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1.1 Colorectal cancer 

 

Transformation from normal cell to cancer cell is thought to be a multi-step process involving the 

accumulation of genetic alterations in oncogenes, tumor suppressor genes and stability genes. 

Mutations in oncogenes result in a gain of function by increasing the production of an unaltered 

protein or by creating a novel protein due to a chromosomal rearrangement. Mutations in 

oncogenes are somatic events caused by gene amplifications, chromosomal translocations or 

intragenic mutations affecting only a single allele, which is sufficient to provide a selective growth 

advantage to the cell. In contrast, mutations in tumor suppressor genes usually cause the 

inactivation of the genes resulting in the absence of the proteins. These genetic alterations include 

missense mutations (nucleotide substitutions resulting in amino acid change), nonsense mutations 

(nucleotide changes in the origin stop codon), partial or complete deletions of genes, insertions of 

nucleotides, epigenetic alterations (methylation of CpG sites) or modifications of transcription 

factor binding sites. According to the Knudson two-hit model of carcinogenesis, mutational events 

in both maternal and paternal alleles are required to cause a loss of function of tumor-suppressor 

genes 1, 2 or stability genes (also called caretakers). Stability genes maintain and regulate DNA 

fidelity. Inactivation of these genes results in genomic instability and increased rates of mutations 

in all genes. Neoplasms arise when tumor suppressor genes are inactivated and oncogenes are 

activated, or when an inefficient repair system results in increased rates of mutations in genes 

involved in cell growth or cell-cycle arrest.  

 

Generally, tumors are classified as liquid or solid. The first type, which includes leukemia and 

lymphoma, occurs in mobile cells of the circulatory and lymphatic systems. Only one or two 

mutational events are sufficient to induce malignant transformation. These events typically involve 

oncogene activation by chromosome translocation. In contrast, three or more events are necessary 

to create a solid tumor, in epithelial or mesenchymal cells (immobile cells). Genetic alterations in 

oncogenes, tumor suppressor genes and stability genes can occur in germline or somatic cells, 

resulting in a hereditary predisposition or sporadic cancer, respectively. In the hereditary form, a 

mutation in one allele of the germline cell can be passed to the offspring after which a second 

mutation at the somatic level on the second allele can cause complete inactivation of the gene. In 

the sporadic form both alleles are inactivated at a somatic level during the life-time and cancer 

appears at a later age compared to the hereditary form. 
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1.1.1 Colorectal cancer is a good genetic model of tumorigenesis 

 

In humans the large intestine is composed of the cecum, colon and rectum (Fig. 1). It is the last part 

of the digestive tract soon after the small intestine and measures about 1.5 meter. The colon is 

subdivided in the ascending side (right), the transverse, the descending side (left) and the sigmoid. 

After chemical digestion all nutrients are absorbed in the small intestine. When the chyme 

(unabsorbed nutrients) reaches the large intestine, only water, electrolytes and vitamins are 

removed, and the chyme becomes feces. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
Figure 1. Partial representation of the human abdominal cavity containing stomach, small intestine, large intestine and 
anus. Large intestine is subdivided in cecum, colon  (ascending, transverse, descending and sigmoid) and rectum. 

 

 The colon is a proliferating epithelium, which includes 107 compartments of cells, called crypts, 

each of which contains from 1000-4000 cells. The crypts in the lower part of the colon contain 

proliferative stem cells (making up two thirds of the total number of cells). The crypts in the upper 

third of the large intestine and the flat surface of the epithelium contain differentiated cells.  

 

Colorectal cancer is the second leading cause of cancer death in the western countries for both men 

and women 3. The majority of affected colorectal cancer patients have sporadic disease with no 
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evidence of having inherited the disorder (Fig. 2). The estimated lifetime risk of developing 

sporadic colorectal cancer at the age of 50 is approximately 5% in the general population. 

Environmental and dietary factors are believed to increase this risk. Symptoms develop late in the 

course of the disease and approximately 40% of cases are diagnosed in late stages.  

 

 

 

 

 

 

 

 
 
Figure 2. Type of Colorectal cancer (CRC). Sporadic and hereditary syndromes including hereditary nonpolyposis 
colorectal cancer (HNPCC), familial adenomatous polyposis (FAP) and rare hereditary colorectal cancer (H. CRC) 
such as Peutz Jeghers syndrome (PJS), juvenile polyposis syndrome (JPS) and mutY human homologue associated 
polyposis (MAP). 

 

The genetic model of colorectal cancer is one of the best studied and is based on decades of 

research to identify the events that lead to tumorigenesis, and can provide a good model for other 

types of cancer caused by inactivation of tumor suppressor genes. Vogelstein et al. 4 proposed a 

multi-step model for the genetic events underlying the progression of colorectal cancer. In this 

model the transformation of adenoma to carcinoma is the result of a combination of genetic defects, 

including mutational events in oncogenes, tumor suppressor genes and stability genes that typically 

develop in a decade. Luebeck and Moolgavkar 5 schematically subdivided Vogelstein’s multi-step 

model in four stages. The first stage is represented by normal cells. The inactivation of the APC 

gene is caused by two independent rare events which characterize the following two stages and 

result in a tumor initiation and adenomatous polyp. Development of thousands of adenomas form 

within 15-40 years is typical in familial adenomatous polyposis (FAP) patients. The step from the 

third to the fourth stage is designated by frequent genetic alteration in another gene, resulting in a 

clonal expansion of the mutated cells and malignant transformation. Several studies have shown 

that 95% of colorectal cancers have mutations in the APC pathway and additional mutations in 

genes of other pathways (e.g. p53 and K-ras). The four stage model concludes that pre-neoplastic 

events preceding the tumor involve several cell clones (polyclonal status), whereas the last stage 

leads to a selection and expansion of a single cell. Luebeck and Moolgavkar also hypothesized that 

after the third step cells of the colonic crypt loose the ability for asymmetric division and replicate 
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symmetrically, resulting in clonal expansion followed by the development of the adenomatous 

polyp. 

 

A different model of colorectal tumorigenesis is supposed to characterize hereditary non-polyposis 

colorectal cancer (HNPCC), also known as Lynch syndrome. In this model inactivation of both 

alleles of the mismatch repair (MMR) genes results in a considerable increased rate of mutations in 

other genes (microsatellite instability) thus producing a mutator phenotype, facilitating the onset of 

cancer clones 6. Colorectal microsatellite mutator phenotype (MMP) tumors do not have mutations 

in genes such as p53, but harbor genetic alterations in genes containing DNA repeats in the coding 

region, such as the transforming growth factor-β type II receptor (TGF-β RII) gene. These are the 

target for slippage-induced frameshift mutations during DNA replication that result in genomic 

instability. As a consequence genes other than MMR genes can play an important role in the 

progression from adenoma to carcinoma in HNPCC tumorigenesis. For example, mutations in the 

TGF-β receptor II gene may cause altered TGF-β type II receptor on the surface of the cell and an 

inability to bind transforming growth factor-β (TGF-β), followed by a decreased sensitivity to the 

growth inhibitory effects of TGF-β and tumorigenesis 7. Perucho et al. 8 suggested a model based 

on “a mutator that mutates another mutator”, where primary mutators such as MLH1 and MSH2 

genes, cause frame-shift mutations in secondary mutators genes, such as MSH3 and MSH6 and 

thereby inactivating the MMR pathway and resulting in microsatellite instability.  

 

The most frequent autosomal dominant hereditary colorectal cancer syndromes are HNPCC and 

familial adenomatous polyposis (FAP). Other inherited syndromes associated with increased 

colorectal cancer risk include juvenile polyposis, Peutz Jeghers and MAP (mutY human homologue 

associated polyposis, recessive condition) with very low incidences. Normally, an inherited 

colorectal cancer syndrome is identified by the following criteria: the presence of multiple affected 

individuals in the family of the patient, a young age at the time of diagnosis with the possibility of 

multiple cancers in the patient. Mutational screening is then performed in affected members of the 

family and at-risk relatives are tested to confirm the presence or absence of the inherited allele 

carrying the mutation. An inherited susceptibility to colorectal cancer involving tumor-suppressor 

and stability genes has been reported in less then 5% of all colorectal cancer cases (Fig. 2). 

Although these syndromes constitute only a small fraction, they are important because they provide 

a starting point to identify the genes and mechanisms involved in colorectal tumorigenesis. A more 

complete understanding of these syndromes may provide ways to detect and prevent carcinogenesis 

in at risk family members.  
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Some of the questions that will be addressed in this introduction and following chapters of this 

thesis are: 

1. Can specific pathologic characteristics and pre-screening methods be a combined approach 

to select individuals affected by HNPCC and FAP eligible for mutational analysis? 

2. Which are the genes responsible in colorectal tumorigenesis?  

3. Which are the mechanisms leading to inactivation of tumor suppressor genes and mismatch 

repair genes?  

4. Are some mechanisms more frequent in some genes than in others?  

5. Are all mechanisms causing MMR gene silencing known?  

6. Or are there unknown pathways that are less frequent and more difficult to identify? 

7. Are direct mutation analysis and indirect haplotype analysis the only tests to be performed?  

8. What are the limitations of the current tests?  

9. Can a combination of multiple genetic tests improve the accuracy and efficiency of 

discovering genetic alterations in affected subjects?  

10. Are new advance automated and fluorescent detection methods more rapid and efficient to 

enhance genetic screening on large sets of samples? 

11. Which are the most powerful pre-symptomatic screening tests to detect subjects at risk of 

hereditary colorectal cancer? 
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Inherited Colorectal cancer syndromes 

 

1.2 Hereditary Nonpolyposis Colorectal Cancer (HNPCC) 

 

The first case of HNPCC was reported by Warthin at the end of the nineteenth century in a large 

family diagnosed with a variety of cancers 9-11.  Later analysis and documentation of this and other 

families by Lynch and colleagues in the 1970s and 1980s suggested that HNPCC is a common 

inherited cancer susceptibility syndrome. In its most striking examples HNPCC is characterized by 

a dominant mode of transmission with 80% penetrance (the remaining 20% of individuals with a 

predisposing mutation may never develop cancer) 12-16. HNPCC accounts for 2-3% of reported 

colorectal carcinoma cases. The mean age of diagnosis is between 44 and 48 years compared to 64 

years for sporadic colon cancers. The majority of tumors (60-80%) in HNPCC patients arise in the 

proximal colon (i.e. from cecum to the descending side). 10% of patients will have synchronous 

tumors at the time of diagnosis (i.e. a simultaneous onset of two or more distinct tumors in different 

parts of the bowel) or develop metachronous tumors (i.e. new tumors developing at least 6 months 

after the initial diagnosis). Histopathologic features of tumors show that the progression of HNPCC 

adenoma to adenocarcinoma is more rapid than that for sporadic colon adenomas and the 

carcinomas tend to be poorly differentiated with abundant mucin and lymphoid infiltration 17. In the 

absence of screening most patients remain asymptomatic until the development of cancer.  

 

In the early 1990s HNPCC was reported to be associated with multiple primary tumors and a high 

proportion of colorectal cancer as well as many other types of cancer, including endometrial, 

extracolonic gastrointestinal and ovarian cancer 18-21. In particular, women with colorectal cancer 

develop endometrial cancer at an earlier age, with a life-time risk of 20-40%, compared to 3% in 

the general population 22, 23. Ovarian cancer risk has been reported to be 3.5 times as high with a 

mean age of diagnosis 20 years earlier than sporadic cases 24. Screening analyses such as 

colonoscopy can reduce the risk of colorectal cancer mortality by 50-65% 25. International 

Collaborative Group-Hereditary Nonpolyposis Colorectal Cancer (ICG-HNPCC) guidelines 

recommend a full colonoscopy every one to two years beginning at the age of 20-25 for patients 

with a high risk for HNPCC (as determined by positive diagnostic criteria or genetic tests), as well 

as for first degree relatives of these patients 26. Due to an associated risk for endometrial cancer, 

experts recommend annual screening by transvaginal ultrasound beginning at the age of 25-35 27. 

HNPCC in combination with benign or malignant sebaceous skin tumors is referred to as Muir-
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Torre syndrome28, whereas the development of glioblastoma multiform in association with HNPCC 

is called Turcot’s syndrome 29. Discussion of these latter syndromes lays outside the scope of this 

thesis.  

 
Table 1. Clinical criteria for hereditary nonpolyposis colorectal cancer (HNPCC) 31-33 

 
Amsterdam I criteria 

 
1. At least three relatives with colorectal 

cancer (CRC), one of which must be a 
first-degree relative of the other two; 

2. Colorectal cancer involving at least two 
successive generations 

3. One or more colorectal cancer cases 
diagnosed before the age of 50 

4. Familial adenomatous polyposis (FAP) has 
been excluded 

 

Amsterdam II criteria 
 

1. Three or more relatives with HNPCC-
associated cancer (colorectal, endometrial, 
small bowel, ureter, or renal pelvis), one of 
which must be a first-degree relative of the 
other two; 

2. Colorectal cancer involving at least two 
successive generations 

3. One or more colorectal cancer cases 
diagnosed before the age of 50 

4. Familial adenomatous polyposis has been 
excluded 

 
Bethesda guidelines 

 
1. Individuals with cancer in families who 

meet the Amsterdam criteria I-II 
2. Individuals with two HNPCC-related 

cancer, including synchronous and 
metachronous colorectal cancers or 
associated extracolonic cancers 
(endometrial, ovarian,gastric,  
hepatobiliary, small bowel,or transitional 
cell carcinoma of the renal pelvis or ureter) 

3. Individuals with CRC who have a first-
degree relative with CRC and/or a 
HNPCC-related extracolonic cancer and/or 
colorectal adenoma; one of the cancers 
diagnosed before age 45 and the adenoma 
diagnosed before age 40 

4. Colorectal cancer or endometrial cancer 
diagnosed before age 45 

5. Individual with right-sided CRC, an 
undifferentiated pattern on histopathology 
diagnosed before age 45 

6. Individuals with signet-ring-cell-type CRC 
diagnosed before age 45 

7. Adenomas diagnosed before age 40 
 

Revised Bethesda guidelines 
 

1. Colorectal cancer diagnosed before age 45 
2. Presence of synchronous or metachronous 

colorectal or other HNPCC-associated 
tumors regardless of age 

3. Colorectal cancer diagnosed before age 60 
with histologic findings of infiltrating 
lymphocytes, Crohn’s-like lymphocytic 
reaction, mucinous/signet ring 
differentiation or medullary growth pattern 

4. Colorectal cancer diagnosed in one or more 
first-degree relatives with an HNPCC-
related tumor, with one of the cancers 
diagnosed before age 50 

5. Colorectal cancer diagnosed in two or 
more first or second-degree relatives with 
HNPCC- related tumors, regardless of age 

 

 

The ICG-HNPCC adopted in 1991 a number of clinical criteria to standardize the study of HNPCC 

families. The original Amsterdam criteria (Amsterdam I) were focused to selected affected patients 

based on a family history of colorectal cancer and an early age of onset 30. Due to the presence of 

multiple organ tumors in HNPCC families and exclusion of patients from small families, the 
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Amsterdam criteria were later revised to be more sensitive but less restrictive. In 1997 and 1999, 

Bethesda guidelines 31 and Amsterdam II 32 criteria were developed, respectively, to include 

individuals with a less well documented family history of cancer, the location of the tumor and the 

early age of the affected family member. These guidelines were recently again revised as the 

Revised Bethesda criteria by the ICG-HNPCC 33. Thus, several different clinical criteria are used in 

an attempt to identify more accurately individuals who are likely to have a germline mutation in 

one of the MMR genes (Table 1).  

 

 

1.2.1 Molecular genetics 

 

1.2.1.1 MMR complexes and repair activity 

Bacterial and eukaryotic cells have a mismatch repair (MMR) system that recognizes and repairs 

single-base mispairs that arise during DNA replication, as well as small insertions and deletions. 

Cells with a deficient mismatch repair system have mutation rates 100 to 1000 times as high as 

normal cells, often resulting in system replication slippage in homopolymeric repetitive sequences, 

known as microsatellites. The mismatch repair  system was originally identified in bacteria where 

the homodimers MutS, MutL and MutH encoded by MMR genes, operate soon after incorporation 

of a wrong base just before the newly synthesized daughter strand becomes methylated 34-36. The 

discovery of MMR genes in yeast helped to identify the homologous proteins in human, as the 

MMR system is highly conserved from bacteria to mammals (Fig. 3). The MMR system became 

more important with the discovery of the inherited deficiency of the corresponding human genes 

and the association of these with HNPCC. The human MMR system is probably more complex the 

bacterial system. The system involves several proteins encoded by a number of genes, including 

MLH1, MSH2, MSH6, PMS1, PMS2, MLH3 and MSH3, but only some of them are known to cause 

hereditary nonpolyposis syndrome (Table2) 37, 38, 39.  
 

 
Table 2. Molecular characteristics of the mismatch repair genes associated with HNPCC 

 
 
 

Human Chromosomal 
location 

Mutation 
rate in 

HNPCC (%)

E. coli 
homol. 

Yeast cDNA 
size 

Genomic 
structure 
(n. of exons)

Amino 
acid 

References

MSH2 2p21-22 30 MutS yMSH2 2804 16  934 39 
MSH6 2p16 6 MutS yMSH6 4082 10  1360 38 
MLH1 3p21-23 63 MutL yMLH1/yPMS2 2268 19 756 37 
PMS2 7p22 0.4 MutL yPMS1 2588 15  862 37 
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Figure 3. Schematic representation of the mismatch repair system homologues in different organisms. Base-base 
mismatches, +1 insertion/deletion (IDLs), and larger loops with 2 to about 8 unpaired nucleotides (2-4) in E. coli) 
(shown for each organism form left to right) are bound by MutS and eukaryotic MSH heterocomplexes. Thick arrows 
indicate specificity to the DNA heterologies. Thin arrows indicate a function as backup or redundancy system between 
MSH2-MSH6 and MSH2-MSH3. MutL homologues involved in subsequent repair of either base-base mismatches or 
loops are given below the DNA heterologies. Adapted from Marti et al., J. Cell. Physiol. 2002; 191:28-41. Reproduced 
with permission from John Wiley & Sons, Inc. 

 

During the synthesis of a new DNA strand some of the replication errors are immediately corrected 

by the 3’ to 5’ exonuclease activity of DNA polymerase, which reduces the rate of replication error 

to approximately 1 per 1012 base pairs. The mutations that escape the proofreading DNA 

polymerase activity are repaired by the MMR system. Genetic and biochemical data 40-43 showed 

that in human and in yeast DNA strands carrying a mismatch are recognized and bound by a 

complex consisting of MSH2 protein and either MSH6 or MSH3 proteins. The MSH2-MSH6 

heteroduplex, called MutSα 41, is able to bind most base/base mismatches and small 

insertion/deletion loops (IDLs), whereas the MSH2-MSH3 heterodimer, called MutSβ 43, 

preferentially binds to small and large IDLs. After that MutSα/β complex binds to a DNA 

mismatch, the identification of the newly synthesized strand is achieved by the MutL complex, 

which binds to the DNA mispair-MutSα/β complex (Fig. 4). In cells with normal MutL function, 

the MLH1 protein forms three different heterodimeric complexes with PMS2, PMS1 and MLH3 

proteins. All of these proteins interact with the same region of the MLH1 protein, but the first 

complex (MLH1-PMS2) is more abundant then the latter two heteroduplexes (MLH1-PMS1; 

MLH1-MLH3) and provides the majority of repair activity 44. The repair system also requires ATP, 
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the binding of which induces a conformational switch of MutS into a sliding clamp that is 

hypothesized to leave the mismatch and move along the DNA to search for downstream MMR 

factors 45, 46.  

 

 

 
 
 
 
 
Figure 4. Functional interaction of hMutL and hMutS 
heterodimeric complexes involved in the repair of base-
base mismatches (red diamond) and insertion/deletion 
loops. MutSα (MSH2-MSH6) and MutSß (MSH2-MSH3) 
are represented with general shape of two "opposing 
comas", forming a channels occupied by the mismatches 
DNA. This MutS model includes interaction with MutL 
on one side and ATP-binding site on the opposite side 
(not shown). Adapted from Bellacosa A., Cell Death 
Differ. 2001;8:1076-92. Reproduced with permission 
from Nature Publishing Group. 

 

 

 

 

There are additional components in the human MMR system, including helicase II, human 5’>3’ 

exonuclease EXO I, human polymerase δ, PCNA, RPA and DNA ligase I 47-49. The function of the 

MMR system is to excise a DNA fragment containing the mismatch and fully resynthesizes the 

correct sequence. The mismatch recognition is mainly performed by the MutSα heterodimer, which 

contains about 90% of MSH2 and is present at much higher levels than MutSβ in the cells, 

suggesting that MutSα has a primary function in the MMR system 50. Interestingly, some authors 

reported that inactivation of MHS6 leads to a loss in repair of single-base mismatches and an 

instability of mononucleotide repeats, whereas a lack of MSH3 appears to have a weak effect 51, 52. 

However, in the absence of MSH6 and the consequent MutSα, the partial redundancy function of 

MutSβ mediates the repair of insertions/deletions larger than 2 basepairs and MSH3 is also found to 

be present at high levels in cells 42. Several groups showed that a lack of hMSH2 or hMLH1 protein 

results in a concomitant absence of the heterodimeric partners and in the instability of the hMutS or 

hMutL complexes even in the presence of normal MSH6, MSH3 or PMS2 proteins 50, 52-54. 

Mutations of MLH1 and MSH2 genes have been suggested to cause an early onset of colorectal 

cancer 55. Human MSH2 also interacts with two other genes, MSH4 and MSH5, to form 

heterodimers that are involved in meiotic recombination 56. 
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1.2.1.2 The two-hit model 

MMR genes are believed to behave like tumor-suppressor genes. According to the two-hit model of 

carcinogenesis (the Knudson model) two mutational events are required to cause a loss of function 
1, 2. In HNPCC patients, constitutional cells carry germline alterations in one copy of the MMR 

gene (first hit) and one normal copy (wild-type). Normally, the MMR gene is functional until a 

spontaneous somatic event creates a defect in the wild-type allele (second hit), and silences the 

gene. Interestingly, four different pathways have been proposed as a first hit mechanism 

inactivating MMR genes (Fig. 5).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 5. Knudson's two-hit hypothesis revised. Schematic representation of the mechanisms involved in the allelic 
inactivation of tumor suppressor and mismatch repair genes. A. Allele I and II are indicated by two green boxes shown 
at the top (arrow) transcriptional activity of the gene in normal cells. B. Four different genetic alterations (mutation, 
promoter methylation, altered transcription factor binding site and genomic deletion) can cause inactivation of the allele 
I, representing the first hit at germline level which results in the predisposition to the hereditary form of colorectal 
cancer. C. During the life-time additional genetic alterations (second hit) lead to the inactivation of the allele II in the 
somatic cells, causing full transcriptional silencing of the gene. (Mut.-mutation; Meth.-promoter methylation; T.F.B.S.- 
transcription factor binding site; G.D.-genomic deletion; I.D.-intragenic deletion and LOH- loss of heterozygosity). 
Adapted from Jones P.A. and Laird P.W., Nat Genet. 1999 Feb; 21(2):163-7. Reproduced with permission from Nature 
Publishing Group. 

 

In HNPCC patients, the first pathway involves mutations in the MLH1 or MSH2 genes in the 

majority of cases and rarely in MSH6 and PMS2 genes. These genetic alterations include missense 
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or nonsense mutations or insertions or deletions of base pairs, and it has established as the most 

common first step of allele inactivation at the germline level. Recently, new techniques have been 

developed to detect rearrangements of intra or whole genes which identified genomic deletions as a 

second pathway of single allele inactivation in MMR genes. Some investigators have suggested 

epigenetic changes in the promoter as a first hit at the germline level as a third alternative potential 

pathway (Chapter 5, 57-60 61). A fourth possible mechanism involves putative regulatory mutations 

in the promoter of MLH1, MSH2 and MSH6 with effects on the MMR system. Polymorphisms in 

the transcription factor binding site may decrease the affinity for the nuclear factor resulting in a 

reduced promoter activity and expression of the gene 62-64. An example of this is reported in 

Chapter 6. It is worth noting that the latter two mechanisms result in a possible decrease of mRNA 

expression with no change in the DNA sequence. In contrast, genetic alterations in the first two 

mechanisms (like mutations or genomic deletions of partial/total genes) affect the coding sequence 

with a possible effect on the structure of the protein. At a somatic level (the second hit) in HNPCC 

and colorectal cancer patients inactivation of the second allele is caused by point mutations, 

insertions and deletions of a base pair, hypermethylation  or loss of heterozygosity (LOH).  In this 

thesis the latter two pathways are described in two different sets of HNPCC patients providing new 

mechanisms of developing susceptibility for colorectal cancer. 

 

 

1.2.2 Genomic instability 

 

A deficiency of MSH2, MLH1 and other MMR genes results in many DNA replication errors, 

usually in repetitive sequences of one to a few base pairs that are particularly prone to polymerase 

slippage. These simple sequence repeats (or microsatellite repeats) occur both in the regulatory and 

the coding regions of many genes. There are 50.000-100.000 of these mono-dinucleotide repeat 

sequences in the genome of which the most common are (A)n/(T)n and (CA)n/(GT)n. Such errors 

lead to an effect called microsatellite instability (MSI) or replication error positive (RER+) 

phenotype, which is only detected in tumor tissue. From individual to individual the number of 

repeats can be variable but in the same person the microsatellite sequences are fixed in all normal 

cells. They are particularly important in linkage analysis, genomic mapping and also in the 

detection of loss of heterozygosity (LOH) in tumor suppressor genes. Usually microsatellite 

instability (gain or loss in the number of repeats in a DNA sequence) is identified by comparing the 

length of the microsatellite in normal tissue and tumor tissue in the same individual. The length of 

the repeated sequences is measured by performing polymerase chain reaction (PCR) using primers 
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that flank these regions. An example of microsatellite instability in stable and unstable tumor cells 

in the same individual is given in figure 6. Microsatellite instability consists of new alleles 

corresponding to a shorter or longer stretch of repeats resulting in an electrophoretic mobility shift 

of the peaks in tumor compared to normal tissue. Genomic instability is thought to be responsible 

for the rapid accumulation of somatic mutations in cancer-related genes, such as oncogenes and 

tumor suppressor genes. Genes that posses repeats in their coding region appear to be an easy target 

for frameshift mutations by incorrect replication, resulting in high genetic alteration rates  in tumor 

cells with a defective MMR system, also known as microsatellite mutator phenotype (MMP) 8, 65. 

Some authors have reported microsatellite instability in several genes, including TGFβ-RII 66, APC 
67, BAX 68, MSH3, MSH6 69, BRCA1, BRCA2 70, PTEN 71 and the transcription factor E2F4 72. The 

link between MSI and MMR deficiency was first identified in HNPCC tumors 73-75 and later in 

many others, including sporadic colon 76, 77, lung 78, breast 79, stomach 80, pancreatic 81, uterine 82, 

and endometrial and ovarian 83, 84 cancers. Microsatellite instability has been identified in more than 

90% of HNPCC tumors compared to only 10-15% of sporadic tumors 75, 77, 85. Colorectal tumors 

with MSI are diploid and generally located in the ascending or the transverse colon 74, 86. 

 

1.2.2.1 Microsatellite instability guidelines 

The MSI status was proposed by the National Cancer Institute (NCI) Workshop on Microsatellite 

Instability for Colorectal Cancer Detection 87, which was approved and comprised in the Bethesda 

guidelines 31  and later revised in 2002 33.  According to the HNPCC-NCI guidelines a panel of five 

microsatellite loci is recommended to detect with sensitivity and specificity the MSI in HNPCC 

patients that have potential mutations in the MMR genes. This panel (Fig. 6) contains two 

mononucleotide repeats (BAT 25 and BAT26, polyA) and three dinucleotide repeats (D2S123, 

D5S346 and D17S250), where tri-, tetra- and pentanucleotide microsatellites are not included 

because they appear stable. However, the addition of more mono-dinucleotide markers is suggested 

in case where the evaluation of MSI is inadequate. Following the NCI recommendations, tumors 

are classified as MSI-High (MSI-H) when two or more of the five microsatellite sequences are 

mutated compared to normal tissue from the same patient, and in MSI-Low (MSI-L) or MMS if 

only one or none of the markers show instability (Fig. 6). MSI analysis has become an important 

diagnostic tool for identifying those HNPCC cases that are due to MMR defects. A high proportion 

of Amsterdam criteria HNPCC cases show tumors with microsatellite instability. Through the 

application of these guidelines most HNPCC cases that have MSI-H tumors have been linked to a 

mutation in MSH2 or MLH1 genes. 
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Figure 6. Representative examples of microsatellite instability at the five locus markers. Peaks visualized on the 
ABI377 sequencer and corresponding to normal and tumor DNA are labelled N and T, respectively. A and B are 
examples of stable and unstable microsatellites in colorectal cancer cases, respectively. Adapted from Colombino M. et 
al., Ann Oncol. 2003 Oct;14(10): 1530-6. Reproduced with permission of Oxford University Press. 

 

A further proof that mutations in MLH1 and MSH2 are associated with MSI came from a study of 

Umar et al. 18, who reported a correction of MMR deficiency (a homozygous mutation in the 

MLH1 gene) and microsatellite instability by introducing a single chromosome 3 from normal 

fibroblasts in a human colon tumor cell line (HCT116). As is reported for the MLH1 gene 18, the 

introduction of a wild-type MSH2 gene into a MSH2-deficient tumor cell line reduces the 

accumulation of mutations to normal levels 88. In the mouse a lack of MSH2 or MLH1 genes results 

in a loss of MutS or MutL complexes and an incomplete inactivation of the MMR system, which 

increases mutations in all tissues examined 89, 90. In contrast, a deficiency of the others proteins 

involved in the complexes, results in less restricted effects due to the redundancy function between 

MutS α and MutS β 91, 92.  

 

A recent study reported that 95% of HNPCC cases with MSI-H show a related loss of MLH1 

(40%), MSH2 (40%), MSH6 (10%) and PMS2 genes (5%) 93. In addition, in a few cases where 

inherited mutations were not found, an altered expression of MSH2 or MLH1 was identified 

suggesting the presence of defect in these genes. According to the international guidelines, 

genotyping of the tumor for MSI and immunohistochemical analysis should be the primary 

screening methods after verified positive family history. 
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1.2.3 Genetic predisposition 

 

The discovery of the role of MMR genes in HNPCC has led to the identification of many families 

with inactivating germline mutations. The development of novel techniques, described below along 

with their advantages and disadvantages, has considerably simplified the screening of DNA 

mismatch repair genes. The heterogeneity of the identified mutations suggests an absence of 

correlations between genotype and phenotype, and a lack of mutational “hotspots” in the coding 

sequences results in a long and difficult screening process, which requires the full sequencing of the 

genes. At the moment no guidelines exist for classifying genetic alterations as pathogenic mutations 

or polymorphisms, resulting in a great variation in interpretation by different researchers. 

 

1.2.3.1 Inactivation of MLH1 and MSH2 genes by mutations 

In the last decade the investigation of HNPCC families has shown that most germline mutations are 

in the MLH1 and MSH2 genes 94-97, which are the major cause of DNA-mismatch-repair deficiency 

in humans. Frameshift and nonsense mutations (protein truncating mutations), missense mutations 

(protein sequence changes) and deletion mutations have all been observed and reported in a 

database (http://www.insight-group.org) 98. In this database more than 448 different predisposing 

mutations are described, of which 50% affect MLH1, 39% MSH2, 7% MSH6 and the remaining 

genes are together responsible for less then 4%. The germline mutations that occur in MLH1 and 

MSH2 appear widely distributed throughout either genes, with a prevalence of frameshift and 

premature truncations in MHS2 (60% and 23% of all mutations, respectively) and missense 

mutations in MLH1 (31% of total mutations) 99. In the last few years several authors reported a high 

percentage of genomic deletions in MLH1 and MSH2 genes 100-104, whereas germline epigenetic 

alterations are mainly observed in MLH1 57-59 and only in one case in MSH261. Several recurrent 

and “founder germline mutations” have been observed in MLH1 and MSH2 genes, which appear to 

share a common ancestor. These founder mutations have been identified in the Finnish population 
105, 106, where two genetic alterations in MLH1 (3.5-kb in exon 16; splice-site mutation at exon 6) 

account for the majority of reported families. In America a founder mutation in the MLH1 gene has 

been observed in Navajo families from Arizona, and a  founder mutation in MSH2 (A636P) has 

been identified in Ashkenazi Jews 107-109, which arose approximately 17 generations before during 

the time when this community were living in eastern Europe. Founder mutation has been also 

reported in MSH2 (splice donor exon 5) to affect the English and North American HNPCC families 
110. Using Southern blot and DGGE, Wagner et al 111 identified a large founder deletion of 20-kb in 
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MSH2 (exon1-6). Interestingly, genealogical, clinical and molecular studies traced this mutation in 

14 different States in U.S., confirming that was a common North American founder deletion. In 

addition, the origin of the mutation could be traced back to German ancestors in the early 18th 

century 112. 

 

1.2.3.2 MSH6 and its important role 

Many other genes encoding proteins involved in the MMR system have been considered as 

potential mutator genes implicated in the tumorigenesis of HNPCC.  Of these, the best studied is 

MSH6.  Defects in the MSH6 gene cause only a partial loss of MMR activity, as MSH3 can 

compensate for defects in MSH6.  Mutations in the MSH6 gene result in a large increase of base 

substitution mutations. Germline mutations in MSH6 have been identified in a small number of 

HNPCC families and in a large number of atypical-HNPCC cases with late onset 113-119. Dominant 

mutations have been reported at the N- and C- terminals of the MSH6 protein, where both the 

MSH2 interaction domain and the ATP-binding site occur 116, 118, 120. The MSI status of the cases 

with MSH6 mutations is not fully clarified. Some studies characterize the tumors as MSI-L, 

whereas others suggest a MSI-H phenotype. A MSI-H phenotype may be due to a combination of 

MSH3 and MSH6 mutations. However, human cell lines with MSH6 mutations show MSI in 

mononucleotide and not in dinucleotide repeats 121. Studies have reported that HNPCC families 

with germline MSH6 defects have a high proportion of endometrial cancer 119, 122.  In contrast, 

approximately 8% of familial colorectal cancer (non-HNPCC) cases were found to have germline 

MSH6 defects. Similarly, germline MSH6 defects have been found in endometrial cancer cases 

associated with a weak family history of cancer. Patients with mutation in MSH6 gene appear to 

have less striking family history and later age of onset of cancer compared to HNPCC cases with 

mutation in MSH2 or MLH1. A correlation was observed between the expression of MSH2 and 

MSH6 proteins in HNPCC and endometrial cancer cases. Immunohistochemical analysis showed a 

reduction of the expression of MSH2 protein in the presence of germline mutations in the MSH6 

gene, whereas a lack of MSH6 protein was observed in cases with germline mutations in the MSH2 

gene 54, 123. It has been observed that mouse cells that are homozygous for MSH6 mutations 

develop tumors at late ages with a reduced expression of MSH2 and low or no microsatellite 

instability 124, 125.  Recently, few studies reported genomic deletions in MSH6 gene in HNPCC and 

in suspected HNPCC families 104, 126  While more work on MSH6 is needed, current evidence 

suggests that germline MSH6 defects can cause an attenuated form of HNPCC and inactivation of 

MSH6 causes a weaker mutator phenotype confined to base substitutions and insertions/deletions in 

the mononucleotide repeats 127, 128. 
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1.2.3.3 Others MMR genes 

A number of other MMR genes have been considered to be involved in HNPCC, including PMS1, 

MSH3, MLH3 and PMS2.  However, defects in some of these genes have not been found to make 

major contributions to HNPCC.  This could be consistent with studies indicating that defects in 

these genes do not result in a complete loss of the MMR system because they encode partially 

redundant functions. There is no clarified correlation between mutations in the PMS1 gene and 

HNPCC. One study described a germline mutation in the PMS1 gene 129 in HNPCC patient, but no 

other cases have been described since. However, the original PMS1 mutant family was later shown 

to contain an additional MSH2 mutation 130.  Mutations in the MLH3 gene are also likely to be rare 

in HNPCC. Wu et al. 131 reported ten germline mutations including one frameshift and nine 

missense mutations in twelve suspected HNPCC patients. Only in few of them the identified 

mutations could be associated with the development of colorectal cancer and thus be considered 

putative pathogenic alterations. One study identified potential missense mutations but these variants 

could be rare polymorphisms 132. Most subsequent studies have not identified germline MLH3 

mutations in HNPCC cases. Recently, Liu et al. 133 screened 70 families with hereditary colorectal 

cancer both high and low risk and identified one frameshift and eleven missense mutations, but no 

microsatellite instability was detected. Three mutations showed segregation with the disease and 

most were identified in families with low risk, containing one or two affected first-degree relatives. 

Interestingly, the authors reported one case, in which the paternal allele carried a MSH2 missense 

mutation and the maternal allele presented a MLH3 variant, suggesting that two combined 

mutations can caused stronger mutator phenotype than a single mutant. This idea is supported by a 

previous study on the functional interaction between weak alleles in yeast and the resulting mutator 

phenotype 134. No germline defects in the MSH3 gene have been reported. It is conceivable that 

defects in these genes could cause cancer susceptibility in late onset and in families with a weaker 

history than usual in HNPCC. In contrast, 7 truncating mutations in PMS2 gene have been reported 

in 7 different HNPCC suspected families 129, 135-137, including 3 fulfilled the Bethesda criteria and 1 

the revised Amsterdam criteria.  Inactivating mutations in this gene have also been observed in 

affected individuals with Turcot’s syndrome 138, 139. Recently, Hendriks et al. 140 have identified 4 

genomic rearrangements and 3 truncating point mutations in PMS2 gene in HNPCC suspected 

families, which fulfilled Amsterdam criteria. All 7 tumors were MSI-H and showed loss of the 

expression of the PMS2 protein. Germline genetic alterations in the PMS2 gene appear only in few 

cases of HNPCC families and not always fulfill Amsterdam criteria. This attenuated phenotype can 

be explained by the redundancy function with MLH3, which can interact with MLH1 in the 
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absence of PMS2. Moreover, identification of genetic alterations may be difficult due to the 

presence of a pseudogene close to PMS2 gene. 

 

1.2.3.4 Epigenetic effects 

Alterations in the methylation patterns of the promoter region of tumor suppressor genes have been 

reported to be common event in human neoplasia and have been associated with a decreased 

expression of the genes 141, 142. Epigenetic alterations are characterized by methylation at the 

cytosine residues of CpG dinucleotides, which does not change the DNA sequence. Sequences rich 

in CpG (CpG islands) are often located near the 5’terminus of the gene, which contain the 

promoter, the 5’ untranslated region and the first exon. Methylation of the CpG islands in the 

promoter may result in silencing of the gene 143. The mechanism by which hypermethylation 

represses the transcription of the gene is not clear, but it has been suggested that methylation per se 

blocks the binding of transcription factors (see Chapter 6) or that methylation modifies the 

chromatin structure thereby inhibiting access of the transcription factors. In normal human cells 

CpG islands are usually unmethylated. Not all methylated CpG sites inactivate the gene. It has been 

reported that hypermethylation of exonic CpG islands may occur without effect on the expression 

of the gene itself 143. In many sporadic colon cancers, loss of MLH1 expression is due to somatic 

silencing of both copies of the MLH1 gene associated with biallelic methylation or methylation and 

LOH or mutation and methylation 144-147. Some studies also showed that methylation of the 

promoter and absence of the MLH1 protein are associated with MSI phenotype colorectal cancer 
144, 148, 149. This correlation has also been observed in sporadic endometrial cancer associated with 

HNPCC, where the proportion of cases showing MSI phenotype with identified hypermethylation 

in the MLH1 promoter, or mutations in the MLH1 or MSH2 genes is 20% to 34% 150-154. Promoter 

methylation of multiple genes has been reported in non-malignant gastric tissue 155, 156, non 

neoplastic prostate tissue 157 and ulcerative colitis 158. Epigenetic effects have also been suggested 

to be related to age 156, 158 or malignant stage 159 and in some cases associated with environmental 

risk exposures 160. The detection of epigenetic abnormalities using classical methods, based on 

digestion with restriction endonucleases (Hpa II and MspI) sensitive to methylated or unmethylated 

CpG sites followed by amplification, has been replaced by more sensitive techniques such as 

methylation-specific polymerase chain reaction (MSP). In the MSP assay genomic DNA is 

modified by using sodium bisulfite, which converts all unmethylated cytosine residues to uracil but 

leaves methylated cytosines unchanged. To confirm that the modification has been successful, the 

sample is amplified with primers specific for the unmethylated sequence, or the methylated 

sequence, or sequences that do not contain CpG sites. Subsequent sequence analysis determines the 
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presence and the specific locations of the methylated CpGs. An example is given in Chapter 5. 

The use of MSP analysis of the methylation status of the MLH1 promoter recently showed 

epigenetic alterations in peripheral blood from HNPCC or early sporadic colorectal cancers, 

suggesting a new mechanism of inactivation of one allele 57-60. Recently, a first case of 

transgenerational inheritance in human has been reported by Chan et al. 61 The authors identified 

germline hypermethylation in the MSH2 promoter in ten members of a putative HNPCC family 

with MSI, using allelic specific methylation assay and haplotype analysis. The segregation of 

hemiallelic methylation of MSH2 in the family members provided strong evidence for an inherited 

germline epimutation. 

 

 

1.3. Familial adenomatous polyposis (FAP) 

 

The first case of polyposis was reported in 1721 161, but only in the late 19th century polyps in the 

lower bowel were associated with inherited familial cancer 162 163, 164. Today familial adenomatous 

polyposis (FAP) is recognized as a rare autosomal dominant syndrome of the colon and is 

characterized by the development of hundreds to thousands of intestinal adenomatous polyps at an 

early age. The syndrome affects both sexes equally and is responsible for approximately 1% of all 

colorectal cancers. FAP arises in affected individuals during their teenage years. Patients that carry 

identified mutations should begin colonoscopy exams at the age of 10-12 years, whereas 

individuals at risk for FAP with unknown genetic alterations should have periodical screening 

colonoscopies by the age of 15, annually from 26-35 and every three years from the age 36-50 165. 

If colectomy is not performed after the polyps emerge, the development of multiple adenomas 

through all the colorectum is inevitable, which it is thought to occur approximately 10-15 years 

after the onset of polyposis 166. The average age at diagnosis of FAP ranges from 34-43 years 166, 167 

which is early compared to the sporadic colorectal adenoma (around the age of 70). The first 

symptoms are blood per rectum, vague abdominal pain, and diarrhea with or without obstruction. 

When FAP is suspected the number and the nature of the polyps need to be verified. Affected FAP 

patients can also develop a variety of extracolonic malignancies in the upper gastrointestinal 168. In 

addition, several extracolonic manifestations outside the gastrointestinal tract can occur with 

increased frequency in patients with FAP, which result in different clinical features but with defects 

in the same adenomatous polyposis coli (APC) gene. Three different variants have been reported to 

be associated with FAP. The first one is characterized by multiple colonic adenomatous polyposis, 

congenital hypertrophies of the retinal epithelium (CHRPE), osteomas of the skull and mandible, 
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epidermoid cysts, fibromas, desmoid tumors (Gardner syndrome) 169 170-173. The second one is 

characterized by the association of colonic adenomatous polyposis with the development of brain 

tumors (medulloblastomas), (Turcot variant) 174-176. This syndrome can be a genetically 

heterogeneous condition, as in some cases, it has been reported to be associated with HNPCC in the 

presence of glioblastomas of the CNS 175, 177. The third one is characterized by the presence of less 

than 100 polyps, which are often flat adenomas in the right-side of the colon. Cancer is mostly 

diagnosed in patients in the late onset (Atypical FAP) 178.  

 

 

1.3.1 Genetic defect 

 

In 1987 two groups reported a chromosomal deletion in affected FAP patients using genetic linkage 

analysis 179, 180. A few years later the adenomatous polyposis coli (APC) gene was localized and 

characterized using positional cloning 181, 182. The APC gene was identified to be associated with 

the FAP syndrome.  The APC gene is a tumor suppressor gene composed of 15 exons and contains 

an open reading frame of 8529 bp that encodes for a 2843 amino acid protein with a molecular 

weight of 312 kDa. Almost all cases of FAP are caused by germline mutations of the APC gene on 

chromosome 5q21-22. The APC protein is considered important in cell adhesion, signal 

transduction and transcriptional activation. More than 1000 different germline mutations in the 

APC gene have been published and later assembled in an APC mutation database 183. Ninety four % 

of APC germline mutations lead to a truncated protein product: 33% of APC mutations are 

nonsense point mutations, 6% small insertions and 55% small deletions. The frequency of detected 

APC mutations varies with the technique used (SSCP, DGGE, DNA sequencing). Because of the 

high number of premature stop codons, the in vitro synthesized protein assay (IVSP) or also known 

as the Protein Truncation Test (PTT) is still the most commonly used method. The inability to 

identify all mutations has required the development of a variety of new assays described in the 

appendix that increase the sensitivity to 90-95%. According to different studies, genotype-

phenotype correlations have been associated to different clinical manifestations, suggesting that the 

position of APC mutations may confer a different development and risk of the disease 184, 185. 

Germline mutations located between codons 169 and 1400 result in classic FAP, while the proximal 

or distal parts of the APC gene predispose to a milder phenotype called Atypical FAP 186-188. An 

increased risk of severe colonic polyposis has been reported in the mutation cluster region (MCR) 

between codons 1250 and 1400 189, 190. Correlations between the position of the inherited mutation 

and the location of the somatic mutation have been observed. In fact, combinations of germline 

30



Chapter 1 
 

mutations outside the MCR are usually followed by a second mutation within the MCR (1286-

1513). However, inherited mutations between the codons 1100 and 1400 are typically associated 

with LOH 191, 192 193. Moreover, predilection for extracolonic manifestations, such as desmoid or 

mandibular lesions, is associated with mutations identified between codons 1403 and 1578 194, and 

congenital hypertrophy of the retinal pigment epithelium (CHRPE) with mutations in the region 

between codons 463 and 1387 195, 196. Deletions of 5 base pairs at codon 1309 and at 1061 are the 

most frequent mutation in FAP patients, (in respectively 18% and 12% of the patients) although 

mutations in the 3’ region of APC gene are rarely detected 185. A common polymorphism (I1307K) 

was identified in 6% of Ashkenazi Jews and 28% of Ashkenazi with a family history of colorectal 

cancer, resulting in a twofold increased lifetime risk of colorectal cancer 67, 197. This polymorphism 

is a T-to-A transversion, which occurs within a stretch of adenine repeats (AAATAAA) in the APC 

gene, resulting in a sequence that is prone to polymerase slippage. Interestingly, analysis of the 

tumors showed an increased frequency of somatic mutations in the allele carrying the 

polymorphism. This genetic alteration (and also the one reported in Chapter 6) shows that 

polymorphisms can predispose to additional genetic alterations and increases the risk of colorectal 

cancer 198. 

 

 

In the last few years, the development of fluorescence technology has improved the identification 

of genetic alterations and the sensitivity of the analysis. Different authors indicate the combined use 

of different techniques and direct sequencing as an efficient strategy for the detection of mutations 

in FAP and HNPCC. In addition, advance technology increases the sensitivity of genetic testing, 

resulting in a decrease of mortality due to a better treatment and follow up in patients carrying 

genetic alterations. 

 

 

1.4 Outline of the thesis 

 

As described above, transcriptional silencing of tumor suppressor genes and MMR genes requires 

the inactivation of both maternal and paternal alleles (Knudson’s two-hit hypothesis). In the 

hereditary forms of colorectal cancer, the first allelic inactivation is inherited and the second is 

caused by a somatic mutation. A variety of point mutations have been identified that inactivate the 

germline allele of MMR genes. However, mutations have not been identified in a considerable 

number of HNPCC cases due the presence of rare inactivating mechanisms or genetic alterations in 
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unknown genes or to the use of few sensitive techniques. The aim of the research described in this 

thesis was to elucidate alternative mechanisms of germline genetic alterations involved in the first 

step of hereditary colorectal carcinogenesis. 

 In Chapter 2 a linkage analysis was performed on 20 FAP families with no identified point 

mutations in the APC gene to identify pre-symptomatic individuals.  The data showed that linkage 

analysis still has a high rate of success in defining the risk of presymptomatic subjects in FAP cases 

where mutational analysis failed. The results indicated that the assay is sensitive and the 

combination of direct mutation and linkage analysis could improve diagnostic screening. In 

Chapter 3 HNPCC and suspected hereditary colorectal cancer families were analyzed for MSI, to 

verify whether this assay represents a tool to manage identification of suitable cases for further 

mutational analysis in MMR genes. We found that MSI was associated with 85% of HNPCC cases. 

New and others previously identified mutations (Chapter 4) were detected in HNPCC families with 

MSI-H. The results suggested MSI analysis as a good predictive test to identify HNPCC cases that 

are likely to be mutation carriers. In Chapter 4 mutational analyses was performed in 16 Italian 

HNPCC families, in order to identify germline allelic inactivation of MLH1, MSH2 and MHS6 

genes and to facilitate presymptomatic diagnosis of HNPCC family members. Several mutations 

were identified in MLH1 and MSH2 genes in germline cells, even though the sensitivity of the 

analysis was limited by the use of few techniques. The results showed that the mean age of tumor 

onset in HNPCC families with identified mutations was earlier then in patients without mutations, 

suggesting that the identified genetic alterations could cause a more severe phenotype. The second 

part of this thesis describes new mechanisms of MMR gene inactivation. In Chapter 5 a first case 

is described in which constitutional hemi-methylation in the promoter of the MLH1 gene causes 

transcriptional silencing. Additional LOH at the somatic level resulted in a complete absence of 

MLH1 protein in the tumor tissue. This finding showed a new and rare mechanism inactivating one 

allele of MLH1 gene in germline cells. Chapter 6 reports the characterization of the MSH6 

promoter region and its regulation by seven Sp1 transcription factor binding sites. Genetic 

alterations were observed in these transcription factor sites that caused a partial inactivation of the 

MSH6 gene. Data showed that transcriptional activity of MSH6 gene, containing these genetic 

alterations, was 50% lower then the wild-type. In addition, sixteen percent of the Caucasian 

population was identified to have these polymorphic variants, suggesting that human population 

contains individuals with different levels of MSH6 promoter activity. Chapter 7 presents a general 

discussion of the results described in this thesis. 
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Abstract 
 

Objectives-To assess the risk of developing familial adenomatous polyposis (FAP) in 

presymptomatic individuals using APC gene flanking and intragenic polymorphic markers. 

Setting-Twenty families enrolled in the Italian Registry of Polyposis comprising a total of 217 

individuals, including 53 (24%) presymptomatic subjects with a 50% priori risk of FAP, were 

analyzed. Direct analysis techniques had previously failed to identify the FAP mutations in these 

families. 

Methods-DNA isolated from peripheral mononuclear blood cells and tissue sections was analyzed 

by the polymerase chain reaction and a panel of seven highly polymorphic markers- YN5.64, 

CB83, CB26, LNS, APC 1458.5, MBC, 37AB. Amplification products were separated by a 

modified denaturing gel electrophoresis method. 

Results-The haplotype associated with the disease was identified in 18 families (90%). The 

segregation of the FAP haplotype in these kindreds showed that 10 presymptomatic individuals had 

inherited the FAP mutation and carried a high risk of developing the disease. The remaining two 

families were not informative because of the lack of a sufficient number of probands or biological 

specimens. 

Conclusions-These data indicate that indirect analysis with linked DNA markers has a high rate of 

success in defining the risk of FAP of presymptomatic subjects, provided that a sufficient number 

of probands or samples are available. Uninformative families accounted for 10% of the total, 

indicating that linkage analysis may still have higher sensitivity than direct mutation analysis 

techniques. The combined use of both approaches should be implemented, however, to enhance 

further the application of molecular genetics to the screening of families with FAP. 
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Introduction 
 

Familial adenomatous polyposis (FAP) is an inherited autosomal, dominant disease characterized 

by the development of hundreds to thousands of polyposis in the colon and rectum. If left without 

surgical treatment, one or more of these benign lesions will inevitably progress to cancer 1-3. 

Development of polyposis in the bowels of patients with FAP is usually associated with 

extracolonic manifestations, such as osteomas, desmoid, tumors, and various other neoplasms 4. 

The children of patients with FAP have a 50% chance of inheriting the defective gene and 

developing colonic polyps. The age of onset of the disease varies, but it is recommended that all 

people at risk are screened by repeated sigmoidoscopy from puberty until at least the age of 40.  

 

A few years ago the genetic defect of FAP was mapped to human chromosome 5q21-22 and in 

1991 Groden et al cloned and sequenced the APC (adenomatous polyposis coli) gene 5-7. The APC 

transcript contains 8535 nucleotides divided in 15 exons, the last including more than three quarters 

of the coding sequence 7, 8.  

 

Identification of polymorphic markers closely related to the APC gene allowed for the introduction 

of non-invasive techniques based on molecular diagnostic procedures that can reduce the frequency 

of endoscopic screening of presymptomatic individuals 9-12. 

 

Moreover, by direct sequencing several mutations have been found within the APC gene, most of 

which cause the synthesis of truncated proteins detectable using the protein truncation technique 

(PTT) 13-18. However, as mutations can be successfully identified in only 50-60% of cases, indirect 

linkage analysis of affected families is still a useful tool to identify the risk of presymptomatic 

individuals 19. 

 

Owing to the poor sensitivity of mutation detection techniques and the length of time needed for the 

analysis, many centers offering testing for FAP use linkage analysis as first line screen. Most 

families are suitable as the new mutation rate is relatively low (because there are few families with 

only a single affected individual). Mutation  

detection requires analysis of the smaller exons (2-14) individually by techniques such as single 

strand conformation polymorphism (SSCP), and the large exon 15, even with rapid detection 
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techniques such as PTT, may still require several separate reactions. Screening for mutation may 

therefore take several months with only limited chance of identifying the mutation. Although some 

laboratories work with RNA and PTT, which requires fewer tests, most find these techniques 

difficult. Given the fact that linkage analysis with informative intragenic and flanking markers may 

have greater than 99.9% accuracy, little is sacrificed by not finding a mutation. Indeed as part of the 

rationale for testing is to discharge those at low risk from screening programmes, and the risk of 

these individuals developing a sporadic bowel cancer is more than 100 times their risk of 

developing an FAP cancer owing to an inaccurate prediction, there does not seem to be much lost 

by the small difference in accuracy between the two tests. 

 

In this study we describe the results of a screening program we started several years ago to identify 

the risk of FAP in patients enrolled in the Italian Registry of Familial Polyposis. 

 

 

Materials and methods 
 

We studied a total of 217 patients from 20 families referred to the Italian Registry of familial 

Polyposis. They had been unsuccessfully tested by mutation analysis based on SSCP followed by 

direct sequencing. Patients’ mean age was 45 (range 12-70). In 83 patients FAP had already been 

diagnosed by clinical examinations. We used a panel of polymorphic markers to identify the 

haplotype associated with the disease gene in each family. 

 

DNA extraction and amplification. DNA was isolated from peripheral blood or tissue sections 

obtained from the 217 patients. After conventional phenol/ chloroform extraction and ethanol 

precipitation, DNA samples were tested on 0.4% agarose gel to determine their concentration and 

purity and then amplified using primers specific for seven polymorphic loci linked to the APC 

gene20-25 (table1). In the case of tissue sections, sequential xylene/ethanol incubations and washes 

were performed to remove the paraffin embedding before DNA extraction. 

 

200 ng of DNA was added to a solution containing 0.5 µmol of each primer, 200 µmol of each 

deoxynucleoside triphosphate, 10 mmol Tris-HCl (pH 8.4), 50 mmol KCl, 2.0 mmol MgCl2, 2U 

Taq DNA polymerase in a volume of 50 µmol, and then processed for 33 polymerase chain reaction 

cycles of amplification, each including denaturation at 95ºC for one minute, annealing at 58ºC for 

30 seconds, and extension at 70ºC for one minute. The amplified restriction fragment length 

46



Chapter 2 
 

polymorphism APC 1458.5 and 37AB were digested with RsaI and SspI respectively, under 

conditions specified by the manufacturer (Molecular Biology resources, Milwaukee, USA). The 

digested samples were electrophoresed on 3% agarose gel to visualize the different length of the 

restriction fragments. The amplified CA-repeats were analyzed by constant denaturing gel 

electrophoresis, a procedure which can separate alleles that differ buy two or more bases 26. In 

brief, the amplification products were mixed with ¼ vol. 0.3% xylene, 0.3 M bromophenol blue, 

1:1 100% formamide/H20, then boiled for three minutes and, finally kept on ice until loading to 

avoid renaturation. The gel, comprising 10% polyacrilamide (acrylamide/bis-acrylamide 19:1), 8 M 

urea, and 1X TAE buffer (40mM Tris acetate, 1mM EDTA), was submerged in TAE buffer at 60ºC 

and the samples run at 400V for four hours. After electrophoresis, gels were stained with ethidium 

bromide and analyzed by ultraviolet spectroscopy. 

 

 

 

 

 

 

 

 

 

 

 

 

Risk evaluation. The risk of FAP was calculated according to the Bayes’s theorem of prior and 

posterior probability, assuming a prior probability ranging form 50% to 3% depending on the age 

of the subject (50% for individuals aged 10 or younger to 3% for individuals aged 30 or older) 27. 

 

 

Results 
 
Table 2 shows details of the 20 families with FAP. Families 1-18 were informative and we 

succeeded in estimating the risk of asymptomatic individuals. Families 19-20 had unsuitable 

pedigree structure for indirect analysis; there were too few probands and/or biological specimens to 

allow completion of the analysis. Table 2 shows that 10 out 53 presymptomatic individuals had 
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inherited the FAP associated haplotype in addition to other clinical parameters, including CHRPE 

(congenital hypertrophy retinal pigmented epithelium), osteomas, and colonoscopy. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The polymorphic markers were APC 1458.5, 37AB, YN5.64, MBC, LNS, CB83 and CB26. No 

recombination events were detected. Figure 1 shows typical examples of the segregation of the 

disease genes in these families. In the first family (fig.1A) the haplotype associated with FAP was 

defined as CB26 (4), YN5.64 (5), CB83 (1), MBC (3), APC 1458.5 (2), based on the analysis of the 

affected members (II-6, II-8, III-1, III-4). Of the four presymptomatic, at risk individuals (III-2, III-

3, III-5, III-6), two (III-3, III-6) appeared to have inherited the disease gene and to carry a risk of 

FAP of 99% (calculated as described in the Materials and methods section). Similarly, in family2 

(fig.1B), the haplotype YN 5.64 (2), CB83 (1), MBC (3), APC 1458.5 (1), LNS (1), 37AB (2), 

shared by the affected members (II-3, III-1, III-4), was also found in one (III-5) of the three (III-2, 

III-3, III-5) presymptomatic relatives. 
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Figure 1. Families with familial adenomatous polyposis pedigree: family N. 8 A and N. 15 B (see table). Segregation of 
the disease associated haplotype (shown in bold) is indicated. Chromosome are defined by the allele number of five or 
six markers which, starting from the top, include CB26, YN5.64, CB83, MBC, APC 1458.5 for family 1 and YN5.64, 
CB83, MBC, APC 1458.5, LNS, 37AB for family 2. The numbers  
represent different sizes of DNA associated with each marker. The numbers are arranged as the markers are as if on 
chromosome 5 in and around the APC gene. The phase of the markers can be worked out by interpreting which marker 
came from each parent and grandparent. In this way the disease chromosome can be identified with the markers 
suggesting the affected status highlighted. The marker numbers themselves only predict affected status in a particular 
family. 

 
 

Discussion 
 
Since the first identification of the APC gene on chromosome 5, several polymorphic markers and 

mutations associated with FAP have been detected and used to analyze affected families and 

estimate the risk to presymptomatic individuals 20. 

 

This approach has allowed for an early diagnosis of FAP, reducing the need for endoscopic 

screening and producing an overall improvement of the patients’ quality of life 28. We studied, 

using a panel of polymorphic markers, a collection of samples derived form 20 families who had 

been enrolled in the Italian Registry of Polyposis. These families were selected because previous 

direct tests had failed to identify a specific FAP mutation. In 90% of cases we identified the 

haplotype associated with the disease gene and followed its segregation, thus identifying the 

presymptomatic members who carried the mutation. YN5.64, LNS and APC1458.5 were the most 

informative markers, and no recombination events were ever detected even for the markers which 

were more distant from the APC locus 29. 

 

To measure the risk to presymptomatic relatives we used the same approach, based on Bayes’s 

theorem that is commonly applied to other genetic diseases, such as cystic fibrosis and Duchenne 

muscular dystrophy, and used in forensic medicine to calculate the probability of paternity 30, 31. No 

conclusion could be reached in the analysis of two families because there was an insufficient 

number of probands or specimens. These cases, which sometimes limit the use of the indirect 

method, can be further evaluated by investigating the presence of specific mutations. A variety of 

gene amplification and detection techniques have in fact been developed, including SSCP, 

denaturing gradient gel electrophoresis, amplification refractory mutation systems, and the PTT 13-

18. However, the impossibility of screening the whole APC gene reduces the value of these 

mutation analyses, whose success rate is usually no better than 60-70% 19. The indirect approach is 

still necessary in some families. Indeed, our data as well as those reported by other authors, 16 29 32-
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35 indicate that indirect analysis, when performed with a large number of informative markers, can 

be used as one of the first screening methods for families with FAP. Even when there are too few 

live probands, analysis of DNA obtained from paraffin embedded tissue from deceased patients 

may be possible. As quick results are needed and the sensitivity of the direct approach is variable, 

often requiring a lengthy analysis of several exons, it is suggested that linkage analysis should be 

used after a first unsuccessful direct test. 

 

The combined application of direct mutation analysis techniques can further enhance the diagnostic 

efficacy of these procedures and contribute to a better management of patients with FAP. 
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Abstract 
 

Hereditary non-polyposis colorectal cancer (HNPCC) is a dominantly inherited syndrome linked to 

DNA-mismatch-repair (MMR) gene defects, which also account for microsatellite instability (MSI) 

in tumor tissues. Diagnosis is based mainly on family history, according to widely accepted criteria 

(Amsterdam Criteria: AC). Aim of this work was to assess MSI in colorectal-cancer patients with 

suspected genetic predisposition, and to verify whether MSI represents a tool to manage MMR 

gene (hMSH2 and hMLH1) mutation analysis. We investigated 13 microsatellites (including the 5 

NCI/ICGHNPCC markers) in 45 patients with suspected hereditary predisposition (including 16 

subjects from HNPCC families fulfilling the AC). We found MSI-H (high frequency of instability, 

i.e., in >30% of the markers) in 85% of the HNPCC patients and in 16% of the non-HNPCC 

subjects. The 5 NCI/ ICG-HNPCC microsatellites proved to be the most effective in detecting MSI, 

being mononucleotide repeats the most unstable markers. We investigated the association between 

hMSH2- and hMLH1 gene mutations and MSI. Our results indicate that AC are highly predictive 

both of tumor instability and of MMR-gene mutations. Therefore, as the most likely mutation 

carriers, HNPCC subjects might be directly analyzed for gene mutations, while to test for MSI in 

selected non-HNPCC patients and to further investigate MMR genes in MSI-H cases, appears to be 

a cost-effective way to identify subjects, other than those from kindred fulfilling AC, who might 

benefit from genetic testing. 
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Introduction 

 

Hereditary non-polyposis colorectal cancer (HNPCC) is an autosomal dominant disease 

characterized by early onset of single or multiple (synchronous or methacronous) colorectal cancers 

(CRC). Extracolonic tumors, which predominantly affect endometrium, stomach, small intestine 

and the hepatobiliary and urinary tracts, can also cluster in HNPCC families. To date, the syndrome 

has been defined on the exclusive basis of family history. A widely accepted definition based on the 

“Amsterdam Criteria” (AC) requires that at least 3 individuals contract histologically verified 

colorectal cancers in 2 consecutive generations, that one subject be a first-degree relative of the 

others, and that at least one of them develops a cancer before reaching the age of 50 (Vasen et al., 

1991). 

 

The syndrome is associated with genes involved in DNA-nucleotide- mismatch repair (MMR). 

Germline mutations in 5 MMR genes (hMSH2, hMLH1, hPMS1, hPMS2 and hMSH6) have been 

identified in affected members of HNPCC families; the great majority of mutations are found in 

either hMSH2 or hMLH1 genes (quoted by Peltomäki et al., 1997). 

 

MMR genes play a crucial role in DNA-replication fidelity: their dysfunction has been found to be 

associated both with increased mutation rate (Bhattacharyya et al., 1994) and with widespread 

genome instability (Aaltonen et al., 1993). Genetic instability manifests as alterations in the size of 

simple repeated sequences (microsatellites) in tumor DNA as compared with control DNA of the 

same patient (Aaltonen et al., 1993). The resulting tumor phenotype, commonly called MSI, from 

“microsatellite instability,” or RER1, from “replication error,” is almost always present (occurrence 

rate .70%) in the cancer tissues of HNPCC patients (Aaltonen et al., 1993). MSI also characterizes 

a fraction of sporadic colon cancers (Ionov et al., 1993; Thibodeau et al., 1993) as well as a fraction 

of other sporadic tumors (Peltomäki et al., 1993).  

Germline mutations in the above-mentioned genes have been reported to account for approximately 

25 to 70% of kindred with HNPCC fulfilling the AC (Weber et al., 1997; Liu et al., 1996; quoted 

by Peltomäki et al., 1997). On the other hand, germline mutations have been found in families that 

do not meet the AC (Nyström-Lahti et al., 1996; Moslein et al., 1996; Wijnen et al., 1997; Genuardi 

et al., 1998) and in patients with early onset of colorectal cancer and no family history of cancer 

(Liu et al., 1995). 

55



Microsatellite instability in colorectal-cancer patients with suspected genetic predisposition 
 
 
The aim of this study was to investigate tumor instability and to verify whether MSI represents a 

tool with which to manage MMR-gene mutation analysis in patients with suspected hereditary 

predisposition to colorectal cancer. For this purpose, we analyzed MSI in a panel of patients that 

consisted of affected members of HNPCC families fulfilling the AC and patients who met at least 

one of the following criteria: family history of cancer, early onset of cancer, development of 

multiple tumors. Some subjects of this panel had been investigated previously for hMSH2 and 

hMLH1 gene mutations (Pensotti et al., 1997); gene screening was extended to other subjects to 

investigate the association between gene mutations and MSI. This study indicates that 

microsatellite assessment may be of use to direct gene-mutation analysis, the results of which are 

crucial for counseling and management of colorectal-cancer families. 

 

 
Materials and methods 

 
Patients. We analyzed 45 unrelated CRC patients classified as follows. HNPCC, individuals from 

families fulfilling the stringent AC for HNPCC diagnosis (13 cases); HNPCC*, individuals from 

HNPCC families partially documented (3 cases); HNPCC-modified, individuals from families 

meeting 2 out of 3 AC for HNPCC diagnosis (4 cases); family-history, subjects having at least one 

first-degree relative affected with colorectal cancer (17 cases); juvenile, subjects less than 50 years 

old at diagnosis and no family history of cancer (7 cases); multiple neoplasms, subjects with 

multiple tumors and no family history of cancer (1 case). Among non- HNPCC patients, 2 

HNPCC*, 1 HNPCC-modified and 3 family history subjects were characterized by the 

development of multiple tumors. 

 

Tissue samples, microsatellite and gene analysis. Tissue samples from colon cancers were taken 

from the files of the Division of Pathology, Istituto Nazionale Tumori, Milan. Both tumor and non-

tumor tissues of each patient were obtained from paraffin blocks of formalin-fixed surgical 

specimens or from frozen tissue fragments. Neoplastic samples contained at least 35 to 40% tumor 

cells, as evaluated by microscopic analysis. DNA was isolated as described (Ranzani et al., 1995). 

 

We analyzed instability by screening 13 microsatellites, including 3 mono-, 9 di- and one 

tetranucleotide repeats. These were: BAT-25, BAT-26, BAT-40; D2S123, D5S346, D17S250, 

D2S177, D3S1076, D5S433, D11S904, D17S796, D18S59; and HUMTH01. BAT-25, BAT-26, 

BAT-40, D2S123, D5S346 and D17S250 loci were amplified with the specific primers reported by 

56



Chapter 3 
 

Dietmaier et al., (1997) and analyzed following the conditions reported by the same authors. For 

the remaining loci, PCR reactions were carried out with the specific primers reported by Jones et al. 

(1992) and in The Généthon Microsatellite Map Catalogue (Généthon, Human Genome Research 

Centre, Evry, France) in a 25-µl volume containing 50 ng of template DNA, 0.5 µM each 

unlabelled primer, 200 µM dGTP, dTTP, dCTP, 25 µM dATP, 2.5 µCi (α-35S) dATP, 1 mM 

MgCl2, 0.2 mg/ml BSA, 50 mM KCl, 10 mM Tris-HCl, pH 8.4, and 1 unit of Taq polymerase. 

Samples were processed through 27 to 30 cycles, each cycle consisting of 1 min at 94°C, 2 min at 

58°C and 1 min and 10 sec at 72°C.  

 

PCR products from tumor and corresponding control DNA were loaded in parallel on standard 6% 

polyacrylamide, 7 M urea DNA-denaturing sequencing gels, and visualized by autoradiography. 

The autoradiogram analysis was carried out by 2 independent observers. All experiments in which 

extra bands were detected in tumor samples were entirely repeated a further 2 times; the results 

were consistent in all the tests performed.  

 

DNA for hMSH2 and hMLH1 gene analysis was obtained from peripheral-blood samples of the 

same subjects in which the MSI analysis was performed. Mutation screening was carried out via 

exon-by-exon SSCP analysis on 13 samples as reported (Pensotti et al., 1997).  

 

Statistical analysis. An unconditional multiple logistic-regression model was used to compare the 

association between selected characteristics and MSI status. Odds ratios (OR) and corresponding 

95% confidence intervals (CI) were computed (Breslow and Day, 1980). All OR were adjusted for 

age and sex. 

 
 

Results 

 

We investigated MSI in 45 CRC patients with suspected hereditary predisposition, including 13 

subjects from families fulfilling the stringent AC for HNPCC diagnosis, and 32 non-HNPCC 

subjects. To assess MSI, we analyzed 13 markers. Out of 45 tumors, 20 showed instability at one or 

more loci. Some studies indicate that a 30–40% cutoff value of unstable markers, out of the total 

number of markers tested, can define 2 discrete groups of tumors, MSI-L (low frequency of MSI) 

and MSI-H (high frequency of MSI), only one of which (MSI-H) appears to result from a defective 

MMR system (Olschwang et al., 1997; Dietmaier et al., 1997). By using a cutoff value of ≥30%, 
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we classified 16 samples as MSI-H and 4 samples as MSI-L. The remaining tumors showed 0/13 

unstable markers and were classified as MSS (microsatellite- stable tumors). Figure 1 shows 

instability at different loci. The microsatellite panel we utilized includes the 5 MSI diagnostic loci 

designated by the National Cancer Institute (NCI)/ International Collaborative Group for HNPCC 

(ICG-HNPCC) (Boland et al., 1998), according to whose recommendations tumors can be 

classified as MSI-H if 2 or more of these markers show instability.  

 

 

 

 

 
 
 
 
 
Figure 1. Genetic instability at different loci in colorectal cancer patients. PCR products from neoplasia (N) and 
control (C) DNA were loaded in parallel; arrows indicate additional bands in tumor samples as compared with 
corresponding control samples. 
 

On the basis of these criteria, we identified 15 MSI-H and 3 MSI-L tumors. Results obtained with 

all investigated markers and with the NCI/ICG-HNPCC panel are compared in Table I. 
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Among the MSI-H tumors, 11 were from HNPCC patients (11/13, 85%) and 5 from non-HNPCC 

patients (5/32, 16%); all MSI-L tumors (4 cases) were from non-HNPCC subjects.  

 

hMSH2- and hMLH1-germline-mutation analysis was available for 24 patients, including all 

HNPCC patients and non-HNPCC subjects with a strong family history of cancer and/or high 

tumor instability; no material was available for case 27 (Table II). A mutation in the hMSH2 or the 

hMLH1 gene was found in 8 individuals; 6 mutations have been described earlier (Pensotti et al., 

1997) and 2 were identified during the present screening (Table I). Of the mutation carriers, 6 were 

from families fulfilling the AC (6/13, 46%), one was from an HNPCC family partially documented, 

and one was a subject of young age with family history of cancer. All mutation carriers were 

characterized by high tumor instability. No detectable mutations were present in the remaining 

subjects with MSI-H tumors, i.e., 5 HNPCC and 3 non-HNPCC patients. Table II summarizes all 

data, and shows, for each patient: features suggestive of cancer predisposition, MSI, hMSH2 and 

hMLH1 gene status, tumor site and stage, and age at diagnosis.  
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1HNPCC, individuals from families fulfilling the stringent AC; HNPCC*, individuals from HNPCC families only 
partially documented; HNPCC mod, individuals from families meeting 2 out of 3 AC; fam his, subjects having at least 
one first-degree relative affected with colorectal cancer; juv, subjects less than 50 years old at diagnosis and no family 
history of cancer; multiple tum, subjects with multiple tumors and no family history of cancer. -3H, high instability; L, 
low instability; S, no instability. -3P, proximal to splenic flexure; D, distal to splenic flexure. -4Wijnen et al. (1997). -
5Pensotti et al. (1997). – n.d., no hMSH2 or hMLH1 gene mutations detected. 
 

 

Table III shows tumor instability in relation to patient characteristics. MSI-H status was 

significantly associated with increased risk of tumor location in proximal colon (OR 7.5, 95% CI 

1.5–37.4) and with HNPCC (OR 16.6, 95% CI 1.4 –203.1). The proportion of MSI-H cases did not 

differ significantly according to other variables, although a weak positive association was evident 

for tumors of Dukes’ early stages (81% in MSI-H vs. 55% in MSS plus MSI-L). 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

 
 

Discussion 
 
Each of the 13 markers we analyzed manifested instability in different tumor samples, allowing 

detection of 16 MSI-H cases. However, the 5 NCI/ICG-HNPCC markers proved to be the most 

effective in detecting instability. Indeed, by using only these microsatellites, and following the 

NCI/ICG-HNPCC recommendations (Boland et al., 1998), we would have classified as MSI-H 15 

out of 16 cases (Table I).  
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MSI-H instability proved to characterize 85% of the HNPCC patients meeting the AC, and 16% of 

the remaining cases. The frequency we found for the HNPCC patients was similar to those reported 

earlier (63–92%; Liu et al., 1996; Jass et al., 1995). The frequency we found for the remaining 

cases was slightly higher than those reported for most patients with sporadic colorectal cancer (12–

28%; Ionov et al., 1993; Thibodeau et al., 1993).  

 

In agreement with other findings (Aaltonen et al., 1993; Lothe et al., 1993), MSI-H status proved to 

be significantly associated with increased risk of tumour location in proximal colon and with 

HNPCC (Table III).  

 

We identified 8 mutation carriers, in hMSH2 or in hMLH1 genes. All were characterized by MSI-H 

tumors. Gene alterations included intragenic deletions, frameshift, non-sense and mis-sense 

mutations. The latter were considered as “bona fide” pathogenetic, since segregating with the 

disease in the family and not found in control individuals (Pensotti et al., 1997), or showing a 

dominant mutator effect in yeast assay (Shimodaira et al., 1998). Mutations were present in 46% 

(6/13) of the patients from HNPCC families (Table II). Similar frequencies have been reported for 

patients from kindred fully meeting the AC (quoted by Peltomäki et al., 1997). No germline 

mutations in hMSH2 or hMLH1 genes or tumor instability were detected in 2 HNPCC patients (16 

and 20, Table II). This observation suggests either that some cancers are due to germline mutations 

in genes other than those involved in DNA MMR, or that a minority of families selected on the 

basis of the AC represents a non-genetic clustering of patients.  

 

Data reported in Table II clearly demonstrate that AC are highly predictive both of tumor instability 

and of germline mutations in DNA MMR genes. Due to the high frequency of instability in 

HNPCC patients (85%), microsatellite investigation appears relatively unimportant for directing 

genetic analysis in patients from kindred strictly complying with the AC. Therefore, as the most 

likely mutation carriers, these individuals might be directly analyzed for hMSH2 and hMLH1 gene 

mutations.  

 

Among the non-HNPCC patients, only 5 of 32 individuals showed tumor instability. We analyzed 

MMR genes in 11 subjects characterized by strong family history of cancer and/or tumor instability 

and identified a disease-causing mutation in 2 of the 5 MSI-H subjects. Due to the low frequency of 

instability (16%) in non-HNPCC patients, characterization of tumor phenotype prior to genetic 

testing might be of great relevance in these patients. Indeed, direct genetic analysis by any of the 
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methods commonly utilized for germline-mutation screening is much more expensive and time- 

and labor-consuming than MSI assessment by diagnostic microsatellites and further investigation of 

MMR genes in subjects showing instability. 

 

In the whole sample of non-HNPCC patients, the mutation frequency was 6% (2/32), a value in 

good agreement with reports that patients from families not fulfilling the AC show very low 

frequencies (about 10%) of MMR-gene mutations (Nyström-Lahti et al., 1996; Moslein et al., 1996; 

Wijnen et al., 1997; Genuardi et al., 1998). 

 

Aaltonen et al. (1998) have reported that investigation of MSI on unselected CRC patients can be 

used to identify MMR-gene mutation carriers. However, to improve the efficiency of screening for 

mutation carriers, they recommended testing for MSI in selected patients showing at least one of 

the hallmarks of HNPCC (family history, young age of onset, development of multiple tumors) and 

to further investigate MMR genes in patients found to have tumor instability. Our approach is in 

line with this scheme which, in our opinion, represents a cost-effective way of identifying patients, 

other than those from kindred fulfilling AC that might benefit from MMR-gene testing. Wijnen et 

al. (1998) used clinical findings to devise a logistic model for estimating the likelihood of a MMR-

gene mutation in families with clustering of CRC. 

 

It is worth stressing that all patients we investigated for MSI had been selected on the basis of 

family history of cancer or other features suggestive of cancer predisposition. Consequently, we do 

not consider the absence of MSI as an absolute criterion for eliminating patients from other possible 

genetic analyses. It is possible that mutations in MMR genes other than hMSH2 and hMLH1 might 

be associated with a mild phenotypic effect in cancer cells. Moreover, patients without instability 

could carry germline mutations in genes other than those involved in DNA MMR. The finding of 

TGFß-RII-germline mutations in patients without tumor instability and with family history of 

cancer not in accordance with the AC (Lu et al., 1998) suggests that alterations of genetic pathways 

different from the mutator pathway may give rise to a predisposition to non-polyposis colorectal 

cancer. 
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Abstract 

 
 
Fourteen Italian families affected with hereditary nonpolyposis colorectal cancer (HNPCC) were 

screened for germline mutations at three DNA mismatch repair (MMR) genes, MSH2, MLH1, and 

GTBP, by using a combination of different methods that included an in vitro synthesized protein 

assay, single-strand conformation polymorphism analysis, and direct sequencing. DNA alterations 

were observed in six instances, including a single base deletion in MSH2 exon 14, an A-to-G 

transition in the splice donor site of MLH1 exon 6, and two missense mutations in MLH1 exons 5 

and 9. A previously reported common mutation affecting the splice donor site of MSH2 exon 5 was 

identified in two families. No mutations were detected in the GTBP gene. In total, eight of 16 

Italian HNPCC families (50%), including two previously reported kindreds, were found to carry a 

mutation in MMR genes. We compared the mean age of colorectal cancer onset in the index cases 

(three patients for each family) between the two groups of kindreds, those with identified mutation 

vs. those without, and found that the first had a significantly lower value (43.0 vs. 53.7 years, P = 

0.014). This finding suggests that HNPCC families with a more advanced age of tumor onset are 

less likely to be associated with known MMR genes. 
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Introduction 
 

Hereditary nonpolyposis colorectal cancer (HNPCC) is an autosomal dominant genetic disease 

characterized by early occurrence of colorectal cancers and increased risk for neoplasms of other 

organs, including tumors of the endometrium, stomach, small intestine, hepatobiliary system, 

kidney, ureter, and ovary (Lynch et al., 1993). To provide a basis of uniformity in the ascertainment 

of HNPCC families, clinical guidelines have been proposed. These ‘‘Amsterdam criteria’’ are as 

follows: (1) histologically verified colorectal cancer in at least three relatives, one of whom must be 

a first-degree relative of the other two; (2) colorectal cancer involving at least two generations; and 

(3) at least one colorectal cancer case diagnosed before 50 years of age (Vasen et al., 1991). 

According to recent estimates, the proportion of HNPCC cases fulfilling these criteria corresponds 

to approximately 1% of all colorectal cancers (Kee and Collins, 1992; Aaltonen et al., 1994).  

 

Four different genes have been found to be mutated in HNPCC patients, including MSH2 in 

chromosome band 2p16 (Fishel et al., 1993; Leach et al., 1993), MLH1 in 3p21 (Bronner et al., 

1994; Papadopoulos et al., 1994), and PMS1 and PMS2 in 2q31–33 and 7p22, respectively 

(Nicolaides et al., 1994). These genes are the human counterparts of Escherichia coli and yeast 

genes whose products selectively bind DNA mismatches, initiating the repair process (Lu et al., 

1993; Strand et al., 1993). Therefore, they are usually referred to as DNA mismatch repair (MMR) 

genes. A fifth MMR gene, termed GTBP (G/T binding protein), was recently identified 

(Drummond et al., 1995; Palombo et al., 1995). GTBP maps to chromosome band 2p16 within 0.5 

megabase from MSH2 and codes for a 160-kDa protein that interacts with the product of MSH2. 

Although mutations of the GTBP gene have been observed in colon carcinoma cell lines, germline 

alterations have so far not been reported in HNPCC patients (Papadopoulos et al., 1995; Liu et 

al.,1996). 

 

 The majority of germline mutations at the MSH2 locus lead to the truncation of the protein product 

and appear to be dispersed along the entire coding region (Liu et al., 1994, 1996; Buerstedde et al., 

1995; Wijnen et al., 1995; Lu et al., 1996; Maliaka et al., 1996; Moslein et al., 1996). The mutation 

spectrum of the MLH1 gene is more heterogeneous and includes missense mutations, frame shifts, 

and deletions of entire exons due to substitutions at the splice donor or acceptor sites (Buerstedde et 

al., 1995; Han et al., 1995; Tannergard et al., 1995; Liu et al., 1996; Maliaka et al., 1996; Moslein 
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et al., 1996; Nystrom-Lahti et al., 1996; Wijnen et al., 1996). So far, only few germline mutations 

have been identified in the PMS1 and PMS2 genes (Nicolaides et al., 1994; Hamilton et al., 1995).  

 

Genotype/phenotype correlation studies in HNPCC are still in a preliminary phase. Mutations in the 

MSH2 and MLH1 genes seem to be equally common in families selected through the Amsterdam 

criteria and together account for 50–80% of these families (Nystrom-Lahti et al., 1994; Liu et al., 

1996). The empirical cumulative risk of developing colorectal cancer in putative gene carriers has 

been estimated as 80–90% (Mecklin et al., 1994). A risk analysis in 19 families with mutations at 

MSH2 or MLH1 showed no between-loci heterogeneity of age-specific risks for both colorectal and 

endometrial cancers (Vasen et al., 1996).  

 

In the present study, we report the screening for germline mutations of the MSH2, MLH1, and 

GTBP genes in 14 unrelated Italian HNPCC patients and describe the phenotypic characteristics of 

these and two additional kindreds, whose mutations were characterized in previous studies (Wijnen 

et al., 1995, 1996). 

 

 
Materials and methods 

 

Family ascertainment. The 16 families included in this study were identified through a systematic 

investigation of the familial occurrence of colorectal cancer in patients hospitalized at the National 

Tumor Institute of Milan. Probands were asked, through a simple questionnaire, about the number 

and age of their relatives with large bowel or extracolonic tumors. Those with one or more affected 

first-degree relatives were interviewed for complete pedigree drawing and ascertainment of 

HNPCC status. 

Isolation of DNA and RNA. Peripheral blood leukocytes lysed by Proteinase K digestion were 

used as source of genomic DNA. Total RNA was isolated from Ficoll-purified lymphocytes by 

extraction with a 14-M solution of guanidine salts and urea and RNA-binding resin purification. 

 

RT-PCR, IVSP assay, and SSCP analysis. cDNAs were generated from RNA by reverse 

transcription (RT) with random hexamers and used as templates for polymerase chain reaction 

(PCR) amplifications with MSH2 and GTBP primers. RT-PCR products were analyzed by in vitro 

synthesized protein (IVSP) assay as described by Powell et al. (1993) by using the TNT Coupled 

Reticulocytes Lysate Systems reaction kit (Promega, Madison, WI).  
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For MSH2, single-strand conformation polymorphism (SSCP) analysis was performed on cDNA 

samples amplified by two sequential rounds of PCR. Labeling of PCR products and electrophoretic 

conditions were as previously described (Donghi et al., 1993). For MLH1, SSCP analysis was 

performed on DNA samples. PCR products were loaded onto 20% homogeneous Phast-gel 

(Pharmacia Biotech) and run on a Phast Systemy apparatus. 

Gels were subsequently stained with a Phast-Gely Silver Kit (Pharmacia Biotech). 

 

Primer sequences and PCR conditions for MSH2 and GTBP analyses are available upon request. 

For MLH1 screening, the primers reported by Han et al. (1995) were used.  

 

Sequence analysis. PCR products were fractionated on agarose gels and purified by extraction with 

phenol chloroform. Sequencing reactions were carried out by the dideoxy-mediated chain 

termination method by using 32P-end-labeled primers and analyzed by electrophoresis on 6% 

polyacrylamide gels and autoradiography. Each mutation was verified by two independent PCR and 

sequencing reactions. 

 

Statistical analysis. Age-of-onset comparison between groups was done with the Mann-Whitney U 

test. 

 
 

Results 
 

Mutation characterization. To screen the MSH2 gene, we used different strategies, including 

IVSP assay, SSCP analysis, and direct sequence analysis. Lymphocyte RNA was used as a template 

to generate by RT-PCR three overlapping fragments, each of approximately 1 kb, spanning the 

entire coding sequence, and the PCR products were transcribed and translated in vitro. RT-PCR 

products of shorter length (200–400 bp) were analyzed by SSCP. Fragments exhibiting altered 

migration patterns were sequenced to determine the nature of the observed variations. Even when 

no anomalous electrophoretic patterns were observed, the sequence of the entire coding region was 

determined by using the RT-PCR products as templates. 

 

 In the proband of family 357, a shortened polypeptide was detected by IVSP assay of the 3’-end 

cDNA fragment (Fig. 1A). In addition, this individual also displayed altered SSCP patterns for two 

overlapping fragments in the same region (data not shown). Sequence analysis identified one base 
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deletion at nucleotide 2294 (codon 765) in exon 14 (Fig. 1B). This mutation caused a frame shift, 

leading to a translation stop signal at codon 811.  

 

 

 

 

 

 

 

 

 

 
Figure 1. A: IVSP analysis of MSH2 cDNA fragment spanning the 3’ end of coding region (nt. 2075-2850, according 
to Leach et al. 1993) in the proband (P) of family 357. The arrowhead indicates the shortened polypeptide product due 
to the presence of a truncating mutation. C, wild-type control. B; Sequence analysis of MSH2 mutation in family 357. 
The following templates were used: 1, wild-type DNA; 2, anomalous band excised from SSCP gel of proband DNA 
(see Fig. 3); 3 and 4, genomic DNA from two affected individuals from family 357. The deleted base in codon 765 is 
indicated in a circle. 

 

In two cases, from families 349 and 667, a shortened RT-PCR fragment spanning exon 5 was 

observed. Sequence analysis of intron–exon junctions in genomic DNA identified the previously 

reported A-to-T transversion at the splice donor site of exon 5 (Liu et al., 1994, 1996). These 

findings were confirmed by using the restriction digest assay described by Froggatt et al. (1995) 

(data not shown).  

 

To search for mutations in the MLH1 gene, each of the 19 exons was amplified from genomic DNA 

and analyzed by no radioactive SSCP. Three base changes were identified: two introducing 

missense mutations and one affecting an RNA splicing site. In the proband of family 338, a 

nucleotide change from GCA to CCA at codon 128 in exon 5 caused an amino-acid change from 

alanine to proline. In the proband of family 311, a substitution from GGT to GAT at codon 244 in 

exon 9 caused an amino-acid change from glycine to aspartic acid. In the proband of family 668, an 

A-to-G transition in the consensus splice donor sequence of intron 6 was detected. RT-PCR of the 

corresponding cDNA encompassing MLH1 exon 6 identified a shortened fragment (Fig. 2). 

Sequencing of the altered fragment revealed that all but the first three nucleotides of exon 6 were 

lost (data not shown), probably due to the presence of a cryptic splice donor site (GTGGAG) 

immediately downstream from the first three bases in MLH1 exon 6. 
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Figure 2. RT-PCR encompassing MLH1 exon 6. Lymphocyte cDNAs from a 
control (lane 1) and from the proband of family 668 (lane 2) were PCR 
amplified by using primers that detect a 266-bp fragment spanning from 
codon 139 in exon 5 to codon 228 in exon 9. The anomalous fragment 
detected in the cDNA of the family 668 proband is indicated by an 
arrowhead. Lane 3: Control reaction with no cDNA added. 

 

 

 

The presence of the MLH1 nucleotide changes was verified by SSCP analysis in 40 unrelated non-

HNPCC individuals. None of these subjects displayed anomalous electrophoretic patterns. 

The six MSH2 and MLH1 characterized mutations are summarized in Table 1.  

 

 

 

 

 

 

 

 

Two previously described common polymorphisms in the MLH1 gene (Liu et al., 1995; Tannergard 

et al., 1995) were also detected. One caused an amino-acid substitution in exon 8, changing Ile219 

to Val (ATC to GTC; observed frequencies: A = 0.75/G = 0.25). The other consisted of an A-to-G 

substitution at position 219 in intron 14 (observed frequencies: a =0.42/g = 0.58).  

 

The screening of the GTBP gene was accomplished by using the IVSP technique, as described for 

MSH2. Four overlapping RT-PCR fragments were examined. In none of the examined cases were 

truncated polypeptides observed. 

 

Family analysis. We considered 16 families, including the 14 families screened for mutations at 

the MSH2, MLH1, and GTBP genes and two other families with previously characterized mutations 

(Wijnen et al., 1995, 1996).  
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In each family, we selected the three colorectal cancer cases that had been first diagnosed and on 

which the ascertainment of HNPCC status was based; these cases were referred to as ‘‘index 

cases’’ and the generations in which they occurred, ‘‘index generations.’’ The ages at tumor onset 

(or age at death) in the index generations of each family are given in Table 2. 

 

Four families had a mutation in the MSH2 gene, including large kindred (family 667) with three 

founders (two brothers and a cousin), each of whom had seven children and many grandchildren 

(19 cases of colorectal cancer). One family (219) was a ‘‘non-Amsterdam’’ case because the 

transmitting parent had a cancer of the uterus instead of a colon cancer. In these families, 25 

individuals were screened for the identified mutations, mostly from family 357 (Fig. 3). The 

youngest affected mutation carriers were a brother and a sister, both of whom developed cancer of 

the colon at 28 years of age. The oldest unaffected mutation carrier was a woman of 43 years 

(endoscopically controlled) from family 357. All tested patients with colon cancer had the 

identified pathogenetic mutations. 

 

 

 

 

 

 

 

 

 

 

 

 

 
aAll mutations identified in the present study except for families 219 (Wijnen et al.,1995) and 202 (Wijnen et al., 1996). 
bAll with colorectal cancer unless otherwise specified (st, stomach); a star indicates the occurrence of multiple primary 
malignancies, with the age of first cancer reported. 
cAdditional cancer cases in the two index generations: co, colorectal; ut, uterus; st, stomach; bl, bladder; pa, pancreas; 
ic, intracranial; ki, kidney; sk, skin; br, breast. 

 

Four other families, all fulfilling the Amsterdam criteria, had a mutation in the MLH1 gene. A total 

of 18 relatives were screened for the identified mutations. The youngest patient with a confirmed 

mutation developed colon cancer at the age of 32 years. The oldest unaffected mutation carrier was 
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a woman, healthy at 50 years. In these families, all tested patients with colon cancer had the 

identified pathogenetic mutation.  

 

All but one of the eight families that were negative for all three mismatch repair loci tested fulfilled 

the Amsterdam criteria.  

 

 

 

 

 

 

 

 

 

 

 
 
Figure 3. Molecular diagnosis in HNPCC family 357. Lymphocyte cDNA from affected and healthy individuals were 
amplified by PCR with primers flanking the mutation site in MSH2 exon 14 and subjected to SSCP analysis as 
described in the text. The arrowhead indicates the anomalous band in individuals carrying the mutation. The two 
individuals with extracolonic neoplasia died of cancer of the brain and pancreas. 

 

The overall mean age of onset of colorectal cancer (n = 67) in the two index generations of the 16 

families was 50.6 ± 15.7 years. The mean age of onset of cancers of the uterus (n = 8, two with 

mutation confirmed) was 53.4 ± 8.5 years. Other cancers were as follows: stomach, four; kidney, 

two (one with mutation confirmed); intracranial, two (one with mutation inferred); bladder, one; 

pancreas, one (mutation inferred); skin, one; and breast, one.  

 

When we compared the means of the age of tumor onset in the index cases, we found a 

significantly lower value in the families with mutation than in the families without mutation (43.0 ± 

13.5 vs. 53.7 ± 15.9 years, P =  0.014). This difference was further investigated by considering the 

number of index cases with age of tumor onset <50 years in each family. In the group with an 

identified mutation, three families had all three index cases <50 years, four families had two index 

cases <50 years, and one family had a single index case <50 years. The corresponding figures in the 

group without mutation were as follows: one family with all three index cases with age of tumor 

onset <50 years, two families with two index cases <50 years, and five families with a single index 

case  <50 years. 
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Discussion 
 

The isolation and characterization of the human MMR genes have enabled the establishment of 

mutation-detection strategies necessary to facilitate presymptomatic diagnosis of HNPCC. This task 

is, however, complicated by the presence of pathogenic mutations in several genes and by the 

heterogeneity of the associated lesions. The sensitivity of mutation detection is therefore greatly 

increased by the simultaneous use of multiple screening approaches (Liu et al., 1996; Nystrom-

Lahti et al., 1996).  

 

We started our mutational screening of the MSH2 gene in HNPCC families with three different 

methods: IVSP assay, SSCP analysis, and direct sequencing. Subsequently, two additional MMR 

genes, MLH1 and GTBP, were examined by using single-method strategies. SSCP analysis was 

chosen to screen MLH1 because of the relatively frequent finding in this gene of mutations causing 

amino acid substitutions in addition to truncating ones (Han et al., 1995; Tannergard et al., 1995; 

Liu et al., 1996; Nystrom-Lahti et al., 1996; Wijnen et al., 1996). Conversely, the IVSP assay, 

which is a relatively simple method to identify truncating mutations in large genes, was selected as 

a primary screening test for GTBP. In fact, most GTBP alterations reported to date in hypermutable 

cell lines are frame shifts or nonsense mutations (Papadopoulos et al., 1995). 

 

Among the 14 Italian HNPCC families screened at the MSH2, MLH1, and GTBP loci, we identified 

three mutations in the MSH2 gene and three in the MLH1 gene. Of these, one was a frame-shift 

mutation and three led to total or ‘‘subtotal’’ exon deletions. These mutations are clearly 

inactivating; they are predicted to lead to the complete loss of function of the protein encoded by 

the altered allele.  

The remaining two mutations identified in MLH1 were missense mutations. In kindred 338, an 

Ala128→Pro causes the substitution of a no hydrophobic amino acid, unfavorable to a helix, for a 

small hydrophobic amino acid, which is favorable to a helix. In kindred 311, a Gly344→Asp 

causes the substitution of a polar (acid) amino acid for a small no polar one. At present, no 

functional assay systems to determine the biological consequence of missense mutations in this 

gene are available, and thus the relationship between missense mutations and genetic predisposition 

to cancer is difficult to determine. However, although the observed substitutions affected residues 

that are not conserved between human and yeast (Bronner et al., 1994; Papadopoulos et al., 1994), 

they introduced substantial amino-acid changes and were not found in 40 unrelated non-HNPCC 
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individuals. This finding suggests that the two alterations are unlikely to represent simple 

polymorphisms.  

 

In total, including the two families previously reported (Wijnen et al., 1995, 1996), mutations in 

MMR genes were identified in 50% (8 of 16) of the Italian HNPCC families. More precisely, both 

MSH2 and MLH1 were found to be associated with 25% of examined cases, i.e., in four families 

each. These frequencies are similar to those reported in other populations, ranging from 14% to 

31% for MSH2 (Wijnen et al., 1995; Liu et al., 1996; Lu et al., 1996; Moslein et al., 1996) and from 

20% to 35% for MLH1 (Han et al., 1995; Tannergard et al., 1995; Liu et al., 1996; Moslein et al., 

1996; Wijnen et al., 1996). The exceptionally high rate of MLH1 mutation detection (90%) reported 

in Finnish families by Nystrom-Lahti et al. (1996) was biased by the presence of founder effects in 

the examined population. As to MLH1, the results obtained are in keeping with linkage analyses 

estimating that approximately 30% of HNPCC families are linked to this gene (Bronner et al., 

1994; Nystrom-Lahti et al., 1994). In contrast, the proportion of families carrying germline MSH2 

mutations was lower than the 50–60% predicted by linkage studies (Liu et al., 1994; Nystrom-Lahti 

et al., 1994).  

 

Such a discrepancy might be due to the occurrence, in a fraction of the examined families, of 

mutations that are not detectable by the screening techniques adopted in this and other studies, for 

example, large intragenic deletions or rearrangements. Alternatively, in some chromosome arm-2p-

linked HNPCC families, the actual mutations may affect a gene syntenic to MSH2. An obvious 

candidate is GTBP, which maps closely to MSH2 (Drummond et al., 1995; Palombo et al., 1995). 

However, we were unable to identify GTBP germline mutations by IVSP assay screening of our 

families. Although it is not possible to rule out the presence of other types of mutations not 

detectable by this technique, our results are consistent with those of Liu et al. (1996), who found no 

GTBP mutations in a group of 48 HNPCC families screened by both the IVSP assay and direct 

sequence analysis.  

 

Whereas the number of families with MSH2 or MLH1 mutations investigated in the present study is 

too small to assess possible differences in phenotypic expression among loci or mutations, an 

unexpected association concerning age of onset was observed. There was a significantly earlier 

mean age of onset of colorectal cancers (about 10 years) in the index cases of the families with 

either a MSH2 or a MLH1 mutation compared with the index cases of families negative at both loci. 

In addition, seven of eight families (87%) of the first group (with mutation) had two or three index 
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cases with age of tumor onset <50 years, whereas the corresponding figure in the second group was 

three of eight (37%). Notably, the mean age of tumor onset in families with identified mutation (43 

years) corresponded to other published values (Lynch and Lynch, 1995).  

 

On the basis of these observations, we suggest that mutations of MSH2 and MLH1 cause a more 

severe phenotype with early age of tumor onset, whereas mutations of other MMR genes still to be 

identified (or in other genes conferring susceptibility to colorectal cancer) are associated with a 

significantly higher mean age of tumor onset. Alternatively, some MSH2 or MLH1 gene mutations 

that confer a milder phenotype might not be detected by the screening methods used in the present 

study. We are analyzing the implications of these findings in the definition of screening protocols 

for mutation analysis in HNPCC families. 
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Abstract 

 

Fourteen suspected hereditary nonpolyposis colorectal carcinoma cases with microsatellite 

unstable(microsatellite instability-high; MSI-H) tumors but no germ-line MSH2, MSH6, or MLH1 

mutations were examined for hypermethylation of CpG sites in the critical promoter region of 

MLH1. The methylation patterns were determined using methylation-specific PCR and by sequence 

analysis of sodium bisulfite-treated genomic DNA. In one case, DNA hypermethylation of one 

allele was detected in DNA isolated from blood. In the MSI-H tumor from this case, the 

unmethylated MLH1 allele was eliminated by loss of heterozygosity, and the methylated allele was 

retained. This biallelic inactivation resulted in loss of expression of MLH1 in the tumor as 

confirmed by immunohistochemistry. These results suggest a novel mode of germ-line inactivation 

of a cancer susceptibility gene. 
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Introduction 

 

Approximately 60–90% of CpG dinucleotides are methylated on cytosine in the human genome, 

although unmethylated GC-rich regions are frequently associated with transcriptionally active 

genes. Epigenetic alteration of the human genome can affect cytosine methylation and chromatin 

structure (1, 2, 3). A number of studies have demonstrated that DNA methylation can directly prevent 

the binding of transcription factors, such as E2F, cyclic AMP-responsive element binding protein, 

and USF (4, 5, 6), or act through the binding of methylated CpG-binding proteins to induce chromatin 

configurations that interfere with the transcription machinery (1 , 7). As a consequence, changes in the 

methylation of CpG-rich regions can result in altered gene expression that is independent of genetic 

alteration of either coding or regulatory sequences. In the last decade, a number of studies have 

reported that aberrantly hypermethylated CpG islands are associated with transcriptional silencing 

of tumor suppressor genes in sporadic cancers (reviewed in Refs. 2 , 3 ). Thus, methylation-

associated transcriptional silencing is an alternative to mutational inactivation as a cause of loss of 

tumor suppressor gene function. Consequently, the analysis of DNA cytosine methylation patterns 

provides an alternative strategy for the study of tumor suppressor gene inactivation in cases where 

mutations are not observed. One of many such examples is the MMR3 gene MLH1, where 

hypermethylation of the MLH1 promoter region is associated with loss of expression and appears to 

underlie the majority of MMR-defective sporadic cancer cases (8, 9, 10, 11) .  

In a previous study (12 , 13), we analyzed 70 HNPCC cases (which met Amsterdam, Modified 

Amsterdam, HNPCC-like, or Bethesda criteria) for germ-line defects in MSH2, MLH1, and MSH6 

genes. For 48 of the cases, a tumor sample was available, and the MSI status of the tumor was 

determined; 14 cases were MSI-H and showed a germ-line mutation in MSH2 or MLH1, and 14 

cases were MSI-H but did not have a germ-line mutation in MSH2, MSH6, or MLH1 (14). The 

observation of HNPCC cases that have MSI-H tumors but no germ-line mutation in a known MMR 

gene, as detected by DNA sequencing or other methods for identifying point mutations, has been 

reported by many studies. Some of these types of case have been attributed to germ-line deletion 

mutations in MSH2 or MLH1 as well as uncharacterized mutations that cause loss of expression of 

MLH1 (15 , 16). In the present study, the mutation-negative 14 HNPCC cases were examined for 

hypermethylation of CpG sites in the critical promoter region of MLH1 (-290 to -180 bp relative to 

the ATG), which shows a strong correlation with the loss of MLH1 expression (17). DNA from 
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blood of one of these 14 cases was found to have one methylated MLH1 allele, and analysis of the 

MSI-H tumor from this case demonstrated that LOH eliminated the unmethylated MLH1 allele, 

resulting in loss of expression of MLH1.  

 

 

Materials and Methods 
 

Tissue and DNA samples. The HNPCC cases used in the studies described here have been 

described in detail elsewhere (12 , 13). DNA from blood was isolated as described previously and 

analyzed for the presence of mutations in MSH2, MLH1, and MSH6 by DNA sequencing as 

reported previously. Tumor DNA from each case was analyzed for MSI using the National Cancer 

Institute recommended five microsatellite markers as described previously (14). The 14 cases studied 

here comprised all 14 of the MSI-H cases that did not have mutation in MSH2, MLH1, or MSH6 

described previously (14). Control genomic DNA in which MLH1 was not methylated was from 

blood of the case DF000268 containing the germ-line MSH2 IVS5 + 3A>T splice site mutation (12). 

Control genomic DNA in which MLH1 was fully methylated was isolated from SW48 cells 

(American Type Culture Collection CCL-231) with a Puregene DNA isolation kit (Gentra Systems).  

Analysis of MLH1 methylation using MS-PCR. One µg of total genomic DNA was modified by 

sodium bisulfite treatment using a CpGenome Modification kit (Intergen) according to the 

manufacturer’s instructions and suspended in 10 µl of 1x TE buffer [10 mM Tris-HCl (pH 7.6), 1 

mM EDTA]. The methylation status of the MLH1 gene was then determined by MS-PCR using 

primers specific for both methylated and unmethylated sequences as essentially described 

previously (18). PCR reactions (20 µl) contained 1.5 µl of modified DNA and were performed using 

an Advantage GC2 PCR kit (Clontech). The thermocycling conditions used were 1 cycle of 94°C 

for 2 min; 3 cycles of 94°C for 30 s, 60°C for 30 s, 68°C for 30 s; 36 cycles 94°C for 30 s, 53°C for 

30 s, 68°C for 30 s, and 1 cycle of 68°C for 2 min. Three µl of each PCR reaction were then 

analyzed by electrophoresis through nondenaturing 10% polyacrylamide gels, which were stained 

with ethidium bromide and visualized under UV illumination.  

Analysis of MLH1 by DNA sequencing. To analyze the methylation status of MLH1 by direct 

DNA sequencing, genomic DNA was modified by treatment with sodium bisulfite as described 

above. The promoter region of the MLH1 gene was amplified using two rounds of PCR with nested 
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primers using an Advantage GC2 PCR kit. The first round of amplification used the primers 5-

GTTTGAGAAGTGTTAAGTATTTTTTT-3' and 5'-CAAATAACCCCTACCACAAAC-3', and the 

second round of amplification used the primers 5'-GTATTTTTTTTGTTTTGYGTTAG-3'and 5'-

CTATTAATTAAACAACTTAAATACCAATC-3'. The final PCR product then was treated with 

shrimp alkaline phosphatase and exonuclease I (Amersham) to remove excess PCR primers and 

nucleotides, and the resulting PCR product was sequenced using a PE/ABI 377 sequencer and dye 

terminator chemistry (PE Applied Biosystems).  

To analyze the presence of a polymorphism in the 5'-untranslated region of the MLH1 gene, 

genomic DNA from tumor and blood samples was used as template in PCR reactions using primers 

5'-GAAAACTAGAGCCTCGTCGACTT-3' (sense) and 5'-

TAGCATTAGCTGGCCGCTGGATAAC-3' (antisense) essentially as described previously. The 

resulting PCR product was then purified and sequenced using a PE/ABI 377 sequencer and dye 

terminator chemistry (PE Applied Biosystems), and the sequence data obtained was analyzed using 

Sequencher 3.1 software (GeneCodes, Inc.).  

Immunohistochemistry (IHC) analysis of MLH1 expression. Tissue sections were stained with 

anti-MLH1 antibody (G168-728; PharMingen) as previously described (19). The results of 

immunohistochemistry analysis were kept blinded until the MLH1 methylation analysis was 

completed.  

 

Results 
 

In a previous study, we identified 14 suspected HNPCC cases (which met Amsterdam, Modified 

Amsterdam, HNPCC-like, or Bethesda criteria) that had MSI-H tumors but did not have a germ-line 

mutation in MSH2, MSH6, or MLH1. To understand the genetic basis for the MMR defect in these 

14 HNPCC cases, we screened them for hypermethylation of the MLH1 gene. The MLH1 DNA 

methylation pattern was determined by sequencing PCR products amplified from bisulfite-modified 

DNA isolated from blood of all 14 mutation-negative cases and by MS-PCR using bisulfite-

modified DNA from selected cases as template (18). Cytosine methylation protects against bisulfite 

modification-induced conversion of cytosine to uracil. Consequently, during sequencing of 

modified DNA, unmethylated cytosines appear as thymines, methylated cytosines appear as 

cytosines, and mixtures appear heterozygous. Similarly, during MS-PCR, the primers specific for 

the sequences that result after bisulfite modification of methylated and unmethylated DNA generate 
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two fragments of different lengths containing the same region, 91 and 103 bp long, respectively. 

The size of the resulting fragments allows discrimination between methylated and unmethylated 

alleles by acrylamide gel electrophoresis. The region of MLH1 selected for analysis, -290 to -180 

bp relative to the ATG, contains nine CpG sites close to the CCAAT box and different transcription 

factors binding sites, and hypermethylation of this region is associated with loss of expression of 

MLH1.  

 

 

 

 

 

 
Fig. 1. Analysis of the methylation status of the MLH1 gene in an HNPCC case using MS-PCR. M and U, the 91- and 
103-bp PCR products amplified using primers specific for methylated and unmethylated alleles, respectively. B, blood 
DNA; T, tumor DNA; Me+, DNA from the SW48 cell line in which MLH1 is fully methylated; Me-, DNA sample with 
a genetic alteration in MSH2 gene, in which MLH1 is unmethylated. 

Using MS-PCR, one case (which met Bethesda criteria 4 alone; diagnosis at 25 years of age) was 

found to have both methylated and unmethylated MLH1 alleles when blood DNA was analyzed, 

and only methylated alleles when tumor DNA was analyzed (Fig. 1). Only unmethylated alleles 

were observed when unmethylated control DNA was analyzed, and conversely, only methylated 

alleles were observed when fully methylated DNA was analyzed from the SW48 cell line, which is 

MMR defective and does not express MLH1. To further analyze the hypermethylation status of this 

region, we PCR amplified the region from bisulfite-modified DNA and sequenced the resulting 

PCR products (Fig. 2).  The chromatograms showed that the MLH1 promoter region was partially 

methylated (a mixture of C and T is seen at critical Cs in the region analyzed) in blood DNA and 

totally methylated (only C is seen at the critical Cs in the region analyzed) in tumor DNA; analysis 

of an area containing two CpG sites (8 and 15 bp downstream from the CAAT box located at 

position -282) is shown in Fig. 2. Sequencing of unmethylated and fully methylated control DNAs 

detected only unmethylated and methylated alleles, respectively (Fig. 2). 
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Figure 2. Sequence analysis of bisulfite-modified 
DNA. Control, unmethylated DNA from a MSH2 
mutant HNPCC case showing all Ts at positions -268, 
-264, and -261 attributable to complete modification of 
the DNA; Blood, DNA isolated from blood from the 
case showing a mixture of C and T (N) at positions -
268, -264, and -261 attributable to partial modification 
of the DNA because of partial methylation of the 
DNA; Tumor, DNA isolated from tumor from the case 
showing an increase in the level of C (high peak) at 
positions -268, -264, and -261 attributable to reduced 
modification of the DNA because of increased 
methylation of the DNA; SW48, DNA from the SW48 
cell line in which MLH1 is completely methylated 
showing a high level C at positions -268, -264, and -
261 attributable to reduced modification because of 
complete methylation of the DNA. 

 

 

Sequencing 20 cloned PCR products from each sample (data not shown) revealed a mixture of 

methylated and unmethylated clones from blood DNA and an increased proportion of methylated 

clones from tumor DNA, consistent with the results obtained by direct sequencing of PCR products 

shown in Fig. 2. The observation that ~50% of the DNA from blood from the mutation-negative 

HNPCC case described above showed MLH1 methylation by direct bisulfite sequencing suggests 

that the observed MLH1 methylation is unlikely to result from shedding of tumor cells into the 

blood (18), because this would likely yield lower levels on MLH1 methylation than observed here.  

The above analysis documented an HNPCC case in which normal tissue contained a mixture of 

methylated and unmethylated MLH1 alleles, whereas tumor tissue contained only methylated 

MLH1 alleles. There are two possible explanations for the observation that the blood DNA 

contained one methylated and one unmethylated MLH1 allele while the tumor DNA only contained 

methylated alleles; the unmethylated allele could have been deleted or methylated in the tumor. 

Sequencing of the promoter region from unmodified DNA from this case revealed that the blood 

DNA was heterozygous for a previously described single nucleotide G→A polymorphism (Fig. 3; 
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Ref. 20 ). When the same region of unmodified DNA from the tumor sample was sequenced, only 

the G allele was observed. This indicates that LOH had occurred in the tumor, resulting in the loss 

of the unmethylated allele (Fig. 3). Consistent with loss of the unmethylated, expressed MLH1 

allele in the tumor, immunohistochemistry analysis showed that this case did not express MLH1 in 

the tumor (Fig. 4), whereas MSH2 was still expressed (data not shown). These observations are in 

contrast to the observation of biallelic methylation of MLH1 in sporadic colon tumors leading to 

loss of MLH1 expression (21). 

 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Detection of LOH by sequence analysis of the 5' untranslated region of the MLH1 gene. DNA isolated from 
blood was heterozygous (N) for a G→A polymorphism at position -93 bp, whereas DNA from the tumor only had a G 
at this position. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Immunohistochemistry analysis of MLH1 expression. MLH1 staining is in brown. N, normal tissue; T, tumor 
tissue. 
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Discussion 
 

A growing body of evidence has suggested that the majority of HNPCC families showing MSI can 

be accounted for by mutations in MSH2 and MLH1 (see Refs. 12 , 13 , 14 , 16 ). Initial studies 

documented missense, nonsense, frameshift, splice site, and specific deletion mutations in MSH2 

and MLH1, and more recent studies have documented large MSH2 and MLH1 deletion mutations 

and uncharacterized mutations that eliminate expression of these genes (15 , 16). In the present study, 

we have identified an HNPCC case in which one allele of MLH1 was methylated in DNA isolated 

from normal tissue (blood) and somatic LOH of the unmethylated allele subsequently occurred, 

resulting in a tumor that did not express MLH1 and was MMR defective. These results raise the 

possibility that methylation and associated silencing of MLH1 could represent a germ-line 

alteration that underlies some HNPCC cases; however, samples from the parents were not available. 

Therefore, it was not possible to determine whether the methylated allele was actually inherited. We 

have detected one such case in our sample set of 14 mutation-negative, MSI-H HNPCC cases, 

indicating that germ-line silencing of MLH1 could underlie a small but significant proportion of 

HNPCC cases. Larger scale studies will be required to definitively identify other HNPCC cases 

similar to the one described here and to determine how frequently this unique mechanism of 

tumorigenesis occurs.  

The region of MLH1 found to be methylated in our studies contains CpG sites close to the CCAAT 

box at position -282, and methylation of this region is associated with inactivation of the MLH1 

gene. The CCAAT box is recognized by CBF, and binding of this factor effects MLH1 promoter 

activity. Functional studies have shown that methylation of this region interferes with binding of 

CBF, resulting in decreased transcription of MLH1 (22). In addition to decreasing the binding of 

critical transcription factors, methylation of this region of MLH1 likely increases the affinity of 

methyl-binding proteins and histone deacetylases, leading to the assembly of inactive chromatin 

configurations. Consistent with this view, full reactivation in tumor cell lines requires treatment 

with both inhibitors of DNA methylation and histone deacetylation (23). These observations support 

the view that the methylation of the region of MLH1 observed here is directly associated with or 

underlies the silencing of the gene observed in the HNPCC case reported here.  

A number of examples of loss of function of different tumor suppressor genes attributable to 

somatic silencing of the genes associated with hypermethylation have been reported. The types of 

examples reported in sporadic cancer include biallelic methylation, somatic methylation associated 
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with LOH, and mutation associated with methylation (reviewed in Ref. 2 ). These observations have 

led to the hypothesis that hypermethylation and associated silencing of tumor suppressor genes 

represents an alternate pathway of the two-hit tumor suppressor gene inactivation hypothesis (2 , 3). 

In those cases where methylation associated with either mutation or LOH has been observed, 

methylation appears to have been a somatic event. In at least one case, methylation of p16INK4 was 

observed in both recurrent tumors and adjacent normal epithelium, suggesting that methylation in 

normal tissue might underlie subsequent tumor development (24). In addition, age-related 

methylation of MLH1 has been observed in normal colonic mucosa associated with the 

development of colon tumors, with high-level methylation being associated with the development 

of MSI-H tumors, supporting the idea that the age-related development of MLH1 methylation is a 

precursor lesion (9). Our results raise the possibility that methylation and associated silencing of a 

gene like MLH1 could actually represent a germ-line change that can underlie development of 

cancer. Alternately, somatic methylation could occur much more widely in normal tissues than 

thought previously (9). This suggests a novel mechanism of tumorigenesis that nonetheless fits the 

two-hit tumor suppressor gene inactivation hypothesis, although larger scale studies are clearly 

required to verify our observations and determine how prevalent this mechanism is. In this regard, a 

recent study detected three cases of HNPCC where MLH1 expression was absent in the tumors, but 

a germ-line MLH1 mutation could not be found; however, MLH1 methylation was not analyzed in 

these cases (16).  
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Abstract 

 
Defects in human DNA mismatch repair have been reported to underlie a variety of hereditary and 

sporadic cancer cases. We characterized the structure of the MSH6 promoter region to examine the 

mechanisms of transcriptional regulation of the MSH6 gene. The 5′-flanking region of the MSH6 

gene was found to contain seven functional Sp1 transcription factor binding sites that each bind Sp1 

and Sp3 and contribute to promoter activity. Transcription did not appear to require a TATA box 

and resulted in multiple start sites, including two major start sites and at least nine minor start sites. 

Three common polymorphisms were identified in the promoter region (−557 T→G, −448 G→A, 

and −159 C→T): the latter two were always associated, and each of these functionally inactivated a 

different Sp1 site. The polymorphic allele −448 A −159 T was demonstrated to be a common 

Caucasian polymorphism found in 16% of Caucasians and resulted in a five-Sp1-site promoter that 

had 50% less promoter activity and was more sensitive to inactivation by DNA methylation than 

the more common seven Sp1 site promoter allele, which was only partially inactivated by DNA 

methylation. In cell lines, this five-Sp1-site polymorphism resulted in reduced MSH6 expression at 

both the mRNA and protein level. An additional 2% of Caucasians contained another 

polymorphism, −210 C→T, which inactivated a single Sp1 site that also contributes to promoter 

activity. 
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Introduction 

 
The human DNA mismatch repair (MMR) system functions to repair mispaired bases in DNA that 

result from DNA replication errors and thereby prevents the accumulation of mutations due to such 

replication errors. Biochemical and genetic studies have identified a number of mismatch repair 

proteins involved in this system, including those encoded by the MSH2, MSH3, MSH6, MLH1, 

MLH3, PMS2, and EXO1 genes, as well as the replication proteins PCNA, RFC, RPA, and DNA 

polymerase delta (for reviews, see references 24 and 33). Loss of MMR function is associated with 

both inherited cancer susceptibility and the development of sporadic tumors. Inherited mutations in 

MSH2 and MLH1 are the most prevalent cause of hereditary nonpolyposis colorectal carcinoma 

(HNPCC) (for a review, see reference 52), and epigenetic silencing of MLH1 has been found to 

underlie most MMR defective sporadic cancer cases (14, 25, 31, 46, 47). Inherited mutations in MSH6 

have been found in a small proportion (0 to 3%) of HNPCC families and appear to underlie a 

higher proportion for familial colorectal cancer cases that show later onset and a less pronounced 

family history than HNPCC (6, 34, 45, 65, 67, 68). Mutations in PMS2 have been found in patients with 

Turcots syndrome but are only rarely found in patients with HNPCC (11, 39, 64, 66). Whether or not 

mutations in MLH3 or EXO1 underlie a significant proportion of HNPCC is unclear (2, 29, 38, 69, 70). 

In the human MMR system, two heterodimeric complexes—MSH2-MSH6 (MutSα) MSH2-MSH3 

(MutSβ)—function to recognize mispaired bases in DNA (1, 19, 21, 49, 61). MutSα appears to function 

in the repair of base-base and insertion/deletion mispairs, whereas hMutSβ only appears to function 

in the repair of insertion/deletion mispairs. In addition, MutSα appears to be relatively more 

important for the repair of smaller insertion/deletion mispairs, whereas MutSβ is relatively more 

important for the repair of larger insertion/deletion mispairs (1, 21, 54). As a consequence of this 

partial redundancy, defects in MSH2, MSH3, and MSH6 each have different effects: mutations in 

MSH2 cause complete loss of MMR, mutations in MSH6 cause increased accumulation of base 

substitution mutations, and in some cases single base insertion/deletion mutations and mutations in 

MSH3 cause increased accumulation of larger insertion/deletion mutations (42, 57). Several studies 

have also shown that alteration in expression levels of the MSH proteins can perturb MMR. 

Overexpression of human MSH3 inhibits the formation of the MutSα complex, resulting in 

increased accumulation of mutations (18, 41, 63) and in Saccharomyces cerevisiae overexpression of 

MSH6 results in a mutator phenotype (8, 15), although the basis for this is unclear. 
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Although it is known that alteration in the expression of MSH6 can perturb MMR, only a limited 

analysis of the structure of the human MSH6 promoter has been performed and no possible 

regulatory mutations that affect the expression of MSH6 have been reported. The 5′ untranslated 

region (UTR) of the human MSH6 gene has been cloned and sequenced (1, 60). The promoter region 

has a high GC content, and there appear to be multiple start sites for transcription. It is known that 

human MLH1, PMS1, PMS2, and MSH2 gene promoters share structural characteristic of TATA-

less promoters, including multiple start sites and the sporadic presence of CAAT-boxes and GC-

boxes, which may indicate a housekeeping function for these genes (27, 28, 48, 71). The transcription of 

a number of mammalian genes is believed to be regulated by GC box target sites for Sp family 

transcription factors (58), in the absence of a TATA-box close to the transcriptional start sites (3, 4, 72, 

73). The limited information about the MSH6 promoter region suggests that it may be a member of 

this class of promoters. To better understand the regulation of the MSH6 gene, we identified seven 

putative Sp1 binding sites in the MSH6 promoter region and analyzed their role in the regulation of 

MSH6 expression. We found that the MSH6 promoter is regulated by Sp1 and that all seven Sp1 

sites functionally interacted with Sp1. In addition, we identified polymorphic variants of the MSH6 

promoter in which different Sp1 sites were inactivated by single-nucleotide polymorphisms (SNPs) 

resulting in altered promoter activity. 

 

Materials and methods 

Cell culture. Chinese hamster ovary (CHO) cells were obtained from the American Type Culture 

Collection (Manassas, Va.). Human cervical carcinoma (HeLa) cells were provided by Giuseppina 

Bonizzi (UCSD School of Medicine, La Jolla, Calif.), a human skin fibroblast (BJ) cell line was 

provided by Jean Wang (UCSD Department of Biology), and human glioblastoma and glioma cell 

lines were provided by Webster Cavenee (Ludwig Institute, La Jolla, Calif.). Cells were cultured in 

Dulbecco modified Eagle medium (Gibco-Invitrogen) supplemented with 10% fetal bovine serum 

(Sigma) and 1% l-glutamine, penicillin, and streptomycin sulfate (Irvine Scientific) at 37°C in a 

humidified chamber with 5% CO2. Drosophila Schneider SL2 cells were from the American Type 

Culture Collection and were grown at 26°C under normal atmospheric conditions in Schneider's 

medium (Gibco-Invitrogen) supplemented with 10% fetal bovine serum. 

DNA sequence analysis. For analysis of genomic DNA samples, a 672-bp region of the human 

MSH6 gene containing the 5′ UTR and part of the coding region was amplified by PCR with 

primers 166UF (5′-GTGCCTACTCTATACAAATCTTGAG) and 817LR (5′-
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GTGCCTACTCTATACAAATCTTGAG) by using an Advantage GC2 PCR kit (Clontech). PCR 

was carried out under the following conditions: initial denaturation for 4 min at 94°C; followed by 

35 cycles of denaturation at 94°C for 30 s, annealing at 60°C for 30 s, and extension at 68°C for 30 

s; followed by a single final cycle extension at 68°C for 4 min. The resulting PCR products were 

then purified by digestion with ExoI and shrimp alkaline phosphatase and sequenced by using a 

Perkin-Elmer ABI 3700 DNA sequencer (Applied Biosystems) (34). Plasmid DNAs were similarly 

sequenced with plasmid DNA templates purified by using Qiagen Plasmid Midi kits (Qiagen) and 

primers designed by using the predicted sequence of individual plasmids. 

Sequence chromatograms were analyzed to identify base changes, including heterozygous base 

changes by using Sequencher 3.1 software (Gene Codes Corp.), and sequence homologies were 

examined by using the BLAST 2.0 and FASTA programs available on the web server of the 

National Center for Biotechnology Information (Bethesda, Md.) (51). The 5′-flanking sequence was 

analyzed for the presence of putative transcription factor binding sites by using MacVector (Oxford 

Molecular, Ltd.) and TESS (www.cbil.upenn.edu/cgi-bin/tess) software. The sequence of the 5′ 

UTR of the MSH6 gene initially used in these studies was obtained from GenBank and included 

previous submissions from this and other laboratories (GenBank sequences U73732 and 

AF334668). 

To detect polymorphisms in the 5′ UTR of the MSH6 gene, normal control DNAs were obtained 

from Coriell Laboratories (Camden, N.J.) and sequenced as described above. The first 100 samples 

of the complete human diversity set (catalog no. MPDR450) were sequenced. Subsequently, all 100 

DNAs from the 100 Caucasian DNA set (catalog no. HD100CAU) were sequenced. 

Genomic DNA and mRNA from the LN299, LN340, and LN443 glioblastoma and LNZ308 glioma 

cell lines were extracted by using a Puregene DNA isolation kit (Gentra Systems) and the 

FastTrack mRNA isolation kit (Invitrogen, San Diego, Calif.), respectively. The 5′ UTR and all 

exons with flanking region of hMHS6 gene were amplified and sequenced by utilizing the primers 

and conditions described previously (34). cDNA was generated by using a First-Strand cDNA 

synthesis kit (Invitrogen), reverse transcription-PCR was performed with the previously described 

NS6X1UF and CS6X4LAr.5 primers (34), and the resulting PCR fragment including exons 1 and 4 

was sequenced. To analyze the linkage between different nucleotide changes, the cDNA 

amplification product and genomic DNA amplified with primers 166UF and CS6X1L2 (32) were 

cloned into a Topo TA cloning pCR2.1 vector (Invitrogen) and then sequenced by using M13 

forward and reverse primers. 
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Primer extension and RACE (rapid amplification of cDNA ends) assay. Primer extension was 

performed by using total human adult normal colon RNA (ResGen; Invitrogen Corp.) and a reverse 

primer 817LR that was complementary to nucleotides 17 to 39 from ATG of MSH6. The primer 

was end labeled with [γ-32P]ATP by using T4 polynucleotide kinase, and free nucleotides were 

removed by using a Microspin G25 column (Amersham-Pharmacia). Primer extension assays were 

performed in parallel by using Superscript II RNase H− reverse transcriptase and ThermoScript 

RNase H− reverse transcriptase (Invitrogen/Life Technologies). Reactions containing either 5 or 10 

µg of total human adult normal colon RNA, 5× buffer (provided by the manufacturer), 10 mM 

dithiothreitol (DTT), 10 mM deoxynucleoside triphosphates, and reverse primer were denatured at 

70°C for 2 min and then incubated at 20 min at 60°C so that the primer could anneal to the RNA 

template, followed by cooling the reactions on ice for 10 min. Then, GC Melt (final concentration, 

1 M), RNasin (final concentration, 0.5 U/µl), and either 48 U of Superscript II RNase H− reverse 

transcriptase or 200 U of ThermoScript RNase H− reverse transcriptase were added so that the final 

volume was 20 µl; the samples were then incubated at 42°C for 90 min. The reactions were stopped 

by precipitation with 0.5 M ammonium acetate and 100% ethanol. These samples and molecular 

weight markers (HinfI digest of X174 DNA; Promega) were electrophoresed in parallel on a 7 

M urea-6% polyacrylamide gel run in 0.5× TBE buffer. The radioactive DNA species were then 

detected by autoradiography, as well as by using a phosphorimager. 

5′ RACE was carried out by using a Human Colon Marathon-Ready cDNA amplification kit 

(Clontech). The primary and nested PCR were performed with the adaptor oligonucleotides AP1 

and AP2 (provided in the kit) and a specific reverse primer 817LR or a fluorescent derivative of 

817LR. PCR amplification was performed by using an Advantage 2 PCR kit (Clontech) according 

to the manufacturer's instructions for the Ready Marathon cDNA amplification kit. The 

fluorescently labeled PCR products were electrophoresed on a Perkin-Elmer ABI 377 DNA 

sequencer and analyzed by using ABI GeneScan software. In addition, the unlabeled RACE 

products were cloned into the TA cloning vector pCR2.1 (Invitrogen) by using a TA cloning kit, 

and 100 independent insert containing clones were isolated and sequenced by using standard M13 

and T7 vector primers. 

Construction of hMSH6 reporter vectors. To construct a wild-type MSH6 promoter-luciferase 

reporter plasmid, a 624-bp fragment of MSH6, including 5′-flanking sequences from positions 

−633 to −9 relative to the ATG was amplified by PCR by using an Advantage GC2 PCR kit 

(Clontech) as described above except that only 20 cycles of PCR were used. The forward primer 

166KUF (5′-GTGCCTACTCTATACAAATCT) contained a KpnI site (5′-GGGGTACC) at its 5′ 

96



Chapter 6 
 

end and the reverse primer 9BLR (5′-CGGCAAGGCCCAACCGTTC) contained a BglII site (5′-

GAAGATTC) at its 5′ end. The PCR product was digested by with KpnI and BglII and cloned 

between the KpnI and BglII sites of the pGL3 enhancer-luciferase reporter plasmid (Promega), and 

a fully wild-type clone was identified by DNA sequencing. The full-length of the promoter 

construct pGL3 −633/−9WT was used to construct all deletion and site-directed mutant derivatives. 

A series of 5′ MSH6 promoter deletions (pGL3-490/-9, pGL3-318/-9, pGL3-248/-9, pGL3-

248Mut/-9, pGL3-221/-9, pGL3-120/-9) was constructed by amplifying the MSH6 promoter region 

with different 5′ primers complementary to different regions of MSH6 and containing the 5′ KpnI 

site indicated above in combination with the reverse primer 9BLR, and these PCR products were 

inserted between the KpnI and BglII sites of the pGL3 enhancer-luciferase reporter plasmid. 

Similarly, 3′ deletion constructs (pGL3-633/-252 and pGL3-633/-193) were generated by using the 

166KUF primer and different reverse primers complementary to different regions of MSH6 and 

containing the above indicated 5′ BglII site. The first number in the designation of each mutant 

construct indicates the most N-terminal MSH6 nucleotide present, and the second number indicates 

the most C-terminal MSH6 nucleotide present. 

Plasmids containing individual nucleotide changes were constructed by using different site-directed 

mutagenesis methods. To construct the pGL3-633/-9+TATA box mutation, a derivative of the 

forward primer 166TKUF was synthesized to contain a 2-bp difference in the core of the TATA 

box sequence (TATA→AAAA), and then the plasmid was constructed as described above for the 

wild-type plasmid. The full-length promoter constructs containing mutations that created some of 

the promoter SNPs, including pGL3-633/-9 SNP1 (−557G), pGL3-633/-9 SNP2-3 (−448A −159T), 

and pGL3-633/-9 SNP1-2-3 (−557G −448A −159T), were constructed by amplifying these alleles 

from genomic DNAs in which these alleles were present and then cloning the resulting PCR 

product as described for the wild-type plasmid. A single round of overlap extension PCR (62) with 

appropriate mutant primers and pGL3-633/-9WT DNA as a template was used to create other 

single-mutant plasmids. These single-mutant plasmids included the two promoter SNP-containing 

plasmids pGL3-633/-9 SNP2 (−448A) and pGL3-633/-9 SNP3 (−159T) and a series of plasmids in 

which a 2-bp substitution was made to eliminate each individual Sp1 consensus sequence, 

including pGL3-Sp1-7Mut (CC→AA), pGL3-Sp1-6Mut (GG→TT), pGL3-Sp1-5Mut (CC→AA), 

pGL3-Sp1-4Mut (CC→AA), pGL3-Sp1-3Mut (GG→TT), and pGL3-Sp1-1/2Mut (CC→AA and 

GG→TT). (The exact nucleotides changed are indicated in Fig. 1A. The Sp1 sites are numbers 

from 1 to 7 as indicated in Fig. 1B, with 1 indicating the most N-terminal Sp1 site.) Sequential 

rounds of overlap extension PCR were then used to generate a series of plasmids containing 
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different combinations of the above-described mutations, including pGL3-Sp1-7/6Mut, pGL3-Sp1-

7/6/5Mut, pGL3-Sp1-7/6/5/4Mut, pGL3-Sp1-7/6/5/4/3Mut, pGL3-Sp1-7/6/5/4/3/2/1Mut, and 

pGL3-Sp1-7/6/5/4/3/2/1Mut+ TATA box mutation. All plasmids were sequenced to verify that they 

only contained the desired base changes. Note that the oligonucleotide sequences that were the 

basis for the 2-bp substitution mutations were also used in the many of the competitor DNAs for the 

electrophoretic mobility shift assay (EMSA) experiments. 

Transient-transfection and luciferase reporter gene expression analyses. HeLa, CHO, and BJ 

cells (2 × 105) were plated into individual wells of a six-well plate 12 h before transfection, and the 

medium was changed immediately before transfection. A 1-µg DNA mixture was prepared in 100 

µl of OptiMEM I medium (Invitrogen) that contained 0.1 µg of β-galactosidase expression plasmid 

(pβgal-control; BD Biosciences) as an internal control or 0.4 µg (HeLa cells) or 0.1 µg (CHO/BJ 

cells) of test plasmid and pUC18 carrier DNA and was then mixed with Fugene in a 1:3 ratio. This 

mixture was immediately added to one well of cells; after 24 h the cells were washed twice with 

phosphate-buffered saline, and cell extracts were prepared by resuspending the cells in lysis buffer 

provided in a luciferase assay kit (Promega). The luciferase activity was then analyzed by mixing 

25 µl of cell extract and 100 µl of the luciferase assay substrate (Promega) and measuring the 

resulting luminescence 10 s in a luminometer (EG&G Berthold Microlumat LB 96P). The 

luciferase activity was then normalized to the level of β-galactosidase activity present in the same 

extracts measured by using a β-galactosidase activity kit (Invitrogen) according to the 

manufacturer's instructions. Each extract was analyzed in duplicate, and at least two independent 

experiments were performed. The observed luciferase activity reported in each figure is expressed 

as the percentage of the activity obtained with the most active construct used in each figure. The 

DNAs and cell lines transfected are as indicated in individual experiments. In some experiments, 

the plasmids were methylated in vitro with SssI methylase (New England Biolabs) prior to 

transfection. In these cases, complete methylation at the Sp1 and CpG sites was verified by 

measuring the extent of protection from digestion with the restriction enzymes AciI (CCGC) and 

HpaI (CCGG). 

For transfection of Drosophila SL2 cells, cells were seeded at 2 × 106 cells per well of a six-well 

plate 24 h before transfection, and transfections were performed and analyzed essentially as 

described above except that CellFectin reagent (Invitrogen) was used instead of Fugene. The pPac-

Vector, pPac-Sp1, and pPac-Sp3 expression plasmids used in the Drosophila cell transfection 

experiments were provided by K. Okumura, (Ludwig Institute for Cancer Research, La Jolla, 

Calif.). In initial optimization experiments, cotransfection was carried out with different amounts of 
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pPAC-Sp1 or pPAC-Sp3 (0.1, 0.25, and 0.5 µg), along with either the pGL3-Basic vector or pGL3-

633/-9WT, and maximal promoter activity was obtained with 0.25 µg of pPAC-Sp1 and pPAC-

Sp3. In subsequent experiments, the DNA transfection mixture contained 0.1 µg of β-galactosidase 

expression plasmid, 0.4 µg of each experimental plasmid, and 0.25 µg of pPac vector, pPAC-Sp1, 

or pPAC-Sp3 or a mixture of pPAC-Sp1 and pPAC-Sp3, along with sufficient pUC18 DNA carrier, 

so that each mixture contained a total of 1 µg of DNA. 

Nuclear extracts, EMSAs, and protein analysis. HeLa cells (107) were harvested by 

centrifugation at 6,000 rpm for 5 min, washed twice in ice-cold phosphate-buffered saline, and 

lysed by resuspending them in 200 µl of ice-cold buffer A (10 mM HEPES [pH 8.0], 10 mM KCl, 2 

mM MgCl2, 0.1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride [PMSF], 0.2% NP-40) and 

incubating the suspension for 10 min on ice. All solutions contained freshly added protease 

inhibitor cocktail (1× recommended concentration; Roche) and phosphatase inhibitors (final 

concentrations of 1 mM orthovanadate and 1 mM sodium fluoride), as well as final concentrations 

of 1 mM PMSF and 1 mM DTT. After centrifugation at 6,000 rpm at 4°C for 10 min to harvest the 

nuclei, the nuclei were washed with 200 µl of ice-cold buffer B (10 mM HEPES [pH 8], 10 mM 

KCl, 2 mM MgCl2, 0.1 mM EDTA, 1 mM PMSF) and then resuspended with ice-cold buffer C (20 

mM HEPES [pH 8.0], 0.63 mM NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 0.5 mM DTT, 1 mM 

PMSF, 25% glycerol) by rotating the suspension for 20 min at 4°C. The resulting lysate was 

centrifuged at 12,000 rpm for 10 min (7, 17), and the protein concentration was determined by using 

Bio-Rad protein assay reagent. 

To construct oligonucleotide duplexes, 500 ng each of sense and antisense oligonucleotides were 

annealed in buffer N (1 M NaCl, 25 mM Tris-HCl, 1 mM EDTA) by heating the mixtures to 94°C 

for 10 min and then cooling them to 65°C for 30 min, followed by cooling from 65 to 25°C over a 

90-min period, followed by incubation at 25°C for 20 min. The oligonucleotide duplexes were then 

purified by high-pressure liquid chromatography as previously described, precipitated with ethanol 

from a solution containing 0.5 M ammonium acetate, and resuspended in 10 µl of TE buffer (10 

mM Tris-HCl [pH 8], 1 mM EDTA). A portion (1 µl) of oligonucleotide duplex was then 5′end 

labeled with [γ-32P]ATP by using T4 polynucleotide kinase, and free nucleotides were removed by 

using Microspin G25 columns (Amersham-Pharmacia). In some cases, the oligonucleotide 

duplexes were methylated in vitro with SssI methylase, and then the methylation status was verified 

by digesting the DNAs with the restriction enzyme AciI. 
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EMSAs was performed by using the gel shift assay system (Promega), with minor modifications. 

Nuclear extracts (8 µg in final reaction volumes of 20 µl) from HeLa cells were incubated for 20 

min at room temperature in the presence or absence of a 50-fold molar excess (relative to the 

radioactive substrate) of oligonucleotide duplex competitors. Then 20,000 cpm of Sp1 or AP2 

consensus oligonucleotide duplexes were added to the reaction and, after 20 min of incubation at 

room temperature, the samples were analyzed by electrophoresis through a 6% polyacrylamide gel 

run in 0.5× Tris-borate-EDTA for 2 h at 120 V, followed by detection of the radioactive species by 

autoradiography or by using a phosphorimager. For the supershift assays, the labeled 

oligonucleotide duplexes were incubated with the nuclear extract on ice for 20 min as described 

above; anti-Sp1 (PEP2) or anti-Sp3 (D20) antibody (Santa Cruz Biotechnology) was then added to 

the reactions on ice for 1 h, and the reaction products were analyzed as described above. 

For Western blot analysis, nuclear and cytoplasm extracts from LN229, LN340, and LN443 

glioblastoma cell lines were prepared as described above. The nuclear and cytoplasmic extracts 

from each batch of cells were mixed, and the protein concentration was determined by using a Bio-

Rad protein assay kit. A total of 7.5 or 15 µg of protein/sample was electrophoresed through a 4 to 

15% sodium dodecyl sulfate-polyacrylamide gel gradient and then transferred to a Hybond-P 

polyvinylidene difluoride membrane (Amersham Pharmacia Biotech, Inc.). The membrane was 

probed with monoclonal anti-hMSH6 and anti-hMSH2 (BD Biosciences) antibodies, followed by 

reaction with horseradish peroxidase-conjugated secondary antibody, and then visualized by using 

the ECL Plus Light System (Amersham Biosciences). The same membrane was then similarly 

analyzed by using anti-α tubulin (Sigma) antibody. 

 

Results 

Structure of the MSH6 promoter region. To characterize the promoter region of the MSH6 gene, 

a fragment of genomic DNA that spans positions −633 to +39 bp relative to the A of the ATG was 

amplified by PCR and sequenced to confirm the available sequence of this region (Fig. 1A). 

Analysis of the sequence by using MacVector and TESS software revealed putative binding sites 

for AP family c-JUN, E2F, E4TF1, and EF.C transcription factors, as well as three potential CAAT 

boxes and a potential TATA box, identified as a TATAWAW site (44) at position −623. No 

potential Inr elements were found. Also observed were seven potential GC-box/Sp1 transcription 

factor-binding elements. These included three consensus sequences (10, 30) (GGGCGG) at positions 

−448, −271, and −183 and four inverted complement sequences (CCGCCC) at positions −449, 

100



Chapter 6 
 

−235, −208, and −159. Comparison of the sequence of the human MSH6 upstream region with that 

of other species suggested that the Sp1 site at −159 was conserved in the MSH6 gene from Mus 

musculas, Cavia porcellus, and Mycobacterium tuberculosis, whereas the Sp1 site at −271 was 

conserved in the MSH6 gene from Bovine herpesvirus typ. 

. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Identification of cis-acting elements and SNPs in the MSH6 promoter. A. The sequence of nucleotides -633 to 
-167 relative to the ATG of the MSH6 gene is shown. The Sp1 sites and the potential TATA box analyzed in the 
present study are indicated in boxes. Other potential transcription factor binding sites are indicated below the sequence. 
The major and minor transcription start sites are indicated by the tall and short arrows, respectively. The nucleotides  
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altered by the 2-bp substitution mutations used in the analysis of the Sp1 sites are indicated in lowercase, and the four 
SNPs identified are indicated above the sequence. B. Schematic representation of the MSH6 promoter region, with the 
most prevalent nucleotide at each polymorphic site indicated above the promoter diagram. Below the promoter diagram 
are indicated the eight different genotypes of the MSH6 promoter region identified by analyzing the SNPs present at, 
from left to right, nucleotides -557 (SNP 1), -448 (SNP 2), -210 (SNP4), and -159 (SNP 3), respectively. Also indicated 
are the percentages of the samples from the human diversity set of DNAs (first 100 DNAs) and the Caucasian DNAs 
found to have each genotype. 

To identify naturally occurring sequence variations within the promoter region, the region from 

positions −633 to +39 was amplified and sequenced from the first 100 DNAs of the human DNA 

diversity set. This analysis revealed three novel SNPs at positions −557 (T→G; SNP 1), −448 

(G→A; SNP 2), and −159 (C→T; SNP 3). The frequency of each genotype observed is shown in 

Fig. 1B. The SNP at −557 was more common than the other two polymorphisms, which were found 

at the same frequency. Significantly, the −448A and −159T alleles were always associated with 

each other. The two SNPs at −448A (SNP 2) and −159T (SNP 3) were within the consensus 

sequences (GGGCGG/CCCGCC) for the potential Sp1 binding sites Sp1-2 and Sp1-7, respectively, 

and eliminated these two potential Sp1 binding sites. 

Subsequent analysis of 100 normal Caucasian DNAs revealed the same three SNPs, except that the 

frequency of the −448 (G→A; SNP 2) and −159 (C→T; SNP 3) SNPs was much higher in these 

samples and homozygous −557G −448A −159T and −557T −448A −159T alleles were observed. 

These results suggest the existence of four haplotypes (−557T −448G −159C; −557G −448G 

−159C; −557T −448A −159T; and −557G −448A −159T) and further suggest that the −557G 

−448A −159T and −557T −448A −159T alleles represent common Caucasian polymorphisms that 

alter the number of Sp1 binding sites present in the MSH6 promoter. In addition, the −210 C→T 

change (SNP 4) was observed in 2% of the Caucasian samples in association with a −557T −448G 

−159C haplotype. The −210 C→T change (SNP 4) eliminates the consensus sequence for the 

putative Sp1-5 site. 

Mapping of the MSH6 transcriptional start sites. To map the transcriptional start site(s) of the 

MSH6 gene, primer extension analysis of total human normal colon RNA was first performed. This 

analysis revealed multiple potential 5′ mRNA ends mapping between positions −247 and −51 (data 

not shown). Because the extremely GC-rich nature of the MSH6 promoter region might cause 

premature termination of the primer extension products due to secondary structure, 5′-RACE 

analysis was performed to define the positions of the potential multiple transcription start sites. An 

anchor primer (AP1) and a specific antisense oligonucleotide were used to amplify Human Colon 

Marathon-Ready cDNA. Nested PCR was then carried out with internal adaptor primer and 

fluorescently labeled antisense primer, and the sizes of these PCR products were determined by 
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using an ABI 377 sequencer. Multiple species of different lengths were observed, and the positions 

of the potential start sites relative to the position of the antisense primer sequence were determined 

by subtracting the length of the adapter sequence from the length of each PCR product (Fig. 2).  

 
 
 
 
 
 
 
 
Figure 2. Transcription of the MSH6 gene initiates 
from multiple start sites. Genescan analysis of 5-
RACE–PCR products was performed as described in 
Materials and Methods. Below the chromatogram is 
indicated a molecular size scale in base pairs 
determined by using appropriate markers (TAMRA). 

 

 

 

 

These positions fell within the range of positions identified by primer extension. Finally, PCR 

products were generated by using an unlabeled antisense primer, and these were cloned and 

sequenced to determine the exact position of the start sites. Analysis of 100 clones revealed two 

major start sites at positions −76 and −70 (found in 49% of the clones), as well as at least nine 

minor start sites, all of which are indicated in Fig. 1A. 

EMSA analysis of the putative Sp1 binding sites. EMSAs were performed to characterize the 

seven potential Sp1 binding sites identified by computer analysis and to investigate the functional 

consequences of the SNPs found at −448 (SNP 2) and −159 (SNP 3). Gel shifts were carried out 

with HeLa cell nuclear extracts as a source of protein and mixtures of one labeled double-stranded 

oligonucleotide containing the consensus-binding sites for either Sp1 or AP2 and a series of 

unlabeled double stranded oligonucleotide competitors, including the seven Sp1 sites found 

between positions −454 and −159, the Sp1 sites containing the −448A and −159T SNPs, and the 

Sp1 and AP2 consensus sequences (Fig. 3A). 
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Figure 3. EMSA of the seven Sp1 sites found in the MSH6 promoter region. A. Sequences of the competitor and probe 
DNAs used in gel mobility shift assays. Only the sequence of the top strand of the oligonucleotide duplexes is indicated 
and, where relevant, the MSH6 sequence coordinates are also indicated. The Sp1 binding consensus sequences 
(GGGCGG) and inverted complement sequences (CCGCCC) are indicated by the overlining and underlining, 
respectively. The numbering system for each of the Sp1 sites is as defined in Fig. 1B. Each Sp1 sequence is wild type 
except that Sp1-1WT/2SNP 2 refers to the sequence containing the _448A SNP 2, Sp1-1Mut/2SNP 2 refers to the 
sequence containing the 2-bp substitution mutation in the Sp1-1 site and the _448A SNP 2, Sp1-1WT/2Mut refers to 
the sequence containing the 2-bp substitution mutation in the Sp1-2 site, and Sp1-7SNP 3 refers to the sequence 
containing the _159T SNP 3. See Fig. 1A for the sequences that are changed by these nucleotide substitutions. B. Gel 
mobility shift assays performed with HeLa cell extract, radioactively labeled Sp1 consensus sequence as a probe, and a 
50-fold molar excess of the indicated competitor DNAs. The arrows indicate the three specific protein-DNA complexes 
formed. C Effect of anti-Sp1 and anti-Sp3 antibodies on gel shift assays. Assays were performed with HeLa cell 
extract, and the radioactive substrate is indicated above each set of three lanes. After complex formation, the antibody 
indicated above each individual lane was added. The arrows indicate the three specific protein-DNA complexes formed 
and the position of the supershifted (S.S.) species formed after the addition of antibodies. 
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When binding to the labeled Sp1 consensus sequence was examined in the absence of competitor, 

three different protein-DNA complexes were observed (Fig. 3B). A 50-fold excess of competitor 

DNAs comprising the first two Sp1 sites (Sp1-1/2) or each of the individual Sp1 sites Sp1-3 

through Sp1-7 completely eliminated the formation of the three protein DNA complexes (lanes 2 

and 6 to 10), whereas the AP2 competitor had no effect on complex formation (lane 12). An Sp1 

consensus sequence competitor also eliminated the formation of the three complexes (data not 

shown). These results suggest that all seven putative Sp1 sites can bind Sp1. The −159T SNP 3 

completely eliminated the ability of the Sp1-7 oligonucleotide to act as a competitor of complex 

formation (lane 11), indicating that this SNP eliminates the Sp1-7 site. The −448A SNP 2 partially 

eliminated the ability of the Sp1-1/2 oligonucleotide to act as a competitor, and a similar effect was 

seen with a GG→TT that eliminated the second Sp1 binding site (lanes 3 and 5). However, 

combining CC→AA mutation eliminating the first Sp1 site with the −448A SNP 2 completely 

eliminated the ability of the oligonucleotide containing the first two Sp1 sites to act as a competitor 

of complex formation (lane 4). These latter results suggest that both the Sp1-1 and Sp1-2 sites can 

bind Sp1 and indicate that the −448A SNP 2 eliminates the Sp1-2 site. As a control, the same 

unlabeled oligonucleotides were used as competitors in binding reactions containing the labeled 

AP2 oligonucleotide (data not shown), and competition was only observed with the AP2 competitor 

and with the Sp1-6 competitor that contains an overlapping AP2 site. 

To better characterize the seven Sp1 transcription factor-binding sites, supershift experiments were 

performed with anti-Sp1 and anti-Sp3 antibodies (Fig. 3C). When the Sp1 consensus sequence and 

the Sp1-1/2, Sp1-3, Sp1-4, Sp1-5, Sp1-6, or Sp1-7 oligonucleotides were used as labeled substrates 

in gel shift experiments, the same three protein-DNA complexes were observed (lanes 1, 4, 7, 10, 

13, 16, 19, and 22). The addition of an anti-Sp1 antibody to the reactions caused a supershift of 

only the upper band (complex 1) (lanes 2, 5, 8, 11, 14, 17, 20, and 23), whereas the addition of anti-

Sp3 antibody caused a supershift of both of the lower bands (complexes 2 and 3) (lanes 3, 6, 9, 12, 

15, 18, 21, and 24). This pattern of supershifting has been observed during the analysis of other 

promoters whose expression involves Sp1 and Sp3 proteins (4, 37,36, 58). These results indicate that 

complex 1 results from Sp1 binding, that complexes 2 and 3 result from Sp3 binding, and that the 

Sp1 sites Sp1-1/2, Sp1-3, Sp1-4, Sp1-5, Sp1-6, and Sp1-7 can all bind both Sp1 and Sp3. 

Regulation of the MSH6 promoter by Sp1 binding sites. To examine the role of the seven Sp1 

binding sites on the activity of the MSH6 promoter, a DNA fragment comprising nucleotides −633 

to −9 of MSH6 containing the core promoter was cloned into pGL3 enhancer vector to construct a 

luciferase reporter vector. When this construct was transiently transfected into either HeLa or CHO 
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cells, strong luciferase expression was observed compared to transfection of the vector alone (Fig. 

4). This MSH6 promoter reporter vector was then used in a series of experiments in which 

mutations were tested for their effect on expression after transfection into both HeLa and CHO 

cells; all reported experiments were performed with both cell lines; however, since the same results 

were obtained with both cell lines, data from only one cell line is presented for each experiment. A 

5′ deletion that removed the potential TATA box partially reduced expression; however, a two-base 

substitution mutation (TATA→AAAA) that eliminated the TATA box had no effect on expression, 

suggesting the potential TATA box was not important for expression (Fig. 4A). A series of 5′ 

deletions that progressively eliminated the Sp1-1/2 and Sp1-3 sites resulted in progressive, but not 

complete, loss of expression. Mutations or deletion of the Sp1-4 site resulted in further reduced 

expression, and finally deletion of the remaining three Sp1 sites reduced expression to the level 

seen with the pGL3 vector alone. An internal deletion that eliminated the Sp1-6 and Sp1-7 sites 

eliminated ca. 80% of the promoter activity, and a deletion that eliminated the Sp1-4, Sp1-5, Sp1-6, 

and Sp1-7 sites eliminated ca. 90% of the promoter activity. These results suggest that all seven 

Sp1 sites contribute to the expression of MSH6 but that the four Sp1 sites closest to the 

transcriptional start sites are most important. The deletion mutations discussed above likely 

eliminate more than just the seven Sp1 sites. To determine the functional significance of the seven 

individual Sp1 sites, a series of two-base substitution mutations (GGGCGG→GTTCGG or 

CCGCCC→CCGAAC) eliminating the core Sp1 binding site for each Sp1 site were constructed 

and tested. The data (Fig. 4B) show that mutation of the individual Sp1-4, Sp1-5, Sp1-6, and Sp1-7 

sites significantly reduced MSH6 promoter activity. In this analysis, the Sp1-4 and Sp1-5 mutations 

appeared to have a somewhat greater effect than the Sp1-6 and Sp1-7 mutations. In contrast, 

mutations of the Sp1-1/2 and Sp1-3 sites only modestly reduced the promoter activity whereas 

mutation of the TATA box had little or no effect on promoter activity. A series of successive 2-bp 

substitution mutations inactivating the seven Sp1 binding sites were then tested to characterize the 

contribution of all seven Sp1 sites to MSH6 promoter activity (Fig. 4C). Mutation of the Sp1-7 site 

decreased the expression of luciferase and successive mutation of the Sp1-6 site resulted in a slight 

increase in the expression of luciferase. This suggests that the presence of the overlapping Ap2 

binding site combined with mutation of the Sp1-6 site might result in increased transcription. In 

contrast, successive mutation of the Sp1-5, Sp1-4, and Sp1-3 resulted in progressive loss of 

luciferase expression. Mutation of the Sp1-1/2 sites and the TATA box resulted in little if any 

further loss of luciferase expression; however, this mutant construct still directed luciferase 

expression at levels which were above that of the vector alone. Clearly, when all of the Sp1 sites 

were mutated, the TATA box did not drive promoter activity.  
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Figure 4. Effects of deletion and two-base substitution mutations on MSH6 promoter activity in transient-transfection 
assays. The wild-type MSH6 promoter and different mutant derivatives were inserted into the pGL3 enhancer 
luciferase reporter vector, and the promoter activity of each construct was assayed after transfection into either HeLa or 
CHO cells. A. Analysis of deletion mutant derivatives by transfection into HeLa cells. B. Analysis of individual 2-bp 
substitution mutations after transfection into HeLa cells. C. Analysis of combinations of different 2-bp substitution 
mutations after transfection into CHO cells. The boxes and circles indicate the Sp1 sites and a potential TATA box as 
indicated in Figure 1, respectively, with the open boxes and circles indicating the wild-type sequences and the solid 

107



Regulation of the human MSH6 gene 
 
boxes and circles indicating the presence of 2-bp substitution mutations: M TATA is a 2-bp substitution in the TATA 
box, M 1-2 indicates 2-bp substitutions in both the Sp1-1 and Sp1-2 sites, and M 3 through M 7 indicate 2-bp 
substitutions in the Sp1-3 through Sp1-7 sites, respectively (see Materials and Methods and Fig. 1A for details). The 
DNA present in the deletion mutants is indicated by the horizontal line and structural features (boxes and circles) 
present in the diagram: pGL3 WT contains MSH6 nucleotides -633 to -9, pGL3 1 contains MSH6 nucleotides -490 to -
9, pGL3 2 contains MSH6 nucleotides -318 to -9, pGL3 3 contains MSH6 nucleotides -248 to -9, pGL3 4 contains 
MSH6 nucleotides -221 to -9, pGL3 5 contains MSH6 nucleotides -120 to -9, pGL3 6 contains MSH6 nucleotides -633 
to -252, pGL3 7 contains MSH6 nucleotides -633 to -193, and pGL3 8 does not contain any MSH6 sequences. 

Overall, these results suggest that (i) all seven Sp1 binding sites contribute to MSH6 promoter 

activity, (ii) that the Sp1-4, Sp1-5, Sp1-6, and Sp1-7 sites are the most important, and (iii) that the 

promoter does not contain a functional TATA box. 

Functional analysis of the three MSH6 promoter SNPs. Two of the three most common SNPs 

present in the MSH6 promoter region eliminate Sp1 sites and could have an effect on the promoter 

activity. To investigate this possibility, we generated a series of luciferase reporter constructs 

containing different combinations of the three SNPs and measured their luciferase expression 

activity in transient-transfection assays with CHO cells (Fig. 5).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 5. Effect of SNPs on the activity of the MSH6 promoter. The pGL3 wild-type MSH6 promoter reporter vector 
containing MSH6 nucleotides -633 to -9 and derivatives containing single base substitutions corresponding to the -
557G (SNP 1), -448A (SNP 2), and -159T (SNP 3) SNPs or combinations of these substitutions were analyzed for 
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promoter activity after transfection into CHO cells. The presence of base substitutions of interest is indicated by the 
nucleotides indicated above each promoter diagram and by the black circle on the relevant structural feature of the 
promoter diagram when an SNP is present. The pGL3 control vector contains the simian immunodeficiency virus 40 
promoter and the vector pGL3-9/-633WT contains the MSH6 promoter region in reverse orientation. 

The individual −557G (SNP 1) and −448A (SNP 2) changes did not significantly affect luciferase 

expression, whereas the single −159T change (SNP 3) reproducibly reduced luciferase expression. 

These observations are consistent with the above results, indicating that the individual Sp1-7 site is 

more important for promoter activity than the Sp1-2 site and that the −557 change does not alter a 

potential transcription factor binding site. The −448A −159T double SNP (SNP 2-3) construct and 

the −557G −448A −159T triple SNP construct (SNP 1-2-3), the latter of which likely corresponds 

to the major naturally occurring polymorphic allele, each reproducibly yielded less luciferase 

expression than the wild-type construct, although expression was higher than that seen for either the 

promoterless vector or a construct in which the MSH6 promoter was present in reverse orientation. 

Virtually identical results were obtained when the same constructs were transfected into the human 

BJ cell line (human skin fibroblasts), whereas the SNPs caused somewhat less reduction of 

luciferase expression than when the constructs were transfected into HeLa cells. 

Transactivation of MSH6 promoter activity by Sp1 and Sp3. To investigate whether Sp1 and 

Sp3 transfection factors could directly regulate MSH6 promoter activity, Drosophila SL2 cells, 

which are deficient in Sp-related proteins (59), were cotransfected with different combinations of 

Sp1 and Sp3 expression vectors along with different wild-type or mutant MSH6-luciferase reporter 

constructs (Fig. 6). When the full-length MSH6-luciferase construct or the empty vector (pGL3-

Enhancer vector) was cotransfected into SL2 cells, along with increasing amounts of the pPAC-Sp1 

and pPAC-Sp3 expression vectors, luciferase expression by the full-length construct was strongly 

and specifically stimulated by Sp1 expression, whereas Sp3 expression resulted in a lower level of 

specific expression (Fig. 6A). Consistent with this observation, when different ratios of the Sp1 and 

Sp3 expression vectors were cotransfected into Drosophila SL2 cells, along with the full-length 

MSH6-luciferase construct or the empty vector, strong MSH6 promoter-dependent luciferase 

expression was observed with the extent of expression increasing as the ratio of Sp1 to Sp3 

increased (Fig. 6B). Finally, the five different SNP containing reporter constructs described above 

were cotransfected into Drosophila SL2 cells, along with either the Sp1 expression construct, the 

Sp3 expression construct, or a 2:2 ratio of the Sp1 and Sp3 constructs (Fig. 6C). Under the three 

different Sp transcription factor expression conditions, the −557T (SNP 1) and −448A (SNP 2) 

single SNPs did not appear to significantly reduce luciferase expression, whereas the −159T SNP 

(SNP 3), the −448A −159T double SNP (SNP 2-3), and the −557G −448A −159T triple SNP (SNP 

1-2-3) combinations all reproducibly reduced luciferase expression. 

109



Regulation of the human MSH6 gene 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 6. Activation of the MSH6 promoter by Sp1 and Sp3 proteins in SL2 cells. The effect of Sp1 and Sp3 
transcription factors on the expression of luciferase driven by the MSH6 promoter was analyzed by cotransfection of 
the pGL3 vector or the pGL3-633/-9 vector containing the wild-type MSH6 promoter and either Sp1 or Sp3 expression 
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plasmids into Drosophila SL2 cells which lack endogenous Sp1 and Sp3. A. Drosophila SL2 cells were cotransfected 
with the indicated amounts of the pPAC-Sp1, pPAC-Sp3, or pPAC (empty) expression vectors and 0.4 µg of either the 
promoterless reporter construct pGL3-Basic vector or the pGL3-633/-9 vector containing the wild-type MSH6 
promoter. B. Drosophila SL2 cells were cotransfected with 0.4 µg of either the promoterless pGL3-Enhancer vector or 
the pGL3-633/-9 MSH6 promoter vector and 0.25 µg of either the pPAC empty vector or the indicated mixture of the 
pPAC-Sp1 and pPAC-Sp3 expression vectors. C. Drosophila SL2 cells were cotransfected with 0.4 µg of either the 
promoterless pGL3-Enhancer vector, the pGL3-633/-9 MSH6 promoter vector, or derivatives of pGL3 633/-9 
containing the indicated SNPs (see figure 5 for details about the SNP containing plasmids) and 0.25 µg of either the 
pPAC-Sp1, pPAC-Sp3, or an equimolar mixture of the pPAC-Sp1 and pPAC-Sp3 expression vectors. 

These results support the view that the MSH6 promoter is regulated by the Sp transcription factors 

and that the naturally occurring polymorphic promoter allele containing five Sp1 sites has less 

promoter activity than the wild-type promoter, which contains seven Sp1 sites. 

DNA methylation inhibits Sp1 binding and MSH6 promoter activity. It has previously been 

reported that DNA methylation can be associated with silencing of MSH6 expression (5). Because 

the Sp1 binding site consensus sequence is a potential substrate for CpG methylation, such 

methylation-dependent effects could be mediated by methylation of Sp1 sites. To investigate this 

possibility, the oligonucleotide duplexes containing the Sp1-1/2, Sp1-3, Sp1-4, Sp1-5, Sp1-6, and 

Sp1-7 sites (Fig. 7A) were methylated in vitro with SssI methylase and tested for their ability to 

compete with the unmethylated Sp1 consensus site for Sp1/Sp3 binding in EMSA assays (Fig. 7B). 

Methylation of all six Sp1 site DNAs significantly reduced their ability to compete with the labeled 

Sp1 consensus oligonucleotide for binding by Sp1 and Sp3 (lanes 3, 5, 7, 9, 11, and 13), although 

possibly not to the same extent as two-base mutations (GGGCGG→GTTCGG and 

CCGCCC→CCGAAC) that eliminated the Sp1 recognition sequence in each of the MSH6 Sp1 site 

oligonucleotides (lanes 2, 4, 6, 8, 10, and 12). In comparison, the Sp1 consensus competitor 

completely eliminated binding. Some previous studies have shown that methylation does not inhibit 

Sp1 binding (26), whereas other studies have found that methylation inhibits Sp1 binding depending 

on the exact sequence of the Sp1 binding site (12); thus, our results suggest that the sequence 

context of the MSH6 Sp1 sites allows DNA methylation to inhibit Sp1 binding. To further analyze 

the role of DNA methylation in regulation of the MSH6 promoter, the full-length MSH6 promoter 

luciferase reporter construct and the two versions containing either the −448A −159T double SNP 

(SNP 2-3) or the −557G −448A −159T triple SNP (SNP 1-2-3) combinations were treated with SssI 

methylase. The DNAs were then transfected into HeLa cells (Fig. 7C) or CHO cells (data not 

shown) to analyze the effect of DNA methylation on luciferase expression. Methylation of the wild-

type construct reduced luciferase expression by 90%, whereas methylation of the two SNP-

containing constructs reduced luciferase expression to <1% of that seen with the unmethylated 

wild-type construct. 
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Figure 7. Effect of DNA methylation on the MSH6 promoter Sp1 sites and promoter activity. A. Sequences of the 
competitor DNAs used in gel mobility shift assays. Only the sequence of the top strand of the oligonucleotide duplexes 
is indicated (see figure 3 for more details). The Sp1 binding consensus sequences (GGGCGG) and inverted 
complement sequences (CCGCCC) are indicated by the overlining and underlining, respectively. The numbering 
system for each of the Sp1 sites is as defined in figure 1B. The wild-type sequences are indicated (WT). The mutant 
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sequence Sp1-1/2Mut refers to the sequence containing the indicated 2-bp substitution mutations in both the Sp1-1 and 
Sp1-2 sites, whereas otherwise “Mut” refers to the presence of the indicated 2-bp substitution mutations in Sp1 sites 
Sp1-3 through Sp1-7. See figure 1A for sequences that are changed by these nucleotide substitutions. “Meth” refers to 
the wild-type sequences that have been methylated in vitro at the Cs designated in lowercase. B. Gel mobility shift 
assays performed with HeLa cell extract, radioactively labeled Sp1 consensus sequence as probe (see figure 3A), and a 
50-fold molar excess of the indicated competitor DNAs. The arrows indicate the three specific protein-DNA complexes 
formed. C. The pGL3 wild-type MSH6 promoter reporter vector containing MSH6 nucleotides -633 to -9 and 
methylated (Meth) versions of this plasmid or derivatives containing single base substitutions corresponding to the -
448A (SNP 2) and -159T (SNP 3) SNPs or the -557G (SNP 1), -448A (SNP 2), and -159T (SNP 3) SNPs were 
analyzed for promoter activity after transfection into HeLa cells. The positions of the HpaII and AciI sites that are 
substrates for DNA methylation are indicated by the symbols above the line diagram of each promoter, and the 
presence and position of the SNPs are indicated by the black circles on each line diagram. 

These results suggest that the MSH6 promoter could be regulated by methylation, including 

methylation of its Sp1 binding sites, and that the naturally occurring triple SNP five Sp1 site 

promoter allele is more sensitive to this type of regulation than the major seven Sp1 site promoter 

allele. 

Analysis of MSH6 expression in tumor cell lines containing MSH6 polymorphisms. To begin 

to assess the possible in vivo significance of the five Sp1 site promoter, a number of tumor cell 

lines were screened to identify lines containing different MSH6 polymorphic variants. To do this, 

the genomic MSH6 locus was sequenced and analyzed for mutations and polymorphisms (34). In 

some cases, fragments of the MSH6 genomic locus and cDNA were amplified by PCR, cloned, and 

sequenced to determine the linkage between different nucleotide changes present in the promoter, 

exon 1, and exon 4. Three glioblastoma cell lines were studied. LN229 was found to be 

homozygous for the seven Sp1 site promoter allele −557T −448G −159C 186C (exon 1) 642C 

(exon 4) and appears to have at least two copies of MSH6, as evidenced by the presence of 

heterozygous nucleotides at the site of common silent intronic polymorphisms (34). LN340 was 

found to be heterozygous for the five and seven Sp1 site alleles and for two silent coding sequence 

polymorphisms; one allele was −557G −448G −159C 186A (exon 1) 642C (exon 4), and the other 

allele was −557G −448A −159T 186C (exon 1) 642T (exon 4). LN443 only contained the five Sp1 

site allele −557G −448A −159T 186C (exon 1) 642T (exon 4). This cell line was probably 

hemizygous because no heterozygous nucleotides were observed at the site of common silent 

intronic polymorphisms. None of the cell lines contained a loss-of-function MSH6 mutation or 

amino-acid-changing variant. 

The cell lines LN229, LN340, and LN443 were first analyzed by Western blotting with antibodies 

to detect MSH6, MSH2, and tubulin as a loading control (Fig. 8A). LN340, the cell line that is 

heterozygous for the five and seven Sp1 site promoters, had reduced MSH6 levels compared to that 

of LN229, the cell line that was homozygous for the seven Sp1 site promoter. LN443, the cell line 
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that was homozygous for the five Sp1 site promoter, had further reduced very low, but still 

detectable, levels of MSH6. All three cell lines expressed similar levels of MSH2 and tubulin. 

Treatment of LN340 and LN443 cells with 5-aza-2′-deoxycytidine did not increase the MSH6 

protein levels, suggesting that the reduced MSH6 expression was not due to DNA methylation 

associated silencing in these cell lines. These results are consistent with the idea that the five Sp1 

site promoter is less active than the seven Sp1 site promoter in vivo.  

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 8. Analysis of MSH6 expression in glioblastoma cell lines.  A. Western blot analysis of MSH6, MSH2, and 
tubulin expression. Cell extracts were prepared from the LN229, LN340, and LN443 and analyzed by Western blotting 
as described in Materials and Methods. Portions (7.5 and 15 µg) of each extract were analyzed as indicated above the 
individual lanes. The MSH6, MSH2, and tubulin bands are indicated on the right side of the gel. B. Sequence analysis 
of MSH6 mRNA expression from the five and seven Sp1 site promoters. Genomic DNA and cDNA from LN340 cells 
were prepared and sequenced as described in Materials and Methods. LN340 cells are heterozygous for two different 
MSH6 alleles: one allele is the seven Sp1 site promoter allele -557G -448G -159C 186A (exon 1) 642C (exon 4), and 
the other allele is the five Sp1 site promoter allele -557G -448A -159T 186C (exon 1) 642T (exon 4). The sequences on 
the left cover the region around nucleotide 186 from a control (186C) DNA and LN340 genomic and cDNA as 
indicated. The sequences on the right cover the region around nucleotide 642 from a control (642C) DNA and LN340 
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genomic and cDNA as indicated. Reduction (high peak) of the relative levels of the 186C and 642T nucleotides linked 
to the five Sp1 site promoter compared to the levels of the 186A and 642C nucleotides linked to the seven Sp1 site 
promoter is seen in the cDNA relative to the genomic DNA. 

To further analyze the activity of the five Sp1 site promoter, mRNA was isolated from LN340 cells 

and used as a template for synthesis of cDNA. Then the region around nucleotides 186 and 642 was 

amplified by PCR from cDNA and genomic DNA and sequenced to determine the relative amounts 

of the two polymorphic nucleotides present at each site in each sample (Fig. 8B). Compared to the 

genomic DNA control, analysis of the relative peak heights in the cDNA indicated that the 186C 

and 642T variants that are linked to the five Sp1 site promoter were reduced by ca. 60% relative to 

the 186A and 642C variants linked to the seven Sp1 site promoter. In a control experiment with the 

LNZ308 cell line that is homozygous for the seven Sp1 site allele and heterozygous for the 186C/A 

(exon 1) polymorphism, there was no difference between the relative amounts of the 186C and 

186A alleles when genomic DNA and cDNA were similarly analyzed (data not shown). Similar to 

the Western blotting analysis, these results support the view that the five Sp1 site promoter is less 

active than the seven Sp1 site promoter, a finding consistent with the conclusion from the 

transfection analysis that the −448A and −159T polymorphisms each inactivate an Sp1 site that is 

important for the full activity of the promoter. We are currently performing a detailed molecular 

analysis of the consequences of reduced MSH6 expression in these cell lines. 

 

Discussion 

In the present study, we investigated the structure of the human MSH6 core promoter located 

within a DNA fragment containing nucleotides −633 to +1 relative to the MSH6 translational start 

site. Computer analysis indicated the presence of seven GC boxes potentially capable of binding 

Sp1 and Sp3 transcription factors located between positions −454 and −159, as well as other 

potential transcription factor binding sequences, including AP family, c-JUN, E2F, E4TF1, EF.C, 

and CAAT box sequences. All seven of the GC boxes partially contributed to promoter activity and 

were able to bind Sp1 and Sp3. MSH6 transcription appeared to initiate from multiple start sites 

located between nucleotides −250 to −50 and, consistent with this, deletion analysis showed that a 

potential TATA box at −623 was not required for transcription. These features are similar to those 

reported for other human MMR and MMR-related genes such as MSH2 and MLH1 (27, 28), where 

multiple start sites and the absence of a functional TATA box have been reported, and for PMS1 

and PMS2, where the promoter regions have been reported to contain CAAT boxes, CpG islands, 

and Sp1 binding sites (48, 71). TATA-less promoters are often activated by Sp family proteins. 
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Similar to the results reported here for MSH6, Sp1-dependent promoters contain multiple GC boxes 

located within several hundred base pairs upstream of multiple transcription start sites, and these 

GC boxes are recognized by the Sp1 protein (20), which actives mRNA synthesis by RNA 

polymerase II (13). In this respect, MMR genes, including MSH6, appear to be housekeeping genes. 

As part of the present study, we identified two different polymorphic alleles of MSH6 that had 

either five or six functional Sp1 sites and provided evidence that the five Sp1 site promoter is less 

active in vivo than the seven Sp1 site promoter, further supporting the view that MSH6 is regulated 

by Sp1. This suggests that the human population contains individuals with different levels of 

MSH6 promoter activity. 

To characterize the transcriptional regulation of the MSH6 gene, we performed a functional 

analysis of the 5′-flanking region of the gene. The mapping of the 5′ ends of the MSH6 mRNA by 

5′-RACE and primer extension assays revealed multiple start sites, including two major start sites 

that mapped between −76 and −70 bp from ATG. This finding confirmed the previous mapping of 

MSH6 start sites by using an RNase protection assay (60), although we observed a greater number 

of potential start sites than previously reported and mapped them to the nucleotide level. Seven 

potential Sp1 binding sites were observed in the proximity of the multiple transcription start sites, 

which suggests that the MSH6 promoter might be regulated by Sp1 and Sp3 transcription factors. 

To investigate this possibility, a series of deletion and two-base substitution mutations altering 

these Sp1 sites were tested for their effect on expression of a reporter construct in transient-

transfection assays. This analysis demonstrated that all seven Sp1 sites contributed to maximal 

expression and also suggested that the first four Sp1 sites upstream of the ATG were more 

important for expression than the three most upstream Sp1 sites. This type of regulation by multiple 

Sp1 sites has been observed for numerous other genes (23, 43, 50) for which synergistic activation due 

to binding of multiple Sp1 proteins is important for transcription and regulation of gene expression. 

Consistent with the view that MSH6 is an Sp1-regulated promoter, all seven Sp1 sites were found 

to bind both Sp1 and Sp3 and expression of an MSH6 core promoter construct in Drosophila SL2 

cells that lack Sp1 and Sp3 proteins was absolutely dependent on cotransfection with either Sp1 or 

Sp3 expression constructs. In addition, the one potential TATA box identified in the MSH6 

promoter region was not required for expression of MSH6, a finding consistent with that observed 

with other Sp1-regulated genes. Overall, the MSH6 promoter region resembles that of other MMR 

genes and related genes, such as MSH2, MLH1, PMS1, and PMS2, and is consistent with the idea 

that these genes are typical housekeeping genes that are transcribed by RNA polymerase II. 
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The presence of multiple Sp1 sites in the MSH6 promoter has a number of implications for the 

regulation of MSH6 expression. It is known that Sp1 and Sp3 can act as transcriptional activators or 

repressors, depending on the specific promoter involved and also on the form of Sp3 (short or long) 

present in the cell (3, 16, 23, 53). In addition, the hypothetical model of Kwon et al. (35) has suggested 

that the number of sites occupied by Sp1 or Sp3, which compete for the same binding site, are 

determined by levels and the relative proportion of Sp1 and Sp3 in the cell and affect both 

transcription initiation and promoter activation. The cotransfection analysis with the Drosophila 

SL2 cells presented here indicates that MSH6 is more strongly activated by Sp1 than by Sp3. This 

suggests that MSH6 expression could be affected by the relative levels of these two transcription 

factors present in different cell types. 

Analysis of the promoter of other MMR genes and of related genes such as MLH1, MSH2, and 

PMS1 has identified polymorphisms in the 5′ upstream of these genes that did not appear to affect 

the transcription of the genes (27, 28,71). Recently, there has been a report of germ line mutations in 

the MHS2 promoter that may have pathogenic effects in some suspected HNPCC and sporadic 

colorectal cancer patients (56). To investigate the presence of polymorphisms in the MSH6 

promoter region, nucleotides −633 to +39 were sequenced from 100 samples of the human diversity 

set of normal control DNAs and from 100 normal Caucasian control DNAs. Compared to the wild-

type sequence (−557T −448G −159C), the most common polymorphic allele was −557G −448G 

−159C, which was heterozygous or homozygous in 30% of the diversity and Caucasian sample 

sets. The −557G (SNP 1) change does not appear to alter any sequence required for transcription 

factor binding and, consistent with this, the −557G −448G −159C allele did not cause altered 

promoter activity in transfection experiments. Interestingly, 16% of the Caucasian DNAs were 

heterozygous or homozygous for the −557G −448A −159T or −557T −448A −159T alleles, which 

were present in the diversity set at a lower frequency, a finding consistent with the proportion of 

Caucasian DNAs in the diversity set. The −448A (SNP 2) and −159T (SNP 3) changes eliminated 

the Sp1-2 and Sp1-7 consensus sites and, a finding consistent with this, the mutant sites were no 

longer bound by Sp1 or Sp3. In transfection experiments, the −557G −448A −159T allele showed a 

50% reduction in promoter activity, and this allele was significantly more sensitive to inactivation 

by DNA methylation than the wild-type allele. Analysis of MSH6 expression in cell lines 

containing the −557G −448A −159T allele showed that the five Sp1 site promoter was less active 

than the seven Sp1 site promoter, resulting in reduced MSH6 expression at both the mRNA and 

protein level; this result provides further evidence that MSH6 is a Sp1 regulated gene in vivo. We 

also observed that 2% of the Caucasian DNAs were heterozygous for the −210T change (SNP 4); 

these data and two additional examples (not shown) are consistent with the polymorphic allele 
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being −557T −448G −210T −159C. The −210T change (SNP 4) is predicted to inactivate the Sp1-5 

site, which is particularly important for promoter activity, although this polymorphic variant was 

not analyzed directly for its effect on promoter activity. These results suggest that Caucasians 

contain two relatively common polymorphic variants that result in reduced MSH6 promoter 

activity. However, at present, we have no evidence that either variant is associated with increased 

cancer susceptibility. Finally, we observed five other SNPs at low frequencies in the diversity set 

but not the Caucasian set, none of which appear to alter sequences predicted to be important for 

promoter activity. 

The MSH6 promoter region has a high GC content, a finding consistent with the presence of seven 

Sp1 sites in the promoter region. This raises the possibility that the MSH6 promoter region could 

be a target of DNA methylation at CpG sites (12, 22). No studies have yet examined MSH6 

expression and methylation in human tumors; however, a human tumor cell line has been reported 

in which MSH6 expression was absent but could be reactivated by treatment with 5-azacytidine, 

indicating that MSH6 expression can be eliminated by DNA methylation associated gene silencing 

(5). Consistent with this, we have observed that methylation of the MSH6 promoter region at CpG 

sites by SssI methylase significantly reduces promoter activity. In addition, consistent with some 

published reports (12), methylation of oligonucleotides containing the different MSH6 Sp1 sites 

reduced the ability of each site to bind Sp1 and Sp3, although not as much as a mutation 

eliminating each Sp1 site. This suggests that methylation of individual Sp1 sites may result in 

reduced promoter activity by reducing Sp1 binding. In addition, it is thought (12) that binding of 

Sp1 transcription factors to their GC-rich binding sites helps maintain CpG islands in an 

unmethylated state. As a consequence, mutation or deletion of Sp1 sites could reduce binding of 

Sp1 transcription factors, allowing de novo methylation of CpG islands (9, 32, 40). This has been 

reported for the Rb gene, where mutations resulted in promoter silencing (55). This finding suggests 

that, because the two polymorphisms (−448A, SNP 2; −159T, SNP 3) decrease the amount of Sp1 

bound to the MSH6 promoter and hence increase the sensitivity of the MSH6 promoter to silencing 

by DNA methylation in vitro, this polymorphic allele could be a preferential target of de novo 

methylation, resulting in transcriptional silencing of the gene compared to the more prevalent seven 

Sp1 site promoter. It is also possible that reduced transcription due to methylation of Sp1 sites 

could then facilitate the binding of other factors to methylated DNA, resulting in more complete 

silencing of MSH6. However, to our knowledge, there have been no reports of epigenetic silencing 

of MSH6 in tumors, although there have been reports of loss of expression of MSH6 in tumors. 
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Colorectal tumors arise as a result of a series of genetic changes, starting with single cell lesions 

and progressing through small benign tumors (adenoma) to malignant cancers (carcinomas). Most 

colorectal cancers occur in the absence of recognized inherited genetic alterations and are 

considered sporadic tumors. However, several inherited predispositions to colorectal cancer exist. 

The two most common and best characterized are hereditary nonpolyposis colorectal cancer 

(HNPCC) and familial adenomatous polyposis (FAP). Both are dominant transmission syndromes 

and the inherited predisposition of colorectal cancer results from the inheritance of a single 

defective mutated gene from the affected parent. HNPCC and FAP account only for a small 

fraction of colorectal cancers. The study of these inherited forms allows the possibility to discover 

the responsible genes and to identify the mechanisms involved in colorectal tumorigenesis. A 

growing amount of genetic and biochemical data indicate that neoplastic transformation in HNPCC 

and FAP develop by two different molecular pathways (Chapter 1.1.1). These are recognized as a 

series of genetic changes that start with the inactivation of stability genes (mismatch repair [MMR] 

genes) in HNPCC or a tumor suppressor gene (adenomatous polyposis coli [APC] gene) in FAP. 

Deficiency of APC protein is thought to result in adenomas and malignant transformation (Chapter 

1.3). Defects in stability genes do not directly affect cellular growth. The function of the MMR 

genes is to maintain the integrity of DNA during replication (Chapter 1.2.1.1). MMR genes correct 

nucleotide base mispairs, small insertions and deletions generated by misincorporations or slippage 

of DNA-polymerase that have escaped proofreading during DNA replication. The MMR genes 

include: MLH1, MSH2, MSH6, MLH3, PMS1 and PMS2. This thesis is focused on the mechanisms 

that are involved in the first step of the tumorigenesis of HNPCC and on the molecular analysis 

able to detect genetic alterations in HNPCC and FAP patients and individuals at risk of these 

hereditary forms of colorectal cancer. 

 

FAP and HNPCC follow the Knudson two-hit model (Chapter 1.2.1.2), in which inactivation of 

the gene arises from an inherited mutated allele at the germline level (first hit) and a second 

independent genetic alteration on the wild-type allele at the somatic level during the life-time 

(second hit). Germline mutations result in an inherited susceptibility (high risk) for colorectal 

cancer in 50% of the offspring of the affected parent. Appropriate positive family history of cancer, 

detailed histopathology and clinical reports are still crucial to allow mutation analysis. The use of 

different techniques along with MSI testing and immunohistochemistry has proven useful in 

detecting MMR defects in suspected HNPCC families 94-96. In immunohistochemical analysis, a 

specific genetic deficiency is detected by using a monoclonal antibody against MMR proteins. The 

inactivation of MLH1 or MSH2 genes results in loss of the protein expression in the nuclei of 

neoplastic cells. When there is a lack of nuclear staining a subsequent mutational analysis is 
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initially performed on the gene. If a mutation is detected, family members of carriers of the 

identified genetic alteration are counseled and in those found to be at risk are offered mutation test. 

Therefore, efforts have been made to find the best clinical criteria based on family history and 

sensitive screening methods (Chapter 1.2), allowing the selection of familial cases with affected 

members and predisposed individuals. Identification of individuals at high risk of FAP and HNPCC 

may improve their clinical surveillance and reduce the incidence of colorectal cancer. In the cases 

where different direct mutational analyses do not succeed to identify genetic alterations, the indirect 

haplotype analysis is the easiest next step for performing presymptomatic diagnosis (Appendix). In 

families where several affected individuals are available linkage analysis can be performed, which 

can be a rapid and still valuable method 1-5. In Chapter 2 large set of samples comprising 217 

individuals from 20 FAP families has been analyzed by using seven polymorphic markers. Clinical 

diagnosis of FAP was established in 83 subjects at the moment of the analysis and no mutations 

were identified in the APC gene by classical techniques. The combination of polymorphic markers 

proved to be informative and allowed an accurate determination of the pedigree structure in 18 out 

of 20 of the families. Based on the analysis of the affected patient it was possible to identify the 

haplotype associated with the disease and follow the segregation in all relatives. Ten of the 53 

presymptomatic individuals appeared to have inherited the haplotype associated with the affected 

members and carry the risk to develop FAP. In conclusion, we showed that linkage analysis is still 

a successful method, providing an opportunity to follow up all 10 asymptomatic individuals with 

clinical screening tests and allowing the detection of the disease at an early age and curable stage.  

 

Linkage analysis is less often used in diseases such as HNPCC, where heterogeneity of genetic 

alterations and multiple genes can be involved (Chapter 1.2.3). In HNPCC cases the first test 

performed, as recommended by ICG-HNPCC 6, should be Microsatellite Instability (MSI) analysis 

(Chapter 1.2.2.1). Instable microsatellites have been considered to reflect mutant MMR genes. 

This instability occurs in somatic cells (tumor tissue) as a consequence of inactivation of the MMR 

system and is identified as small insertions or deletions within short tandem repeats (microsatellite 

repeats) located throughout the genome (Chapter 1.2.2). According to international guidelines 6, 

MSI phenotype is classified in two distinct groups of tumors: MSI-H (high frequency of MSI) and 

MSI-L (low frequency of MSI). The use of greater a number of polymorphic markers allows the 

distinction between MSI-L and MSS (microsatellite stable) (Chapter 3). MSI analysis on 45 

colorectal cancer patients, including 13 HNPCC families and 32 non-HNPCC families, showed 

MSI-H status in 85% of HNPCC families and in 16% of non-HNPCC families (Chapter 3). We 

observed an association between HNPCC and MSI-H, as also reported by others7-9, providing 
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support for the hypothesis 10 that a “mutator” phenotype may promote tumorigenesis. Moreover, 

MSI-H status has also been correlated to increased risk of cancer in the proximal colon, where 

HNPCC tumors are typically localized. On the basis of these conclusions, MSI analysis appears to 

be a convenient and rapid prescreening test for HNPCC families fulfilling the Amsterdam (I-II) and 

Bethesda criteria.  

 

HNPCC cases with MSI-H have been correlated with the presence of genetic alterations in the 

MMR genes, in particular MLH1 or MSH2 11-14. In agreement with this finding, 50% of affected 

HNPCC patients showing MSI-H tumors have been identified to carry a germline mutation in one 

of these two genes (Chapter 4). The mean age of diagnosis of these patients was significantly 

lower (about 10 years) compared to patients without mutations, suggesting that mutations in the 

MLH1 or MSH2 genes cause a more severe phenotype with an early age of tumor onset. In these 

patients no genetic alterations were detected in the MSH6 gene. The analysis was performed on 16 

Italian families by SSCP and direct sequence analysis. To facilitate detection of mutations in the 

MSH2 and MSH6 genes a protein truncation test (PTT) was added. The choice of these methods 

was based on the type of genetic alterations previously identified in the MMR genes, which have 

been assembled in a database 15. The finding in Chapter 3 and 4 establish a consistent correlation 

between MSI-H and identified germline mutations in HNPCC cases. In addition the results assess 

the advantage of MSI analysis as the first test with the purpose to identify germline mutation 

carriers. 

 

Alternative mechanisms of MMR gene inactivation include genomic deletions, promoter 

methylation and alteration in the binding of transcription factors, where the latter two result in 

transcriptional silencing of the gene (Chapter 1.2.1.2). In humans epigenetic alterations are 

characterized by methylation of the cytosine nucleotide, giving a 5-methylcytosine at the CpG site 

with no changes in DNA sequence (Chapter 1.2.3.4). Most of the promoters of human genes are 

rich in CpG sequences (CpG islands) and are therefore susceptible to methylation (an epigenetic 

process). Promoter methylation as an epigenetic alteration associated with transcriptional silencing 

of tumor suppressor genes has been reported in different sporadic cancers 16, 17.  In many sporadic 

colon cancers somatic silencing of both copies of the MLH1 gene is associated with biallelic 

methylation, or methylation and LOH, or mutation and promoter methylation, which all result in a 

loss of MLH1 expression 18-21. Silencing of the MLH1 gene by hypermethylation of its 5’CpG 

islands has been found in most sporadic primary colorectal cancer cases with MSI 22. The idea that 

hypermethylation and the subsequent inactivation of the MLH1 gene leads to MSI is supported by 
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the observation that reversing the methylation status, by treating the cultured colorectal cancer cells 

with a demethylating agent (5’-aza-2’deoxycytidine) corrects the MMR defect and the associated 

MSI 22. Promoter methylation of the MLH1 gene has been observed in the majority of colorectal 

adenocarcinomas 22-25 but also in normal colonic epithelium 26. Recently, epigenetic alterations in 

the MLH1 promoter have been detected in peripheral blood (Chapter 5, 27-29), indicating a new 

mechanism of allelic inactivation at the germline level (Chapter 1.2.1.2). In Chapter 5 we report 

the first case of constitutional hemi-methylation in the promoter of the MLH1 gene. Fourteen 

HNPCC cases with MSI-H and without germline mutations in the MMR genes were examined for 

hypermethylation of the MLH1 gene using a methylation-specific polymerase (MSP) chain reaction 

assay (Chapter 1.2.3.4). The analyzed promoter region was previously reported as a critical area 

associated with a loss of expression of the gene due to the possible presence of several methylated 

CpG sites close to the regulatory motif and transcription factor binding sites 30. One of the 14 

HNPCC cases was identified to have methylated and unmethylated alleles in blood DNA and only 

methylated allele in tumor tissue. Analysis of SNP previously described in this region 31 showed 

that blood DNA was heterozygous for the -93 G/A polymorphism, whereas tumor DNA was 

homozygous (G), indicating loss of heterozygosity (LOH) and resulting in the loss of the 

unmethylated allele at somatic level. Consistent with a loss of the unmethylated allele 

immunohistochemistry showed an absence of MLH1 protein in the tumor. This single case raised 

the possibility that methylation at the germline level represents an alternative genetic alteration to 

the well-known missense, nonsense mutations and genomic deletions.  In the following years other 

investigators 27-29 have reported cases of constitutional hemi-methylation in HNPCC and sporadic 

colorectal cancer at an early age with MSI-H using MSP assays. Suter et al. 27 identified two 

unrelated individuals with hypermethylation in the promoter of the MLH1 gene. Both patients were 

characterized as MSI-H HNPCC cases with a clinical diagnosis of the first colorectal cancers at the 

age of 43 and 46. Epigenetic alterations were observed in all normal tissues, including peripheral 

blood, buccal mucosa and hair follicles. MLH1 methylation was also detected at a low level in germ 

cells (spermatozoa). In both HNPCC patients methylation of the MLH1 promoter was confined to 

one of the two alleles and the unmethylated allele was lost in the tumors, LOH was detected using a 

single nucleotide polymorphic site as previously mentioned ( 31 and Chapter 5). A complete loss of 

MLH1 protein expression was observed using immunohistochemistry. Using the same technique, 

germline MLH1 epimutation was also identified in a single HNPCC patient by Hitchins et al. 29 

Hypermethylation of the MLH1 promoter was detected in peripheral blood in 4 out of 30 sporadic 

early-onset colon cancer patients with MSI-H 28. In three cases methylation was also identified in 

both normal tissue (colon, gastric mucosa, endometrium and bone marrow) and tumor tissue (colon 
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and endometrial cancer). Analysis of the polymorphic site in the MLH1 promoter showed 

hemiallelic methylation in two of these three cases. In one case the unmethylated allele was lost in 

the tumor. Interestingly, all above cases follow the two-hit tumor suppressor gene hypothesis 

(Chapter 1.2.1.2), confirming that biallelic inactivation by promoter methylation and LOH result 

in an absence of MLH1 expression in the tumor. Recently, a first case of germline 

hypermethylation and somatic frameshift mutation of the MSH2 gene has been reported by Chan et 

al. Methylation of MSH2 promoter was observed in one of the 31 analyzed cases with early-onset 

or familial CRCs and MSI. Subsequent methylation analysis was performed in the epimutation 

carrier’s family and ten of the twelve family members were identified to have hypermethylation of 

MSH2 promoter in blood leukocytes and in normal rectal mucosa. Analysis of two SNPs in the 

promoter region showed that hypermethylation was always associated with two specific variants (-

118T;-443G) in blood and in somatic tissues. Haplotype analysis showed a perfect segregation of 

the haplotype associated with cancer (2 CRC; 1 EndoCA) in ten members of the family, all carrying 

germline MSH2 methylation. In three siblings, cancer was detected at early age (CRC-30yrs; 

EndoCA-43yrs; CRC-40yrs) and tumors did not show expression of MSH2 protein. Only two 

individuals did not have inherited the disease haplotype and methylation was also not observed in 

blood leukocytes, rectal mucosa or buccal mucosa. Methylation analysis was also performed in 56 

paired tumor and normal sporadic CRC samples, 11 colorectal adenomas and 10 germline DNA 

samples from blood donors, but none of them showed hypermethylation in MSH2 promoter. Chan 

et al. have reported the first case of inherited epimutation in a family putatively affected with 

HNPCC, suggesting that hypermethylation could act as the first “hit” to inactivate one allele of 

MSH2, whereas second hit is acquired in the hemimethylated cells for the progression of cancer. In 

conclusion, these data confirm our earlier findings in Chapter 5 and further proof that methylation 

and the associated silencing of the MLH1and MSH2 genes represent an alternative germline change 

that can underlie the development of cancer.  

 

Another mechanism has been proposed for constitutional allelic inactivation involving a change at 

the gene expression level rather than alteration in the DNA sequence. Different investigators 

(Chapter 6,  32-36) have reported that single nucleotide polymorphisms (SNPs) in the regulatory 

promoter region are associated with altered promoter activity and gene expression, both in vivo and 

in vitro. In genes such as Rb, EGFR and hMSH6 33, 37, 38, whose promoter activity is mostly 

regulated by Sp1 transcription factors in the absence of a TATA box, the presence of SNPs at the 

Sp1 sites can quantitatively alter mRNA levels and protein expression resulting in a susceptibility 

for tumorigenesis. Functional analysis of the 5’-flanking region of the hMSH6 gene identified two 
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single nucleotide polymorphisms located within the consensus sequence of two of the seven Sp1 

transcription factor binding sites in the core promoter (Chapter 6). Polymorphism analysis 

revealed that the two SNPs completely eliminated the ability to bind Sp1 protein, resulting in a 50% 

reduction in promoter activity compared to the wild-type allele. This finding was confirmed by in 

vivo experiments, in which MSH6 mRNA and protein were found at very low levels in 

glioblastoma cell lines containing both SNPs in heterozygous or homozygous form. Previously 

analysis of identified SNPs in the promoter region has never been observed to affect the 

transcription of the MMR genes 31, 39, 40, 41. A subsequent analysis on Caucasian and diversity 

sample sets showed that the two allelic variants were always associated with a higher incidence in 

the Caucasian population (16% vs. 3%). Mutational and biochemical analyses were performed to 

characterize the regulation of the MSH6 promoter and the function of the seven potential Sp1 

binding sites. We observed that all seven Sp1 binding sites contributed to the expression of the 

MSH6 gene, but the four Sp1 sites closest to the transcriptional start sites were the most important. 

Synergistic activity, due to binding of multiple Sp1 transcription factors, has been previously 

reported 42, 43, 44 in other genes. In addition, all Sp1 sites were found to bind Sp1 and Sp3 

transcription factors. We also observed that competition for these sites and the promoter activity 

depended on the intracellular levels of the transcriptional activator (Sp1) and the repressor (Sp3) 

factor. This finding is consistent with the hypothetical model of Kwon et al. 45, which suggests that 

the occupied number of Sp1 and Sp3 sites are determined by the proportion of the relative 

transcription factors in the cell. In addition, using an in vitro assay we observed that methylation of 

the seven Sp1 sites decreased the ability of each site to bind Sp1 and Sp3 resulting in a 90% 

reduction of MSH6 promoter activity. Methylation has been found to inhibit Sp1 binding sites 

depending on the position of the methylated C in the Sp1 site (CCGCCC) 46. On the other hand, 

binding of the Sp1 transcription factor to the GGGCGG/CCGCCC box also helps to maintain the 

CpG islands in an unmethylated state 46. In vitro methylation analysis of the two Sp1 sites 

containing the SNPs showed a decrease of the promoter activity to <1%, suggesting that genetic 

alterations at the Sp1 site could be the target of de novo methylation and be more susceptible to 

silencing by epigenetic process compared to the wild-type allele with seven Sp1 sites. In 

conclusion, these data showed that polymorphisms in the regulatory region increase a decreased 

constitutional expression of one allele of the MSH6 gene. Moreover, the results suggest that the 

human population contains individuals with different levels of MHS6 promoter activity. A possible 

consequence consistent with the Knudson two-hit model is that additional mutations and loss of the 

wild type allele at the somatic level can result in inactivation of the MSH6 gene. Silencing of this 

gene causes an increased accumulation of base substitution mutations, single base insertion/deletion 
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mutations and instability of the mononucleotide repeats (Chapter 1.2.3.2). Absence of MSH6 

protein results in a partial loss of mismatch repair function, due to the partial redundancy function 

with MSH3 gene, which repairs large insertion/deletion mutations (Chapter 1.2.1.1). 

 

In conclusion, we identified different mechanisms that can lead to the inactivation of MMR genes 

in HNPCC, including a high incidence of point mutations. Most interestingly, two novel 

mechanisms were identified that occurred at a low incidence: (i) methylation of the MLH1 gene, 

and (ii) SNPs in the transcription factor sites of the MSH6 gene. Both genetic alterations affected 

the expression of one of the alleles at a constitutional level. Recently other groups have identified 

new cases of epigenetic alteration of MLH1 in mutation negative carriers. Thus, additional analyses 

may improve the detection of genetic alterations in mutation negative individuals, such as an 

analysis of the transcriptional regulation of the MMR promoter regions and the methylation status 

of MLH1 gene. In a large fraction of HNPCC and FAP patients advanced screening techniques do 

not detect any genetic alterations. In these cases we showed that linkage analysis may help identify 

the individuals at risk of hereditary colorectal cancer. 
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Screening strategies and approaches 

 

This section focuses on the types of strategies used in laboratories conducting screening analysis 

and describes the benefits and disadvantages of the different techniques. Some of the assays 

discussed below have been used in this study and are described in the following Chapter. A 

particular emphasis will be put on successful novel techniques. Automated and high-throughput 

analytical technology has allowed to switch from the use of classical radioactive molecules to the 

fluorescent molecules, resulting in sensitive assays, no radioactive score and a lower risk for the 

operator. 

 

1. Classical methods 

 

Predictive genetic testing is indispensable for individuals at risk of colorectal cancer in order to 

receive an appropriate surveillance program in a timely manner. The detection rate can be improved 

by using multiple techniques that reliably detect point mutations, insertions, rearrangements, 

hypermethylation, deletions of individual base pairs, entire genes, or whole chromosomes, with a 

cumulative sensitivity of over 95%. Linkage analysis and direct mutational analysis are the two 

main approaches used in genetic testing. Linkage analysis, which is used in Chapter 2, compares 

the haplotypes of affected patients with unaffected members of the family. The haplotype is found 

by analyzing di-trinucleotides repeats (genetic markers) located within or close to the chromosomal 

region of the gene. Linkage analysis has been found useful in the identification of new genes by 

localization of loss of heterozygosity or as a first step in the presymptomatic diagnosis of 

monogenic diseases, which are due to a mutation in a single locus. Such analysis requires DNA 

from the affected and unaffected individuals, where a small number of samples, uncertain paternity 

or early death can restrict the usefulness. Moreover, linkage analysis provides only an estimate of 

the risk of being a carrier of the mutant gene and therefore laboratories do not perform this method 

anymore. In contrast, direct mutational analysis offers the possibility to detect precise location of 

the mutation. The choice of the techniques is based on the gene involved, the sensitivity of the 

assay and the cost-effectiveness of the test. The existing tests fall in two categories: (1) screening 

techniques, which are able to detect mutations that result in conformational changes of the DNA or 

expression of the gene, and (2) direct sequencing of DNA. In diseases such as HNPCC where 

different genes can be involved direct sequencing analysis can be very expensive and in many 

laboratories it is performed only after classical or novel methods have detected a mutation. Direct 

sequencing analysis has some limitations in that it can not detect large genomic deletions or 

mutations that affect gene expression, and the sensitivity of the assay is 80% 1. 
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For HNPCC cases the ICG-HNPCC recommends immunohistochemistry (IHC) and microsatellite 

instability analysis (MSI) before undertaking any other screening methods. The majority of FAP 

cases are analyzed using a protein truncation test (PTT).  The use of this technique is explicable 

because most mutations are insertions, deletions and nonsense mutations that lead to frame shifts or 

premature stop codons, which result in the truncation of the APC gene product. Protein from APC 

genes with a truncating mutation is often unstable and difficult to detect by Western blotting 2. The 

PTT assay uses in vitro transcription and translation to generate a protein product from mRNA, 

which results in a shorter size product compared to the wild-type allele if it carries a mutation such 

as a deletion, insertion or splice variant. Unfortunately, it does not detect missense mutations, in-

frame deletions, insertions or promoter mutations. Moreover, a potential problem using cDNA is 

that the level of mutant mRNA could be much lower than that of the wild-type mRNA. This altered 

allele ratio can be detected using an allele-specific-expression assay which in combination with 

PTT analysis increases the detection of APC gene alterations to 87% 3. Alternative strategies are 

highly sensitive and specific for detecting of changes in DNA structure created by point mutations. 

These classical techniques include single-strand conformation polymorphisms (SSCP), denaturing 

gradient gel electrophoresis (DGGE) and denaturing high-performance liquid chromatography 

(DHPLC) assays. The latter two techniques are the most popular heteroduplex assays and are used 

as a first screen to identify point mutation, small deletions and duplications. DGGE is an alternative 

to PTT and has a higher sensitivity of detecting mutations in the APC gene 4. DGGE requires 

expensive special primers with GC clamp, the choice of which is very critical for the result of the 

assay. Different authors indicate the combined use of DGGE and PTT, or Southern blot and direct 

sequencing as an efficient strategy for the detection of mutations in FAP 5-7. The use of DHPLC for 

the detection of DNA sequence variations in APC and MMR genes has been found to be a rapid 

and efficient method with a sensitivity of 97% 8-11. The method is based on a comparative analysis 

of the mobility of the heteroduplex and the wild-type homoduplex under partially denaturing 

conditions using different melting temperatures and automated HPLC equipped with a DNA 

separation column. The optimum conditions are determined by the sample size and the melting 

behavior of the wild-type sequence, resulting in an early elution of the sample due to a decreased 

retention time by the DNA separation column. Normally, the heteroduplex results in a reduced 

column retention time compared to the homoduplex strand. Heteroduplexes are confirmed by 

sequence analysis, determining the precise location of the mutations. This method presents several 

advantages including the use of DNA and amplified products, a rapid result (7 minutes for sample), 

a high sensitivity, reproducible data and low cost compared to others. However, like DGGE and 

direct sequence analysis, DHPLC is limited by the inability to detect gross deletions. In the last two 
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decades the SSCP assay has been the most common and cheapest analysis, although it is less 

sensitive to detect mutations and DNA polymorphisms. SSCP is based on the ability of one or more 

changed nucleotides to alter the electrophoretic mobility pattern of a single-stranded DNA 

molecule under non-denaturing conditions (Chapter 3).  

 

 

2. Fluorescent techniques 

 

Radioisotopic and non-radioisotopic techniques have been replaced by fluorescent detection 

methods. For example, in the SSCP assay detection with radioisotope or silver staining (Chapter 3) 

has been substituted by fluorescent SSCP (F-SSCP). The new technique is based on the use of 

different fluorescent dyes containing chemical group (fluorophores) that fluoresce when exposed to 

a specific wavelength of light. Fluorescent dyes are used as labels and can be incorporated directly 

during the polymerase chain reaction (PCR) by being attached to a nucleic acid (ddNTPs), or 

indirectly by being attached to a primer. The fluorescent dyes are excited by a beam of light from 

an appropriate light source (argon laser) through a color filter (excitation filter) designed to transmit 

light at the desired excitation wavelength. During the electrophoresis run the laser beam is focused 

at a specific constant position on the gel, where it excites the migrated fluorophore attached to the 

sample resulting in emission of light that is captured by a barrier filter and transmitted to a charged 

coupled device (CCD) camera. It is possible to combine multiple fluorophores in the same reaction 

with different emission and excitation wavelengths. In the F-SSCP assay two fluorescent dyes are 

attached to the primers and the amplification products result in two peaks of different mobility in 

the presence of the heteroduplex 12. In the fluorescent competitive allele-specific polymerase chain 

reaction (SNiPTag) 13 assay, fluorescence is only detected when the extreme 3’ terminus of the 

primers match perfectly with the template and permit the final synthesis of the strands. However, in 

direct sequencing the use of four different fluorescent dyes labeled to the four different chain-

terminating dideoxynucleotides (G, A, T, C) is necessary to determine the complete sequence of the 

fragment. In other methods such as multiplex ligation-dependent probe amplification (MLPA) and 

multiplex amplification and probe hybridization (MAPH) 14, one fluorescent dye is used to detect 

multiplex amplification products by a difference in amplicon sizes. In the last few years MLPA and 

MAPH have detected large numbers of genomic rearrangements that had not been revealed by 

conventional DNA and RNA-based techniques 15-19. Both methods have proven to be efficient and 

reliable in identifying deletions and duplications in several genes, including MMR and APC genes. 

MLPA is a quantitative multiplex PCR-based method, which allows the identification up to 40 
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different PCR products of the DNA target sequence gene in a single experiment, requiring a small 

amount of genomic template 20. Specific probes for each exon consist of two oligonucleotides 

(hemiprobe) containing target-specific sequences at one site and a universal primer annealing 

sequence at the other site (Fig. 1).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
Figure 1. Graphic example of Multiplex Ligation-dependent Probe Amplification (MLPA) technique. A. Denatured 
genomic DNA is hybridized with a mixture probes (T). Each probe consists of two oligonucleotides that hybridize to 
the adjacent target sequence (target A or B), two universal primer (X, Y) and different stuffer  sequence (Z). The two 
hemi-probes are ligated to produce a unique probe (T) by a thermostable ligase. All probe ligation products are 
amplified simultaneously by PCR using universal primers (X and Y), resulting in unique amplification length. B. 
Amplification products are separated by capillary electrophoresis and relative amounts of probe amplification products 
reflect the relative copy number of target sequences. An example of deletion of the entire MLH1 gene is reported. The 
exons are labelled from 1 to 19 and each one is characterized by one short peak showing deletion and one tall peak 
representing the control DNA. Unlabelled peaks are internal control (MSH2 exons and other genes). Adapted from 
Gille JJ et al., Br J Cancer. 2002 Oct 7; 87(8):892-7. Reproduced with permission from Nature Publishing Group. 
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Both hemiprobe are designed to hybridize to adjacent target sequences. After hybridization both 

hemiprobes are ligated to form one strand permitting the subsequent amplification. In the presence 

of genomic rearrangements the two oligonucleotides are not located next to each other resulting in 

an absence of ligation and amplification. The ligated probes for different exons or for different 

genes have an identical end sequence (universal primer) and a different length of the stuffer 

sequence, which allows the simultaneous amplification in a single PCR reaction and electrophoretic 

separation by size gradient. The amount of PCR product is proportional to the amount of the 

specific target sequence present in the sample. Semiquantitative analysis is performed by attaching 

a fluorophore to the primers and comparing the peak heights of each amplicons to the 

corresponding exons in the normal control. The evaluation is carried out by the ratio between the 

interesting peak and its wild-type, where 1.0 is the dosage quotient for normal sequence, 0.5 (range 

0.3-0.7) and 1.5 (range 1.3-1.7) for deletions and duplications, respectively. MAPH provides an 

alternative DNA approach to MLPA for detecting and quantifying genomic rearrangements. Like 

the previous technique this method is based on the hybridization of amplifiable probes to unique 

genomic DNA sequences. One microgram of DNA is immobilized on a nylon filter (Fig. 2). After 

hybridization with the probe mixture all nonspecific probes are removed by stringent washing. 

Hybridized probes are denatured and amplified quantitatively by PCR after which fluorescently 

labeled products are analyzed by electrophoresis. MLPA and MAPH have improved the sensitivity 

of mutational analysis in those cases where mutations can not be identified by sequence analysis or 

classical methods. Both assays have proved to be useful and sensitive methods for the gene dosage 

analysis of MMR and APC genes 21-25. They are PCR-based assays and generate similar results. 

Based on the type of probes MAPH has the advantage of being not sensitive to single substitution 

variants within the target sequence, since the probe (100-200 base pairs) hybridizes even in the 

presence of mutations or deletions/insertions of a single base pair in the tested exon. The 

disadvantage is that MAPH probes are always amplifiable and they need to be removed from the 

unbound target template, which step results in risk of contamination. The advantage of using 

MLPA is that the probes become amplifiable after the ligation and the entire reaction is performed 

in a single tube. Due to the short length of the specific probes (20-30 nucleotides) polymorphisms 

or single base mutations in the probe binding region can affect probe hybridization, which may 

result in an absence of ligation and amplification, and an apparent deletion of the exon. Therefore, 

detection of single exon deletion events should be confirmed either by sequencing long-range PCR 

product (from DNA or cDNA) or by including two different sets of probes in each exon. The 

advantage of both techniques is the small amount of DNA required (1 µg for MAPH analysis and 

only 100-200 ng for MLPA) compared to classical methods, such as Southern blot (2.5 µg). 
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Figure 2. The MAPH technique. Amplificable probes recognize unique regions in the genome and are flanked by the 
same primer pair. After stringent washing, the specific hybridized probes are denatured, amplified quantitatively by 
PCR and then analyzed by electrophoresis. Adapted from Rakha E.A. et al., Int. J. Cancer 2005; 114: 720-729. 
Reproduced with permission from John Wiley & Sons, Inc. 
 

Until recently, Southern blot has been the most popular and most sensitive method used to identify 

and characterize deletions and duplications in different genes 5, 26, 27. In this assay genomic DNA is 

digested with different restriction endonucleases, the resulting fragments of DNA are size-

fractionated by gel and transferred to a hybridization membrane where radioactive probes recognize 

specific target sequences. Excess of unbound radioactive probes are eliminated by washing steps 

and complexes DNA-probe are detected by X-ray film. The probe contains multiple noncontiguous 

exons and deletion of one or more exons results in an extra band of shorter size compared to the 

wild-type allele of the same sample. A major advantage of this method is that multiple-exon probes 

can directly identify the exons involved in the genomic rearrangement. However substantial 

amounts of DNA and several steps are required. The estimated working time is around 6 days to 

complete the analysis (versus 2 days for MLPA). Baudhuin et al. 28 analyzed a set of samples by 

MLPA and Southern blot, and cross-validated the two methods for the detected genomic deletions. 

Results from both techniques showed 98.8% concordance, minor discrepancies were represented by 

the inability of MLPA to detect deletions in the promoter region (which could be resolved by 

adding probes to cover this area). According to these and other data 17, 21, 25, 28, MLPA is an easy, 
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sensitive and highly reproducible method that can be included as a standard analysis method in 

diagnostic laboratories. It is absolutely necessary to determine precisely the breakpoints of all 

detected deletions and in the cases where the sequence of the rearrangement is localized, a simple 

diagnostic PCR allows the screening in at-risk family members. 

 

The development of fluorescence technology has improved the identification of genetic alterations 

and the sensitivity of the analysis. It is applicable to different techniques and offers the possibility 

to analyze a large set of samples in a short amount of time, to result in simple data and eliminate the 

use of radioactivity. Different authors indicate the combined use of some of the above techniques 

and direct sequencing as an efficient strategy for the detection of mutations in FAP and HNPCC. 

 

Advance technology increases the sensitivity of genetic testing, resulting in a decrease of mortality 

due to a better treatment and follow up in patients carrying genetic alterations. 
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Colorectal cancer is the second leading cause of cancer death in the western countries after lung 

cancer. Colorectal cancer manifests itself after an accumulation of several genetic alterations. These 

mutations (changes within individual genes) can be either somatic (acquired at a time after 

conception) or inherited. Inherited mutations are present in all cells of the body, whereas somatic 

mutations are present only in the originating cell and its descendents. Mutations are triggered by 

environmental factors such as radiation, chemicals, and viruses, and they occur naturally with 

increasing age. A DNA repair system operates to keep genes intact. If the repair system is 

defective, mutations may persist and lead to cancer. 

Colorectal cancer consists of a solid malignancy localized in the large intestine and traditionally 

divided into sporadic and hereditary cases. Sporadic cancer occurs in individuals with no evidence 

of having hereditary genetic alterations. Somatic mutations tend to cause one or a small number of 

colon polyps characterized by an abnormal growth of the epithelial cells in the lumen of the 

intestine. Colonoscopy can detect these polyps and removing them is an effective measure to 

prevent the progression from polyp to colon cancer. Typically symptoms develop late in the course 

of the disease, with most sporadic colorectal cancer cases diagnosed after the sixth decade of life. 

Hereditary colon cancer syndromes are caused by specific inherited mutations. Tumors develop 

after a somatic genetic alteration in the epithelium of the large intestine inactivates the gene with 

the inherited mutation (Knudson’s two-hit model of carcinogenesis). These syndromes are typically 

characterized by numerous (sometimes thousands) of colon polyps, although some types of 

hereditary colon cancers may develop directly from cells of the colon lining without a detectable 

development of polyps.  

The most common forms of heritable colorectal cancer are hereditary non-polyposis colorectal 

cancer (HNPCC) and familial adenomatous polyposis (FAP), which together account for 

approximately 5% of all colorectal cancer cases and usually affect multiple members of a family.  

FAP is caused by an inherited functional mutation of one of the alleles of the adenomatous 

polyposis coli (APC) gene on chromosome 5. Inactivation of the APC gene results in a visible 

phenotype during early adulthood with the development of hundreds of colorectal polyps. Unless 

the condition is detected and treated early (which involves removal of the colon) subjects with FAP 

will develop colon cancer. In addition, these subjects are also at risk of developing other types of 

cancers, such as those of the thyroid gland, stomach and the duodenum. HNPCC is an inherited 

predisposition to colorectal cancer occurring predominantly in the right side of the large intestine. 

Individuals predisposed to HNPCC have a lifetime risk of 80% of developing colorectal cancer, 

which typically arises after the fourth decade of life (at an earlier age than sporadic colorectal 
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cancer). Most of these individuals remain asymptomatic until the development of cancer. Genetic 

tests and colonoscopy may provide an early diagnosis in these subjects, which can lead to 

prevention or a good treatment. Affected subjects also have an increased risk for cancers of the 

stomach, small intestine, liver, brain, skin, endometrium, ovary and prostate. HNPCC is associated 

with germline genetic alterations in the mismatch repair (MMR) genes. The primary function of the 

MMR system is to eliminate single base substitutions and insertion-deletion errors that may arise 

during DNA replication. The system involves several proteins encoded by a number of genes 

including MLH1, MLH3, MSH2, MSH3, MSH6, PMS1, and PMS2, although only a few of them are 

implicated in HNPCC. HNPCC is also associated with microsatellite instability in tumor DNA. 

Microsatellites are short nucleotide repeat sequences present in the coding and/or non-coding 

sequences of various genes. Alteration in the number of repeats (called microsatellite instability) in 

the coding region may inactivate the gene. Microsatellite instability is unusual because the MMR 

system recognizes and repairs inaccurate insertions or deletions of nucleotide repeats during DNA 

replication (‘slippage’). When the MMR system is defective the slippage remains unrepaired in 

many genes just before cell division. In oncogenes and tumor suppressor genes (which control cell 

growth) microsatellite instability is presumed to lead to cancer. Currently, microsatellite instability 

analysis is used as a method to identify HNPCC cases with possible mutations in the MMR genes.  

The aim of this thesis was to identify the molecular mechanisms that are involved in the genetic 

predisposition to colorectal carcinogenesis in HNPCC. Hereby I focused on various mechanisms 

involved in the constitutional inactivation of MMR genes, such as mutations, methylation of the 

promoter regions and genetic alterations in the regulatory areas.  

The first chapter of this thesis presents an overview of the molecular and clinical aspects of 

colorectal cancer (Chapter 1.1), including the inherited syndromes HNPCC (Chapter 1.2) and FAP 

(Chapter 1.3). A brief description of the genetic techniques used in this thesis is reported in the 

Appendix.  

In Chapter 2 linkage analysis was used as a method of identifying individuals at risk of developing 

FAP but for which no APC germline mutations had been detected. In this study 217 individuals 

from 20 FAP families were analyzed using seven polymorphic markers. The analysis identified the 

haplotype associated with the disease in 18 families and its segregation in all relatives. An 

increased risk of developing FAP was established in 10 of the 53 presymptomatic individuals. 

Further clinical screening tests were suggested to these individuals.  
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In Chapter 3 a microsatellite instability analysis was used to identify colorectal cancer cases with 

suspected genetic alterations in the MMR genes. International guidelines classify microsatellite 

instability phenotype into two distinct groups of tumors depending on the fraction of mutated 

microsatellite sequences: MSI-L (1 out of 5 selected microsatellites is mutated) and MSI-H (≥2 out 

of 5). Microsatellite instability analysis on 45 colorectal cancer patients, of which 13 had HNPCC, 

revealed MSI-H status in 85% of HNPCC patients and 16% of non-HNPCC patients. Thus, 

microsatellite instability was found to be associated with HNPCC. HNPCC cases with MSI-H were 

also found to be correlated with the presence of genetic alterations in MMR genes (Chapter 4). A 

mutational analysis on 16 HNPCC families, of which 46% of the individuals had MSI-H tumors, 
identified eight genetic alterations in MLH1 and MSH2.  

Chapter 5 reports a first case of promoter methylation as an epigenetic alteration at a constitutional 

level. Methylation analysis of the MLH1 promoter region was performed on 14 HNPCC cases with 

MSI-H but without germline mutations in the MMR genes, using a methylation-specific 

polymerase (MSP) chain reaction assay. One case was identified to have one methylated and one 

unmethylated MLH1 allele in blood DNA, and only the methylated allele in tumor tissue. Analysis 

of the single nucleotide polymorphisms (SNPs) in the promoter region showed that the blood DNA 

was heterozygous for the polymorphism (G/A) whereas the tumor DNA was homozygous (G), 

indicating a loss of heterozygosity (LOH) resulting in a loss of the unmethylated allele at the 

somatic level. Inactivation of both MLH1 alleles resulted in an absence of MLH1 protein as 

confirmed by immunohistochemistry. In the last few years other investigators have confirmed these 

findings. Thus, constitutional hemi-methylation is a new mechanism for monoallelic inactivation of 

the MLH1 gene in HNPCC and sporadic early-onset colon cancer patients with MSI-H. 

Chapter 6 describes a functional analysis of the 5’-flanking region of the MSH6 gene and its 

regulation by seven Sp1 transcription factor binding sites. Identification of two SNPs in the MSH6 

promoter region in cancer patients showed that two of the seven Sp1 transcription factor binding 

sites were inactivated, resulting in a reduced promoter activity. In addition, in vitro experiments 

revealed that an MSH6 promoter containing two SNPs was more sensitive to inactivation by DNA 

methylation. Two different polymorphic variants were identified in 16% of Caucasians and 3% of a 

diversity population, suggesting that the human population contains individuals with different 

levels of MSH6 promoter activity. We also showed that mutations in the regulatory promoter region 

can reduce the binding of transcription factors such as Sp1, resulting in a reduced promoter activity 

and possible de novo methylation. Thus, we provide a new mechanism that can cause partial 
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inactivation of an MMR gene and reduced constitutional gene expression rather than alterations in 

the structure of the protein.  

In conclusion, in this thesis three different mechanisms are identified that can lead to the 

constitutional inactivation of MMR genes in HNPCC, including a high incidence of point 

mutations. Most interestingly, two novel mechanisms were identified that occurred at a low 

incidence: (i) methylation of the MLH1 gene, and (ii) SNPs in the transcription factor sites of the 

MSH6 gene.  
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Dikkedarmkanker is na longkanker de meest voorkomende doodsoorzaak ten gevolge van kanker in 

de westerse wereld. Dikkedarmkanker manifesteert zich na een accumulatie van verscheidene 

genetische veranderingen. Mutaties (veranderingen in individuele genen) kunnen somatisch 

(opgedaan na de conceptie) of geërfd zijn. Geërfde mutaties bevinden zich in alle cellen van het 

lichaam, somatische mutaties bevinden zich daarentegen alleen in de cel waarin de mutatie 

plaastvindt en de afstammelingen daarvan. Mutaties kunnen worden teweeggebracht door 

omgevingsfactoren zoals straling, chemicaliën en virussen, en doen zich van nature voor bij het 

ouder worden. Een DNA reparatiesysteem zorgt ervoor dat genen intact blijven. Als dit systeem 

defect is kunnen mutaties aanwezig blijven en tot kanker leiden.  

Dikkedarmkanker bestaat uit een solide tumor in de dikke darm en wordt traditioneel onderverdeeld 

in sporadische en erfelijke gevallen. Bij individuen bij wie geen aanwijzingen van erfelijke 

genetische veranderingen zijn aangetroffen spreekt men van sporadische kanker. Somatische 

mutaties veroorzaken gewoonlijk een of een klein aantal poliepen in de karteldarm (colon) die 

gekenmerkt worden door een abnormale groei van de epitheelcellen in het lumen van de darm. 

Coloscopie kan deze poliepen ontdekken. Het verwijderen van de poliepen is een effectieve 

maatregel die voorkomt dat deze verder uitgroeien tot dikkedarmkanker. De symptomen 

ontwikkelen zich gewoonlijk laat in het verloop van de ziekte, waarbij de meeste sporadische 

dikkedarmkanker gevallen worden vastgesteld na het 60e levensjaar. Erfelijke dikkedarmkanker 

syndromen worden veroorzaakt door specifieke geërfde mutaties. Tumoren ontstaan nadat een 

somatische genetische verandering in het epitheel van de dikke darm het gen met de geërfde 

mutatie inactiveert (Knudson’s two-hit carcinogenesis model). Deze syndromen worden gewoonlijk 

gekenmerkt door vele (soms duizenden) poliepen in de dikke darm, alhoewel sommige soorten 

erfelijke dikkedarmkanker zich direct kunnen ontwikkelen uit de epitheelcellen van de dikke darm 

zonder dat een poliepontwikkeling detecteerbaar is.  

De meest voorkomende vormen van erfelijke dikkedarmkanker zijn hereditair non-polyposis 

colorectaal carcinoom (HNPCC) en familiaire adenomateuze polyposis (FAP), welke samen 

ongeveer 5% van alle dikkedarmkanker gevallen voor rekening nemen en gebruikelijk meerdere 

familieleden raken. FAP wordt veroorzaakt door een geërfde functionele mutatie van een van de 

kopieën van het adenomatous polyposis coli (APC) gen op chromosoom 5. Inactivatie van het APC 

gen resulteert in een zichtbaar fenotype tijdens de vroege volwassenheid dat gekenmerkt wordt 

door een ontwikkeling van honderden poliepen in de dikke darm. Tenzij de conditie vroeg ontdekt 

en behandeld wordt (gepaard gaande met het verwijderen van de dikke darm) zullen personen met 

FAP dikkedarmkanker ontwikkelen. Deze personen lopen tevens het risico om andere soorten 
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kanker te ontwikkelen, onder andere van de schildklier, maag en de twaalfvingerige darm. HNPCC 

is een erfelijke vorm van dikkedarmkanker die voornamelijk aangetroffen wordt in de rechter zijde 

van de dikke darm. Individuen met een aanleg voor HNPCC lopen een levenstijd risico van 80% 

om dikkedarmkanker te ontwikkelen, welke zich gewoonlijk voordoet na het 40e levensjaar (op een 

vroegere leeftijd dan sporadische dikkedarmkanker). De meesten van deze personen blijven 

asymptomatisch tot aan de ontwikkeling van kanker. Door genetische testen en coloscopie kan een 

vroege diagnose gesteld worden die kan leiden tot preventie of een goede behandeling. Individuen 

met een aanleg voor HNPCC lopen ook een verhoogd risico op kanker van de maag, dunne darm, 

lever, hersenen, huid, endometrium, eierstok en prostaat. HNPCC is geassocieerd met kiemlijn 

genetische veranderingen in de mismatch repair (MMR) genen. De primaire functie van het MMR 

systeem is het elimineren van base substituties en insertie-deletie fouten die ontstaan tijdens DNA 

replicatie. Het systeem omvat verscheidene eiwitten die gecodeerd worden door een aantal genen, 

waaronder MLH1, MLH3, MSH2, MSH3, MSH6, PMS1 en PMS2, waarvan een aantal geimpliceerd 

zijn in HNPCC. HNPCC is ook geassocieerd met microsatelliet instabiliteit in tumor DNA. 

Microsatellieten zijn korte sequenties van repeterende nucleotiden die aanwezig zijn in de 

coderende en/of niet-coderende sequenties van verscheidene genen. Een verandering in het aantal 

repetities (‘microsatelliet instabiliteit’) in het coderende gebied kan het gen inactiveren. 

Microsatelliet instabiliteit is ongebruikelijk omdat het MMR systeem onnauwkeurige inserties of 

deleties van nucleotide repetities tijdens DNA replicatie (‘slippage’) herkent en herstelt. Als het 

MMR systeem defect is worden deze fouten echter niet hersteld, wat in oncogenen en tumor-

suppressie genen (die de celgroei controlleren) tot kanker kan leiden. Microsatelliet instabiliteit 

analyse wordt daarom tegenwoordig gebruikt als een methode om HNPCC gevallen te identificeren 

met mogelijke mutaties in de MMR genen. 

Het doel van dit proefschrift was om de moleculaire mechanismen die betrokken zijn bij de 

genetische aanleg voor colorectale carcinogenesis in HNPCC te identificeren. Hierbij lag de nadruk 

op de verscheidene mechanismen die betrokken zijn bij de constitutionele inactivatie van MMR 

genen, zoals mutaties, methylatie van de promotor gebieden en genetische veranderingen in de 

regulatie gebieden. 

In het eerste hoofdstuk van dit proefschrift wordt een overzicht gepresenteerd van de moleculaire 

en klinische aspecten van dikkedarmkanker (Hoofdstuk 1.1), inclusief de erfelijke syndromen 

HNPCC (Hoofdstuk 1.2) en FAP (Hoofdstuk 1.3). De genetische technieken die gebruikt worden in 

dit proefschrift worden kort beschreven in de Appendix. 
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In Hoofdstuk 2 wordt linkage analyse gebruikt als een methode om personen te identificeren die 

risico lopen om FAP te ontwikkelen, maar bij wie geen APC kiemlijn mutaties zijn gevonden. In 

deze studie werden 217 personen uit 20 FAP families geanalyseerd met behulp van zeven 

polymorfe markers. De analyse identificeerde het haplotype dat geassocieerd is met de ziekte in 18 

families en de segregatie daarvan in alle familieleden. Een verhoogd risico om FAP te ontwikkelen 

werd gevonden in 10 van de 53 presymptomatische individuen. Verdere klinische screening testen 

werden aanbevolen aan deze personen. 

In Hoofdstuk 3 wordt een microsatelliet instabiliteit analyse gebruikt om dikkedarmkanker gevallen 

met vermoedelijke genetische veranderingen in de MMR genen te identificeren. Het microsatelliet 

instabiliteit fenotype wordt volgens internationale richtlijnen in twee verschillende groepen 

tumoren onderverdeeld afhankelijk van de fractie van gemuteerde microsatelliet sequenties: MSI-L 

(1 uit 5 geselecteerde microsatellieten is gemuteerd) en MSI-H (≥2 uit 5). Microsatelliet instabiliteit 

analyse van 45 dikkedarmkanker patienten, waarvan 13 met HNPCC, toonde MSI-H status aan in 

85% van de HNPCC patienten en 16% van de niet-HNPCC patienten. Microsatelliet instabiliteit 

was dus geassocieerd met HNPCC. HNPCC gevallen met MSI-H waren ook gecorreleerd met de 

aanwezigheid van genetische veranderingen in de MMR genen (Hoofdstuk 4). Een mutatie analyse 

van 16 HNPCC families, waarin 46% van de individuen MSI-H tumoren hadden, identificeerde 

acht genetische veranderingen in MLH1 en MSH2. 

Hoofdstuk 5 rapporteert een eerste geval van promotor methylatie als een epigenetische 

verandering op een constitutioneel niveau. Methylatie analyse van het MLH1 promotorgebied werd 

uitgevoerd op 14 HNPCC gevallen met MSI-H maar zonder kiemlijn mutaties in de MMR genen, 

met behulp van een methylatie-specifieke polymerase (MSP) kettingreactie assay. Een geval was 

geidentificeerd met een gemethyleerd en een ongemethyleerd MLH1 allel in DNA uit het bloed, en 

alleen het gemethyleerde allel in tumor weefsel. Analyse van de single nucleotide polymorfismen 

(SNPs) in het promotorgebied toonde aan dat het bloed DNA heterozygoot was voor het 

polymorfisme (G/A) terwijl het tumor DNA homozygoot (G) was. Dit duidt op een loss of 

heterozygosity (LOH) die resulteert in een verlies van het ongemethyleerde allel op het somatische 

niveau. Immunohistochemie bevestigde dat inactivatie van beide MLH1 allelen resulteerde in de 

afwezigheid van MLH1 eiwit. Andere onderzoekers hebben de afgelopen jaren deze bevindingen 

bevestigd. Constitutionele hemi-methylatie is dus een nieuw mechanisme voor monoallelische 

inactivatie van het MLH1 gen in HNPCC en sporadische early-onset dikkedarmkanker patienten 

met MSI-H. 

155



Nederlandse samenvatting 
 

 

Hoofdstuk 6 beschrijft een functionele analyse van het 5’-flankerend gebied van het MSH6 gen en 

de regulatie daarvan door zeven Sp1 transcriptiefactor bindingsplaatsen. De identificatie van twee 

SNPs in het MSH6 promotor gebied in kanker patienten toonde aan dat twee van de zeven Sp1 

transcriptiefactor bindingsplaatsen geinactiveerd waren, wat resulteerde in een verlaagde promotor 

activiteit. In vitro experimenten toonden bovendien aan dat een MSH6 promotor met twee SNPs 

sensitiever is voor inactivatie door DNA methylatie. Twee verschillende polymorfe varianten 

werden geidentificeerd in 16% van een Kaukasische populatie en 3% van een gemengde populatie, 

wat suggereert dat de menselijke populatie individuen bevat met verschillende niveaus van MSH6 

promotor activiteit. We hebben ook aangetoond dat mutaties in het regulerende promotorgebied het 

binden van transcriptiefactoren zoals Sp1 kan verminderen, wat resulteert in een verlaagde 

promotor activiteit en mogelijke de novo methylatie. We verschaffen dus een nieuw mechanisme 

dat een gedeeltelijke inactivatie van een MMR gen kan veroorzaken en een verlaagde 

constitutionele gen expressie in plaats van veranderingen in de structuur van het eiwit. 

Tot besluit, in dit proefschrift zijn drie verschillende mechanismen geidentificeerd die kunnen 

leiden tot de constitutionele inactivatie van MMR genen in HNPCC. Een veelvoorkomend 

mechanismse betreft verscheidene punt mutaties. Twee nieuwe maar weinig voorkomende 

mechanismen zijn (i) methylatie van het MLH1 gen en (ii) SNPs in de transcriptiefactor 

bindingsplaatsen van het MSH6 gen.  
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A Adenine 

(A)n   Adenosine mononucleotide repeats 

ACI Amsterdam criteria I 

ACII   Amsterdam criteria II 

APC   Adenomatous polyposis coli gene  

ATP   Adenosine triphosphate 

BAX   Bcl2-associated X protein 

BRCA1, 2  Breast cancer gene 

CpG   Cytidine and guanosine dinucleotide  

(CA)n   Cytidine and adenosine mononucleotides repeats 

CCD Charged coupled device 

CHRPE Congenital hypertrophies of the retinal epithelium 

CNS   Central nervous system 

CRC Colorectal cancer  

DGGE   Denaturing gradient gel electrophoresis 

DHPLC Denaturing high-performance liquid chromatograph 

DNA Deoxyribonucleic Acid 

ddNTPs  Dideoxynucleotides 

E2F4   E2F transcription factor 4 gene 

EGFR Epidermal growth factor receptor gene 

FAP Familial adenomatous polyposis 

gDNA genomic DNA 

(GT)n Guanosine and  thymidine mononucleotides repeats 

HNPCC    Hereditary non-polyposis colorectal cancer 

ICG-HNPCC   International Collaborative Group-Hereditary Nonpolyposis  

   Colorectal Cancer  

IDLs    Insertion/deletion loops 

IHC Immunohistochemistry 

IVSP In vitro synthesized protein assay 

LOH  Loss of heterozygosity 

MAP  mutY human homologue (MYH) associated polyposis 
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MAPH   Multiplex amplification and probe hybridization  

MCR Mutation cluster region 

hMLH 1, 3  MutL homolog 1, 3 

MLPA   Multiplex ligation-dependent probe amplification  

mRNA   messager Ribonucleic acid 

MMP   Microsatellite mutator phenotype 

MMR   Mismatch repair 

MMS   Microsatellite stable 

hMSH 2, 3, 6 MutS homolog 2, 3, 6 

MSI  Microsatellite instability 

MSI-H   Microsatellite instability High 

MSI-L  Microsatellite instability Low  

hMutL α  Heterodimer of hMLH1 and hPMS2  

hMutL β  Heterodimer of hMLH1 and hMLH3 (or hPMS1) 

hMutSα  Heterodimer of hMSH2 and hMSH6 

hMutSβ  Heterodimer of hMSH2 and hMSH3 

NCI National Cancer Institute 

PCR Polymerase chain reaction 

hPMS1  Postmeiotic segregation increased 1, homolog yMLH2 

hPMS2  Postmeiotic segregation increased 2, homolog yPMS1 

PTEN Phosphatase and tensin homolog 

PTT Protein truncation test 

Rb     Retinoblastoma gene  

RER+     Replication error positive 

RNA   Ribonucleic acid 

SSCP   Single-strand conformation polymorphisms 

SNiPTag Single-Nucleotide Polymorphism Genotyping by Fluorescent Competitive 

Allele-Specific Polymerase Chain Reaction  

(T)n   Thymidine mononucleotide repeats 

TATA Thymidine and adenosine mononucleotide repeats 

TGF-β RII  Transforming growth factor-β type II receptor 
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