCTTCACAT DHPLC 

5’UTR part 2 TGAGGACTTTCTGGGTTTGG TAGAGCGATGGGTGTGTCTG DHPLC 

5’UTR part 3 AGATCTTCCGCGCCTAGAG CTCACCCCAGCAAACCTC DHPLC 

Exon 1 CGCGTCCTCCGAGCAGTTACA AGAAAGAGCAGGAGCGAGCCA Sequencing 

Exon 2 TGCATAGAAATTGTGTGATAA GGAATGAGCTGGATTAGAC DHPLC 

Exon 3 GCTCTTTGGCTAAGTGGT CATTCTAGCAAGTTGGCTTAT DHPLC 

Exon 4 AGTTTTCTGGGTCACTCA CGACTTAATGGGTCTAATCTA DHPLC 

Exon 5 ATTGCAGTGTGTGACTCAGGA TGCTGGGATTATAGGCATGAG DHPLC 

Exon 6 TTTGATAATTTGGGTTGGG CTTCTTACCTGTTGGCAATCT DHPLC 

Exon 7 GGAGGTTCATCCAAATATGGC CTCTGGCACTCGGTGACAT DHPLC 

Exon 8 AGGTGATCTTTTAATGCCTT AGCAGTTTAGAAAATTGCCTA DHPLC 

Exon 9 part 1 AATTCTTATCCAGACCAATG TCTGAGAATGTACTAACCAGG DHPLC 

Exon 9 part 2 CTGTGCTGGAGATCATC AAGGCATTTTCAGAATAGAAT DHPLC 

3’UTR part 1 GCCTATGGACGTCTGCCTTA CGAGCCTCCAGAAAAGAATG Sequencing 

3’UTR part 2 TCAGATGGTTCTCTGCTCCA ATGCAGTGGAAGAGACAGTGG Sequencing 

3’UTR part 3 TTTCTCGGATCTCCCCTTCT TTCCATTTCCTACCCACTCC Sequencing 

3’UTR part 4 GGAGTGGGTAGGAAATGGAA TGTGCCTCTGTGAACACCAT Sequencing 

3’UTR part 5 ATGGTGTTCACAGAGGCACA TGGCTGACAGCATTCTTTTG Sequencing 

3’UTR part 6 TCAGCCAAATTGTCCAAACA TTTTTGCAGCTATCCCCACT Sequencing 

3’UTR part 7 AGTGGGGATAGCTGCAAAAA TCGATGCCCTTCACTAGGTT Sequencing 

3’UTR part 8 AGAATTCAGCACCCATTCGT TCCTACAACCTTGCTTGCTG Sequencing 

3’UTR part 9 TCAGCAAGCAAGGTTGTAGG TCCTCCAATTTTGTGCATTTC Sequencing 

3’UTR part 10 TTTGAAATGCACAAAATTGGA TGCATAATGAGCTGAGGGTCT Sequencing 

3’UTR part 11 GACCCTCAGCTCATTATGCAC CCATACCCAATCTCTGAGCAA Sequencing 

Abbreviations: UTR, untranslated region; DHPLC, denaturing high-performance liquid chromatography 

 
 
TGFBR1*6A genotyping 
 
For genotyping of the TGFBR1*6A variant (papers III and IV),  genomic DNA was 
PCR amplified using fluorescently labeled primers; Fwd- 5'GAGGCGAGGTTTGC 
TGGGGTGAGG3' and Rev-5' CATGTTTGAGAAAGAGCAGGAGCG3', followed 
by fragment separation. Amplification was performed using the Platinum Taq DNA 
polymerase and supplied protocol for GC-rich fragments (Invitrogen). Amplified 
fragments were separated by electrophoresis on an ABI 377 automated DNA 
Sequencer (Applied Biosystems, Foster City, California) and genotypes were assigned 
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using the GENESCAN™ and GENOTYPER™ software (Applied Biosystems, Foster 
City, California).  
 
A product size of 256 bp corresponded to the most common allele (*9A) while a 
product size of 247 bp corresponded to the variant TGFBR1*6A allele. All 
TGFBR1*6A homozygotes and heterozygotes and all samples with rare alleles were 
retyped after a second independent PCR amplification to confirm the allele calling. 
 
 
Reverse transcriptase PCR (RT-PCR) 
 
RT-PCR (reverse transcription-PCR) is the most sensitive technique for mRNA 
detection and quantitation currently available. Compared to the two other commonly 
used techniques for quantifying mRNA levels, Northern blot analysis and RNase 
protection assay, RT-PCR can be used to quantify mRNA levels from much smaller 
samples. RT-PCR is commonly used to study the expression of a specific gene in 
different tissues. For this purpose, total RNA or mRNA from the tissue of interest is 
first converted into single stranded complementary DNA (cDNA), using a reverse 
transcriptase enzyme based reaction. This single stranded cDNA may be directly used 
as a template for PCR amplification using primers designed to amplify several exons in 
one fragment. Therefore, besides studying gene expression RT-PCR can also be used 
for mutational analysis as a complement to standard mutation detection techniques like 
DHPLC and direct sequencing, since it can lead to the detection of large deletions or 
insertions (usually involving entire exons), genomic rearrangements and mutations 
affecting splicing.  
 
Mutational screening TGFBR1 (Paper III) for genomic deletions, insertions and 
rearrangements was performed using RT-PCR. RNA from two affected individuals 
(Co-186 and Co-213) plus two controls was extracted with the Qiagen Rneasy kit 
(Operon Biotechnologies) and reverse-transcribed with a first-strand synthesis kit 
(Amersham Biosciences, Piscataway, NJ). Two fragments of the TGFBR1 gene were 
amplified using the primers; (1) Fwd-5’GCTGCTCCTCCTCGTGCT3’, Rev-5’TTC 
CTGTTGACTGAGTTGCGATA3’ and (2) Fwd-5’CCGGCTGCTCCTCCTCGT 
GCT3’, Rev-5’GCAAGACCGCTCGCCGTGGAC3’. 
 
 
Loss of Heterozygosity (LOH) 
 
Loss of heterozygosity (LOH) in a cell represents the loss of one parent’s contribution 
to part of the cell’s genome. LOH is a common occurrence in cancer and often indicates 
the presence of a tumor suppressor gene in the lost region. LOH can arise via several 
pathways, including deletion, gene conversion, mitotic recombination and chromosome 
loss.  
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Loss of heterozygosity can be identified by the presence of heterozygosity at a genetic 
locus in germline DNA, and the absence of heterozygosity at that locus in the cancer 
cells. This is often done using polymorphic markers, such as microsatellites or single 
nucleotide polymorphisms, for which the two parents have contributed different alleles. 
In paper II, loss of heterozygosity was studied in the single tumor available from a 
haplotype carrier in family 24. Eight informative microsatellite markers (D9S1817, 
D9S273, D9S287. S9S1851, D9S910, D9S176, D9S1783, and D9S173) were 
genotyped in tumor and corresponding normal tissue using PCR amplification followed 
by size separation and visualization on an ABI 377 automated DNA sequencer. LOH 
was also studied in the same way in an additional set of 24 tumors and corresponding 
normal tissue from Finland for the markers D9S167, D9S1781, and D9S286.  
 
 
Restriction fragment length polymorphism (RFLP) 
 
Restriction fragment length polymorphism (RFLP) analysis can be used for genotyping 
a bi-allelic sequence variant that either abolishes or creates a restriction enzyme 
recognition site. PCR amplified fragments are digested with a restriction enzyme with a 
recognition site covering the variant to study. RFLP analysis was used in Paper III for 
genotyping the Int7G24A variant of TGFBR1. PCR amplification of intron 7 was done 
using primers Fwd- 5'GGAGGTTCATCCAAATATGGC3' and Rev- 5' 
CTCTGGCACTCGGTGACAT3' followed by Bsr1 digestion at 65°C for 4 hours and 
separated and visualized on a 2.5% agarose gel (Figure 7). Bsr1 recognizes and cuts the 
wild-type sequence (G) into two fragments of 108 + 212bp, while the variant (A) 
abolishes the restriction site resulting in an uncut fragment of 320bp.  
 
 
 

 
 
 
 

 
Figure 7. Genomic sequence surrounding the 
Int7G24A variant and a representative 
photograph of the PCR-RFLP analysis. The 
variant site is marked in bold and the Bsr1 
recognition site is underlined.   
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Statistical analysis 
 
Test for association 
 
In paper III and IV tests for association (see Introduction) between the TGFBR1*6A 
and Int7624A variants and increased risk for colorectal cancer were done. Risks 
associated with variant genotypes were estimated by odds ratios (ORs) using 
unconditional logistic regression, and associated 95% confidence intervals (CIs). To 
test for population stratification, the distribution of genotypes in controls was tested 
for a departure from Hardy-Weinberg equilibrium. Differences in the distribution of 
continuous variables were compared using Mann-Whitney U test or the statistics of 
Cuzick et al (Cuzick 1985) and Altman et al (Altman 1991) and between proportions 
by Fishers exact test. Confidence limits for sequence changes among cases were 
computed under the assumption that frequencies followed a Poisson distribution. 
Estimates of study power were performed on the basis of the method published by 
Fleiss et al (Fleiss 1980). A p-value of 0.05 was considered statistically significant in 
all analyses. All statistical analyses were performed using STATA Version 7.0 (Stata 
Corporation).  
 
 
Meta-analysis 
 
Meta-analysis is a statistical procedure that integrates the results of several independent 
studies. A meta-analysis may be performed in an attempt to overcome the problem of 
reduced statistical power in studies with small sample sizes since analyzing the results 
from a group of studies can allow more accuracy.  
 
The analysis consists in calculating the overall effect by combining the data. However, 
a simple calculation of the average of the results from all the studies would give false 
results. This is because the results from small studies are more likely to be caused by 
chance and should therefore be given less weight. Therefore, methods used for meta-
analysis use a weighted average of the results, in which the larger studies have more 
influence than the smaller ones. This is called the "inverse variance method". The 
statistical techniques to do this can be classified into two models (Berlin et al. 1989). 
The difference between these two models is in the way the variability of the results 
between the studies is treated. The "fixed effects model" considers that this variability 
is exclusively due to random variation (Yusuf et al. 1985). Therefore, if all the studies 
were large enough they would give identical results. The "random effects model" 
assumes a different underlying effect for each study and takes this into consideration as 
an additional source of variation, which leads to somewhat wider confidence intervals 
than the fixed effects model (DerSimonian et al. 1986).  
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If the results of the included studies are very different, it may not be appropriate to 
combine them. One way to find this out is to test for heterogeneity across studies. If this 
test shows homogeneous results then the differences between studies are assumed to be 
a consequence of sampling variation, and a fixed effects model is appropriate. If, 
however, the test shows that significant heterogeneity exists between study results then 
a random effects model should be used.  
 
In paper IV meta-analysis was conducted using standard methods for combining 
estimates of ORs based on the weighted sum of the log estimates with the inverse of 
the variance of the estimate of the weight. Cochran’s Q statistic to test for 
heterogeneity and the I2 statistic to quantify the proportion of the total variation due to 
heterogeneity were calculated. To incorporate within-study and between-study 
variability, DerSimioian and Laird’s method for calculating random effects summary 
ORs and their associated 95% confidence intervals was used. The presence of 
publication bias was examined by visual inspection of Forrest plots, and formally 
evaluated with Egger’s regression asymmetry test (Egger et al. 1997), based on 
inverse-variance weighted regression of the effect sizes on their precision (the inverse 
of standard error) testing whether the intercept deviates significantly from zero. 
Computations were undertaken using the statistical software STATA Version 7.0 
(Stata Corporation, TX, USA). 
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RESULTS AND DISCUSSION 
 
 
SEARCHING FOR NOVEL COLORECTAL CANCER PREDISPOSING LOCI 
 
A genome-wide linkage analysis in Swedish families with hereditary non-
familial adenomatous polyposis/non-hereditary nonpolyposis colorectal cancer 
(Paper I) 
 
In an attempt to identify novel colorectal cancer predisposing loci, genome-wide 
linkage analyses were performed in 18 colorectal cancer families from Sweden where 
FAP and HNPCC had been excluded. Both multipoint parametric and non-parametric 
linkage analyses were carried out using two different affected status criteria as 
previously described (see Material and Methods).  
 
No common colorectal cancer susceptibility locus was identified in any of the analyses 
assuming locus homogeneity among the 18 families, thus providing evidence for locus 
heterogeneity among these families. 
 
Subsequent analyses assuming locus heterogeneity revealed several regions of interest 
(Table 7). Chromosome 22q12 was suggested from parametric analysis using the 
stringent affected status criteria (HLOD=1.26; α=0.60). However, non-parametric 
analysis, using the same criteria, showed no evidence for linkage to this region or any 
other chromosome.  
 
 

Table 7. Markers showing the highest nonparametric LOD scores (NPL) and parametric 
HLOD scores after first scan 

CHROMOSOME MARKER NAME CM1 
NPL SCORE 

(STAT E)
P VALUE2 

PARAMETRIC 

HLOD SCORE 
α 

11 D11S1314 77.5 1.28 0.05 1.96 0.25
11 D11S908 112.5 2.16 0.006 2.10 0.35
14 D14S258 65.8 2.88 0.001 2.61 0.25
22 D22S315* 16.2 0.96 0.10 1.26 0.60

1 Based on the Généthon map  

2 P values calculated for NPL scores 
α Proportion of linked families 
* Result obtained using stringent diagnostic criteria 

 

 
Three regions on chromosomes 11 and 14 were identified when using the less stringent 
affected status criteria, both in parametric and non-parametric analysis (Table 7). On 
chromosome 11, marker D11S908 gave a HLOD score of 2.10 in the parametric 
analysis and a NPL score of 2.16 in the non-parametric analysis while marker 
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D11S1314 gave a HLOD score of 1.96 in the parametric analysis only. However, the 
most significant finding in this study was linkage to chromosome 14q24 with a HLOD 
score of 2.61 and a NPL score of 2.88 from the parametric and non-parametric analysis, 
respectively (Table 7). 
 
As chromosomes 11 and 14 were the most significant findings in this study, 
finemapping of these regions, using an additional set of markers, was done. Subsequent 
analyses using the finemapping genotype data failed to reach the score values obtained 
in the first screen. However, although both HLOD- and NPL scores were reduced 
across the regions, they remained in the range of suggestive linkage (Table 8).  
 
 

Table 8. Finemapping results for chromosomes 11 and 14 

CHROMOSOME MARKER NAME CM1 
NPL SCORE 

(STAT E) 
P VALUE2 

PARAMETRIC 

HLOD SCORE 
α 

11 D11S1314 77.5 1.31 0.04 0.87 0.25 

11 D11S908 112.5 1.46 0.03 0.20 0.10 

14 D14S258 65.8 1.31 0.04 0.22 0.15 
a Based on the Généthon map  

b P values calculated for NPL scores 
α Proportion of linked families 

 

 
Haplotype analysis identified six families linked to chromosome 14 giving an 
overlapping region of 5.5 cM between markers D14S1038 and D14S1609 (14q23.1-
24.1). In addition, haplotype analysis identified six families with a phenotype 
exhibiting overlapping linkage to two regions on chromosome 11 of 8.7 and 9.4 cM, 
respectively. The first region was located between markers D11S987 and D11S4297 
(11q13.2-13.4) and the second between markers D11S4120 and D11S4090 (11q22.1-
23.1). 
 
In conclusion, this study of 18 Swedish colorectal cancer families failed to identify a 
common susceptibility locus. Evidence of linkage, even somewhat weak, was found of 
a less stringent selected phenotype to chromosomes 11 and 14 in a subset of families. 
No linkage was found to the recently identified regions on chromosomes 9 and 15. 
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MAPPING THE NOVEL ADENOMA AND COLORECTAL CANCER LOCUS 
TO CHROMOSOME 9q22.32-31.1 
 
Linkage analysis in a large Swedish family supports the presence of a 
susceptibility locus for adenoma and colorectal cancer on chromosome 
9q22.32-31.1 (Paper II) 
 
Recently, a novel susceptibility locus for adenoma and colorectal cancer on 
chromosome 9q22.2-31.2 was suggested by sib-pair analysis of 53 kindred (Wiesner et 
al. 2003). In a genome-wide linkage scan of 11 non-FAP and non-HNPCC colorectal 
cancer families in 1998 this same region was identified in one family, family 24, with a 
LOD score >1 (unpublished data). Continued surveillance of this family has resulted in 
the identification of adenomas in several previously unaffected family members. Thus 
we decided to redo the linkage analysis for this suggested locus also considering these 
newly diagnosed patients as gene carriers. 
 
Figure 8 shows the results from the parametric linkage analysis in family 24 (thick 
line). The phenotype of adenoma and colorectal cancer was found linked to the region 
on chromosome 9q22.32-31.1 with a multipoint LOD score of 2.4 in this single family. 
The region defined by family 24 falls within the small region reported by Wiesner et al. 
(Wiesner et al. 2003) (Figure 8). 
 
 

 
 
Figure 8. Linkage results for chromosome 9 from the studies by Wiesner et al. (2003); dotted line and 
our study; thick line. In our study, the y axis plots location scores. Location scores are directly 
comparable with LOD (Logarithm of odds) scores. In the study by Wiesner et al., the y axis plots pP 
value = (-log10[P value for linkage]). The x axis plots markers locations on chromosome 9q according to 
the Généthon genetic map (Cohen et al. 1993). 
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Haplotype analysis in family 24 defined a linked region of 7.9 cM between markers 
D9S280 and D9S277. This region contains several putative candidate genes like 
TGFBR1, PTCH, and XPA. 
 
LOH studies on the colorectal tumor available from a linked haplotype carrier, 
individual no 166, did not provide evidence for a tumor suppressor gene residing in the 
region since all informative markers demonstrated retention of the wild-type allele in 
the tumor. LOH studies on tumors from additional 23 colorectal cancer families 
provided further evidence against this being a commonly lost chromosomal region in 
colorectal non-FAP/non-HNPCC tumors.  
 
In conclusion, our linkage data from family 24 together with the results from Wiesner 
et al. (Wiesner et al. 2003) and more recently Kemp et al. (Kemp et al. 2006) provides 
evidence for an adenoma and colorectal cancer susceptibility locus on chromosome 
9q22.32-31.1. The genetic contribution of this locus to all non-FAP/non-HNPCC 
colorectal cancers is still to be elucidated.  
 
 
GENETIC STUDIES OF CHROMOSOME 9q22.32-31.1 
 
Mutation screen of candidate genes in the novel adenoma and colorectal 
cancer susceptibility locus on chromosome 9q22.32-31.1 (Paper III & 
Unpublished data) 
 
Several studies, including our, have demonstrated linkage of adenoma and colorectal 
cancer to a region on chromosome 9q22.3-31.1(Kemp et al. 2006; Wiesner et al. 2003; 
Paper II). In the study by Wiesner et al., more than 30% of all families included in the 
analysis were compatible with linkage to this region (Wiesner et al. 2003). Our 
genome-wide linkage analyses in totally 18 Swedish colorectal cancer families did not 
identify any family with disease linked to this region (paper I). 
 
Genotyping additional 19 Swedish non-FAP/non-HNPCC colorectal cancer families for 
microsatellite markers in this region revealed suggestive linkage of disease in seven 
families (Unpublished data, Table 9). Besides the originally linked family (Family 24, 
paper II) two families (Family 94 and Family 231) gave a LOD score >1 for this 
region. 
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Table 9. Families exhibiting suggestive linkage to the chromosome 9q region and obtained 
LOD scores 

 LOD SCORE 

FAMILY NO. D9S197 D9S280 D9S287 D9S1786 D9S180 D9S1690 D9S271 

94 1.260 1.255 1.243 1.235 1.234 1.218 0.894 

177 0.476 0.492 0.512 0.512 0.512 0.512 0.456 

185 0.522 0.522 0.522 0.522 0.522 0.520 0.522 

210 0.293 0.297 0.300 0.301 0.301 0.301 0.293 

231 1.186 1.203 1.203 0.803 0.314 0.954 -2.454 

275 0.504 0.501 0.502 0.518 0.522 0.502 0.478 

406 0.201 0.204 0.206 0.202 0.193 0.181 0.082 

 
 
Chromosome 9q22.3-31.1 contains several putative candidate genes. In an attempt to 
identify the disease-causing gene, members of families exhibiting linkage to this region 
were included in a mutation screen. The coding regions of totally 9 putative candidate 
genes were analyzed in carriers of the linked haplotype (Unpublished data, Table 10). 
Genes were selected based on their possible involvement in colorectal carcinogenesis 
as reported in the literature. TGFBR1 was the most potential candidate and hence most 
thoroughly investigated. Besides the entire coding region, the 5’UTR and 3’UTR 
regions of the TGFBR1 gene were screened for mutations. TGFBR1 was also 
investigated for genomic deletions, insertions and rearrangements by RT-PCR in two 
affected individuals (Co-186 and Co-213) from Family 24 plus two controls .  
 
No pathogenic mutations were detected in TGFBR1 or in the coding regions of the 
other 8 genes investigated (Table 10). Variations were found in ZNF169, the RAD26L-
like gene, CDC14B, and TGFBR1. However, these were not segregating with disease. 
Furthermore, no deletion, insertion and rearrangement were detected from RT-PCR of 
TGFBR1. 
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Table 10. Results from mutation screening of selected genes in chromosome 9q region 

GENE NAME GENE DESCRIPTION VARIATION SEGREGATING 

BARX1 Homeobox protein BarH-like 1 --- --- 

ZNF169 Zinc finger protein 169 Exon 3, codon 58 (Fam 24, 94), 

Exon 3, codon 64 (Fam 177, 275) 

No 

No 

FANCC Fanconi anemia group C protein --- --- 

PTCH Patched homolog --- --- 

Similar to RAD26L Putative repair and recombination helicase Exon 8 (Fam 24) No 

ZNF367 Zinc finger protein 367 --- --- 

CDC14B Cell division cycle 14 homolog B IVS6+65A-G (Fam 24) No 

XPA Xeroderma pigmentosum group A --- --- 

TGFBR1 Transforming growth factor beta receptor 1 TGFBR1*6A, Int7G24A  No 

 
 
In conclusion, we were able to identify several families that showed suggestive linkage 
to the chromosome 9q22.3-31.1 region. Investigation of TGFBR1 and several other 
putative candidate genes did not reveal any pathogenic mutation or variation 
segregating with disease in any of the linked or suggestively linked families.  
 
 
INVESTIGATION OF TGFBR1 VARIANTS IN FAMILIAL COLORECTAL 
CANCER  
 
TGFBR1 variants and familial colorectal cancer risk (Paper III & Unpublished 
data) 
 
A common variant of TGFBR1, TGFBR1*6A, is generated by a deletion of three GCG 
triplets coding for alanine within a nine alanine (*9A) repeat sequence located in exon 
1 of the gene. The receptor encoded by this variant allele has been demonstrated to 
have reduced TGF-ß growth inhibitory signaling activity (Chen et al. 1999; Pasche et 
al. 1999). The TGFBR1*6A allele has been reported to be associated with an increased 
risk of a number of different malignancies including colorectal cancer (Baxter et al. 
2002; Chen et al. 2001; Kaklamani et al. 2005; Pasche et al. 1999). Most recently, this 
variant has been proposed to be directly causally responsible for a proportion of 
HNPCC cases, especially those without MMR deficiency (Bian et al. 2005). 
Intriguingly TGFBR1 maps to 9q22.3-31.1, the novel colorectal cancer susceptibility 
locus (Kemp et al. 2006; Skoglund et al. 2006; Wiesner et al. 2003).  
 
A second polymorphic variant of TGFBR1, Int7G24A has also been implicated in 
cancer susceptibility. Associations with kidney, bladder, breast and non-small cell lung 
cancer have been reported (Chen et al. 1999; Chen et al. 2004; Zhang et al. 2003). 
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However, this variant has, to our knowledge, not yet been evaluated in colorectal 
cancer. 
 
To further evaluate the relationship between variations of the TGFBR1 gene and 
colorectal cancer risk we determined whether the TGFBR1*6A and Int7G24A variants 
could contribute to familial colorectal cancer risk. Using a case-control design, we 
compared TGFBR1*6A and Int7G24A allele frequencies in 83 HNPCC and 179 non-
HNPCC familial cancer cases with 856 population-based controls. The frequency of 
TGFBR1*6A genotypes was not significantly different between controls (0.106, 
95%CI: 0.102-0.135) and all familial cases, whether or not affection status was 
confined to a diagnosis of colorectal cancer or colorectal cancer and adenoma (0.107, 
95%CI: 0.082-0.137; 0.117, 95%CI: 0.087-0.151, respectively).  

 
While the frequency of the TGFBR1*6A allele was similar in non-HNPCC familial 
cases and controls (0.084 and 0.106 respectively; P=0.23), the frequency in HNPCC 
cases was markedly elevated (0.157; P=0.045) compared to the controls. Hence there 
was an apparent difference in TGFBR1*6A allele frequency between HNPCC and non-
HNPCC familial cases (0.157 and 0.084 respectively; P=0.013).  
 
To further explore the possibility that carrier status might affect colorectal cancer risk, 
we compared the age of onset of colorectal cancer in TGFBR1*6A carriers and non-
carriers. There was no association between age at diagnosis of colorectal cancer and 
TGFBR1*6A genotype. Comparison of the cumulative distribution curves also revealed 
no significant difference in carriers compared to non-carriers. Among familial non-
HNPCC cases the average age at cancer diagnosis in TGFBR1*6A carriers and non-
carriers was 58.4 years (Standard deviation (SD), 13.0) and 56.8 years (SD, 10.6) 
respectively. Corresponding ages at diagnosis in carriers and non-carriers in HNPCC 
cases was 43.3 years (SD, 11.0) and 45.7 years (SD, 10.6), respectively.  
 
Genotyping of TGFBR1*6A in selected pedigrees showed random segregation and 
hence no evidence for any over-transmission to affected offspring. Three families, one 
HNPCC (Fam 340) and two non-HNPCC (Fam 288 and 351) showed suggestive 
segregation of the variant with colorectal cancer or adenoma (Unpublished data, Figure 
9).  
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Figure 9. Segregation of TGFBR1*6A in 16 pedigrees included in the study. 
Symbols in black are individuals affected with colorectal cancer. Symbols in grey are individuals affected 
with adenoma and/or hyperplastic polyp(s). Highlighted with circles are individuals affected with 
colorectal cancer carrying the TGFBR1*6A allele. Abbreviations: 9A, TGFBR1; 6A, TGFBR1*6A. 
 
 
The Int7G24A variant was successfully genotyped in 262 familial colorectal cancer 
cases, 179 non-HNPCC and 83 HNPCC, and 853 controls. There were no differences 
in allele or genotype frequencies between cases and controls or between the different 
types of familial colorectal cancer. 
 
Data on tumor DNA samples evaluated for MSI status were available from 249 of the 
cases. Among all familial cases, TGFBR1*6A carrier frequency was not significantly 
different in MSI positive cases compared to MSI negative (P=0.17). Among HNPCC 
cases with MSI tumors (MMR/MSI positive) over-representation of TGFBR1*6A 
carriers was evident, albeit non-significantly compared to the controls. When sub-
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grouping by MMR/MSI status, the frequency of Int7G24A heterozygotes was 
significantly lower in MMR/MSI positive cases than in controls. However, this was not 
true for homozygotes, indicating a possible false positive finding due to small sample 
size.   
 
In conclusion, while we cannot exclude the possibility that variants of TGFBR1 are 
associated with small colorectal cancer risks, possibly by modifying the impact of other 
gene effects, these observations suggest that any influence on risk will be minor. 
 
 
INVESTIGATION OF THE TGFBR1*6A VARIANT IN UNSELECTED 
COLORECTAL CANCER  
 
Lack of an association between the TGFBR1*6A variant and colorectal cancer 
risk (Paper IV) 
 
To further clarify the role of the TGFBR1*6A variant in colorectal cancer 
predisposition, we performed a case-control study of 1,042 unselected colorectal cancer 
cases and 856 population controls followed by a meta-analysis of all published case-
controls studies on the TGFBR1*6A variant and colorectal cancer risk. 
 
The frequency of *9A/*9A, *9A/*6A, and *6A/*6A genotypes in cases and controls 
were not significantly different between cases and controls (P=0.78). ORs associated 
with hetero- and homozygosity for the TGFBR1*6A allele and carrier status were 1.05 
(95% confidence interval (CI): 0.83-1.32), 0.82 (95% CI: 0.34-1.99) and 0.92 (95% CI: 
0.74-1.15) respectively.  
 
In a systematic review of the literature, four previously published articles reporting 
TGFBR1*6A genotype and risk of colorectal cancer were identified and used for meta-
analyses (Pasche et al. 2004; Pasche et al. 1999; Samowitz et al. 2001; Stefanovska et 
al. 2001). Two of these provided data on more than one case-control study. Together 
with our study the final data set for the meta-analyses thus included eight case-control 
studies. These studies provided data on TGFBR1*6A genotypes in a total of 2,627 
colorectal cancer cases and 3,387 controls. 
 
Figure 10 shows estimates of the risk of colorectal cancer associated with TGFBR1*6A 
homozygosity, heterozygosity, and carrier status in each study. Overall, only two of the 
eight case-control studies included showed an association of the TGFBR1*6A variant 
with an increased risk of colorectal cancer. No association with any increased risk was 
seen in European populations. 
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Figure 10 also shows the pooled OR estimates of colorectal cancer under a fixed effects 
model. The pooled estimates of the ORs under the fixed effect model was 1.20 (95% 
CI: 0.64-2.24; Cochran’s Q=9.89; P=0.129; I2= 39%) for homozygosity, 1.11 (95% CI: 
0.96-1.29; Cochran’s Q=9.28; P=0.23; I2= 25%) for heterozygosity, and 1.13 (95% CI: 
0.98-1.30); Cochran’s Q=12.63; P=0.082; I2= 45%) for carriers of TGFBR1*6A alleles.  
 
 
 
Figure 10a. 

Odds ratio
.05 .5 1 2 5 500

Study  % Weight
 Odds ratio
 (95% CI)

 1.15 (0.05,29.03) Northwestern 2006   3.8

 6.83 (0.33,143.02) Caldes et al 2006   4.2

 65.09 (3.48,1218.95) Pasche et al 1999 US   4.6

 1.66 (0.10,26.77) Stefanovska et al 2001   5.1

 0.58 (0.11,3.04) Samowitz et al 2001  14.4

 1.35 (0.30,6.05) Ellis et al 2006  17.4

 0.82 (0.34,1.99) This study  50.5

 1.20 (0.64,2.24) Overall (95% CI)

 
 
 
Figure 10b. 
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Figure 10c. 

 
 
 
Even though our study had ~80% power to detect a 1.4-fold increase in risk at a 
significance level of 5%, we found little evidence to support the hypothesis that 
TGFBR1*6A acts as a colorectal cancer susceptibility allele. Moreover, the meta-
analysis we conducted of 5,993 subjects also provides no evidence of an increased 
colorectal cancer risk associated with the TGFBR1*6A variant.  
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CONCLUDING REMARKS 
 
 
The general aim of this thesis was to investigate the genetic basis of colorectal cancer 
and adenoma predisposition. The specific aims were to identify novel colorectal cancer 
and adenoma predisposing loci, to confirm, fine-map and investigate the novel 
adenoma and colorectal cancer susceptibility loci on chromosome 9q22.32-31.1 and to 
determine the contribution of genetic variation in TGFBR1 to colorectal cancer 
predisposition.  
 
Even though the specific aims have been somewhat modified to the present form during 
these years of work the general aim has still remained as the red line running through 
this thesis. The work has been carried out during a time of changes in the perception of 
the genetic basis of the uncharacterized predisposition to colorectal cancer. We have 
come to realize that much of the focus, which has previously been on finding high-
penetrance genes, most likely should be moved to those with predicted low- or 
moderate penetrance. However, in families segregating these types of genes one might 
expect, as a result of the reduced penetrance, incomplete segregation making genetic 
studies less straightforward. Furthermore, as we have shown from our linkage studies in 
non-FAP/non-HNPCC families, one also has to take into account the extensive 
heterogeneity among affected families when searching for novel colorectal cancer 
predisposing genes. 
 
In addition, new data shows that the carcinogenic model valid in syndromes like FAP 
and HNPCC might not be applicable to the remaining uncharacterized families or 
cases. For example, the serrated adenoma-carcinoma pathway suggested by Jass and 
colleagues might explain a proportion of these. Identifying sub-classes of families with 
hereditary colorectal cancer based on clinical, pathological and/or genetic data might 
improve the power to detect the underlying genetic cause to disease in this group of 
patients.    
 
Aside from the general knowledge about colorectal cancer predisposition achieved 
from this work the following specific conclusions can be made: 
 
As shown from genome-wide linkage analysis in 18 non-FAP/non-HNPCC colorectal 
cancer families, no common locus but several loci with minor effect most likely 
remains to be identified in these families of unknown colorectal cancer predisposition. 
Suggestive evidence of predisposing genes on chromosomes 11, 14, and 22 was found, 
however these regions have to be confirmed in independent studies. Moreover, the 
overall genetic contribution by these loci to the remaining genetic predisposition not 
explained by FAP or HNPCC is probably small.  
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The strongest support for a new colorectal cancer susceptibility locus, as shown by the 
studies included in this thesis, is found on chromosome 9q22.32-31.1. This region has 
also been confirmed in two independent studies. No support for this locus was found in 
the genome-wide analysis and hence we conclude that this susceptibility locus is not 
commonly involved in colorectal cancer and adenoma development in Sweden. 
Altogether we found eight families with disease suggestively linkage to this region with 
most significant evidence found in family 24, affected with adenoma and colorectal 
cancer. The TGFBR1 gene, a strong candidate colorectal cancer susceptibility gene, is 
located within this region. Thorough investigation of TGFBR1 in affected family 
members from family 24 did not reveal any pathogenic variation segregating with 
disease.  
 
A common variant of the TGFBR1 gene, TGFBR1*6A, has been suggested to act as a 
low-penetrance tumor susceptibility allele. Studies of this variant along with another 
common variant of TGFBR1, Int7G24A, in familial and unselected colorectal cancer 
did not provide evidence of any major role in colorectal cancer development in 
Sweden. Furthermore, a meta-analysis of all published studies on the TGFBR1*6A 
variant and colorectal cancer risk indicated no increased risk associated with this 
variant, as previously suggested.  
 
In conclusion, we have identified several regions possibly implicated in colorectal 
carcinogenesis with chromosome 9q22.32-31.1 being the most significant. The 
TGFBR1 gene, with a strong possibility of being involved in tumor development, is 
located in this region and hence a strong candidate. Mutation screening did not reveal 
any mutation in TGFBR1, or eight additional genes investigated, segregating with the 
linked phenotype. From analysis of a large material of familial and unselected 
colorectal cancer cases and controls, we did not find any increased risk associated with 
variation in TGFBR1 defined by the TGFBR1*6A and Int7G24A variants.  
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POPULÄRVETENSKAPLIG SAMMANFATTNING 
 
 
Colorektal (tjock- och ändtarmscancer) är den tredje vanligaste cancerformen i Sverige 
efter bröst- och prostata cancer. Årligen drabbas cirka 5600 personer av colorektal 
cancer. Kända faktorer som kan leda till en ökad risk för colorektal cancer är en kost rik 
på rött kött och fet mat samt rökning. Faktorer som kan minska risken är en fiberrik 
kost samt motion. Den främsta riskfaktorn för colorektal cancer är dock förekomsten av 
flera drabbade nära släktingar. Att ha en drabbad nära släkting fördubblar risken medan 
två drabbade nära släktingar ger en fyrdubbelt ökad risk att drabbas av colorektal 
cancer. 
 
Av alla colorektal cancer fall är dock cirka 75% sporadiska, dvs ingen känd ärftlighet 
för sjukdomen föreligger. Studier har emellertid visat att i så många som 35% av alla 
fall föreligger en genetisk faktor. Av alla fall med en tydlig ärftlighet av colorektal 
cancer kan dock bara cirka 5% räknas till kända ärftliga colorektal cancer syndrom som 
Hereditary non-polyposis colorectal cancer (HNPCC) och Familial adenomatous 
polyposis (FAP). HNPCC kännetecknas av tidigt insjukande i colorektal cancer men 
också ökad risk för andra tumörformer som livmoderscancer hos kvinnor. FAP 
kännetecknas av hundratals polyper i tarmen som leder till att patienten vid en tidig 
ålder insjuknar i colorektal cancer. FAP patienter har också en ökad risk för andra 
tumörformer. De gener som orsakar HNPCC och FAP är kända och genetisk testning, 
vägledning och preventionsprogram utgör etablerad klinisk praxis. Flertalet familjer 
med ärftlig colorektal cancer bär dock inte på någon detekterbar mutation i dessa kända 
gener. Därför är det av stor vikt att lokalisera och identifiera också de gener som 
orsakar colorektal cancer i dessa icke-HNPCC/icke-FAP familjer.  
 

Denna avhandling är baserad på flera olika studier. I den första studien (artikel I) har vi 
gjort en sk kopplingsanalys för att identifiera delar av kromosomerna som nedärvs 
tillsammans med sjukdom i drabbade familjer. I denna studie ingick 18 familjer där de 
kända ärftliga syndromen, HNPCC och FAP, hade uteslutits. Studien visade att bland 
dessa familjer är det sannolikt flera olika gener eller kromosomala regioner som 
inverkar. Vi kunde identifiera regioner på kromosomerna 11, 14 och 22,  där potentiella 
colorektal cancer gener kan finnas. 
 
I studie nummer två (artikel II) har vi studerat en stor svensk familj med ärftlig 
förekomst av polyper och colorektal cancer. Denna familj studerades med 
kopplingsanalys för ett område på kromosom 9 som föreslagits innehålla en gen 
associerad med ökad risk för polyper och colorektal cancer. Vi lyckades bekräfta och 
stärka bevisen för en colorektal cancer region på kromosom 9. I vår kopplingsstudie i 
18 familjer fann vi dock inget stöd för den presumtiva regionen på kromosom 9. En 
oberoende studie gjord i USA, där man också funnit koppling till detta område, 
föreslog att detta område kunde vara inblandat i mer än 30% av alla familjära fall. Vi 
analyserade ytterligare 19 familjer för den här regionen och fann att, förutom den 
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ursprungliga familjen, koppling kunde påvisas i sju familjer (opublicerade data). 
Eftersom detta område innehåller ett stort antal gener som skulle kunna, då de är 
muterade, orsaka colorektal cancer, valde vi ut nio troliga kandidatgener för mutations 
analys. Den starkaste kandidatgenen i området är en gen som kodar för en receptor för 
en tillväxtfaktor, Transforming growth factor beta receptor 1 (TGFBR1). All nio 
generna undersöktes för mutationer medan TGFBR1 även undersöktes för strukturella 
förändringar. Inga mutationer eller andra förändringar kunde identifieras i dessa nio 
gener och mutations analys fortskrider av resterande gener.  
 
I den identifierade regionen på kromosom 9 ligger, som tidigare nämnts, TGFBR1. 
Denna gen är en stark kandidat då den verkar i ett cell-signalerings nätverk som där det 
uppstår fel kan leda till cancer. Syster-receptorn, TGFBR2, är ofta muterad i HNPCC 
tumörer och detta anses ha betydelse för uppkomsten av tumören. TGFBR1 har dock 
aldrig påvisats muterad i colorektal cancer. En vanlig genetisk variation i TGFBR1, 
TGFBR1*6A, har i flera studier visats öka risken för colorektal cancer. Man har sett 
detta både för familjära och sporadiska fall. Vi undersökte om denna variation kunde 
leda till en ökad risk för ärftlig colorektal cancer i Sverige (artikel III). TGFBR1*6A 
studerades i 262 obesläktade familjära colorektal cancer patienter och förekomsten 
jämfördes med den i 856 kontroll individer. Vi fann ingen ökad risk för bärare av den 
här varianten. 
 
Eftersom de flesta studier gjorda på TGFBR1*6A varianten gjorts i oselekterade 
colorektal cancer patienter (till största grad sporadiska) studerades 1042 oselekterade 
fall och jämfördes med 856 kontroller (artikel IV). Detta material är det största som 
hittills studerat denna genvariant och vi fann ingen ökad risk för colorektal cancer. De 
studier som påvisat en ökad risk för colorektal cancer av TGFBR1*6A har varit relativt 
små, med få fall och kontroller. Ett sätt att överkomma problemet med små studier och 
därav osäkra resultat är att genomföra en sk meta-analys. Detta är en analys där man 
kombinerar data från flera studier och kan på så sätt få en mer korrekt slutsats. Vi 
genomförde en meta-analys av alla publicerade studier på TGFBR1*6A och colorektal 
cancer risk. Totalt identiferade vi sju studier som tillsammans med vår inkluderades i 
studien som omfattar  2627 colorektal cancer fall och 3387 kontroller. Meta-analysen 
visade ingen ödad risk för colorektal cancer av den här vanliga variationen i TGFBR1.  
 
Sammanfattningsvis har vi identifierat flera kromosomala regioner som kan spela en 
roll i colorektal cancer utveckling. Den mest signifikanta regionen vi funnit är den på 
kromosom 9. TGFBR1, en gen som verkar i ett viktigt nätverk för cancer utveckling, 
ligger i detta område och är därför en av de starkaste kandidatgenerna även om ingen 
mutation hittills kunnat påvisas. Vi har med ett stort och kraftfullt patient- och kontroll 
material kunnat visa att den, i många studier omdiskuterade, varianten i TGFBR1, 
TGFBR1*6A, mest troligt inte ökar risken för colorektal cancer.  
 
Framtida studier kommer förhoppningsvis leda till identifieringen av en colorektal 
cancer gen på kromosom 9, och de andra regionerna, och att detta i sin tur kan leda till 
ökad kunskap och bättre diagnostik samt prevention av colorektal cancer. 


