
 

Approaches for Analysis of Mutations and 

Genetic Variations 
 

 

AKADEMISK AVHANDLING 
som med tillstånd av Kungliga Tekniska Högskolan i Stockholm 

framlägges till offentlig granskning för avläggande av teknologie doktorsexamen, 
fredagen den 30 mars 2001, kl 10.00 i Kollegiesalen, 

Administrationsbyggnaden, KTH, Valhallavägen 79, Stockholm 
 

Avhandlingen försvaras på svenska 
 

Fakultetsopponent: Prof. Ulf Landegren 
Inst. för Genetik och Patologi, Rudbeck Laboratoriet 

Uppsala Universitet 
 
 

 

Afshin Ahmadian 

 

 
Stockholm 2001 



Afshin Ahmadian (2001): Approaches for Analysis of Mutations and Genetic Variations. 
Department of Biotechnology, Royal Institute of Technology, KTH, Stockholm, Sweden. 
 
ISBN 91-7283-062-X 
 
 
Abstract 
 

Detecting mutations and genomic variations is fundamental in diagnosis, isolating 
disease genes, association studies, functional genomics and pharmacogenomics. The objective 
has been to use and further develop a variety of tools and technologies to analyze these 
genetic alterations and variations. 

 
The p53 tumor suppressor gene and short arm of chromosome 9 have been used as 

genetic markers to investigate fundamental questions concerning early events preceding non-
melanoma skin cancers, clonal progression and timing of different mutations and deletions. 
Conventional gel based DNA sequencing and fragment analysis of microsatellite markers 
were utilized for this purpose. In addition, a sequence-specific PCR-mediated artifact is 
discussed. 

 
Pyrosequencing, a bioluminometric technique based on sequencing-by-synthesis, has 

been utilized to determine mutation ratios in the p53 gene. In addition, in the case of multiple 
mutations, pyrosequencing was adopted to determine allelic distribution of mutations without 
the use of cloning procedures. Exons 5 to 8 of the p53 gene were also sequenced by this 
method. 

 
The possibility of typing single base variations by pyrosequencing has been 

evaluated. Two different nucleotide dispensation orders were investigated and data were 
compared with the predicted pattern for each alternative of the variable position. Analysis of 
loss of heterozygosity was possible by utilizing single nucleotide polymorphisms. 

 
A modified allele-specific extension strategy for genotyping of single nucleotide 

polymorphisms has been developed. Through the use of a real-time bioluminometric assay, it 
has been demonstrated that reaction kinetics for a mismatched primer-template is slower than 
the matched configuration, but the end-point signals are comparable. By introduction of 
apyrase, the problems associated with mismatch extensions have been circumvented and 
accurate data has been obtained. 
 
Keywords: fragment analysis, microsatellite, loss of heterozygosity, DNA sequencing, 
pyrosequencing, cancer, mutation, variation, single nucleotide polymorphism, allele-specific 
extension, bioluminescence, apyrase. 
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1. Introduction 

 

The information of the genome is carried as deoxyribonucleic acid (DNA). The 

composition of a given genomic sequence contributes to the form and function of the 

resultant organism and is divided into distinct segments known as chromosomes. Thus, 

chromosomes in which the DNA is packed are the cellular carriers of the heredity 

information and alterations in these macromolecules may lead to genetic related diseases. 

Therefore, detecting genomic variations is fundamental in genetic research. For example, 

in cancer research, mutation detection is vital for diagnosis but also gives insight into 

gene function. Strains of micro-organisms can also be identified by point variations in 

their genome, and, in recent years, the pharmaceutical companies have shown a rising 

interest in single nucleotide variations to be able to use ‘’the right drug for the right 

patient’’. 

 

Genomic alterations can be of two classes: gross and subtle alterations. Gross alterations 

involve chromosomal number, chromosomal translocation and partial deletion of 

chromosomes. These types of genomic alterations can be detected by rather simple 

techniques, such as microscopy and fragment analysis of implicated chromosomal 

regions. Mutation detection of subtle sequence alterations, however, requires more 

sensitive techniques, is time-consuming and is more expensive. This perhaps explains 

why a wide range of techniques have been developed for this purpose. The growing 

number of methods indicates that a perfect technique which fulfills the required criteria 

and is able to detect all possible mutations/variations has yet not been described. 

 

The techniques for detecting subtle sequence changes can be divided into three groups. 

The first is known as scanning methods and is used to search for unknown mutations in 

pre-defined sequences. The second group is known as diagnostic methods and is used for 

analysis of mutations and variations at defined positions, such as hot-spot sequences and 

single nucleotide polymorphisms (SNPs). Since SNPs are much more frequent than hot-

spot mutations and because most recent efforts have been focused on detecting single 
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nucleotide variations, the diagnostic techniques will hereafter be referred to as methods 

for analysis of SNPs. The third group of methods is sequencing technologies that are used 

to reveal the exact nature of a mutation, regardless of being unknown or pre-defined. 

 

Some of these techniques and their application fields will briefly be reviewed here. 

However, irrespective of the mutation status (known or unknown), all the techniques 

have advantages and disadvantages. Some are simple but do not detect all mutations 

while others are more complex and detect almost all mutations. Often, factors such as 

laboratory and personnel experience, required accuracy, required throughput, cost and 

project type have to be taken into account prior to selection of a method. 

 

2. Detection of chromosomal and large gene alterations 

 

Extremely large alterations (> 1 Mbp), such as chromosomal number and chromosomal 

translocations, can readily be detected by high-resolution cytogenetics. The power of 

cytogenetic analysis can be enhanced by the use of fluorescence, such as fluorescent in 

situ hybridization (FISH) (Korenberg et al., 1992; Zhang et al., 1990). FISH uses 

fluorescently labeled DNA probes which are hybridized to chromosome spreads to detect 

the presence or absence of a chromosomal region corresponding to the probe. Fragment 

analysis (FA) based on gel electrophoresis of chromosomal regions is another technique 

that can be used for detection of both small and large deletions and insertions. Fragment 

analysis usually involves the use of restriction enzymes and microsatellites to distinguish 

between genetic variants. 

 

2.1. Restriction fragment length polymorphism 

 

In the late 1960s, Linn and Arber (Linn & Arber, 1968) found that a restriction nuclease 

broke down unmethylated DNA. Soon after, a number of specific restriction nucleases 

that did cleave at specific sites in DNA were identified (Danna & Nathans, 1971; 

Roberts, 1983; Smith & Wilcox, 1970). Since then, restriction enzymes that cut specific 
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sequences have been isolated from several hundred bacterial strains. These enzymes 

recognize specific sequences of four to eight bases. The discovery of restriction enzymes 

together with DNA ligases provided impetus for development of DNA cloning which, in 

turn, facilitated development of techniques for DNA sequencing in the late 1970s. 

 

The sites that are recognized by restriction enzymes can be polymorphic. When one or 

more nucleotides in the enzyme recognition sequence are altered, the enzyme will be able 

to distinguish between allelic variants and give rise to different DNA fragments. Linkage 

analysis can be performed on the basis of this technique, known as restriction fragment 

length polymorphism (RFLP) (Botstein et al., 1980; White et al., 1985). This technology 

can also be used for mapping of tumor suppressor genes. In 1971, Knudson (Knudson, 

1971) postulated that both alleles of a tumor suppressor gene have to be inactivated by 

mutations and/or loss of one allele in order to obtain a cell with a non-functional tumor 

suppressor gene. If there is an informative polymorphic position in a restriction site (in or 

close to the tumor suppressor gene), RFLP can be performed and, by comparison of 

tumor and normal sample fragments, the loss of heterozygosity (LOH) can be detected. In 

addition to linkage analysis, RFLP may be used for detection of single nucleotide 

polymorphisms (SNPs). 

 

2.2. Microsatellite analysis 

 

In the early 1980s, natural occurring copolymers of dinucleotide repeats (CA) in the 

eukaryotic genomes were identified as useful markers (Hamada & Kakunaga, 1982; 

Hamada et al., 1982a; Hamada et al., 1982b; Miesfeld et al., 1981; Richards et al., 1983; 

Sun et al., 1984; Tautz & Renz, 1984). It was estimated that this kind of microsatellite 

motif is represented by 50,000-100,000 copies in the mammalian genomes (Beckman & 

Weber, 1992; Hamada & Kakunaga, 1982; Wintero et al., 1992). In addition to (CA)n, 

other microsatellite motifs were discovered in the human genome and the most common 

motifs were found to be (A)n, (CA)n, (AAAT)n and (AG)n (Greaves & Patient, 1985; 

Stallings, 1992; Tautz et al., 1986). It also became evident that, for these motifs, shorter 
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stretches of repeats were more common than longer stretches (Beckman & Weber, 1992). 

Sequence analysis of each repetitive DNA segment showed that there were varying 

number of iterated residues. The fact that microsatellites harbor variable number of 

repeats was first shown by Spritz (Spritz, 1981) who sequenced the β-globin alleles and 

observed an (ATTTT)-repeat with 4-6 repeat units. Shortly thereafter, it was shown that 

the (CA)-repeat between the β and δ globin genes had either 16 or 17 repeat units in 

different individuals (Miesfeld et al., 1981; Poncz et al., 1983). 

 

After the introduction of PCR (Mullis et al., 1986; Mullis & Faloona, 1987; Saiki et al., 

1988; Saiki et al., 1985), it was realized that by designing primers flanking a 

microsatellite marker, a locus specific PCR amplification of the microsatellite could be 

performed. By this method based on gel electrophoresis, the length of amplicon varied by 

the number of the repeat units. A heterozygous individual (informative) for two size 

variants gave rise to two fragments of different lengths (Figure 1a) and the technique was 

denoted fragment analysis (FA). Fragment analysis of microsatellite markers became the 

markers of choice in genome projects since the introduction of the technique in 1989 

(Beckmann & Soller, 1990; Hearne et al., 1992; Litt & Luty, 1989; Tautz, 1989; Weber 

& May, 1989). The reason that fragment analysis of microsatellites replaced RFLP in 

linkage and mapping studies was that microsatellites are much more abundant, are widely 

distributed throughout the genome and showed a high degree of polymorphism 

(variability). The degree of polymorphism for mammalian (CA)n repeats is positively 

correlated with the number of repeat units (Ellegren et al., 1992; Hudson et al., 1992; 

Weber, 1990). As a rule of thumb, (CA)n repeats with n less than or equal to 10 are less 

likely to be polymorphic (Weber, 1990). On the other hand repeat units exceeding 20 

show a higher degree of polymorphism. 

 

Microsatellites have been extremely valuable for mapping and analysis of genes that 

cause a variety of inheritable diseases such as non-insulin dependent diabetes (Froguel et 

al., 1992), cystic fibrosis (Chehab et al., 1991) and Down’s syndrome (Petersen et al., 

1991a; Petersen et al., 1991b). Other application areas of microsatellite markers are in  
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Figure 1. Fragment analysis and analysis of LOH by microsatellites. Locus specific PCR amplification of a 
microsatellite marker is performed by primers flanking the marker. The forward and reverse primers are 
indicated by primer F and primer R, respectively. 1a. Fragment analysis as a tool in linkage studies. A 
heterozygous individual (left) for two size variants gives rise to two fragments of different lengths while a 
homozygous individual (right) generates only one fragment. 1b. Determination of loss of heterozygosity 
(LOH) by fragment analysis. An informative (polymorphic) normal sample gives rise to two fragments 
while the corresponding tumor sample with LOH amplifies one (the remaining) fragment. 1c. Raw-data of 
LOH analysis by fluorescent-based fragment analysis. Two fragments are amplified and detected in the 
normal sample while loss of one allele in the tumor sample has contributed to amplification of only one 
fragment (arrows indicate the deleted allele). 
 

 

 

identity and paternity testing and in forensics. As mentioned earlier (section 2.1.), 

deletion of one allele of tumor suppressor genes in cancer cells occurs very often. This 

property can be utilized to map these genes by fragment analysis using microsatellites. As 
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described earlier, primers flanking the microsatellite marker can be used to amplify the 

locus of interest in normal cells of an individual who has developed cancer. The same 

pair of primers are used to amplify the marker in cancer cells to allow comparison 

(Figure 1b). If the amplified normal sample shows to be polymorphic (informative), two 

fragments of different lengths will be observed on gel. In the case of loss of 

heterozygosity (LOH), one of the fragments in the normal sample will not be amplified 

and subsequently will not be observed on the gel (Figure 1b). In order to make fragment 

analysis more sensitive and less time-consuming and to eliminate the need for radioactive 

labeling, fluorescent-based microsatellite typing has been developed. Two approaches are 

usually used in fluorescent-based fragment analysis. One is the use of fluorescently 

labeled PCR primer and the other is incorporation of fluorescently labeled nucleotide(s). 

In these methods the electrophoretic step is combined with an on-line detection of 

fluorescently labeled fragments after excitation by a laser beam (Figure 1c). 

 

3. DNA sequencing technologies 

 

Despite the wide range of techniques available for mutation detection, DNA sequencing 

is the most accurate method to determine the exact nature of a mutation or a variable 

position. DNA sequencing is considered to be the golden standard for mutation detection, 

and for this reason, mutations determined by scanning methods (section 4) must be 

confirmed by DNA sequencing. Among DNA sequencing methods, conventional Sanger 

DNA sequencing has been used extensively, but techniques, such as sequencing by 

hybridization, mass spectrometry and pyrosequencing, have recently received attention. 

 

3.1. DNA sequencing by chain termination 

 

In 1977, two approaches of DNA sequencing were described: the chemical degradation 

method (Maxam & Gilbert, 1977) and the enzymatic chain termination method (Sanger et 

al., 1977). Both techniques generate a nested set of single-stranded DNA, which is 

separated by size on an acrylamide gel. The method developed by Maxam-Gilbert uses 
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hazardous chemicals for generating the set of fragments. In addition, this method does 

not show major advantages compared to the Sanger DNA sequencing. Therefore, the 

Sanger method became the most widely used technique and efforts were made to further 

develop and optimize this method via engineering and modification of new enzymes, new 

labeling strategies, automation of sample preparation and development of automated 

DNA sequencing instruments. Although Sanger DNA sequencing is laborious, tedious 

and is not really high throughput, the technique is still in use more than 20 years after its 

introduction. One explanation could be that in mutation detection the Sanger method is 

able to detect virtually all mutations and describes the exact nature of an alteration. 

Another explanation is that Sanger DNA sequencing generates an average of 500 bases 

read length, which makes it suitable for genome sequencing and re-sequencing. 

 

The principle of Sanger DNA sequencing is shown in Figure 2. An oligonucleotide 

primer that has been hybridized to a single stranded DNA template is used as starting 

material for DNA polymerase. The DNA polymerase synthesizes a complementary strand 

of the existing template in presence of the four natural nucleotides (dNTPs) and an 

adjusted concentration of one dideoxy nucleotide (ddNTP). Four parallel reactions are 

performed, each containing one of the chain terminating nucleotides. The synthesis is 

carried out until the terminating nucleotide is incorporated as substrate instead of the 

corresponding non-terminating nucleotide. The termination creates a ladder of DNA 

fragments in each of the four parallel reactions and can be separated according to size, by 

gel electrophoresis. The sequence of the analyzed DNA is determined by reading the 

band pattern. 

 

As mentioned, one factor that highly has contributed for further development of Sanger 

method is automated DNA sequencing instruments. In these instruments, the 

electrophoresis step is combined with detection of fluorescently labeled fragments after 

excitation by a laser beam (Figure 3). There are two different principles for automated 

DNA sequencing instruments, one-dye labeling and four-dye labeling. In one-dye 

labeling, the fragments are labeled with the same dye in four different reactions (ddA, 
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ddC, ddG and ddT) and separated in four lanes by electrophoresis (Ansorge et al., 1986; 

Prober et al., 1987) (e.g. the Amersham Pharmacia Biotech’s A.L.F. DNA sequencer). 

The four-dye principle enables the use of only one lane per sample (Smith et al., 1986) 

(e.g. Perkin Elmer’s ABI DNA sequencer), which is preferable for high throughput 

sequencing. The development of such automated DNA sequencers has enabled 

quantification of mutations and polymorphisms by use of software tools. However, the 

use of four-dye instruments involves base calling algorithms of the raw data, so the 

quantification of mutations and polymorphic positions may be slightly hampered (Figure 

3). 

 
 

 

 

 
Figure 2. Schematic representation of Sanger DNA sequencing. The sequence of the analyzed DNA can be 
determined by reading the band pattern of extended primer AGGTCACT (TCCAGTGA on the gel). 
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Figure 3. Automated DNA sequencing using four-dye chemistry. The upper panel shows the normal 
sequence of exon 5 of the p53 gene. The lower panel shows the corresponding sequence of exon 5 
containing double substitutions, indicated by arrows (GG to TA). The actual ratio of wild-type/mutation 
signal is 1 (50% wild type and 50% mutation signals) while the sequencing data indicates higher mutation 
signals. 
 
 
There are three different approaches for dye labeling of the sequencing fragments. The 

first approach is the use of a 5’-end dye labeled sequencing primer (Ansorge et al., 1986; 

Smith et al., 1986). The second approach is to label the 3’-ends of the sequencing 

fragment by using dye-labeled dideoxy nucleotides (dye-terminators) (Prober et al., 

1987). Alternatively, fluorescently labeled nucleotides in an extension-labeling step can 

internally label the fragments (Ansorge et al., 1992). 

 

Another important parameter for the development of Sanger DNA sequencing method is 

the engineering and modification of new enzymes. Several different DNA polymerases 
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with different properties have been used. The Klenow fragment (Klenow & Henningsen, 

1970) was the first enzyme to be applied. This enzyme exhibited a sequence dependent 

discrimination of dideoxy nucleotides (ddNTPs). This resulted in a variation of the 

amount of fragments for each base in the sequencing reaction and generated uneven 

peaks. The discrimination of ddNTPs was decreased by the use of the DNA polymerase 

from phage T7 (Tabor & Richardson, 1987; Tabor & Richardson, 1989). Thus, this 

enzyme produced better quality data with simplified interpretation (Kristensen et al., 

1988), a property that is essential for mutation detection. However, soon after the 

development of PCR, the thermostable DNA polymerase from Thermus aquaticus (Taq 

DNA polymerase) (Chien et al., 1976) was used for DNA sequencing. The Sanger 

fragments are produced by a linear amplification by the use of temperature cycling; 

therefore, the method became known as cycle sequencing (Carothers et al., 1989; Innis et 

al., 1988). However, Taq DNA polymerase suffered from the same problems as Klenow 

fragment. The enzyme incorporated nucleotide analogues with varying efficiency 

resulting in variation in the signal intensity and was, therefore, in particular not suitable 

for detection of heterogeneous sequences. Manipulation of the Taq DNA polymerase 

generated a modified enzyme with decreased discrimination of incorporation of ddNTPs 

(Tabor & Richardson, 1995) that resulted in uniform peaks, comparable to the pattern 

obtained by using T7 DNA polymerase. Still, T7 DNA polymerase offers the most 

uniform sequence, which is important for mutation detection and quantification of 

polymorphic positions. 

 

3.2. Mass spectrometry 

 

Although gel based DNA sequencing is accurate, it is not suitable for genotyping of 

SNPs due to relatively low throughput, cost and generation of more sequence information 

than necessary. A variant to gel electrophoretic analysis of Sanger DNA fragments is 

mass spectrometry (MS) (Jacobson et al., 1991; Murray, 1996). In mass spectrometry, the 

Sanger DNA fragments are separated and analyzed by their mass difference. The 

advantages of mass spectrometry over conventional Sanger DNA sequencing is the 
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elimination of the gel eletrophoresis step and labeling of Sanger fragments which reduces 

the time of analysis. The most promising results have been produced using matrix-

assisted laser desorption/ionization time of flight mass spectrometry (MALDI-TOF-MS). 

In MALDI-TOF analysis of SNPs, a PCR fragment is generated, captured by streptavidin 

coated magnetic beads, washed and finally treated by alkali to create single-stranded 

DNA. The purified single-stranded DNA template is then hybridized with a primer that 

binds close to the SNP site. A primer extension reaction is carried out by adding one or 

two extra bases to the primer using natural and terminating nucleotides. The incorporated 

bases are dependent on the sequence of the SNP variant. The extended primer and the 

template DNA strand (PCR originated) are separated and the extended product is 

analyzed by the mass spectrometer. The difference in the mass of extended products can 

then be measured. 

 

There are some problems associated with mass spectrometry in genome analysis. First, 

MALDI-TOF requires an extremely clean product and involves complex steps prior to 

the analysis. Second, in DNA sequencing, only short fragments (less than 100 bases in 

length) can accurately be measured. However, an alternative form of mass spectrometry, 

which uses infrared MALDI has been developed to analyze DNA fragments of 2000 

basepairs (Berkenkamp et al., 1998). 

 

3.3. Sequencing by hybridization 

 

In 1975, Ed Southern (Southern, 1975) developed an extremely powerful technique for 

the detection of specific sequences among DNA fragments (referred to as Southern 

blotting). The technique utilizes the interaction between complementary DNA sequences 

for detection of genes. In 1981, based on the principle of Southern blotting, Wallace and 

coworkers (Wallace et al., 1981) showed that membrane immobilized genomic material 

could be hybridized and discriminate between complementary and mutated 

oligonucleotides. The studies of Southern and Wallace became the basis for today’s high 

throughput hybridization technologies. At the beginning, this method was utilized to 
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detect known mutations/variations and was denoted allele-specific oligonucleotide 

hybridization (ASOH). Because ASOH is a technique for detection of pre-defined 

alterations, it is addressed in section 5. 

 

In 1988, two groups independently described theoretical principles of a method called 

sequencing by hybridization (SBH) (Drmanac et al., 1989; Lysov Iu et al., 1988). The 

principle of SBH is shown in Figure 4. A set of all possible combinations of a short 

oligonucleotide (probes) is immobilized on a solid support and a labeled target DNA is 

hybridized to the probes. The resulting hybridization pattern on the oligonucleotide array 

represents a nested set of fragments that determines the sequence of the target DNA. The 

sequence of the target DNA is reconstructed by computer assembly of the overlapping 

sequence of oligonucleotides that have hybridized. 

 
Figure 4. The principle of sequencing by hybridization (SBH) (the reverse dot-blot format). Labeled and 
unknown target DNA hybridizes to a set of known octamer oligonucleotides and the resulting hybridization 
pattern determines the sequence of target DNA. 
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The work presented by Drmanac and coworkers (Drmanac et al., 1989) used a dot-blot 

format (later called format 1) in which 95000 11-mers were hybridized to immobilized 

genomic DNA in order to sequence 1 Mb. The study published by Lysov and coworkers 

(Lysov Iu et al., 1988) utilized a reverse dot-blot format (called format 2). In format 2, a 

complete set of octamers (48 = 65536) was immobilized on a solid support to determin 

the sequence of a target DNA of a few hundred basepairs. 

The theoretical principle of sequencing by hybridization was very attractive because it 

provided fast, cost effective and high throughput analysis of a given sequence. Since the 

initial reports, large efforts have been made to apply this technique in practical 

approaches. However, the experimental results indicate that SBH is not suited for de novo 

sequencing, but the technique may be useful for re-sequencing and mutation detection 

(Drmanac et al., 1998). The limitation of this technique lies in the fact that there are 

extremely small differences in the duplex stability between a perfect match and a 

mismatch at one base (Tibanyenda et al., 1984). 

 

3.4. Pyrosequencing 

 

In 1985, Robert Melamede described a new approach for sequencing called sequencing-

by-synthesis (Melamede, 1985). The method relies on sequential addition and 

incorporation of nucleotides in a primer-directed polymerase extension. The four 

different nucleotides are added in a specific order and the event of incorporation can be 

detected (Figure 5), directly or indirectly. In the direct detection approach the nucleotides 

are fluorescently labeled, allowing analysis by a fluorometer (Canard & Sarfati, 1994; 

Metzker et al., 1994). However, Metzker et al. (Metzker et al., 1994) showed that the 

incorporation efficiency of these labeled nucleotides is low, causing non-synchronized 

extension and, thereby, making it difficult to sequence more than a few bases. 

 

In the indirect approach, incorporation of natural nucleotides into a template/primer DNA 

is detected by measuring pyrophosphate (PPi) molecules that are released as a result of 
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the polymerization reaction (Hyman, 1988; Nyrén, 1987). The use of non-modified 

nucleotides and exonuclease-deficient (exo-) DNA polymerase generated synchronized 

extension in the stepwise DNA elongation. In this approach, the PPi is converted to ATP 

by ATP sulfurylase, and the level of ATP is sensed by the use of firefly luciferase. Firefly 

luciferase converts the ATP to visible light which can be detected by a photon detector or 

a CCD camera. Hyman (Hyman, 1988) used a gel-filled column to attach both DNA 

polymerase and the DNA while solutions containing the four different nucleotides were 

pumped through. The generated PPi was then measured off-line by a device consisting of 

a series of columns containing covalently attached enzymes. 

 
 

 

 
Figure 5. The principle of sequencing-by-synthesis. A primer hybridized to a single-stranded target DNA 
is extended by stepwise addition of nucleotides. When the added nucleotide is complementary to the target 
DNA, it is incorporated by a DNA polymerase and the event of incorporation can be detected directly or 
indirectly (see text). The added nucleotide is then be removed to allow the following nucleotide additions. 
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Further modifications of Hyman’s method allowed performance of sequencing-by-

synthesis in real time, which later was called pyrosequencing (Ronaghi et al., 1998). The 

first major improvement was the use of dATP-S instead of dATP in the polymerization 

reaction (Ronaghi et al., 1996). It was evident that luciferase uses dATP as substrate and 

generates non-specific signals after each addition of dATP. On the other hand dATP-S is 

not a substrate for luciferase although DNA polymerase efficiently incorporates it. The 

second and probably the most important improvement towards the development of 

pyrosequencing was introduction of apyrase, which is a nucleotide degrading enzyme. 

Before introduction of apyrase in pyrosequencing (solid-phase pyrosequencing), 

extensive washing steps were necessary to remove the excess of nucleotides after each 

addition. Obviously, the major disadvantage in solid-phase pyrosequencing (Ronaghi et 

al., 1996) was that after each washing step a new mixture of pyrosequencing reagents had 

to be added to the DNA template. Another disadvantage was the loss of the template at 

each wash, leading to reduction in signal intensity. Introduction of apyrase in 

pyrosequencing (liquid-phase pyrosequencing) allowed sequential addition of nucleotides 

without the intermediate washing step. 

 

Figure 6a and 6b show the principle of pyrosequencing. The reaction mixture consists of 

a single-stranded DNA with an annealed primer, adenosine phosphosulfate (APS), D-

luciferin, DNA polymerase, ATP sulfurylase, luciferase and apyrase. The four nucleotide 

bases are added to the mixture in a defined order i.e. CAGT. If the added nucleotide 

forms a base pair to the primer/template, the exonuclease-deficient DNA polymerase 

incorporates the nucleotide and pyrophosphate will consequently be released. The 

released pyrophosphate will be then converted to ATP by ATP sulfurylase in presence of 

APS. In the presence of D-luciferin, luciferase uses the ATP to generate detectable light. 

The excess of the added nucleotide will be degraded by apyrase. In addition, apyrase 

catalyzes the hydrolysis of ATP to ADP and then ADP to AMP. However, if the added 

nucleotide does not form base pair to the DNA template, the polymerase will not 

incorporate it and no light will be produced. The nucleotide will rapidly be degraded by 

apyrase and the next nucleotide is added to the pyrosequencing reaction mixture. 
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Figure 6. The principle of pyrosequencing. 6a. The reaction mixture consists of a single-stranded DNA 
with a short annealed primer, DNA polymerase, ATP sulfurylase, luciferase and apyrase. The four 
nucleotide bases are added to the mixture in a defined order i.e. CGAT (arrows indicate which nucleotide is 
added). 6b. If the added nucleotide forms a base pair, the DNA polymerase incorporates the nucleotide and 
pyrophosphate will consequently be released. The released pyrophosphate together with adenosine 
phosphosulfate (APS) will then be converted to ATP by ATP sulfurylase. Luciferase uses the ATP and with 
D-luciferin, generates detectable light. The excess of the added nucleotide and ATP will be degraded by 
apyrase. However, if the added nucleotide does not form base pair to the target template (6a. right), the 
polymerase will not incorporate it and no light will be produced. The nucleotide will rapidly be degraded 
by apyrase. 
 

 

Since several enzymes are co-operatively involved in pyrosequencing, it is important to 

optimize the relative amount of the enzymes to obtain high quality pyrosequencing data. 

The kinetics of the enzymes can be studied by following the pyrosequencing signals 

(pyrogram). The slope of the ascending curve in a pyrogram is determined by activities of 

DNA polymerase and ATP sulfurylase while the slope of the descending curve is 

determined by the efficiency of apyrase. The height of the signals is indicative of the 
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activity of luciferase. However, the efficiency of apyrase and luciferase decreases during 

sequential extension steps, probably due to accumulation of inhibitory substances, while 

the activity of ATP sulfurylase remains constant. One of the most critical points in the 

pyrosequencing reaction is optimization of the kinetic conditions between polymerization 

and nucleotide removal. The reason is that the enzymes apyrase (nucleotide removal) and 

DNA polymerase (polymerization) compete for the same substrate, nucleotides. Thus, to 

obtain accurate pyrosequencing data, the time for nucleotide degradation by apyrase or 

any other nucleotide-degrading enzyme has to be slower than nucleotide incorporation by 

the DNA polymerase. 

 

At present, pyrosequencing allows sequence determination of 30-40 bases. However, 

there are some inherent limitations with this technique, which arise when more than 30-

40 bases are to be sequenced. Product accumulation, enzyme impurities and decreased 

enzymatic activities could explain the limitations. Accumulation of intermediate products 

such as dNDP, dNMP, ADP and AMP inhibits the degradation efficiency of apyrase. 

Lower nucleotide degradation efficiency can be detected when the kinetic for the 

descending curve in the pyrogram is slower leading to wider signals (Figure 7). Low 

apyrase activity results in non-efficient degradation of nucleotides which in the following 

cycles contribute to non-synchronized extensions (plus-frameshift) (Figure 7). Impure 

enzymes in the system may also explain plus-frameshift. Appearance of nucleoside 

diphosphate kinase (NDP kinase), which converts any non-degraded dNDP to dNTP, 

contributes to plus-frameshift. The enhanced disturbance effect of plus-frameshift occurs 

when a homopolymeric sequence exists (i.e. 4 or more identical nucleotides). It is 

characterized by an increased signal in a specific base, one cycle before the 

homopolymeric sequence signal (Figure 7). The problem of product accumulation arises 

when longer DNA stretches are to be determined and is not considered as a problem for 

SNP genotyping where 4-5 bases are to be sequenced. Non-synchronized extension may 

also be observed as a result of incomplete nucleotide incorporation by the DNA 

polymerase (minus-frameshift). The problem of minus-frameshift arises when DNA 

polymerase incorporates nucleotides in homopolymeric regions. The DNA polymerase 
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apparently does not fully incorporate all the DNA fragments and some fractions of the 

homopolymeric region in the PCR product remain non-extended because the nucleotides 

have been degraded by the apyrase. The result is that in the next cycle of nucleotide 

addition the remaining of non-incorporated fractions will be extended, giving false 

(background) 

signals.

 
Figure 7. Illustration of some inherent problems associated with long-read pyrosequencing. Arrows 
indicate that, after a few cycles of nucleotide additions, the apyrase efficiency is inhibited leading to wider 
signals. This problem is more apparent after 10-15 cycles of nucleotide dispensations. Impure enzymes 
and/or low apyrase activity may contribute to non-synchronized extensions known as + frame-shifts. 
 

Another characteristic of this technique is that it allows the sequencing of unknown 

polymorphic sequences. Pyrosequencing will detect the variation/mutation but non-

synchronized extension may appear in the sequence after the polymorphic position, 

which generally yields non-interpretable data. However, if the mutation is known (SNP), 

it is possible to use programmed nucleotide delivery to keep synchronized extension of 

different alleles in phase and thereby improve discrimination between allelic variants. 
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At present, typing of SNPs is performed in an automated microtiter based pyrosequencer 

instrument, which allows simultaneous analysis of 96 samples within 5-10 minutes. Each 

round of nucleotide dispensing takes approximately 1 minute and thus offers a rapid way 

to determine the sequence of the SNPs, including adjacent positions as controls. A unique 

property with pyrosequencing in typing SNPs is that each allele combination 

(homozygous, heterozygous) will give a specific pattern compared to the two other 

variants (Figure 8). Because specific patterns can readily be achieved for the individual 

SNPs, a comparison of predicted SNP patterns and the obtained raw-data from the 

pyrosequencer can score a SNP by pattern recognition software (Figure 

8).

 
Figure 8. Pyrosequencing on a SNP positioned on chromosome 9q (wiaf1764). Left: the sequence for the 
three allelic alternatives. Middle: the predicted pyrosequencing pattern for the three variants of the SNP 
when nucleotide dispensation is GTCA. Right: the raw-data obtained by pyrosequencing for the three 
variants. As it is shown, the raw-data matches to the predicted pyrosequencing pattern. 
 

4. Analysis of non-defined alterations 

There are generally two groups of scanning methodologies to be considered. The first 

group is based on the aberrant migration of mutant molecules during electrophoresis, 
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such as denaturing gradient gel electrophoresis (DGGE), heteroduplex analysis (HA) and 

single-stranded conformation polymorphism (SSCP). The second group of techniques 

relies on enzymatic cleavage of RNA or DNA molecules. 

 

4.1. Methods based on gel mobility shift 

 

One group of methodologies for detection of mutations at any given position is based on 

differences in migration of mutant and wild type DNA molecules during electrophoresis. 

Among these techniques, single-stranded conformation polymorphism (SSCP) 

(Humphries et al., 1997; Orita et al., 1989a) is the most widely used method. In this 

method, PCR is used to amplify a segment to be searched for a mutation, which is then 

compared to a segment with wild type sequence. The amplified fragments are then 

denatured to generate single-stranded DNA and are separated by electrophoresis in media 

having sieving properties without denaturant (Orita et al., 1989b). The two single-

stranded DNA molecules from each denatured PCR product assumes a specific folded 

conformation depending on the primary sequence. When a sequence difference exists 

between wild type and mutant amplified DNA, a mobility shift can be observed due to 

different single-strand conformations. However, conformation of single-stranded DNA is 

determined by intra-molecular interactions that can change depending on physical 

conditions such as temperature and ionic environment. The main advantage of SSCP is its 

simplicity, but the method is able to detect only 70-95% of mutations in relatively short 

PCR products (200 bp or less) (Martincic & Whitlock, 1996; Sheffield et al., 1993). The 

sensitivity decreases to less than 50% when fragments larger than 400 bp are analyzed. In 

addition, SSCP is not simple to standardize because different DNA templates require new 

optimizations. The sensitivity has been increased by the introduction of direct sequencing 

in the SSCP procedure, and the improved method became known as dideoxy 

fingerprinting (ddF) (Blaszyk et al., 1995; Martincic & Whitlock, 1996; Sarkar et al., 

1992). In ddF, the PCR product is sequenced with Sanger chemistry employing one 

dideoxy (ddCTP) terminator, generating a ‘’C-ladder’’ that is analyzed by SSCP principle 

on a non-denaturing gel. 
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Denaturing gradient gel electrophoresis (DGGE) is another gel shift based method that 

allows mutation detection on the basis that DNA molecules differing by a single base 

have slightly different melting properties and, therefore, migrate differently in a 

denaturing gel (Fischer & Lerman, 1980; Fischer & Lerman, 1983; Fodde & Losekoot, 

1994). As the double-stranded amplified DNA migrates in the gel, the strands 

progressively dissociate in discrete sequence dependent domains of low melting 

temperature. When melted, a reduction in electrophoretic mobility of the DNA is 

observed in the gel. Thus, a single base change in the DNA molecule can slightly alter the 

melting properties, causing the mutated sample to migrate differently in the gel. 

Detection can be improved by adding a non-melting (GC-rich) region in the amplification 

primers (Sheffield et al., 1989). Other variants of DGGE have been developed, including 

temperature gradient gel electrophoresis (TGGE) (Tee et al., 1992; Wartell et al., 1990) 

and constant denaturant gel electrophoresis (CDGE) (Hovig et al., 1991). 

 

The concept of heteroduplex analysis (HA) (Glavac & Dean, 1995; White et al., 1992) is 

almost identical to the SSCP. Heteroduplex DNA is generated by heat denaturation and 

re-annealing of a mixture of wild type and mutant DNA molecules. In non-denaturing 

polyacrylamide gels, homoduplex and heteroduplex exhibit distinct electrophoretic 

mobilities. As in SSCP, detection of mutations is highly condition-dependent (Glavac & 

Dean, 1995; White et al., 1992). 

 

4.2. Cleavage based techniques 

 

The second group of scanning technologies relies on cleavage of RNA or DNA 

molecules. These include ribonuclease cleavage, chemical cleavage and T4 endonuclease 

VII cleavage. The most significant advantages of using these methods instead of mobility 

shift methods are that longer fragments of DNA can be analyzed and the position of the 

mutation can be localized. The principle of cleavage methods is based on formation of a 
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heteroduplex by addition of labeled DNA or RNA to an unlabeled amplified DNA 

sample, cleavage and analysis by gel electrophoresis. 

 

The ribonuclease protection assay (RPA) or RNase cleavage assay has been used to 

detect mismatches in RNA:DNA (Myers et al., 1985) and RNA:RNA (Winter et al., 

1985). In practice, labeled RNA probes hybridize with specific DNA or RNA fragments 

and the duplex is treated with RNase. RNase, which can recognize single-stranded RNA, 

digests a mismatched hybridized RNA probe. The treated sample is then analyzed by gel 

electrophoresis. The main problem with this method is that the sensitivity is quite low. 

The original study using RNase A reported that less than 50% of all single base 

mismatches could be identified (Myers et al., 1985). However, a maximum of 88% of 

single base mismatches are detected using both strands of wild type sequence as probes 

for the DNA:RNA heteroduplex (Myers et al., 1985). 

 

Chemical cleavage of mismatch (CCM) is another method for scanning amplified DNA 

molecules for single base mismatches (Cotton et al., 1988; Ellis et al., 1998). This 

technique detects mismatches in hybrid DNA. Adding labeled normal DNA to an excess 

of unlabeled sample DNA forms a heteroduplex. The heteroduplex is then reacted with 

hydroxylamine and osmium tetraoxide, which recognize and modify C and T mismatches 

respectively. The modified strand can then be cleaved with piperidine at the site of 

mismatch and be analyzed by gel electrophoresis. The method has been shown to be very 

sensitive (Forrest et al., 1991) but it has been performed in fewer laboratories due to the 

use of hazardous chemicals. 

 

Cleavage assays utilizing T4 endonuclease VII have also been used for localization of 

mismatches (Mashal et al., 1995; Youil et al., 1995). This method, called enzyme 

mismatch cleavage (EMC), uses T4 endonuclease VII to cleave at mismatches in 

heteroduplex molecules with a sensitivity in the range of 98% and above (Youil et al., 

1996; Youil et al., 1995). As in RPA, cleavage efficiency varies for different mismatches 

and it is important to use both strands for detecting the mutations. 
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5. Analysis of single nucleotide polymorphisms (pre-defined alterations) 

 

As the Human Genome Project is progressing, there is an emerging need for analysis of 

naturally occurring sequence variations as genetic markers. The most common type of 

genetic diversity is single nucleotide polymorphisms (SNPs). A position is referred to as 

a SNP when it exists in at least two variants with a frequency of more than 1% for the 

least common alternative (Wang et al., 1998). SNPs are distributed across the genome 

with a prevalence of 1 SNP per 220-1000 bases (Cargill et al., 1999; Halushka et al., 

1999; Ross et al., 1997; Wang et al., 1998). This number accounts for more than 3 

million SNPs in the human genome (Sauer et al., 2000) and provides a tool for genetic 

analysis, including diagnosis, pharmacogenomics, forensics and loss of heterozygosity. 

However, the high prevalence of SNPs demands high throughput and accurate techniques 

for genotyping. Various techniques have extensively been evaluated for SNP genotyping. 

In addition to the previous described sequencing technologies, SNP genotyping methods 

can roughly be divided into four groups. The first group is based on single base 

determination of the variable position and is denoted minisequencing or single base 

extension. The second group is sequence distinction through oligonucleotide ligation 

assays. The third group is technologies based on hybridization of short oligonucleotides 

to target DNA. The fourth group of methods for SNP genotyping originates in allele-

specific discrimination by DNA polymerase. 

 

5.1. Single base extension 

 

Solid phase minisequencing or single base extension (SBE) was first described in 1990 

by Syvänen (Syvänen et al., 1990). In this method, the variable position is amplified as 

part of a large fragment using one biotinylated and one non-biotinylated PCR primer. The 

PCR product is then captured by strepavidin-coated beads and the captured DNA 

fragment is rendered single-stranded by alkali treatment. The single-stranded DNA is 

hybridized to a sequencing primer and split into two fractions. The nucleotides at the 
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variable position are identified in the captured single-stranded DNA by single base 

extension using labeled dNTPs. The SBE primer is designed to anneal immediately 

adjacent to the variable site and is extended by a DNA polymerase, with one labeled 

nucleotide complementary to the nucleotide at the variable position. Thus, two reactions 

with two different nucleotides complementary to each variant of the SNP are performed 

and the ratio of incorporated nucleotides determines the genotype. Further modification 

of SBE has led to the use of labeled ddNTP, each labeled with a different fluorescent dye. 

The use of dye-labeled ddNTP has enabled SBE to be performed in array format (Dubiley 

et al., 1999; Pastinen et al., 1997). In a recent report by Affymetrix (Fan et al., 2000), 

SBE was performed by using high-density oligonucleotide arrays that contain thousands 

of pre-selected 20-mer oligonucleotide tags (barcodes). 

 

5.2. Oligonucleotide ligation assay 

 

In 1988, two independent papers (Alves & Carr, 1988; Landegren et al., 1988) 

demonstrated that ligation of two oligonucleotides may be utilized to distinguish 

sequence variants in DNA. The technique became known as oligonucleotide ligation 

assay (OLA) and relies on the ability of ligase to discriminate joining of mismatched 

probe ends. To perform this assay, the target DNA is PCR amplified and a set of three 

oligonucleotides and a ligase are mixed and added to the PCR mixture. Two of the 

oligonucleotides differ only in their 3’-ends and are specific for each target variant. These 

oligonucleotide probes are labeled with two different detectable functional groups. The 

third oligonucleotide probe is biotinylated and is designed to hybridize immediately 

downstream of the fluorescent labeled probes. Two perfectly matched oligonucleotide 

probes are joined by the enzyme ligase. The resulting ligated probe can be captured be 

streptavidin-coated beads at one end and the other end of the ligated product enables 

detection. In the case of mismatched oligonucleotides, the ligation can not be performed 

and consequently the captured oligonucleotide does not carry any detectable 

fluorophores. In 1991, the discovery of a thermostable ligase (Barany, 1991) opened up 

the possibility to exponentially amplify ligated products of OLA. The method was 
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denoted ligase chain reaction (LCR) and amplifies oligonucleotide probes that are joined 

by ligase, but mismatched probes are unabled to ligate and, thus, avoid possible 

amplification. Further development of OLA in SNP analysis has led to introduction of 

padlock probes and signal amplification of these probes by rolling circle replication 

(RCR) (Baner et al., 1998; Lizardi et al., 1998; Nilsson et al., 1997; Nilsson et al., 1994). 

Padlock probes are circularizing oligonucleotide probes in which the 5’ and 3’-ends of 

the probes are designed to hybridize to a target strand immediate to each other. The ends 

of the probes can be joined by the enzyme ligase if no mismatch is existing, but in the 

presence of a mismatch in one end, the enzyme fails to join the ends. Successful process 

of ligation converts the probes to circularly closed molecules that are coiled to the target 

sequences (the SNP regions). The reacted circular probes can then allow a rolling circle 

replication (RCR) reaction that amplifies the signals of reacted probes. The main 

advantage of ligation approaches is the high specificity of ligase that detects all types of 

mismatches (Luo et al., 1996). 

 

5.3. Allele-specific hybridization technologies 

 

A fundamental process in molecular biology is DNA hybridization in which a single-

stranded DNA interacts with its complement to form a duplex structure. As mentioned 

earlier (section 3.3.), Ed Southern (Southern, 1975) developed the technique termed 

Southern blotting that utilizes the interaction between complementary DNA sequences 

for detection of genes. Later, in 1981, Wallace and co-workers (Wallace et al., 1981) 

described that sequence differences as subtle as a single base change can enable 

discrimination of short oligonucleotides. This method became known as allele-specific 

oligonucleotide hybridization (ASOH). ASOH relies on the differences in hybridization 

stability between perfectly matched and mismatched oligonucleotides to a variable target 

DNA. Array based ASOH can be performed by two different approaches referred to as 

format 1 and format 2. In format 1 (also called dot blot format) PCR amplified fragments 

are immobilized on a solid support and hybridized to fluorescently labeled allele-specific 

oligonucleotides (Saiki et al., 1986). Format 2 or reverse dot blot format consists of 
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immobilized oligonucleotides, which can hybridize to labeled amplified targets (Saiki et 

al., 1989). In both formats the obtained data is analyzed quantitatively. The amount of 

fluorophores in two spots that correspond to the matched and mismatched 

oligonucleotides (format 1) or PCR products (format 2) are compared to each other in 

order to score the SNP. Obviously, format 2 is more suitable for high-density analysis of 

SNPs on microarrays (Fodor et al., 1991; Southern et al., 1992; Yershov et al., 1996). 

The limiting step in format 2 approach is the preparation of thousands of PCR products 

for parallel analyses on chips. However, multiplex PCR amplification can be applied to 

reduce this limitation. Multiplex PCR amplifications of 46 SNPs have been reported by 

using constant sequence tags at the 5'-ends of primers (Wang et al., 1998). 

 

An alternative approach that retains the basic principle of microarray ASOH is dynamic 

allele-specific hybridization (DASH) (Howell et al., 1999). DASH technology is based 

on heating and coincident monitoring of DNA denaturation. Aa allele-specific 

oligonucleotide is hybridized to a single-stranded variable site and the duplex DNA 

region interacts with a double-strand-specific intercalating dye. The sample is then heated 

and a rapid fall in fluorescence indicates that the duplex DNA has denatured. When the 

allele-specific oligonucleotide does not perfectly match the target DNA, the single base 

mismatch results in lowering of melting temperature that can be detected on line. 

Recently, a nucleotide analogue called locked nucleic acids (LNA) (Wahlestedt et al., 

2000) was reported to increase the melting temperature of oligonucleotides dramatically. 

A combination of DASH and LNA may result in improved scoring of SNPs. 

 

Two other techniques based on detection of differences in hybridization stability of 

matched and mismatched oligonucleotides are homogeneous assays. Unlike other 

hybridization methods that rely on PCR amplification prior to analysis, homogeneous 

assays monitor the SNP score in real-time during the amplification without the need for 

separation or washing. The TaqMan assay, also known as 5’-nuclease assay (Holland et 

al., 1991; Lee et al., 1993; Livak et al., 1995) is one of these PCR based assays and takes 

advantage of the 5’-nuclease activity of Taq DNA polymerase. In this assay, the PCR is 
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performed with a common pair of PCR primers and two allele-specific TaqMan probes. 

The TaqMan probes are labeled with a donor-acceptor dye pair that functions via 

fluorescence resonance transfer energy (FRET). When the TaqMan probes are hybridized 

to the target SNP, the fluorescence of the 5’-donor fluorophore is quenched by the 3’-

acceptor. At the extension steps of PCR, the Taq DNA polymerase degrades the perfectly 

hybridized probes by its 5’-nuclease activity. When degraded, the 5’-donor dye of the 

probe dissociates from the 3’-quencher, leading to an increase of donor fluorescence. In 

the case of mismatched probe, the probe does not form a hybrid with the target sequence, 

and the fluorophores remain quenched. 

 

In the second homogeneous hybridization based PCR, molecular beacons are used to 

discriminate allelic variants of SNPs (Tyagi et al., 1998; Tyagi & Kramer, 1996). 

Molecular beacons are hairpin-shaped oligonucleotides that report the presence of 

specific allele variants. These probes maintain a stem and a loop structure, in which the 

loop is target sequence specific and the stem is formed by interaction between ends of the 

probe sequence. The probes carry 5’-fluorescent reporter molecules and 3’-quencher 

molecules. The stem keeps these molecules close to each other, which causes quenching 

of fluorescent reporter molecules. During annealing steps of the PCR, the probes are 

allowed to hybridize to the target sequence, leading to dissociation of the stem hybrid. 

Consequently, the fluorophore and the quencher move away from each other, generating 

an increase in fluorescence. The probes that do not hybridize to the target DNA will not 

emit fluorescence because the probe molecules restore the hairpin structure, thus 

quenching the fluorophores. 

 

Even though allele-specific hybridization techniques are powerful, these methods face 

limitations. The stability difference between matched and mismatched oligonucleotide 

probes at only one base can be quite small and can also be sequence context dependent. 

Therefore, probes have to be carefully designed and optimized to ensure that allele-

specific oligonucleotides hybridize only to the perfect complementary target DNA. In 
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addition, hybridization conditions have to be optimized and be stringent enough in order 

to avoid false hybridization. 

 

5.4. Allele-specific discrimination by polymerase 

 

In the late 1980s, a new approach for detecting known mutations was described. This 

method, which took advantage of discrimination properties of DNA polymerase in 

extension of a 3’-end mismatch primer, was developed by different groups and given 

different names, such as amplification refractory mutation system (ARMS) (Newton et 

al., 1989a; Newton et al., 1989b), allele-specific amplification (ASA) (Okayama et al., 

1989), allele-specific polymerase chain reaction (ASPCR) (Wu et al., 1989) and PCR 

amplification of specific alleles (PASA) (Sommer et al., 1989). The principle of this 

method is shown in Figure 9. In practice, a sample is divided into two PCR reactions that 

consist of exactly same reagents with one exception, the 3’-end of one of the primers. 

Each alternative primer is designed to match one allele perfectly but mismatch the other 

allele at the 3’-end. In this way, each allele-specific PCR reaction provides information 

about the presence or absence of one allele that can be analyzed by electrophoresis. In the 

case of homozygous DNA, one PCR reaction results in detectable product while poor 

amplification of the other reaction is obtained due to 3’-end mismatch between target 

DNA and the oligonucleotide. A heterozygous sample ends up with equal amplification 

in both reactions because half of the target template is perfectly complementary to the 

allele-specific oligonucleotide in each reaction. 

 

Further improvements of allele-specific amplification led to development of new 

approaches called PCR amplification of multiple alleles (PAMSA) (Dutton & Sommer, 

1991), tetra-primer PCR (Ye et al., 1992) and bi-directional PCR amplification of 

specific alleles (Bi-PASA) (Liu et al., 1997). The basic concept of all these approaches 

was the use of two allele-specific primers in one reaction to generate different segments 

of distinct sizes that could be separated by electrophoresis. 
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Figure 9. The principle of allele-specific amplification. 
 

 

 

Despite the simplicity and relative low cost, due to elimination of post PCR treatments, 

this technique did not become the first method of choice for detecting mutations and 

polymorphisms. The reason was the poor discrimination property of the DNA 

polymerases. In one of the first papers regarding this technique, published by Newton 

(Newton et al., 1989a), the authors demonstrated that some primer/template mismatches 

such as G/T and A/C are fully extended as well as perfectly matched primer/template, 

giving rise to false positive products. This problem has consistently been observed in 

almost all applications of this technique (Ayyadevara et al., 2000; Day et al., 1999a; Day 
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et al., 1999b; Kwok et al., 1990). In order to avoid false amplification, different groups 

have proposed ideas such as optimization of PCR conditions (i.e. temperature and 

concentration of dNTPs) (Kwok et al., 1990) or introduction of an extra mismatch in the 

primer to further destabilize the primer/template complex (Newton et al., 1989a). Despite 

these efforts, the technique has shown to be very uncertain for scoring variations and 

needs careful optimization for individual templates. 
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6. Present investigation 

 

The overall objective of the research presented here was to develop, investigate and apply 

different technologies for detecting mutations and single base variations. For mutation 

detection, non-melanoma skin cancer was used as a model system, and alterations in the 

p53 tumor suppressor gene were searched as genetic markers. Fragment analysis of 

microsatellites, conventional Sanger DNA sequencing and pyrosequencing were applied 

for this purpose. Furthermore, the feasibility of using pyrosequencing for genotyping 

single nucleotide polymorphisms (SNPs) was investigated. In addition, a new approach 

based on allele-specific extension technology was developed to analyze SNPs. 

 

6.1. Genetic alterations involved in the development of squamous cell cancer (papers 

I, II and III) 

 

Carcinogenesis is a multistep process where different genetic events cooperate to 

establish a tumorigenic cell (Fearon & Vogelstein, 1990; Vogelstein & Kinzler, 1993). 

The malignant transformation requires an accumulation of genetic events, including 

proto-oncogenes and tumor suppressor genes. Inappropriate activation of proto-

oncogenes by mutation or amplification converts them into oncogenes, capable of 

inducing or maintaining cellular transformation. Alterations in tumor suppressor genes, 

which encode for growth inhibitory proteins, lead to deregulated cell proliferation. In the 

case of proto-oncogenes, only one allele of such genes needs to be altered to achieve 

tumorogenic effect while tumor suppressor genes are generally recessive and inactivation 

of both alleles is required (Knudson, 1971). The process of carcinogenesis in colorectal 

cancer, one of the best understood cancer forms, supports the multi-hit theory of tumor 

development (Fearon & Vogelstein, 1990). One of the events of colorectal tumorigenesis 

is alterations in the p53 tumor suppressor gene. In fact, alterations in the p53 gene have 

been reported to be the most common event in human cancers (Hollstein et al., 1991). 
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The human p53 tumor suppressor gene is located on the short arm of chromosome 17 at 

position 17p13.1 (Benchimol et al., 1985). The gene spans about 20 kb of genomic DNA, 

contains 11 exons and encodes a 53 kD nuclear phosphoprotein consisting of 393 amino 

acids. The p53 protein can be divided in three functional domains. The first 73 amino 

acids of the N-terminal acts as a transcriptional activation domain (Fields & Jang, 1990). 

The C-terminal domain is responsible for oligomerization, non-specific DNA-binding 

and nuclear localization (Addison et al., 1990; Foord et al., 1991; Sturzbecher et al., 

1992; Wang et al., 1994; Wang et al., 1993). A specific DNA binding domain lies 

between the C- and N-terminals (Pavletich et al., 1993; Wang et al., 1993). The p53 

protein has multi-functional biological activities and is the central part of many 

regulatory pathways that prevent propagation of cells with damaged DNA. The p53 

protein is directly or indirectly (by regulating other genes and proteins) involved in cell 

cycle arrest, in DNA repair and in apoptosis. Because the p53 gene has a key role in 

maintaining genomic stability, alterations in this gene have significant effects in the 

development of many forms of cancer. Mutations in the p53 gene may occur anywhere in 

the coding sequence but most of the mutations are located in the DNA binding domain, 

affecting the regulatory function of p53. 

 

Squamous cell carcinoma of the skin (SCC) is one of the cancer forms in which the p53 

gene is frequently altered (Ziegler et al., 1994). SCC originally derives from keratinocyte 

stem cells and most commonly arises in sun-damaged skin (Quinn et al., 1994a; Quinn et 

al., 1994b). SCC has some long lasting and slowly developing precursors with well-

defined histological characters, called dysplasia and carcinoma in situ (CIS). This type of 

gradual tumor progression with histologically defined features provides an excellent 

model to follow tumor biological and genetic issues. The aim of the studies in papers I 

and II was to elucidate fundamental questions concerning early events preceding cancer 

formation, as well as issues dealing with clonal progression and timing of different 

mutations and deletions. 
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To analyze alterations in the p53 gene, small samples were microdissected to avoid the 

masking of genetic alterations by admixed cell clones. A nested multiplex PCR 

amplification of exons 4-8 was employed (Berg et al., 1995). Multiplex amplification has 

shown to be useful when samples containing limited amount of target DNA (i.e. 

microdissected) are to be analyzed at multiple loci. One of the inner PCR primers was 

labeled with biotin to permit solid-phase DNA purification of PCR amplicons using 

magnetic beads as solid support (Hultman et al., 1991). A semi-automated protocol with 

fluorescent labeled sequencing primers and alpha-thiotriphosphate nucleotides (Berg et 

al., 1995) was applied. Both DNA strands were sequenced and analyzed by the use of an 

automated laser fluorescent apparatus. Relative alterations of mutated nucleotide peaks 

were recorded in percent. 

 

In a previous study (Ren et al., 1996), as well as in paper I, it was shown through the use 

of p53 as a genetic marker in simultaneously present cancer/precancer that at least one 

mutation is identical. This indicates that SCC and its precursors originally derive from 

one transformed clone. We also observed morphologically normal epidermis with intense 

nuclear accumulation of immunoreactive p53, termed p53 patches. These p53 

immunoreactive patches showed a high prevalence of mutations in the p53 gene (about 

70%). Because occurrence of p53 patches were very common in vicinity of squamous 

neoplasia, we investigated the possibility of p53 patches as early precursors of dysplasia 

and cancer. The p53 sequencing results did not show any clonality association between 

p53 patches and cancer/precancer lesions. In addition, there was a clear difference, 

between p53 patches and malignant lesions, with respect to loss of heterozygosity (LOH). 

LOH was not observed in p53 patches, but it was detected in cancer/precancer lesions. 

 

As mentioned above, malignancy is a multi-step process in which accumulation of 

alterations over a period of time leads to abnormal growth and possibly to cancer. Paper 

II investigated chromosomal instability on the short arm of chromosome 9 (9q22.3) to 

find links to other possible tumor suppressor gene(s) during SCC development. Based on 

findings of high frequency LOH on the long arm of chromosome 9, it was proposed that 
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the region may contain one (or more) tumor suppressor genes that could be involved in 

non-melanoma skin cancers (Holmberg et al., 1996; Quinn et al., 1994b; Zaphiropoulos 

et al., 1994). Prior to our work, through mapping and sequence analysis, it was shown 

that a tumor suppressor gene (ptch) resides on the 9q22.3 region (Gailani et al., 1996; 

Hahn et al., 1996; Johnson et al., 1996). The ptch gene is implicated in the development 

of familial and sporadic basal cell cancer (BCC), a second non-melanoma skin cancer. In 

order to investigate whether chromosomal alterations in 9q22.3 are also essential for SCC 

progression, we developed and applied a multiplex PCR for analyzing LOH, permitting 

simultaneous analysis of multiple markers from small cell clusters. In addition, this 

extended study used materials from our previous studies, allowing us to study the relative 

importance of alterations in the p53 gene and 9q22.3 locus. 

 

A multiplex PCR for simultaneous amplification of five microsatellite markers was 

developed. Two p53 microsatellites consisting of an intronic (AAAAT)-repeat in intron 1 

(Futreal et al., 1991) and a (CA)-repeat located downstream of exon 11 (Jones & 

Nakamura, 1992) were co-amplified with three microsatellites (D9S280, D9S287, 

D9S180) in the 9q22.3 region (Gyapay et al., 1994; Holmberg et al., 1996). One primer 

in each pair was fluorescently labeled. D9S280 and D9S180 amplicons were dye-labeled 

with HEX while the remaining microsatellites were dye-labeled with 6-FAM. The use of 

two dyes permitted interpretation even when amplicon sizes were overlapping. The 

criteria for loss of heterozygosity was based on allelic imbalance in the tumor (T1:T2) 

divided by the allelic imbalance in the normal (N1:N2). Allele ratio (T1:T2)/(N1:N2) less 

than 0.6 was scored as LOH. Allele ratio 1/(T1:T2)/(N1:N2) was used when the 

expression (T1:T2)/(N1:N2) was above 1. Loss of heterozygosity was interpreted as 

negative when the allele ratio was more than 0.6. The LOH results were confirmed by a 

second PCR amplification and fragment analysis using the starting sample material. 

 

The results in paper II indicated that alterations in the p53 gene are early events in the 

progression to SCC, but malignant development may require alterations in the 9q22.3 

region. We used two arguments to support this statement. First, mutation analysis of the 
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p53 gene demonstrated that SCC and its precursors share the same p53 mutation(s) 

meaning that these lesions are derived from the same neoplastic clone. Second, a distinct 

pattern of LOH distribution in chromosomes 17p13.1 and 9q22.3 in dysplasia versus 

CIS/SCC indicated that chromosomal instability occurs in the 17p13.1 region in 

dysplastic lesions while chromosomal instability in the 9q22.3 region appears in a later 

state of skin cancer. In dysplasia 5 of 13 cases showed LOH in the 17p13.1 region, but 

LOH was not observed in the 9q22.3 region. In contrast, 7 of 11 CIS and SCC lesions 

were scored for LOH in 9q22.3. In our study, this significant difference in genetic 

instability distinguished dysplasia from CIS and SCC of the skin. Furthermore, 

morphologically normal p53 patches, with high prevalence of mutations in the p53 gene, 

did not exhibit genomic instability. In addition, our results in paper II and results obtained 

from other groups (Eklund et al., 1998; Holmberg et al., 1996; Unden et al., 1997) ruled 

out the possible importance of the ptch gene in SCC development and instead implicated 

another tumor suppressor gene existing distal to the ptch gene. 

 

Based on these findings, one could speculate on the process of carcinogenesis in SCC. 

The scenario could be that malignant transformation requires a first hit(s), in a gene(s) yet 

to be found, followed by alterations in p53 leading to dysplasia (the order of these genetic 

events could be reversed). This is followed by alterations in the 9q22.3 region for 

progression into CIS. Perhaps, a further change in another unknown tumor suppressor 

gene(s) transforms CIS into SCC. This scenario excludes p53 patches from the 

carcinogenesis process and considers these as clones with single genetic events without 

any genetic link to cancer. However, the role of p53 patches in progression into SCC can 

not completely be excluded and needs further investigations. 

 

In a work published by Jacob Odeberg (Odeberg et al., 1998), we cloned and 

characterized a gene denoted ZNF189, which is a Kruppel-like zinc finger gene located 

on long arm of chromosome 9 in region 9q22-31. The genomic structure of ZNF189 is 

organized into three small exons at the 5'-end and a large fourth exon (encoding 16 zinc 

finger motifs) preceded by a large intron. Zinc fingers are proteins that bind to DNA and 
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act as transcriptional regulators. Therefore, ZNF189 became an interesting gene 

candidate for an unidentified tumor suppressor gene situated in a region implicated in 

SCC (paper II). A nested multiplex PCR system was devised to amplify microdissected 

BCC and SCC of the skin, and DNA sequencing of the coding regions was performed to 

search possible mutations. Sequencing data did not reveal mutations in the coding 

sequence of ZNF189 gene, suggesting that ZNF189 was not involved in the development 

of SCC or BCC. In paper III, the ZNF189 gene was further investigated by sequencing of 

the unknown parts of intron 3 and 500 bp into the promotor region. Analysis of intron 3 

revealed an internal microsatellite (CA-repeat). The microsatellite repeat was analyzed 

for LOH in the same BCC and SCC samples analyzed in paper I, paper II and a previous 

work (Odeberg et al., 1998). The LOH results from the intronic CA-repeat in ZNF189 

correlated well with LOH results in the 9q22.3 region, suggesting that ZNF189 is located 

close to microsatellite markers of the 9q22.3 region. The fact that ZNF189 was located 

close to the site of a putative tumor suppressor gene raised our interest to further 

investigate and extend these studies by sequencing the proximal promotor region. 

 

Sequence analysis revealed the occurrence of a greater than 50% mutations within a 

small hot spot region (24 bp). The majority of the mutations were 100% substitutions, 

indicating loss of the other allele, which was consistent with the data obtained by 

microsatellite markers. Most of the mutations (9/11) were G to A transitions (or C to T on 

the opposite strand), which is the signature of UV-induced DNA damage. The fact that 

we found mutations and LOH (fullfilling Knudson criteria) and the nature of the 

mutations (UV-specifics) favored the possibility that the ZNF189 gene is a tumor 

suppressor gene involved in UV-induced skin cancer. However, routine confirmatory 

analysis of the same original cell lysate did not verify the mutations, and instead, (in 

some cases) new mutations were observed in the same 24 bp region. A control 

experiment was performed to investigate the underlying source of this peculiar pattern of 

''moving mutations''. Samples of ten healthy and unrelated individuals (containing up to 

10 copies of target DNA) were PCR amplified by using either Taq DNA polymerase or 

Pfu DNA polymerase. The analysis by direct sequencing displayed alterations in 4 out of 
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10 samples using Taq DNA polymerase while no alterations were observed when Pfu 

DNA polymerase were applied. In addition, a limiting dilution experiment with a cosmid 

harboring the wild type ZNF189 gene was performed. The same kind of artifactual 

mutations could be observed when a template copy number of 50 or less was amplified 

while 100-1000 copy numbers did not produce mutations. In all of these experiments, 

exon four of the ZNF189 was amplified in parallel and sequenced without producing any 

mutations. 

 

The data in paper III demonstrated a sequence-specific PCR-mediated artifact. Because 

most mutations are non-ambiguous when analyzed by direct DNA sequencing, the results 

imply that the misincorporation of nucleotide A instead of G generates a fragment that is 

selectively amplified over fragments with the wild type sequence. A possible explanation 

could be that the region (artifact producing) forms secondary structures at which the Taq 

DNA polymerase stalls, leading to truncated fragments. Taq DNA polymerase is known 

to incorporate nucleotide A at the ends of fragments, and therefore, it is possible that the 

truncated fragment(s) are used as primer in the subsequent PCR cycles. Substitution of G 

to A may contribute to a less stable secondary structure and, thus, gives a competitive 

advantage in the PCR. However, regardless of the mechanism for these hot spot 

artifactual mutations, the appearance of these mutations (clustered in a short region) 

should stress the need for evaluation of individual sequence context and confirmation of 

mutations when found at low template quantities and clustered to a hot spot region. 

 

6.2. Mutation detection by pyrosequencing (papers IV and V) 

 

An inherent problem in conventional Sanger DNA sequencing is the occurrence of DNA 

sequence compressions during gel electrophoresis. Compression is usually caused by 

secondary structures in the DNA fragments. These secondary structures lead to a faster 

migration of DNA fragments in the gel, causing overlap of fragments and consequently 

causing problems in interpretation of the resulting sequence. Another problem associated 

with dye-primer Sanger DNA sequencing is occurrence of small fractions of truncated 
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PCR fragments, which in the sequencing reaction give rise to a strong signal covering the 

flanking base-specific signals (Westberg et al., 1999). This signal then makes it difficult 

to determine the sequence of the covered region. However, using dye-terminator 

chemistry instead of the dye-primer approach solves this problem. 

 

To circumvent these problems associated with gel electrophoresis we established and 

validated pyrosequencing as a tool to identify mutations using p53 as a model gene. Two 

oligonucleotide templates were constructed to determine the detection limit of mutation 

signals. The oligonucleotide templates were designed to harbor the identical sequences to 

a clinical tumor sample with a CC to AT substitutions in exon 5 of the p53 gene. One 

oligonucleotide template contained the wild type sequence and one contained the two 

mutations. The oligonucleotide templates with the wild type and mutant sequence were 

mixed in proportions resulting in a 50% mixture and a 75% wild type to 25% mutant 

mixture. By evaluation of the pyrosequencing raw data, it was possible to quantify the 

number of incorporated bases by following the peak heights. Using this particular 

template, we showed that at least 25% mutation signals can be detected. 

 

In addition, pyrosequencing was used to determine the allele(s) on which the mutations 

reside. Two samples were used for this purpose, one was a BCC sample (with the CC to 

TA mutations) and the other was a SCC sample with double substitutions in exon 6 of the 

p53 gene (GAG to AAA). The cloning results had already shown that in both cases the 

mutations were located on the same allele. Pyrosequencing was also able to determine the 

allelic distribution of mutations but without performing a cumbersome cloning procedure. 

Determination of bi-allelic alterations is of utmost importance in the analysis of tumor 

suppressor genes to ascertain if multiple mutations affect both alleles of the gene. The 

results in paper IV show that pyrosequencing is a useful tool for analysis of these bi-

allelic mutations, without the need of cloning experiments. In the cases discussed in 

paper IV, the mutations were in vicinity of each other, but theoretically it should be 

possible to follow the sequence of a single allele if the order of nucleotide additions is 

designed to enable non-synchronized extension. Thus, allelic determination of mutations 
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that are far from each other may also be performed. Another aspect of analysis of cancer 

and malignant progression is the timing of different mutations. Quantification of 

mutations (intra- or inter-genics) provides valuable information about which mutation(s) 

(or which mutated gene(s)) precedes the other(s). Paper IV demonstrates that 

pyrosequencing is able to provide a quantitative determination of at least 25% mutation 

signals. 

 

In paper V, the ability to use pyrosequencing for sequencing exons 5 to 8 of the p53 gene 

was investigated. A set of 17-19 base sequencing primers was designed to cover the four 

exons. Bi-directional pyrosequencing was performed on amplified DNA template and 

overlapping sequences were assembled to determine the sequence of the p53 gene. Two 

forms of nucleotide dispensation strategies were used, cyclic and programmed. In the 

cyclic dispensation strategy, nucleotides were repeatedly added in the order A, G, T and 

C while in the programmed strategy the order of nucleotide dispensation was pre-defined 

according to the wild type consensus sequence. Some advantages, such as longer read 

with fewer primers, faster reads and less frame-shifts, were obtained by the use of 

programmed dispensation approach. Furthermore, as in paper IV, we were able to detect 

mutations in clinical samples, including an estimation of the ratio of mutant to wild type 

allele. 

 

6.3. Analysis of single nucleotide polymorphisms by pyrosequencing (paper VI) 

 

In paper VI, we investigated the possibility of typing single base variations by 

pyrosequencing. Four single nucleotide polymorphism (SNP) positions, located on 

chromosomes 9q and 17p, were selected. Three of these SNPs correspond to single 

variations in chromosome 9 (wiaf1764, wiaf797, wiaf41), and one corresponds to a 

coding SNP in the p53 tumor suppressor gene (codon 72). The four SNP sites were co-

amplified by an outer multiplex PCR which was followed by individual inner PCRs, 

generating 80 bp fragments for each SNP. For evaluation of pyrosequencing in these 

SNPs, genomic DNA from 24 unrelated individuals were analyzed. In addition, by using 
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pyrosequencing, a loss of heterozygosity (LOH) assay was performed by using the 

polymorphic codon 72 of the p53 gene. 

 

A feature of pyrosequencing in typing SNPs is that each allele combination 

(homozygous, heterozygous) confers a specific pattern compared to the two other 

variants. Thus, it is rather easy to score the allelic status by pattern recognition. In all 

SNPs analyzed in paper VI, two different orders of nucleotide additions, cyclic and 

sequential (programmed), were tested. In both cases, SNP determination started with 

analysis of nucleotide(s) preceding the investigated position. This step served as a 

positive control of the amplification process as well as for calibration of reaction 

conditions. The advantage of using cyclic addition of nucleotides is that it results in three 

unique patterns at the polymorphic sites due to non-synchronized extensions. In contrast, 

the sequential nucleotide addition generates differences in three peak positions and is 

designed so that the individual allele extensions are in phase. Thereafter, further 

nucleotide additions will give the consensus sequence of the target and can improve raw 

data interpretation. Another advantage of using sequential nucleotide addition is that the 

pyrosequencing will be finished more rapidly as compared to the cyclic protocol. Using 

cyclic and sequential nucleotide addition orders, all 96 genotypes (4 SNPs and 24 

individuals) were successfully scored by both strategies. Furthermore, the result of SNP-

based LOH analysis by pyrosequencing in a breast cancer lesion was in concordance with 

the LOH data obtained by microsatellite analysis (Williams et al., 1998). 

 

6.4. Analysis of single nucleotide polymorphisms by apyrase mediated allele-specific 

extension (paper VII) 

 

Allele-specific extension (ASE) methodology using alternating primers at the 3’-end, has 

previously been described to analyze single base variations (Newton et al., 1989a; 

Newton et al., 1989b; Okayama et al., 1989; Sommer et al., 1989; Wu et al., 1989). 

However, this method suffers from poor discrimination of certain mismatches, such as 

G:T or C:A, by the DNA polymerase (Day et al., 1999a). Different solutions have been 
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proposed to improve mismatch discrimination properties of polymerases but all of these 

procedures include extensive optimization steps. 

 

In paper VII, we established and evaluated allele-specific extension using real-time 

luminometric detection. Four SNPs with eight alternative 3’-end primer-template 

configurations were investigated. The SNPs were codon 72 of the p53 gene (C or G), 

wiaf 1764 (G or T), nucleotide position 677 in the MTHFR gene (C or T) and nucleotide 

position 196 in the GPIIIa gene (G or A). All three possible alternatives of the SNPs were 

analyzed. Thus, using two allele-specific primers for each SNP, the following 

mismatches were possible: G-G and C-C for codon 72 (p53 gene), A-G and C-T for wiaf 

1764, A-C and G-T for polymorphic position on the MTHFR gene and T-G and C-A for 

the SNP on the GPIIIa gene. Allele-specific extensions were performed and extension 

ratios were calculated by taking the ratio of the high versus the low end-point signals. 

Extension ratios of ≤1.5 were interpreted as heterozygous while a ratio of ≥3.5 

represented a homozygous sample. Ratios between 1.6 and 3.4 were interpreted as 

uncertain. In just two cases of homozygosity the SNPs were genotyped correctly. In five 

out of eight cases of homozygous position, the mismatched primer-template contributed 

with such high extension signals that the SNPs were wrongly scored as heterozygous. 

The primer-template mismatches that were extended in these cases were G-G, C-T, G-T, 

T-G and C-A. The poor results were not surprising and were in concordance with 

previous reports by other groups. In addition, the C-C primer-template mismatch 

produced a signal that made the scoring uncertain (i.e. extension ratio between 2 and 3). 

 

The real-time luminometric assay, however, revealed slower reaction kinetics for 

mismatched configurations compared to matched configurations. This can be observed by 

monitoring the slope for mismatched primer-templates and comparing these to their 

matched configurations (Figure 10a). The kinetic difference is usually not distinguishable 

in, for example, allele-specific based PCR. Extension of a single mismatch substrate in 

the first cycle of PCR leads to a perfect match primer-template in the subsequent cycles, 

and therefore, comparable amount of end product is achieved both for matched and 
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mismatched configurations. We took advantage of the differences in reaction kinetics and 

proposed an allele-specific extension approach allowing for improved discrimination 

between matched and mismatched configurations based on apyrase, a nucleotide-

degrading enzyme. The apyrase mediated allele-specific extension (AMASE) allowed 

extension of nucleotide(s) when the reaction kinetics are fast (matched case) but degrades 

the nucleotide(s) before extension when the reaction kinetics are slow (mismatched case). 

Thus, AMASE circumvents the limitation of previous allele-specific extension assays in 

which slow reaction kinetics eventually give rise to end products (or signals) that are 

comparable to products from a complete matched situation. 

 
Figure 10. Bioluminometric allele-specific extension for the three variants of a SNP located on 
chromosome 9 (wiaf 1764). The sample name, nucleotide status for each sample and alternating extension 
primers (1 and 2) is given at the top. 10a. The allele-specific extension raw-data obtained without the use of 
apyrase. As shown, end point signals from the matched (A:T) and mismatched (C:T) primer-template in the 
homozygous sample g055 are almost equal. Nevertheless, the slope of the mismatched configuration 
indicates slower reaction kinetics compared to the matched configurations. 10b. Use of apyrase results in 
correct genotyping of all three variants. 
 
Two different assay formats of AMASE were evaluated. A luminometric assay in which 
successful incorporation of natural nucleotides is monitored in real-time using an 
enzymatic cascade and a fluorescent assay using dye-labeled nucleotides. In the  
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fluorescent assay, extension was performed by the same polymerase and the same 
primers as in the luminometric assay, indicating that the discrimination behavior should 
be the same. As mentioned above, when apyrase was not used in the allele-specific 
luminometric assay, five out of eight cases of homozygous positions were wrongly 
scored as heterozygous. The same poor results in the same primer-templates were 
obtained in the fluorescent assay. However, when apyrase was included in the allele-
specific extension of these samples a dramatic difference was observed (Figure 10b). In 
both cases of AMASE (luminometric and fluorescent) the extension ratios resulted in the 
correct genotypes compared to the pyrosequencing data. 
 

The results in paper VII show that SNPs can be scored with allele-specific extension 

reactions. The real-time luminometric assay revealed that the reaction kinetics are slower 

in mismatched configurations as compared to matched configurations. Thus, previous 

problems in scoring certain mismatches were solved by the introduction of apyrase. The 

fluorescent assay showed that apyrase can efficiently remove fluorescently labeled 

nucleotides enabling AMASE to be performed in microarray formats. 

 

In addition to the work presented above, the possibility to adapt AMASE as a high 

throughput technology has been investigated. A microarray format has been designed and 

Figure 11 shows the raw-data from the chip analysis, with and without the use of apyrase. 

A direct comparison of the data obtained for samples in Figures 10 and 11 shows that the 

results of extensions on chip are correct when apyrase is used, yet the same homozygous 

sample (as in the other two assays) has produced a high mismatched signal when apyrase 

is not applied. 

 

As demonstrated, a major advantage of using AMASE is that the technique is applicable 

for high throughput genotyping. An alternative approach to the solid-phase microarray 

assay that we have performed is the use of barcodes (Fan et al., 2000) as tags on the 5'-

ends of allele-specific primers. In this way, a liquid-phase multiplex AMASE of a set of 

SNPs may be performed in a single tube (if the barcodes on the match and mismatch are 

different) or in two tubes (if the barcodes on the match and mismatch are identical). After 

performance of AMASE, the products can be hybridized to barcodes on the chip. To 

improve the hybridization efficiency a modular probe may be utilized (O'Meara et al., 
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1998a; O'Meara et al., 1998b). The modular probe can hybridize to its complementary 

segment on the immobilized oligonucleotide and improve the hybridization of a barcode 

that is immediately downstream. 

 
 

 
Figure 11. Allele-specific extension of the three variants of wiaf 1764 without apyrase (- apyrase) and with 
apyrase (+ apyrase) performed by fluorescently labeled nucleotides on microarray. The samples correspond 
to the same samples used in the luminometric assay (Figure 10). The upper panel illustrates the raw-data of 
extension chip without and with the use of apyrase. The lower panel shows the extension ratios. 
 

 

 

Another advantage of using AMASE is that it can be utilized in a PCR amplification 

assay when a thermostable nucleotide-degrading enzyme is available. However, a more 

practical approach would be to utilize AMASE in a reaction with TaqMan probes. Instead 

of using allele-specific TaqMan probes which require extensive optimization to function 
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properly, a perfect complementary TaqMan probe can be used. After PCR amplification, 

the TaqMan probe can be designed to hybridize 15 to 20 bases downstream of a 3’-end 

allele-specific primer. Thereafter, AMASE may be performed, and in the case of matched 

primer-template, DNA polymerase extends the primer and degrades the probe by its 5’-

nuclease activity, thus leading to increased donor fluorescence. On the other hand, in the 

mismatched case, apyrase degrades the nucleotides and the fluorescence level remains 

unchanged. AMASE products may also be distinguished by mass difference or by the use 

of double-strand-specific intercalating dyes. 

 

7. Concluding remarks 

 

In conclusion, a variety of tools and technologies such as fragment analysis, Sanger DNA 

sequencing, pyrosequencing and apyrase mediated allele-specific extension have been 

used and/or developed to analyze genetic alterations and variations. All the applied 

techniques in this thesis have advantages and disadvantages, and I would find it difficult 

to generally rule out or favor any of them. In fact, a combination of these techniques in 

conjunction with other methods can probably resolve many of the problems arising in 

detection of mutations and genetic variations. 



A. Ahmadian 

 46

Acknowledgements 
 

I would like to express my sincere gratitude to all my friends and colleagues who have 
helped and supported me to complete this work. I am especially grateful to: 
 
Prof. Joakim Lundeberg, my supervisor, for introducing me into the field of molecular 
biology and for your friendship, your great encouragement, for having positive and 
stimulating attitude, for always having time (making time) for advice and discussions and 
for believing in me. Also for your care and interest in your students’ lives and problems. 
 
Prof. Mathias Uhlén, head of our department, for accepting me as Ph.D. student and for 
your tremendous support, endless enthusiasm, visions, bright ideas and for creating a 
family like atmosphere in the lab. 
 
Prof. Pål Nyrén, head of pyrosequencing group at KTH, for discussions about 
pyrosequencing and for letting me feel welcomed to work in your lab as if I was one of 
your students. 
 
Mostafa Ronaghi, for your support, friendship and for introducing me into the world of 
pyrosequencing. 
 
Cecilia Williams, my ex-jobb supervisor, for being patient with me and teaching me all 
about sequencing and mutations. By the way, I still believe in everything you say. 
 
Baback Gharizadeh, my friend and lately my closest collaborator, for your friendship, for 
discussions dealing science and life, for all your help during the years and for valuable 
comments on this thesis. 
 
Bahram Amini, my friend and colleague, for all your help and support during the last 
eleven years (especially during ‘tenta veckorna’). 
 
Peter Nilsson and Jacob Odeberg for all your help and for being great to work with. 
 
Nader Pourmand, for being such a good and helpful friend. 
 
The pyrosequencing group at KTH: Carlos Garcia, Nader Nourizad, Tommy Nordström, 
Jonas Eriksson and Baback Gharizadeh, for fruitful collaboration, for helping me to make 
fires and for fantastic discussions. 
 
My co-authors at Uppsala University: Prof. Jan Pontén, Fredrik Pontén, Zhi-Ping Ren, 
Peter Hagland Monika Nistér and Gao Ling for very interesting projects and discussions 
about skin cancers, mutations, single cell and for being great to work with. 
 



Analysis of Mutations and Genetic Variations 

 47

The microfluidic group at S3 at KTH: Prof. Göran Stemme, Helene Andersson and 
Wouter van der Wijngaart, for your enthusiasm for reducing things and always having 
new constructions. 
 
Pyrosequencing AB at Uppsala, for providing instruments, enzymes and fruitful 
collaboration. 
 
The K90 group at DNAcorner: Bahram Amini, Eric Björkvall, Torbjörn Gräslund, 
Christin Andersson and Nina Bandmann. 
 
Former and present members of the DNAcorner lab with special thanks to all members in 
‘Siberien’ (for a warm and friendly atmosphere), Anders Holmberg and Eric Björkvall 
(computer help), Joakim Westberg and Bertil Petersson (sequencing advice), Aman 
Russom (flow-chips), Åsa Persson (artifact mutations), Karin Bergstrand (p53 
sequencing), Anna Gustafsson (SNP project) Susanne Gulich (good neighbor), Deirdre 
O’Meara (manuscript comments) and Monica Ruck and Pia Ahnlén (secretarial 
assistance). 
 
Friends outside the lab: Soheila and Nader, Parisa and Bahram, Mitra and Keyvan, 
Fredrik L, Masoud and Mahrokh, Afsaneh and Hamid, Ann-Britt and Nader, Anna-Karin 
and Reza, Homeira and Hassan, Abbas and Changiz. 
 
The Ansaris, Ms and Mr Ansari, Mohsen, Maryam, Mosoud and Ghazaleh, Adel and 
Roze-Mina. 
 
My sister Nasrin and my brother Shervin and their families: Kiumars and Shahrzad, 
Hamta and Bahador and Poria. 
 
My parents, for all your love, endless support and for believing in me. 
 
My daughter, my life Jasmin, for bringing so much joy. 
 
My wife, my love Mojgan, for your love, devotion, understanding, support and for your 
never-ending patience with me. 



A. Ahmadian 

 48

References 
 

Addison, C., Jenkins, J.R. & Sturzbecher, H.W. (1990). Oncogene, 5, 423-6. 

Alves, A.M. & Carr, F.J. (1988). Nucleic Acids Res, 16, 8723. 

Ansorge, W., Sproat, B.S., Stegemann, J. & Schwager, C. (1986). J Biochem Biophys 

Methods, 13, 315-23. 

Ansorge, W., Voss, H., Wiemann, S., Schwager, C., Sproat, B., Zimmermann, J., 

Stegemann, J., Erfle, H., Hewitt, N. & Rupp, T. (1992). Electrophoresis, 13, 616-9. 

Ayyadevara, S., Thaden, J.J. & Shmookler Reis, R.J. (2000). Anal Biochem, 284, 11-8. 

Baner, J., Nilsson, M., Mendel-Hartvig, M. & Landegren, U. (1998). Nucleic Acids Res, 

26, 5073-8. 

Barany, F. (1991). Proc Natl Acad Sci U S A, 88, 189-93. 

Beckman, J.S. & Weber, J.L. (1992). Genomics, 12, 627-31. 

Beckmann, J.S. & Soller, M. (1990). Biotechnology (N Y), 8, 930-2. 

Benchimol, S., Lamb, P., Crawford, L.V., Sheer, D., Shows, T.B., Bruns, G.A. & 

Peacock, J. (1985). Somat Cell Mol Genet, 11, 505-10. 

Berg, C., Hedrum, A., Holmberg, A., Pontén, F., Uhlén, M. & Lundeberg, J. (1995). Clin 

Chem, 41, 1461-1466. 

Berkenkamp, S., Kirpekar, F. & Hillenkamp, F. (1998). Science, 281, 260-262. 

Blaszyk, H., Hartmann, A., Schroeder, J.J., McGovern, R.M., Sommer, S.S. & Kovach, 

J.S. (1995). Biotechniques, 18, 256-60. 

Botstein, D., White, R.L., Skolnick, M. & Davis, R.W. (1980). Am J Hum Genet, 32, 

314-31. 

Canard, B. & Sarfati, R.S. (1994). Gene, 148, 1-6. 

Cargill, M., Altshuler, D., Ireland, J., Sklar, P., Ardlie, K., Patil, N., Shaw, N., Lane, 

C.R., Lim, E.P., Kalyanaraman, N., Nemesh, J., Ziaugra, L., Friedland, L., Rolfe, A., 

Warrington, J., Lipshutz, R., Daley, G.Q. & Lander, E.S. (1999). Nat Genet, 22, 231-8. 

Carothers, A.M., Urlaub, G., Mucha, J., Grunberger, D. & Chasin, L.A. (1989). 

Biotechniques, 7, 494-6, 498-9. 



Analysis of Mutations and Genetic Variations 

 49

Chehab, F.F., Johnson, J., Louie, E., Goossens, M., Kawasaki, E. & Erlich, H. (1991). Am 

J Hum Genet, 48, 223-6. 

Chien, A., Edgar, D.B. & Trela, J.M. (1976). J Bacteriol, 127, 1550-7. 

Cotton, R.G., Rodrigues, N.R. & Campbell, R.D. (1988). Proc Natl Acad Sci U S A, 85, 

4397-4401. 

Danna, K. & Nathans, D. (1971). Proc Natl Acad Sci U S A, 68, 2913-7. 

Day, J.P., Bergstrom, D., Hammer, R.P. & Barany, F. (1999a). Nucleic Acids Res, 27, 

1810-8. 

Day, J.P., Hammer, R.P., Bergstrom, D. & Barany, F. (1999b). Nucleic Acids Res, 27, 

1819-27. 

Drmanac, R., Labat, I., Brukner, I. & Crkvenjakov, R. (1989). Genomics, 4, 114-128. 

Drmanac, S., Kita, D., Labat, I., Hauser, B., Schmidt, C., Burczak, J.D. & Drmanac, R. 

(1998). Nat Biotechnol, 16, 54-58. 

Dubiley, S., Kirillov, E. & Mirzabekov, A. (1999). Nucleic Acids Res, 27, e19. 

Dutton, C. & Sommer, S.S. (1991). Biotechniques, 11, 700-2. 

Eklund, L.K., Lindstrom, E., Unden, A.B., Lundh-Rozell, B., Stahle-Backdahl, M., 

Zaphiropoulos, P.G., Toftgard, R. & Soderkvist, P. (1998). Mol Carcinog, 21, 87-92. 

Ellegren, H., Johansson, M., Sandberg, K. & Andersson, L. (1992). Anim Genet, 23, 133-

42. 

Ellis, T.P., Humphrey, K.E., Smith, M.J. & Cotton, R.G. (1998). Hum Mutat, 11, 345-53. 

Fan, J.B., Chen, X., Halushka, M.K., Berno, A., Huang, X., Ryder, T., Lipshutz, R.J., 

Lockhart, D.J. & Chakravarti, A. (2000). Genome Res, 10, 853-60. 

Fearon, E.R. & Vogelstein, B. (1990). Cell, 61, 759-67. 

Fields, S. & Jang, S.K. (1990). Science, 249, 1046-9. 

Fischer, S.G. & Lerman, L.S. (1980). Proc Natl Acad Sci U S A, 77, 4420-4. 

Fischer, S.G. & Lerman, L.S. (1983). Proc Natl Acad Sci U S A, 80, 1579-1583. 

Fodde, R. & Losekoot, M. (1994). Hum Mutat, 3, 83-94. 

Fodor, S.P., Read, J.L., Pirrung, M.C., Stryer, L., Lu, A.T. & Solas, D. (1991). Science, 

251, 767-773. 



A. Ahmadian 

 50

Foord, O.S., Bhattacharya, P., Reich, Z. & Rotter, V. (1991). Nucleic Acids Res, 19, 

5191-8. 

Forrest, S.M., Dahl, H.H., Howells, D.W., Dianzani, I. & Cotton, R.G. (1991). Am J Hum 

Genet, 49, 175-83. 

Froguel, P., Vaxillaire, M., Sun, F., Velho, G., Zouali, H., Butel, M.O., Lesage, S., 

Vionnet, N., Clement, K., Fougerousse, F. & et al. (1992). Nature, 356, 162-4. 

Futreal, P.A., Barrett, J.C. & Wiseman, R.W. (1991). Nucleic Acids Research, 19, 6977. 

Gailani, M.R., Stahle-Bäckdahl, M., Leffell, D.J., Glynn, M., Zaphiropoulos, P.G., 

Pressman, C., Unden, A.B., Dean, M., Brash, D.E., Bale, A.E. & Toftgård, R. (1996). Nat 

Genet, 14, 78-81. 

Glavac, D. & Dean, M. (1995). Hum Mutat, 6, 281-7. 

Greaves, D.R. & Patient, R.K. (1985). Embo J, 4, 2617-26. 

Gyapay, G., Morissette, J., Vignal, A., Dib, C., Fizames, C., Millasseau, P., Marc, S., 

Bernardi, G., Lathrop, M. & Weissenbach, J. (1994). Nat Genet, 7, 246-339. 

Hahn, H., Wicking, C., Zaphiropoulous, P.G., Gailani, M.R., Shanley, S., Chidambaram, 

A., Vorechovsky, I., Holmberg, E., Unden, A.B., Gillies, S., Negus, K., Smyth, I., 

Pressman, C., Leffell, D.J., Gerrard, B., Goldstein, A.M., Dean, M., Toftgard, R., 

Chenevix-Trench, G., Wainwright, B. & Bale, A.E. (1996). Cell, 85, 841-51. 

Halushka, M.K., Fan, J.B., Bentley, K., Hsie, L., Shen, N., Weder, A., Cooper, R., 

Lipshutz, R. & Chakravarti, A. (1999). Nat Genet, 22, 239-47. 

Hamada, H. & Kakunaga, T. (1982). Nature, 298, 396-8. 

Hamada, H., Petrino, M.G. & Kakunaga, T. (1982a). Proc Natl Acad Sci U S A, 79, 5901-

5. 

Hamada, H., Petrino, M.G. & Kakunaga, T. (1982b). Proc Natl Acad Sci U S A, 79, 

6465-9. 

Hearne, C.M., Ghosh, S. & Todd, J.A. (1992). Trends Genet, 8, 288-94. 

Holland, P.M., Abramson, R.D., Watson, R. & Gelfand, D.H. (1991). Proc Natl Acad Sci 

U S A, 88, 7276-80. 

Hollstein, M., Sidransky, D., Vogelstein, B. & Harris, C.C. (1991). Science, 253, 49-53. 

Holmberg, E., Rozell, B.L. & Toftgard, R. (1996). Br J Cancer, 74, 246-50. 



Analysis of Mutations and Genetic Variations 

 51

Hovig, E., Smith-Sorensen, B., Brogger, A. & Borresen, A.L. (1991). Mutat Res, 262, 63-

71. 

Howell, W.M., Jobs, M., Gyllensten, U. & Brookes, A.J. (1999). Nat Biotechnol, 17, 87-

8. 

Hudson, T.J., Engelstein, M., Lee, M.K., Ho, E.C., Rubenfield, M.J., Adams, C.P., 

Housman, D.E. & Dracopoli, N.C. (1992). Genomics, 13, 622-9. 

Hultman, T., Bergh, S., Moks, T. & Uhlen, M. (1991). Biotechniques, 10, 84-93. 

Humphries, S.E., Gudnason, V., Whittall, R. & Day, I.N. (1997). Clin Chem, 43, 427-35. 

Hyman, E.D. (1988). Anal Biochem, 174, 423-436. 

Innis, M.A., Myambo, K.B., Gelfand, D.H. & Brow, M.A. (1988). Proc Natl Acad Sci U 

S A, 85, 9436-9440. 

Jacobson, K.B., Arlinghaus, H.F., Buchanan, M.V., Chen, C.H., Glish, G.L., Hettich, 

R.L. & McLuckey, S.A. (1991). Genet Anal Tech Appl, 8, 223-229. 

Johnson, R.L., Rothman, A.L., Xie, J., Goodrich, L.V., Bare, J.W., Bonifas, J.M., Quinn, 

A.G., Myers, R.M., Cox, D.R., Epstein, E.H., Jr. & Scott, M.P. (1996). Science, 272, 

1668-71. 

Jones, H.M. & Nakamura, Y. (1992). Genes, chromosomes & cancer, 5, 89-90. 

Klenow, H. & Henningsen, I. (1970). Proc Natl Acad Sci U S A, 65, 168-75. 

Knudson, A.G., Jr. (1971). Proc Natl Acad Sci U S A, 68, 820-3. 

Korenberg, J.R., Yang-Feng, T., Schreck, R. & Chen, X.N. (1992). Trends Biotechnol, 

10, 27-32. 

Kristensen, T., Voss, H., Schwager, C., Stegemann, J., Sproat, B. & Ansorge, W. (1988). 

Nucleic Acids Res, 16, 3487-3496. 

Kwok, S., Kellogg, D.E., McKinney, N., Spasic, D., Goda, L., Levenson, C. & Sninsky, 

J.J. (1990). Nucleic Acids Res, 18, 999-1005. 

Landegren, U., Kaiser, R., Sanders, J. & Hood, L. (1988). Science, 241, 1077-80. 

Lee, L.G., Connell, C.R. & Bloch, W. (1993). Nucleic Acids Res, 21, 3761-6. 

Linn, S. & Arber, W. (1968). Proc Natl Acad Sci U S A, 59, 1300-6. 

Litt, M. & Luty, J.A. (1989). Am J Hum Genet, 44, 397-401. 

Liu, Q., Thorland, E.C., Heit, J.A. & Sommer, S.S. (1997). Genome Res, 7, 389-98. 



A. Ahmadian 

 52

Livak, K.J., Flood, S.J., Marmaro, J., Giusti, W. & Deetz, K. (1995). PCR Methods Appl, 

4, 357-62. 

Lizardi, P.M., Huang, X., Zhu, Z., Bray-Ward, P., Thomas, D.C. & Ward, D.C. (1998). 

Nat Genet, 19, 225-32. 

Luo, J., Bergstrom, D.E. & Barany, F. (1996). Nucleic Acids Res, 24, 3071-8. 

Lysov Iu, P., Florent'ev, V.L., Khorlin, A.A., Khrapko, K.R. & Shik, V.V. (1988). Dokl 

Akad Nauk SSSR, 303, 1508-11. 

Martincic, D. & Whitlock, J.A. (1996). Oncogene, 13, 2039-44. 

Mashal, R.D., Koontz, J. & Sklar, J. (1995). Nat Genet, 9, 177-83. 

Maxam, A.M. & Gilbert, W. (1977). Proc Natl Acad Sci U S A, 74, 560-4. 

Melamede, R.J. (1985). , U.S. Patent 4863849. 

Metzker, M.L., Raghavachari, R., Richards, S., Jacutin, S.E., Civitello, A., Burgess, K. & 

Gibbs, R.A. (1994). Nucleic Acids Res, 22, 4259-4267. 

Miesfeld, R., Krystal, M. & Arnheim, N. (1981). Nucleic Acids Res, 9, 5931-47. 

Mullis, K., Faloona, F., Scharf, S., Saiki, R., Horn, G. & Erlich, H. (1986). Cold Spring 

Harb Symp Quant Biol, 51, 263-73. 

Mullis, K.B. & Faloona, F.A. (1987). Methods Enzymol, 155, 335-50. 

Murray, K.K. (1996). J Mass Spectrom, 31, 1203-1215. 

Myers, R.M., Larin, Z. & Maniatis, T. (1985). Science, 230, 1242-1246. 

Newton, C.R., Graham, A., Heptinstall, L.E., Powell, S.J., Summers, C., Kalsheker, N., 

Smith, J.C. & Markham, A.F. (1989a). Nucleic Acids Res, 17, 2503-2516. 

Newton, C.R., Heptinstall, L.E., Summers, C., Super, M., Schwarz, M., Anwar, R., 

Graham, A., Smith, J.C. & Markham, A.F. (1989b). Lancet, 2, 1481-3. 

Nilsson, M., Krejci, K., Koch, J., Kwiatkowski, M., Gustavsson, P. & Landegren, U. 

(1997). Nat Genet, 16, 252-5. 

Nilsson, M., Malmgren, H., Samiotaki, M., Kwiatkowski, M., Chowdhary, B.P. & 

Landegren, U. (1994). Science, 265, 2085-2088. 

Nyrén, P. (1987). Anal Biochem, 167, 235-238. 

O'Meara, D., Nilsson, P., Nygren, P.A., Uhlen, M. & Lundeberg, J. (1998a). Anal 

Biochem, 255, 195-203. 



Analysis of Mutations and Genetic Variations 

 53

O'Meara, D., Yun, Z., Sonnerborg, A. & Lundeberg, J. (1998b). J Clin Microbiol, 36, 

2454-9. 

Odeberg, J., Rosok, O., Gudmundsson, G.H., Ahmadian, A., Roshani, L., Williams, C., 

Larsson, C., Ponten, F., Uhlen, M., Asheim, H.C. & Lundeberg, J. (1998). Genomics, 50, 

213-21. 

Okayama, H., Curiel, D.T., Brantly, M.L., Holmes, M.D. & Crystal, R.G. (1989). J Lab 

Clin Med, 114, 105-13. 

Orita, M., Iwahana, H., Kanazawa, H., Hayashi, K. & Sekiya, T. (1989a). Proc Natl Acad 

Sci U S A, 86, 2766-2770. 

Orita, M., Suzuki, Y., Sekiya, T. & Hayashi, K. (1989b). Genomics, 5, 874-9. 

Pastinen, T., Kurg, A., Metspalu, A., Peltonen, L. & Syvanen, A.C. (1997). Genome Res, 

7, 606-14. 

Pavletich, N.P., Chambers, K.A. & Pabo, C.O. (1993). Genes Dev, 7, 2556-64. 

Petersen, M.B., Adelsberger, P.A., Schinzel, A.A., Binkert, F., Hinkel, G.K. & 

Antonarakis, S.E. (1991a). Am J Hum Genet, 49, 529-36. 

Petersen, M.B., Schinzel, A.A., Binkert, F., Tranebjaerg, L., Mikkelsen, M., Collins, 

F.A., Economou, E.P. & Antonarakis, S.E. (1991b). Am J Hum Genet, 48, 65-71. 

Poncz, M., Schwartz, E., Ballantine, M. & Surrey, S. (1983). J Biol Chem, 258, 11599-

609. 

Prober, J.M., Trainor, G.L., Dam, R.J., Hobbs, F.W., Robertson, C.W., Zagursky, R.J., 

Cocuzza, A.J., Jensen, M.A. & Baumeister, K. (1987). Science, 238, 336-41. 

Quinn, A.G., Campbell, C., Healy, E. & Rees, J.L. (1994a). J Invest Dermatol, 102, 300-

3. 

Quinn, A.G., Sikkink, S. & Rees, J.L. (1994b). Cancer Res, 54, 4756-9. 

Ren, Z.P., Hedrum, A., Pontén, F., Nister, M., Ahmadian, A., Lundeberg, J., Uhlén, M. & 

Pontén, J. (1996). Oncogene, 12, 765-773. 

Richards, J.E., Gilliam, A.C., Shen, A., Tucker, P.W. & Blattner, F.R. (1983). Nature, 

306, 483-7. 

Roberts, R.J. (1983). Nucleic Acids Res, 11, r135-67. 



A. Ahmadian 

 54

Ronaghi, M., Karamohamed, S., Pettersson, B., Uhlen, M. & Nyren, P. (1996). Anal 

Biochem, 242, 84-9. 

Ronaghi, M., Uhlen, M. & Nyren, P. (1998). Science, 281, 363, 365. 

Ross, P.L., Lee, K. & Belgrader, P. (1997). Anal Chem, 69, 4197-202. 

Saiki, R.K., Bugawan, T.L., Horn, G.T., Mullis, K.B. & Erlich, H.A. (1986). Nature, 324, 

163-6. 

Saiki, R.K., Gelfand, D.H., Stoffel, S., Scharf, S.J., Higuchi, R., Horn, G.T., Mullis, K.B. 

& Erlich, H.A. (1988). Science, 239, 487-91. 

Saiki, R.K., Scharf, S., Faloona, F., Mullis, K.B., Horn, G.T., Erlich, H.A. & Arnheim, N. 

(1985). Science, 230, 1350-1354. 

Saiki, R.K., Walsh, P.S., Levenson, C.H. & Erlich, H.A. (1989). Proc Natl Acad Sci U S 

A, 86, 6230-6234. 

Sanger, F., Nicklen, S. & Coulson, A.R. (1977). Proc Natl Acad Sci U S A, 74, 5463-7. 

Sarkar, G., Yoon, H.S. & Sommer, S.S. (1992). Genomics, 13, 441-3. 

Sauer, S., Lechner, D., Berlin, K., Lehrach, H., Escary, J.L., Fox, N. & Gut, I.G. (2000). 

Nucleic Acids Res, 28, E13. 

Sheffield, V.C., Beck, J.S., Kwitek, A.E., Sandstrom, D.W. & Stone, E.M. (1993). 

Genomics, 16, 325-32. 

Sheffield, V.C., Cox, D.R., Lerman, L.S. & Myers, R.M. (1989). Proc Natl Acad Sci U S 

A, 86, 232-6. 

Smith, H.O. & Wilcox, K.W. (1970). J Mol Biol, 51, 379-91. 

Smith, L.M., Sanders, J.Z., Kaiser, R.J., Hughes, P., Dodd, C., Connell, C.R., Heiner, C., 

Kent, S.B. & Hood, L.E. (1986). Nature, 321, 674-679. 

Sommer, S.S., Cassady, J.D., Sobell, J.L. & Bottema, C.D. (1989). Mayo Clin Proc, 64, 

1361-72. 

Southern, E.M. (1975). J Mol Biol, 98, 503-517. 

Southern, E.M., Maskos, U. & Elder, J.K. (1992). Genomics, 13, 1008-1017. 

Spritz, R.A. (1981). Nucleic Acids Res, 9, 5037-47. 

Stallings, R.L. (1992). Genomics, 13, 890-1. 



Analysis of Mutations and Genetic Variations 

 55

Sturzbecher, H.W., Brain, R., Addison, C., Rudge, K., Remm, M., Grimaldi, M., Keenan, 

E. & Jenkins, J.R. (1992). Oncogene, 7, 1513-23. 

Sun, L., Paulson, K.E., Schmid, C.W., Kadyk, L. & Leinwand, L. (1984). Nucleic Acids 

Res, 12, 2669-90. 

Syvänen, A.C., Aalto-Setala, K., Harju, L., Kontula, K. & Soderlund, H. (1990). 

Genomics, 8, 684-92. 

Tabor, S. & Richardson, C.C. (1987). J Biol Chem, 262, 15330-15333. 

Tabor, S. & Richardson, C.C. (1989). Proc Natl Acad Sci U S A, 86, 4076-80. 

Tabor, S. & Richardson, C.C. (1995). Proc Natl Acad Sci U S A, 92, 6339-43. 

Tautz, D. (1989). Nucleic Acids Res, 17, 6463-71. 

Tautz, D. & Renz, M. (1984). J Mol Biol, 172, 229-35. 

Tautz, D., Trick, M. & Dover, G.A. (1986). Nature, 322, 652-6. 

Tee, M.K., Moran, C. & Nicholas, F.W. (1992). Anim Genet, 23, 431-5. 

Tibanyenda, N., De Bruin, S.H., Haasnoot, C.A., van der Marel, G.A., van Boom, J.H. & 

Hilbers, C.W. (1984). Eur J Biochem, 139, 19-27. 

Tyagi, S., Bratu, D.P. & Kramer, F.R. (1998). Nat Biotechnol, 16, 49-53. 

Tyagi, S. & Kramer, F.R. (1996). Nat Biotechnol, 14, 303-8. 

Unden, A.B., Zaphiropoulos, P.G., Bruce, K., Toftgard, R. & Stahle-Backdahl, M. 

(1997). Cancer Res, 57, 2336-40. 

Vogelstein, B. & Kinzler, K.W. (1993). Trends Genet, 9, 138-41. 

Wahlestedt, C., Salmi, P., Good, L., Kela, J., Johnsson, T., Hokfelt, T., Broberger, C., 

Porreca, F., Lai, J., Ren, K., Ossipov, M., Koshkin, A., Jakobsen, N., Skouv, J., Oerum, 

H., Jacobsen, M.H. & Wengel, J. (2000). Proc Natl Acad Sci U S A, 97, 5633-8. 

Wallace, R.B., Schold, M., Johnson, M.J., Dembek, P. & Itakura, K. (1981). Nucleic 

Acids Res, 9, 3647-56. 

Wang, D.G., Fan, J.B., Siao, C.J., Berno, A., Young, P., Sapolsky, R., Ghandour, G., 

Perkins, N., Winchester, E., Spencer, J., Kruglyak, L., Stein, L., Hsie, L., Topaloglou, T., 

Hubbell, E., Robinson, E., Mittmann, M., Morris, M.S., Shen, N., Kilburn, D., Rioux, J., 

Nusbaum, C., Rozen, S., Hudson, T.J., Lander, E.S. & et al. (1998). Science, 280, 1077-

82. 



A. Ahmadian 

 56

Wang, P., Reed, M., Wang, Y., Mayr, G., Stenger, J.E., Anderson, M.E., Schwedes, J.F. 

& Tegtmeyer, P. (1994). Mol Cell Biol, 14, 5182-91. 

Wang, Y., Reed, M., Wang, P., Stenger, J.E., Mayr, G., Anderson, M.E., Schwedes, J.F. 

& Tegtmeyer, P. (1993). Genes Dev, 7, 2575-86. 

Wartell, R.M., Hosseini, S.H. & Moran, C.P., Jr. (1990). Nucleic Acids Res, 18, 2699-

705. 

Weber, J.L. (1990). Genomics, 7, 524-30. 

Weber, J.L. & May, P.E. (1989). Am J Hum Genet, 44, 388-96. 

Westberg, J., Holmberg, A., Uhlen, M. & Pettersson, B. (1999). Electrophoresis, 20, 502-

10. 

White, M.B., Carvalho, M., Derse, D., O'Brien, S.J. & Dean, M. (1992). Genomics, 12, 

301-306. 

White, R., Leppert, M., Bishop, D.T., Barker, D., Berkowitz, J., Brown, C., Callahan, P., 

Holm, T. & Jerominski, L. (1985). Nature, 313, 101-5. 

Williams, C., Norberg, T., Ahmadian, A., Ponten, F., Bergh, J., Inganas, M., Lundeberg, 

J. & Uhlen, M. (1998). Clin Chem, 44, 455-62. 

Winter, E., Yamamoto, F., Almoguera, C. & Perucho, M. (1985). Proc Natl Acad Sci U S 

A, 82, 7575-7579. 

Wintero, A.K., Fredholm, M. & Thomsen, P.D. (1992). Genomics, 12, 281-8. 

Wu, D.Y., Ugozzoli, L., Pal, B.K. & Wallace, R.B. (1989). Proc Natl Acad Sci U S A, 86, 

2757-60. 

Ye, S., Humphries, S. & Green, F. (1992). Nucleic Acids Res, 20, 1152. 

Yershov, G., Barsky, V., Belgovskiy, A., Kirillov, E., Kreindlin, E., Ivanov, I., Parinov, 

S., Guschin, D., Drobishev, A., Dubiley, S. & Mirzabekov, A. (1996). Proc Natl Acad Sci 

U S A, 93, 4913-8. 

Youil, R., Kemper, B. & Cotton, R.G. (1996). Genomics, 32, 431-5. 

Youil, R., Kemper, B.W. & Cotton, R.G. (1995). Proc Natl Acad Sci U S A, 92, 87-91. 

Zaphiropoulos, P.G., Soderkvist, P., Hedblad, M.A. & Toftgard, R. (1994). Biochem 

Biophys Res Commun, 201, 1495-501. 

Zhang, F.R., Heilig, R., Thomas, G. & Aurias, A. (1990). Chromosoma, 99, 436-9. 



Analysis of Mutations and Genetic Variations 

 57

Ziegler, A., Jonason, A.S., Leffell, D.J., Simon, J.A., Sharma, H.W., Kimmelman, J., 

Remington, L., Jacks, T. & Brash, D.E. (1994). Nature, 372(6508), 730. 



A. Ahmadian 

 58

 


	Abstract
	Summary
	1: Introduction
	2: Detection of chromosomal and large gene alterations
	3: DNA sequencing technologies
	4: Analysis of non-defined alterations
	5: Analysis of single uncleotide polymorphisms
	6: Present investigation
	Ackmowledgements
	References


