
 Thesis for the Master’s degree in Molecular Biosciences  
 

 

  

 

“Association of markers close to the 

FATP genes in patients with Cystic 

Fibrosis” 

Marie Møller 
Oslo, May 2006 

  

 

 

 

Department of Molecular Biosciences, 
University of Oslo 

 

 

 
Department of Medical Genetics, 

Ullevål University Hospital 



 2

CONTENTS 

CONTENTS .....................................................................................................2 

ACKNOWLEDGEMENTS ............................................................................4 

ABBREVIATIONS..........................................................................................5 

ABSTRACT......................................................................................................6 

Cystic fibrosis and fatty acid transport proteins .................................................6 

INTRODUCTION ...........................................................................................8 

History and pathology of Cystic Fibrosis............................................................8 

The genetics of Cystic fibrosis ...........................................................................11 

Hardy-Weinberg and allele/genotype frequencies ............................................12 

The CFTR gene..................................................................................................12 

The CFTR protein..............................................................................................13 

The CFTR mutations..........................................................................................17 

Genotype-phenotype correlations and modifying factors of CF .......................20 

Fatty acids and their metabolism ......................................................................22 

Fatty acid transport proteins.............................................................................26 

Polymorphisms and genetic markers.................................................................28 

Association studies ............................................................................................29 

Aim of the study .................................................................................................29 

MATERIALS AND METHODS..................................................................30 



 3

Sample material .................................................................................................30 

DNA concentrations...........................................................................................30 

The ABI PRISM® 3730 DNA Analyzer .............................................................30 

Testing of the normal controls for the ΔF508 mutation ....................................31 

The choice of markers........................................................................................33 

PCR and fragment analysis of the marker sequences .......................................36 

PCR and fragment analysis of the additional two markers...............................38 

The Mann-Whitney test and the Kolmogorov-Smirnov test...............................40 

The Sanger-Sequencing method ........................................................................40 

Detection of the Gly209Ser polymorphism........................................................42 

RESULTS........................................................................................................46 

The ∆F508 mutation in the controls ..................................................................46 

Adjusting the fragment analysis data ................................................................47 

Fragment analysis of the marker sequences......................................................48 

The Mann-Whitney and the Kolmogorov-Smirnov analyses .............................53 

The Gly209Ser polymorphism ...........................................................................56 

DISCUSSION .................................................................................................60 

CONCLUSION...............................................................................................64 

REFERENCES...............................................................................................65 

APPENDIX .....................................................................................................70 



 4

ACKNOWLEDGEMENTS 

The work carried out in this thesis was performed in the Department of Medical 

Genetics at Ullevål University Hospital in the period from 31st of May 2005 until 19th 

of May 2006. 

First of all I would like to thank my main supervisor Kristin Eiklid for giving me the 

opportunity to learn more about molecular biology and the part of molecular biology 

that interest me the most; human medical genetics. I thank her for always taking time 

in her very busy schedule to answer my questions and for encouraging me in the 

process of writing this thesis. I thank Odd Gabrielsen, as my internal supervisor, for 

his critical reading of the manuscript. I also thank Olaug Rødningen, as a co-

supervisor, for sharing her knowledge on the subject of molecular biology and for her 

critical reading of the manuscript.  

I am also grateful to the statistician in the Department of Medical Genetics, Thore 

Egeland, who gave me advice on which statistical methods to use. The help from the 

members of the diagnostic lab has also been invaluable; they have answered 

questions and offered advice on technical problems I have experienced during my 

time in the lab. 

Finally, I want to thank my family and Ole Morten for their endless support 

throughout my time as a student, and especially in the years I spent studying abroad.  

 

Oslo, May 2006 

Marie Møller 

 

 



 5

ABBREVIATIONS 

ABC transporter - ATP-binding cassette 

BMI - Body Mass Index 

CBAVD - Congenital Bilateral Absence of Vas Deferens 

CF - Cystic Fibrosis 

CFTR - Cystic Fibrosis Transmembrane Regulator 

CFRDM - CF-related diabetes mellitus 

EDTA - ethylenediaminetetraacetic acid (anti-coagulating agent) 

EFAD - Essential Fatty Acid Deficiency 

FAT/CD36 - Fatty Acid Translocase/CD36 

FATP - Fatty Acid Transport Protein 

LCFA - Long Chain Fatty Acid 

MI - Meconium Ileus 

ORCC - Outwardly Rectifying Chloride Channel 

PCR - Polymerase Chain Reaction 

p.F508del - deletion of 3 bases resulting in loss of the amino acid phenylalanine at                            

position 508 (ΔF508) 

SPSS software - Statistical Package for the Social Sciences 

 

 



 6

ABSTRACT 

Cystic fibrosis and fatty acid transport proteins 

Cystic fibrosis (CF) is an inherited, recessive disease that primarily affects the 

pancreas of the digestive system and the lungs of the respiratory system. The disease 

is caused by mutations in the gene encoding the CFTR (Cystic Fibrosis 

Transmembrane conductance Regulator) protein. When the protein is defective, it 

causes the body to produce thick mucous that clogs the lungs leading to infection, 

and the pancreas is blocked, stopping the digestive enzymes from reaching the 

intestines where they are required to digest the food.  

So far, more than 1400 mutations have been identified in the CFTR gene. The most 

common mutation is the p.F508del mutation (hereafter called ΔF508), which occur in 

about 70% of the patients. The severity of the disease varies according to which 

mutations the patient has inherited. Two patients with identical mutations can 

however display very different symptoms of the disease. This is because the disease 

is greatly influenced by environmental factors and genetic factors other than CFTR. 

The fatty acid metabolism has been shown to be abnormal in patients with cystic 

fibrosis, as they have altered levels of plasma fatty acids caused by a deficiency of 

essential fatty acids. In this project, we wanted to investigate whether the abnormal 

metabolism of fatty acids in CF patients could be due to a change in the uptake of 

fatty acids from the intestine. We wanted to see if we could find an association 

between CF and markers (di-nucleotide repeats) close to the genes (SLC27A 1-6) 

encoding the six known fatty acid transport proteins; FATPs 1-6. We have used DNA 

from 40 CF patients homozygous for the ΔF508 mutation. For comparison, we 

included material from 145 blood donors, negative for ΔF508. The D9S164 marker 

(close to SLC27A4) gave an interesting result in the statistical tests. We therefore 

included two additional markers closer to the gene encoding FATP4, but these came 

out negative, and possibly made the positive result for D9S164 less relevant.  
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A polymorphism, Gly209ser, was previously tested on a group of healthy middle-

aged men in Sweden. Men heterozygous for this polymorphism were shown to have a 

lower BMI compared to those homozygous for the polymorphism, and the condition 

was found to be associated with insulin resistance. Incidence of diabetes in CF 

patients increases with age, and CF patients often have BMIs below the average. 

These facts together with the weak association of D9S164 to FATP4 made us test the 

subjects and the normal controls for the Gly209Ser polymorphism in SLC27A4. The 

normal controls had an allele frequency of Gly = 0.945 and Ser = 0.055, the CF 

patients, however, all came out homozygous for the normal variant (Gly = 1.00, Ser = 

0.00). The hypothesis that CF patients would show a higher allele frequency of Ser 

compared to the normal controls was therefore not confirmed. These studies have not 

given any conclusive results, and further studies should involve the use of a larger set 

of CF-patients. 
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INTRODUCTION 

History and pathology of Cystic Fibrosis 

The genetic nature of CF and its autosomal recessive pattern of inheritance were first 

described in 1946 by Dr. Dorothea Anderson. The understanding of the pathogenesis 

of the disease, however, was poor until the 1980s when advances in the physiology of 

the disease were made by Dr. Paul Quinton1. He used the observation that CF sweat 

contains increased concentrations of Cl- and Na+ in studies of the sweat gland duct, 

and found that CF sweat gland ducts are almost impermeable to Cl-. He concluded 

that the reduced Cl- permeability could account for the inability of CF patients to 

absorb Cl- and Na+, and hence they produce the salty sweat. The gene causing CF was 

identified in 1989 by Tsui and co-workers, and the results were published in a set of 

three papers2-4. 

CF is a disease that affects the apical membrane in epithelia of several organs5, and 

especially those in the respiratory system and the digestive system. CF patients have 

highly various phenotypes, but they all share the abnormality of the glands. In 

healthy individuals, the glands secrete and produce sweat and mucous; the sweat 

cools the body and the mucous lubricates the respiratory, digestive and the 

reproductive systems and prevents tissues from drying out and thereby protects them 

from infection. CF epithelia, however, show defective electrolyte transport across the 

apical membranes which lead to mucous plugging, infections, inflammation, fibrosis 

of the lungs and the pancreas, and eventually an early death. In the 1950’s the 

average lifespan was less than a decade, but through treatment advances the CF 

patients now have an average lifespan of about 30 years6. Below is a brief 

introduction to some of the clinical manifestations on the organs affected in patients 

with CF. 
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The lungs 

Cystic fibrosis affects many organs of the body, but the effect on the lungs is the 

major cause of morbidity and mortality5, 7. Respiratory failure is the main cause of 

death in over 90 % of the patients8. Most patients have respiratory symptoms and 

signs, like cough and sputum, in infancy, but the onset may vary. When the airways 

are clogged by thick, sticky mucous, the lung defence fails and infections by 

pathogens like Pseudomonas aeruginosa and Staphylococcus aureus leads to 

establishment of bacterial endobronchitis, inflammation of the lungs, and eventually 

airway destruction5, 9. The destruction leads to respiratory lung failure and death. For 

some patients, lung transplantation is an alternative that may prolong the patient’s life 

with some time. But just like transplantations of other organs, the procedure is 

complicated and certainly not without risks. 

The gastrointestinal tract 

Pathological changes of the pancreas can be seen already during gestation for patients 

affected by CF and the organ is usually destructed as the patient reach adulthood10. 

The organ has two functional parts. The endocrine part secretes hormones like insulin 

and glucagon into the blood, and these hormones are essential for metabolism of 

carbohydrates. The exocrine part, consisting of units called acini, produces and 

secretes enzymes that are necessary for digestion. Exocrine pancreatic insufficiency 

(PI), caused by gradual wasting of these acini (atrophy), is present in about 80-90 % 

of CF patients11, and leads to fat and protein maldigestion12.  PI is highly correlated 

with genotype as nearly all patients homozygous for the most common mutation, 

called ΔF508, are pancreatic insufficient13. Patients are classified as pancreatic 

sufficient (PS) or pancreatic insufficient (PI) based on the absence (PS) or presence 

(PI) of steatorrhea13, 14. Steatorrhea is the passage of high amounts of fat in the faeces 

due to malabsorption by the intestine. Whereas PI is associated with a severe 

phenotype and all patients require enzyme-replacement therapy in varying degrees 

dependent on physical activity, nutritional intake and growth patterns, PS is 
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associated with a milder phenotype and patients seldom require enzyme-replacement 

therapy10.  

Changes in the intestinal tract are less common, but some complications exist. One of 

them is the presence of meconium ileus (MI), which occurs in about 10-20 % of 

newborn CF patients8, 15. Normally the meconium passes in the faeces just after birth 

after being acted on by digestive enzymes like trypsin. In MI however, there is an 

obstruction of the intestine by meconium due to deficiency of the digestive enzymes. 

MI is highly associated with PI and the most common mutation in CF7. Another 

symptom frequently observed in relation to the gastrointestinal tract, is chronic 

abdominal pain. 

Glucose metabolism 

CF patients show a wide range of disturbances of glucose metabolism, and as the 

average life-span has increased, there has been an increase in the incidence of CF-

related diabetes mellitus (CFRDM) caused by insulin deficiency16, 17. 

The genitourinary tract  

Cystic fibrosis also affects the genitourinary tract6, 7. Nearly all CF males are infertile 

due to azoospermia (i.e. no sperm) caused by congenital bilateral absence of the vas 

deferens (CBAVD), where the tubes that carry the sperm to the testes fail to develop 

normally. Females usually have normal fertility, and as more and more patients reach 

their puberty, the number of successful pregnancies has increased. For a CF patient, 

however, being pregnant involves a lot of risks, especially regarding the reduced lung 

function, and the women need careful attention by health personnel. 

The liver 

Hepatic complications are becoming more common with a greater life expectancy. 

The symptoms of hepatobiliary disease range from an asymptomatic elevation of 

liver enzymes to hepatic cirrhosis (destruction of the organ resulting in loss of liver 
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function). So far, no studies have been able to show a correlation between specific 

genotypes and the presence of liver disease8. 

The sweat glands 

In contrast to some of the other organs affected by CF, the sweat glands seem to 

maintain a normal morphology, and as they have no mucous, there is no obstruction 

of the glands. However, the dysfunctions of the glands results in excessive water and 

salt losses through the sweat, with high concentrations of Cl-, Na+ and K+, and a 

sweat test is positive when chloride > 60 mmol/L7. Due to this salt-loss, the CF 

patients are at higher risk for dehydration in warm weather or during exercise. The 

abnormality is chronic, but treatment with oral salt replacements is effective.18  

The genetics of Cystic fibrosis 

Cystic fibrosis (CF) is the most common lethal autosomal recessive disease in the 

Caucasian population with a frequency of about 1 in 2500 live births6, 8. Although the 

disease is most frequent in white people, it affects all races and ethnic groups. The 

disease is caused by mutations in the gene encoding the Cystic Fibrosis 

Transmembrane conductance Regulator (CFTR) protein19. “Autosomal” refers to the 

fact that the gene causing the disease can be found on one of the autosomes 

(chromosome pairs 1 to 22), and the disease therefore affects males and females 

equally. “Recessive” means that a person must inherit one mutant allele from each 

parent in order to express the disease phenotype (i.e. either be homozygous for two 

identical mutant alleles, or compound heterozygous for two different mutant alleles). 

Parents of a CF child will be heterozygous, asymptomatic carriers. Two heterozygous 

carriers have a ¼ chance of having an affected child. Even though all CF patients 

have inherited two mutant alleles, the severity of the disease varies according to 

which mutations the patient has inherited, and two patients with identical mutations 

can display very different phenotypes7, 20. This fact indicates that CF must be 

influenced by environmental factors and genetic modifiers other than CFTR (see 

Genotype-phenotype correlations and modifiers of CF)8, 20. 
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Hardy-Weinberg and allele/genotype frequencies 

The Hardy-Weinberg theory states that the frequencies of alleles and genotypes in a 

population’s gene pool remain constant over generations, unless the gene pool is 

acted upon by factors other than sexual recombination. For a gene locus, where two 

alleles (A + a) occur in a population, the frequency of one allele is named p and the 

frequency of the other allele is called q.  If p+ q = 1 then  p = 1 - q and q = p – 1. 

When alleles are combined to form zygotes, the probability of generating an AA 

genotype is p2. The frequency of the aa genotype will be q2 and the frequency of the 

Aa genotype will be 2pq. If we add all the genotype frequencies together they should 

equal 1 ( p2 + 2pq + q2 = 1) and this is referred to as the Hardy-Weinberg equation. 

The equation enables us to calculate the percentage of the human population that 

carries the allele for a particular inherited disease; e.g. CF has a frequency of about 1 

in 2500 newborns. 

The CFTR gene  

Cystic fibrosis is caused by mutations in a gene found at 7q31.2 (the long arm of 

chromosome 7). The gene was discovered by Lap-Chee Tsui and co-workers in 1989, 

and the results were published in a set of three papers2-4. The CFTR gene 

encompasses approximately 215 kb and contains 27 exons (Figure 1a)7. 
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Figure 1 a: Structure of the CFTR gene consisting of the promoter region (P) and 27 
exons. b: CFTR polypeptide with predicted domains. c: Topology of the CFTR 
protein relative to the cytoplasmic membrane, and position of the most common 
mutation ∆F5087. 

 

The result of the processing of pre-mRNA is a 6100-bp mRNA transcript encoding a 

1480 amino-acid polypeptide named the Cystic Fibrosis Transmembrane conductance 

Regulator (CFTR).  

The CFTR protein  

The Cystic Fibrosis Transmembrane conductance Regulator is a channel protein 

consisting of 1480 amino acids with a molecular weight of 168 kDa (Figure 2)6, 19.  
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Figure 2 The CFTR protein is encoded by a gene positioned at 7q31.2. The CFTR 
protein is a chloride channel protein, which is regulated by cyclic AMP (cAMP). The 
yellow “tail” illustrates the glycosylations of the protein. Human Genetics: Concepts 
and Applications by Ricki Lewis (1994), Wm. C. Brown. 

 

CFTR as a membrane protein 

CFTR is classified as a member of the ABC transporter (ATP-binding-cassette) 

family of membrane proteins21, 22, and it is specialized for chloride transport. The 

channel transports Cl- ions across the apical membranes of epithelial cells in the 

lungs, the liver, the pancreas, the digestive tract, the reproductive tract and the skin19. 

Normally, the channel allows passive diffusion of the negative chloride ions along 

their electrochemical gradient out of the epithelial cell into the mucous surrounding 

that cell. The formation of an electrical gradient across the membrane, cause Na+ ions 

to move out of the cell too in the same direction as the Cl- ions. A high solute 

concentration in the mucous cause water to move across the membrane (osmosis) and 

the result is a fluid mucous. When the protein is defective however, the passage of 

ions and thereby water, in and out of the cells, is blocked and the result is a thick, 

sticky mucous. This sticky mucous clogs the lungs leading to infection, and the 

pancreas is blocked stopping the digestive enzymes from reaching the intestines 

where they are required to digest the food23. 
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CFTR structure 

The structure of the CFTR channel has not yet been determined experimentally, and 

this is due to the fact that membrane proteins contain hydrophobic regions, which are 

extremely difficult to crystallize. But based on comparisons of the protein sequence 

with other known ABC transporters, a model of the CFTR structure has been 

depicted. The chloride channel consists of five domains; two membrane-spanning 

domains (MSD1 and MSD2), two nucleotide-binding domains (NBD1 and NBD2), 

and a regulatory domain named R19, 23, 24. In figure 1b we see how the different exons 

are linked to the domains of the protein. Exons 1-3 encode the N-terminal end of the 

protein, exons 4-8 encode MSD1, exons 9-12 corresponds to NBD1 while exon 13 

encodes the regulatory domain R. MSD2 is encoded by exons 14-18, NBD2 is 

encoded by exons 20-23 and exon 24 corresponds to the C-terminal end of the 

protein. Figure 1c illustrates how the domains of the protein are positioned in relation 

to the cytoplasmic membrane and how each of the domains contributes in forming the 

channel.  

The NBDs 

The NBDs are the domains with the ATPase activity; it is here that ATP binds and 

goes through hydrolysis23. Phosphorylation by protein kinase A is needed for 

activation of gating by ATP binding, and ATP hydrolysis leads to conformational 

changes that open and close the pore. Studies have shown that NBD1 and NBD2 

have different functions; while NBD1 is responsible for opening of the channel, 

hydrolysis of NBD2 results in closing of the channel19. There are several highly 

conserved sequences responsible for the binding of ATP, including the Walker A and 

the Walker B motifs. These sequences together form a nucleotide binding site in the 

NBDs. Studies have suggested that a lysine-residue in Walker A interacts with one of 

the three phosphates in ATP, and that this interaction is essential for ATP hydrolysis. 

An aspartate residue in Walker B, however, coordinates Mg2+ in MgATP, and is 

required for ATP binding23. The Walker A and B motifs are diagnostic of the ABC 

transporter family of proteins. 
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The MSDs 

Each MSD is composed of six transmembrane segments (α-helices). Mutations of 

specific residues in the MSDs that change the conductance and permeation of the 

channel, have led researchers to conclude that the MSDs contribute in forming the 

pore of the channel, and these mutations can affect the pore dramatically19, 23. The 

channel is selective for anions over cat-ions, and it is a multi-ion pore with at least 

two anions at the same time. Mutations in the NBDs and the R-domain have not been 

shown to have any effect on the channel’s conductance and permeability, and hence 

they do not seem to be directly involved in forming the pore of the channel.  

The R domain 

Modifications of the R (regulatory) domain, either through phosphorylation or 

dephosphorylation, regulate the movement of chloride ions across the membrane19, 25. 

Along the sequence of the R domain, there are several phosphorylation sites and 

charged amino acids on which the modifications occur23. In phosphorylation, a 

phosphate group (PO4) is chemically removed from ATP and then covalently 

attached to an amino acid with a free hydroxyl group (serine, threonine or tyrosine). 

The process is catalyzed by a specific kinase. In dephosphorylation a phosphate 

group is removed from an amino acid, and the process is catalyzed by phosphatases. 

CFTR is referred to as cAMP-dependent, and that is because cAMP activates protein 

kinase A. Protein kinase A is the most important kinase in the regulation of the CFTR 

channel activity, but phosphorylation by other kinases, like protein kinase C, may 

also activate and open the Cl- channel23. If the kinases are removed or made inactive, 

the activity of the channel decreases due to dephosphorylation. 

CFTR as a regulator of other channels 

The CFTR channel has also been shown to be a regulator of other membrane 

proteins. The epithelial sodium channel, ENaC, and the outwardly rectifying chloride 

channel (ORCC) are examples of channels that are activated by CFTR26. However, 

the activation by CFTR may also be altered by mutations in the CFTR gene18.  
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The CFTR mutations 

Mutation nomenclature has different ways of describing a change in the sequence 

depending on in where the change occurs. A letter preceding the sequence change 

indicates what type of reference sequence that is used; “g” for a genomic sequence, 

“c” for a cDNA sequence, “m” for a mitochondrial sequence, “r” for an RNA 

sequence and “p” for a protein sequence (e.g. p.F508del). In nomenclature of the 

nucleotides, the A of the ATG-translation codon is the first nucleotide. A is +1, and 

the nucleotide 5’ to +1 is -1; i.e. there is no nucleotide 0. All nomenclature in this 

thesis has been written according to recommendations from the Human Genome 

Variation Society (http://www.hgvs.org). 

The mutations causing CF 

So far, more than 1400 different mutations have been identified in the CFTR gene 

(http://www.genet.sickkids.on.ca/cftr/). The mutations are of different types, and 

table 1 below gives an overview of the types of mutations causing CF and how much 

each specific type of mutation constitute in percentage of the total number of 

different mutations. 

                               Table 1 The different types of mutations in CF 

Type of mutation Percentage of total 
Missense 41 % 
Nonsense 10 % 

Frame shifts 16 % 
Splice site 13 % 

Sequence variations 14 % 
Large deletions/insertions 3 % 

Promoter  0,5 % 
In-frame deletions 2 % 

 

The group of sequence variations comprise sense mutations (mutations that do not 

affect the amino acids), and mutations with unknown effect on the protein, e.g. 

mutations positioned well into an intron. 
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The most common mutation worldwide is the p.F508del mutation (hereafter called 

ΔF508), which occurs in about 70 % of the patients7. The mutation is a deletion of 

three bases (which do not affect the reading frame), and hence the amino acid 

phenylalanine located at position 508 in exon 10 of the CFTR protein7, 27. ΔF508 

causes CFTR to misfold during biosynthesis, and as a result the protein fails to traffic 

to the cell membrane28. Normally, newly synthesized CFTR is glycosylated in the 

Endoplasmic Reticulum (glycosylation is the process where sugars are added to 

proteins and lipids), then transported to the Golgi apparatus where complex 

glycosylation takes place, before the processed protein traffics to the cell membrane. 

This process is defective in patients with the ∆F508 mutation, and patients 

homozygous for ∆F508 tend to have the most severe phenotype due to the critical 

loss of chloride ion transport. 

Classification of the mutations 

The pathway from transcription of the gene in the nucleus to synthesis of the gene 

product, and transport and activation of the CFTR channel in the membrane has 

several steps, and the different mutations causing CF affect the pathway at different 

stages (Figure 3).  
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Figure 3 The cellular consequences of six classes of mutations (modified version of 
Fig.55.518). 

The CFTR mutations are grouped into six different classes depending on the effect on 

the protein: 

In class (1) there is reduced CFTR synthesis due to premature termination signals. 

The alterations within the CFTR gene result in a reduction in the mRNA transcript 

level (due to the control mechanism nonsense-mediated mRNA decay) and hence a 

reduction in the amount of full-length protein present at the apical membrane. The 

group includes several types of mutations like nonsense mutations, frame-shifts, 

missense mutations and splice-site mutations. Examples of mutations in this group 

are the c.711 + 1G > T mutation and p.R553X. 

In class (2), the mutations in CFTR lead to defective processing and the protein does 

not fold properly. The result is reduced trafficking of the protein, and it does not 

reach the plasma membrane. The best known example here is the ∆F508 mutation.  

Mutations in class (3) result in defective regulation of CFTR by preventing the 

binding and hydrolysis of ATP at the NBDs. A normal quantity of CFTR is present at 

the membrane, but the protein is non-functional. p.G551D is an example of a class (3) 

mutation.  
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Class (4) mutations are correctly processed and delivered to the membrane, but they 

affect the chloride conductance; the Cl- current is reduced. The mutations are 

missense mutations and are located within the MSDs. Examples of mutations are 

p.R117H and p.R334W, and these are both located within MSD1.  

In class (5) we have mutations that influence CFTRs ability to regulate other ion 

channels. p.G551D is also an example of a class (5) mutation (in addition to a class 3 

mutation), and the mutation affect the regulation of channels like ORCC and the 

ENaC channel.  

Class (6) mutations are often non-sense or frame-shift mutations causing a truncation 

of the C-terminus of the CFTR protein. They do not affect the functionality of CFTR, 

but the protein present in the membrane has decreased stability. An example of a 

mutation in class (6) is p.Q1412X .7, 18 

Genotype-phenotype correlations and modifying factors of CF 

Genotype-phenotype correlations 

There is often not a clear relationship between genotype and phenotype in CF, and 

much effort has therefore been attributed to genotype-phenotype studies. The results 

have shown that the correlation between a patient’s genotype and the severity of the 

disease varies with the organ system (Figure 47).  
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Figure 4 Schematic relationship between genotype and phenotype in CF. The 
genotype can typically be defined as the presence of mutant alleles. The phenotype 
presents as a result of three variables; clinical symptoms, their severity and the time 
course. MI = meconium ileus, PI = pancreatic insufficiency, S = elevated sweat 
chloride levels and L = CF lung disease. The arrows illustrate the involvement of 
multiple stages in the development of a disease between genotype and phenotype. 

 

The different symptoms and clinical manifestations seen in patients suffering from 

CF are expressed at different stages of the patient’s life (Figure 4)7. MI is present 

from the time of birth, and the obstruction present in the intestine may resolve by 

itself or it may require an operation. The presence of PI and S persist throughout the 

patients’ life, but can be treated with enzyme-replacement therapy or oral salt 

replacements respectively. CF lung disease is a complication that shows a progressive 

severity, and it is also the main cause of mortality in CF patients. 

The pancreatic status in patients with CF is closely associated with genotype. About 

90 % of patients homozygous for the ∆F508 mutation are pancreatic insufficient13, 29. 

But with other aspects of the CF phenotype the correlations to genotypes are less 

clear and the search for genetic factors and other modifiers continues30-32.  
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Modifying factors of CF 

Modifier genes can work in different ways; they may affect the function of CFTR 

directly, e.g. by altering its expression, or indirectly by changing a patients’ risk of 

acquiring infections. Studies using murine CF models identified a possible genetic 

modifier locus for intestinal disease on chromosome 7 in mice33 corresponding to a 

syntenic region, the CFM1 locus (19q13.2) in humans34. CFM1 covers a region of 

about 7 Mb and several genes. The ATB0 or the SLC1A5 gene, encoding the Na+-

dependent amino acid transporter, was located to this region, and hence it was 

regarded as a potential regulator of CFTR function. Later, multiple sequence 

variations were identified in the ATB0 gene, but no relation to the intestinal 

phenotype of CF was found15.  

The correlation between genotype and pulmonary disease in CF is not well 

understood, but studies have identified genes which may modify the phenotype. One 

example is the TGFß1 gene where genetic variation in the 5’ end has been shown to 

modify the severity of lung disease in CF30. 

There is also a poor correlation between CF genotype and liver disease, which 

suggests the influence of modifying factors other than CFTR. Preliminary studies 

have shown an association between mutations in the mannose binding lectin genes 

and a higher risk of severe liver disease.  

Environmental factors are also important in the pathology of the disease. Exposure to 

cigarette smoke and air pollution has been shown to affect pulmonary function in 

patients35. Bacterial pathogens, like Pseudomonas aeruginosa, do also influence the 

phenotypes of CF patients together with factors like the socioeconomic status and the 

nutritional status of the patient31.  

Fatty acids and their metabolism 

The functions of fatty acids, or carboxylic acids, are diverse. Firstly, they serve as 

building blocks of compounds like phospholipids and glycolipids36; both important 
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components of biological membranes. Fatty acids function as fuel molecules, and 

they are stored in the body as triacylglycerides (also called triglycerides)36. The acids 

also have functions in gene transcription as regulators of transcription factors37, and 

lastly, derivatives of fatty acids may function as hormones and intracellular 

messengers38.  

Saturated fatty acids 

Fatty acids consist of two separate regions. The carboxyl group (-COOH) is 

hydrophilic, acts as an acid and is chemically reactive. The hydrocarbon chain, also 

called an aliphatic tail, is hydrophobic and chemically not very reactive. Most fatty 

acids have an even number of carbon atoms, and the most common fatty acids have 

from 4 to 22 carbon atoms in their tails38. The long chains of carbon atoms can be 

either saturated or unsaturated. The word “saturated” refers to the fact that the carbon 

atoms in the chain contain as many hydrogen-atoms as possible36. The saturated fatty 

acids do not have any double bonds or other functional groups along their chains, and 

they therefore form straight chains that can be packed together very tightly. Examples 

of saturated fatty acids are acetic acid, palmitic acid and stearic acid36. 

Unsaturated fatty acids 

Unsaturated fatty acids are different in that they have one or more alkene functional 

groups (Cn H2n) along the chain with at least one carbon to carbon double bond36. The 

two hydrogen atoms can be bonded to the carbon-chain either in a cis or a trans 

configuration giving a bended or a straight hydrocarbon tail respectively. Examples 

of unsaturated fatty acids are arachidonic acid, oleic acid, linoleic acid and (alpha)-

linolenic acid. 

Essential fatty acids 

Some fatty acids are called essential fatty acids, and these are the ones that the body 

cannot synthesize itself, and hence we obtain these acids through our food sources38. 

Linoleic acid is one of the two essential acids, and the parent compound of the 
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omega-6 fatty acids. The second acid is the (alpha)-linolenic acid, which is the parent 

compound of the omega-3 acids. The essential fatty acids play critical roles in the 

body because they are used to synthesize other fatty acids, but they are also critical in 

processes like oxidation, growth and in the control of nutrients across cell 

membranes.  

Fatty acid metabolism 

Long-chain fatty acids (LCFAs) function as an important source of energy for most 

tissues39. In anabolic processes fatty acids are used as building blocks in the synthesis 

of new compounds, and they are broken down in catabolic processes to yield energy. 

The fatty acids are stored in the body as constituents of fats or triacylglycerides (also 

called triglycerides), and a triacylglyceride consists of three fatty acids linked to a 

glycerol molecule. The main site for accumulation of the triacylglycerides is the 

cytoplasm of adipose cells. The intestine is unable to absorb triacylglycerides, and 

they must therefore be broken down in order to be absorbed by the intestine. The 

degradation of the triacylglycerides occurs with the help of lipases and bile salts, and 

the result is free fatty acids and monoacylglycerol. After crossing the plasma 

membrane of the intestinal cells, the triacylglycerides reform and are packaged into 

transport particles called chylomicrons. These transport molecules are then released 

into lymph system and then the blood. In the blood the particles bind to the 

membranes of muscle cells or adipose tissue, the triacylglycerides are again degraded 

to free fatty acids and monoacylglycerol, and are then transported into the adipose or 

muscle tissue. They reform as triacylglycerides inside the cells, and are stored as fuel 

or oxidized to release energy as in the case of muscle cells (Figure 5)40. 
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Figure 5 A triglyceride consists of three fatty acids (FAs) and a glycerol-molecule. In 
order to cross the plasma membrane (PM), the triglycerides are broken down to free 
FAs and monoacyl-glycerol by the help of lipases and bile salts. The free FAs cross 
the PM by diffusion or with the help of proteins, like the FATPs. After crossing the 
PM, the free FAs and the monoacylglycerol reform as triglycerides. 

 

Studies showing an abnormal fatty acid metabolism in CF patients 

The thesis is based on the observation that CF patients have defect function of the 

lipase enzyme and that the result of this defect is an abnormal fatty acid metabolism11, 

41, 42. We wanted to investigate whether this abnormality could be due to a change in 

the uptake of fatty acids from the intestine. The fact that CF patients have abnormal 

fatty acid metabolism has been known for more than forty years, but for a long time it 

has been considered to be secondary to fat malabsorption, and not a result of CFTR 

mutations11. More recent studies however, have challenged this view. Studies show 

that CF patients have altered levels of plasma fatty acids41 and that the altered levels 

can be related to specific genotypes43. More specifically, the abnormalities found are 

an increased level of arachidonic acid (which is an important metabolic product of 

linoleic acid), and a decreased level of docosahexaenoic acid and linoleic acid41,44-45. 
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Essential fatty acid deficiency (EFAD) is common in CF45, and it may be the result of 

the increased turnover of arachidonic acid. In one study by a group led by Strandvik 

they wanted to relate serum fatty acid patterns to the major CFTR mutations43. They 

found that CF patients homozygous for the ∆F508 mutation, and patients either 

homozygous or heterozygous for c.394delTT (another severe CF mutation), had a 

lower concentration of linoleic acid and docosahexaenoic acid in their serum 

compared to patients with other, less severe mutations. Also, pancreatic insufficiency 

(PI) was present in all the patients homozygous for ∆F508 and c.394delTT, and the 

ones heterozygous for c.394delTT, and PI was found to be associated with the 

decrease in the concentration of linoleic acid. They also hypothesized that the 

deficiency of linoleic acid could be caused by an increased metabolism of arachidonic 

acid. Another group, led by Freedman, has previously shown with studies on cystic 

fibrosis knock-out mice that the level of arachidonic acid is increased in affected 

tissues, and that the level of docosahexaenoic acid was decreased in affected CF 

tissues33. When the same type of study was carried out in humans with CF, they 

confirmed the results from the CF knock-out mice study41. 

Fatty acid transport proteins 

Long-chain fatty acids (LCFAs) have important cellular functions39, 46, 47. They need 

to cross the plasma membrane in order to exert their effects, and this can occur 

through diffusion or the process can be mediated by proteins like FAT/CD36, FABPs 

(fatty acid binding proteins) and the FATPs (fatty acid transport proteins)46-49. 

FAT/CD36 is found mainly in adipose tissue, muscle cells and the intestine, whereas 

the FABPs are abundant in the liver. The FATPs are the ones we will concentrate on 

of the three proteins mentioned. The FATPs are integral transmembrane proteins, 

which enhance the uptake of LCFAs into cells50. In humans there is a family of six 

highly homologous proteins, hsFATP1-6 (hs = homo sapiens)39, 50. The genes 

encoding these six proteins, SLC27A1-6, can be found on different chromosomes and 

are expressed in different tissues like adipocytes, heart tissue, liver, brain, kidney and 

skeletal muscle tissue (Table 2). 
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Table 2 The six FATP genes with their number of exons/amino acids, location and 
tissue of expression ( modified from Table 1,50) 

Protein Gene Number of 
exons/amino 

acids 

Chromosomal 
location 

Tissue of expression

FATP1 SLC27A1 12/648 19p13.1 adipose tissue, heart, 
skeletal muscle, 

brain 
FATP2 SLC27A2 10/620 15q21.2 liver, kidney cortex 
FATP3 SLC27A3 10/811 1q21.2 lungs 
FATP4 SLC27A4 13/643 9q34 small intestine, 

brain, adipose tissue
FATP5 SLC27A5 10/690 19q13.4 liver 
FATP6 SLC27A6 10/619 5q23 heart 

 

FATP1 is insulin-sensitive and the major FATP in adipose tissue. The expression of 

FATP2 is high in the liver and kidney cortex, and FATP3 is mainly expressed in the 

lungs. FATP5 is liver specific while FATP6 is the major FATP in the heart. FATP4 is 

the only FATP expressed in the intestines51, 52, and it seems that it is required for fatty 

acid uptake into intestinal epithelial cells. It is therefore the most interesting of the six 

FATPs, as we wanted to investigate whether the changes in fatty acid metabolism in 

CF patients could be due to a change in the uptake of fatty acids from the intestine. 

It is not yet quite clear how these proteins transport the long-chain fatty acids across 

the membrane46 as FATPs do not show any obvious similarities to other transporter 

families. However, one theory proposes that FATPs are indirectly involved in the 

translocation of fatty acids by providing CoA synthetase activity46. CoA is used in 

large amounts for breaking down fatty acid chains during oxidation. The fatty acids 

are broken down into acetyl-CoA molecules, which require a CoA molecule for its 

production. An increase in the fatty acid uptake by the FATPs can therefore be a 

result of an increase in the conversion of fatty acids to fatty acid CoA molecules. 
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Polymorphisms and genetic markers 

Any two unrelated individuals share about 99.9 % of their DNA sequences20. The 

other 0.1 % consists of genetic variations, or polymorphisms, and these variations 

arise through mutations and are responsible for human differences including 

susceptibility to diseases and drug responses20. The term “polymorphism” covers 

restriction fragment length polymorphisms (RFLPs), single-nucleotide 

polymorphisms (SNPs), and short tandem repeats (STRs) also called micro-satellites. 

RFLPs are the result of the presence or absence of a restriction site, and the variation 

seen between individuals make them useful as genetic markers. SNPs are variations 

caused by a single nucleotide change, and there are usually only two possible alleles 

at a specific locus. STRs are most often found as di-, tri- or tetra-nucleotide repeats, 

e.g. (CA)n, where “n” is the number of repeats. We have used di-nucleotide repeats 

(micro-satellites) as genetic markers in our study. Recently, another group of 

polymorphisms was discovered called copy number polymorphisms (CNPs). CNPs 

are large duplications or deletions, each from 100kb to several Mb. Two individuals 

can differ in as much as 30Mb, thus the discovery of this group of polymorphisms 

has resulted in that the genetic variations between individuals now constitutes about 

1% 53-55.  

Genetic markers serve different functions and may, for example, be used to study the 

relationship between a specific genotype and an inherited disease. The exact position 

of a gene causing a disease is however often uncertain, one knows only of the 

approximate position of the gene. In these situations markers that lie close to the gene 

of interest are very useful. Sequences of DNA lying close to each other tend to be 

inherited together, and the closer the markers lie to the gene, the smaller the chance 

of recombination. For a DNA sequence to function as a genetic marker it must 

possess three important properties; it must be easy to identify, it has to be 

polymorphic and it has to be associated with a specific locus.   
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Association studies 

As a result of an increasing amount of information on the human genome and the 

genomes of other organisms, genetic studies have become important and necessary in 

the ongoing search for factors that have an effect on disease susceptibility56, 57. These 

studies may use different approaches and methods, but the goal is usually the same; 

to identify genotypes and genes associated with a specific disease or trait of interest. 

Genetic studies can be divided into two groups called linkage studies and association 

studies. Linkage studies are usually based on families where a disease appears in 

several family-members and preferably across several generations. The goal here is to 

identify a common chromosomal region among the affected individuals that is 

inherited with the disease. The method works best in studies with monogenic 

diseases. Association studies however, can be used on polygenic disorders. There are 

three different types of association studies; sib-pair analysis, studies using a large 

family with a specific inherited trait, or studies where a group of patients with a 

specific disease or trait is compared to a group of normal controls. 

Aim of the study 

The finding of a possible modifier locus for CF was the basis for the thesis34 together 

with the fact that CF patients have abnormal fatty acid metabolism11, 41. We also 

found it interesting that one of the FATP genes (FATP5) was positioned on 19q13.4 

close to the locus identified as a modifier of meconium ileus in cystic fibrosis. 

The aim of the study was to try to find an association between cystic fibrosis and 

markers positioned close to the six FATP genes. If the abnormal fatty acid 

metabolism was due, at least in part, by a change in the uptake of fatty acids from the 

intestine, we thought that there could be a difference in the number of repeats of the 

markers between CF patients and normal controls. If we found an association 

between one or more of the markers, we wanted to continue the study by looking at 

more markers close to the gene(s), intragenic markers, and possibly by sequencing 

the gene.  
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MATERIALS AND METHODS 

All equipment and the reactants were guaranteed by the supplier to be RNAse and 

DNAse free. Filter pipettes and gloves were used at all times. The water used was 

MilliQ water (Millipore, Bedford, MA). In gel electrophoresis we used 1X TBE (10X 

TBE: 540g Tris, 275g Boric acid, 200mL 0.5M EDTA (pH=8.0), 5 litres of dH2O) as 

the buffer, and Ficoll Orange (10g Ficoll, 10mL 0.5M EDTA (pH=8.0), 0.05g 

Orange G and 50mL dH2O) as the loading buffer. The size standards used in the 

PCRs were either Molecular Weight Marker 5 or 6, covering 8-587 bp or 0.15-21 Kb 

respectively. (Roche Diagnostics, Mannheim, Germany).  

Sample material 

The 145 normal controls were randomly chosen, anonymous blood donor samples. 

The 40 CF samples were material from the diagnostic biobank at the Department of 

Medical Genetics at Ullevål University Hospital. Their identity was kept anonymous. 

The DNA we used had already been extracted from EDTA blood samples for use in 

diagnostic procedures. The DNA was extracted using the MagnaPure kit (Roche 

Diagnostics, Mannheim, Germany). 

DNA concentrations 

The DNA concentrations and purity of the samples from the normal controls and the 

CF patients were measured using a spectrophotometer (OD 260/280), and diluted 

with dH2O to obtain a concentration of 200µg/ml. 

The ABI PRISM® 3730 DNA Analyzer 

A 3730 DNA Analyzer was used for fragment analysis and DNA sequencing in this 

thesis. The machine is able to separate, detect and analyze up to 48 samples of 

fluorescently labelled DNA in one run. The DNA fragments are separated according 

to length in a “capillary electrophoresis”, similar to the process in gel electrophoresis. 

The data that is produced during the run is collected through a window in the 
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capillaries called the detection cell. A laser beam then excites the attached dye labels 

as the fragments pass through the detection cell. A CCD (charged-coupled device) 

camera, which uses a small piece of silicon rather than a piece of film to receive the 

incoming light, converts the fluorescence into digital information that is processed by 

the software.  

Testing of the normal controls for the ΔF508 mutation 

                 Table 3 List of materials 

Materials Manufacturer 
dNTP mix (10mM) ABI, Foster City, CA, USA 

MgCl2 solution (25mM) ABI, Foster City, CA, USA 
PCR Buffer (10X) ABI, Foster City, CA, USA  
AmpliTaq ® Polymerase (5U/µl) ABI, Foster City, CA, USA  
Primers (100pmol) Medprobe, Oslo, Norway 

NuSieve® 3:1 Agarose 

Cambrex Bio Science 
Rockland Inc., Rockland, ME, 
USA 

HiDi™ Formamide ABI, Foster City, CA, USA  
GeneScan™ 500 LIZ™ Size 
Standard ABI, Foster City, CA, USA  

 

To verify that the normal controls were negative for the ΔF508 mutation, we 

analyzed the controls using primers for the ΔF508 mutation (F508fam/CF16D). The 

primers flanked the area of the CFTR gene that we wanted to amplify. The forward 

primer was labelled with FAM. After amplification the fragments were analyzed on 

the 3730 DNA Analyzer. Fragments of 93bp would represent deleted fragments, and 

fragments of 96bp were normal. Figure 6 illustrates where the primers; F508fam and 

CF16D, bind to the DNA sequence, and figure 7 illustrates the consequence of the 

deletion of three bases in the ∆F508 mutation. 
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                                                   5’GTTTTCCTGG 
1429 CCTTCAGAGGGTAAAATTAAGCACAGTGGAAGAATTTCATTCTGTTCTCAGTTTTCCTGG 
   477  -P- - S - - E - -G - - K - - I - - K - - H- - S - - G - - R - - I - - S - - F - - C - - S - - Q - - F - - S - -W-  

            ATTATGCCTGGCACC 3’                                                    
  1489 ATTATGCCTGGCACCATTAAAGAAAATATCATCTTTGGTGTTTCCTATGATGAATATAGA 
   497    -I - - M - -P - -G - -T- -  I - - K - - E - - N - - I - -  I- -  F - - G - -V - -  S - -Y - -D - - E - - Y- -  R- 

                    3’CTTCGCAGTAGTTTCGTACGGTTG 5’  
  1549 TACAGAAGCGTCATCAAAGCATGCCAACTAGAAGAGGACATCTCCAAGTTTGCAGAGAAA 
   517    -Y- - R - - S - -V - - I - - K - - A - -C - -Q - - L - -E - - E- - D - - I - - S - - K - - F - -A - - E - -K- 
 

 

 Figure 6 The figure shows part of the DNA/amino acid sequence surrounding the 
∆F508 mutation.  We see how the two primers; the forward primer, F508fam, and the 
reverse primer, CF16D, bind to the DNA. The CTT represents the three bases that 
are deleted in ∆F508. 

 

E        N       I        I       F       G       V       S       Y 

  GAA AAT ATC ATC TTT GGT GTT TCC TAT  

 

 

 

 E       N       I         I       G       V       S       Y 

GAA AAT ATC ATT GGT GTT TCC TAT 

 

aa504 aa512∆F508

aa504 aa511

 

Figure 7 Part of the amino acid sequence in exon 10 is shown above including the 
phenylalanine at position 508. ∆F508 is caused by the deletion of the last C in triplet 
507 (isoleucine) and the deletion of TT from triplet 508 (phenylalanine). The 
mutation does not alter the reading frame of the protein. 
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The PCR reaction 

The PCRs contained 200ng of DNA, 0.2mM of dNTP mix, 2mM MgCl2 solution, 1X 

PCR Buffer, 0.75U AmpliTaq and dH2O to a total of 15µl. The PCR conditions 

included an initial step at 95º for 5minutes, followed by 23 cycles of 95ºC for 30 

seconds, 55ºC for 30 seconds, and 72ºC for 30 seconds. The final step was at 72ºC for 

15 minutes before the machine cooled down to 4ºC. One CF patient homozygous for 

the FΔ508 mutation and one normal, heterozygous for the FΔ508 mutation, were 

included as controls. To test the length of the PCR product, gel electrophoresis was 

performed using 2% agarose and 1X TBE buffer, and run on 80V for about 60 

minutes.  

Fragment analysis 

The fragment analysis was performed with the 3730 DNA analyzer. 1 µl of the PCR 

product was mixed with 12 µl of formamide and 0.2 µl of the Liz500 size standard 

(useful for sizing fragments between 35 and 500 base pairs) in the 96 well optical 

plates, and the injection time used was 1 second. The results were analyzed using the 

ABI PRISM® GeneMapper™ Software Version 3.0.  

The choice of markers 

The markers used (except D9S159/D9S1793) all came from the ABI PRISM ® 

Linkage Mapping set v2.5 where the markers are positioned with a distance of about 

5cM. cM is a unit of genetic distance, where 1cM is defined as the genetic distance 

between two loci with a recombination frequency of 1%. The human genome consists 

of about 3000Mb and 3000cM, which means that 1cM is approximately 1Mb. We 

knew the position of the six FATP genes, and chose the commercially available 

markers that seemed to lie closest to the gene of interest. As they were widely used 

commercial markers we did not consider it necessary to blast the markers to check 

their specificity. Table 4 below gives an overview of how the markers are positioned 

in relation to each other on the chromosome and in relation to the six FATP genes 
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(the positions of the genes and the markers in base pairs are taken from the 

www.ensembl.org ). 

Table 4 The markers and the FATP genes with their positions on their                              
respective chromosomes 

Markers 
Chromosomal 

 position of gene Position of marker/gene (in bp) 
D19S226   14,494,406-14,494,619bp 
FATP1 19q13.1 17,442,350-17,447,977bp 

D19S566   19,023,094-19,023,254bp 
D19S931   33,315,292-33,315,441bp 
D15S978   47,062,099-47,062,339bp 
FATP2 15q21.2 48,261,716-48,315,873bp 

D15S117   56,266,889-56,267,145bp 
D1S252   117,358,295-117,358,401bp 
D1S498   149,568,188-149,568,378bp 

FATP3 1q21.2  152,013,454-52,019,257bp 
D9S1682   124,033,006-124,033,207bp 
FATP4 9q34  130,142,661-30,163,323bp 
D9S290   130,567,289-130,567,445bp 
D9S159   131,409,515-131,409,813bp 
D9S164   135,245,780-135,245,933bp 
D9S1793   135,388,057-135,388,238bp 
D19S902   53,023,869-53,024,083bp 
D19S571   57,988,784-57,989,011bp 
FATP5 19q13.4  63,701,516-63,715,244bp 

D5S2027   111,173.443-111,173,597bp 
D5S471   119,076,934-119,077,176bp 
FATP6 5q23 128,328,720-128,396,887bp 

 

The position of the markers relative to each other was confirmed by comparing their 

positions in different databases like the STS, deCODE, Marshfield and Genethon. 

The STS database (dbSTS) is an NCBI resource with information on sequence and 

mapping data on Sequence Tagged Sites. deCODE is a biopharmaceutical company, 

located on Iceland, that applies new knowledge in the field of human genetics in the 

development of drugs for common diseases. The Marshfield Clinic Research 

Foundation (MCRF), located in Wisconsin in the US, seeks to improve human health 

http://www.ensembl.org/
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and well being by discovering and communicating new scientific knowledge. 

Genethon is a research laboratory situated in France that was created in 1990 by a 

patient association to combat genetic diseases. The markers on chromosome 9 are 

used as an example in tables 5-7 below, as there were some differences in the position 

of the markers relative to each other between different databases. The numbers are 

taken from Table view in the NCBI Map viewer. 

                                  Table 5 The Marshfield database 

Marker (name in database) Position (cM)
D9S1682 (AFMa061xd9) 132.09 
D9S290 (AFMa131yg9) 140.68 
D9S159 (AFM077xa9) 142.51 
D9S164 (AFM122xf4) 147.91 

D9S1793 (AFMa191yb5) 147.91 
 

D9S164 have the same position on the chromosome as D9S1793. The positions of the 

markers on the chromosome ae the same here as for the Genethon database. 

                                             Table 6 The deCODE database 

Marker Position (cM) 
D9S1682 128.77 
D9S159 - 
D9S290 136.4 
D9S1793 146.71 
D9S164 146.92 

 

deCODE is the only database (of the ones listed here) that positions D9S1793 before 

D9S164. D9S159 could not be found in this database. 
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                                              Table 7 The STS database 

Marker Position (Kb)
D9S1682 124,032 
D9S290 130,567 
D9S159 131,409 
D9S164 135,124 
D9S1793 135,387 

 

D9S164 is positioned before the D9S1793 marker on the chromosome in the STS 

database.  

These figures show that there are some disagreements between different databases 

about the positions of the markers relative to each other on the chromosomes. 

Especially there seemed to be some disagreement about D9S164 and D9S1793 as 

they are positioned close to each other. The majority of the databases, however, have 

the same order of the markers even though the position in cM or Kb may vary. 

PCR and fragment analysis of the marker sequences 

               Table 8 List of materials 

Materials Manufacturer 
True Allele ™ PCR Premix ABI, Foster City, CA, USA  
Linkage Mapping set v2.5 (3000pmol) ABI, Foster City, CA, USA 

NuSieve® 3:1 Agarose 

Cambrex Bio Science 
Rockland Inc., Rockland, ME, 
USA 

HiDi™ Formamide ABI, Foster City, CA, USA 
GeneScan™ 500 LIZ™ Size Standard ABI, Foster City, CA, USA  

 

To analyze the fragment sizes of the markers (di-nucleotide repeats), commercial 

primer sets from the ABI PRISM ® Linkage Mapping set v2.5 were used. Each 

marker is part of a specific panel in the linkage mapping set, and is fluorescence-

labelled with three different colours named FAM, VIC or NED. In Table 9 below, the 

markers used in this analysis are listed together with information on their colour, 

heterozygosity and allele size range. The allele size range somewhat varies between 
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an old and the new version of the Linkage Mapping set. The results are, however, 

strictly based on the size-range obtained during the experiments. 

Table 9 List of the fourteen markers with colour, heterozygosity                                
and allele size range 

Marker Colour Heterozygosity Allele size range 
(bp) 

D1S252 VIC 0,81 86-112 
D1S498 NED 0,82 190-212 
D5S471 NED 0,76 238-258 
D5S2027 FAM 0,78 184-206 
D9S164 FAM 0,80 84-102 
D9S1682 VIC 0,68 147-161 
D9S290 FAM 0,83 240-262 
D15S117 NED 0,78 322-340 
D15S978 VIC 0,83 185-215 
D19S226 NED 0,85 235-261 
D19S566 FAM 0,86 144-170 
D19S902 FAM 0,79 237-273 
D19S571 NED 0,81 286-318 
D19S931 VIC 0,77 151-183 

 

The two primers in each primer set flank the area of interest, and the area is 

amplified. Fragment lengths were analyzed on a 3730 DNA Analyzer.  

The PCR reaction 

The PCRs contained 200ng of DNA, 9µl of the PCR premix, 3000pmol of the 

primers and dH2O to a total of 15µl. The PCR protocol used is a standard protocol for 

linkage mapping. The PCR conditions included an initial step at 95º for 12 minutes, 

followed by 10 cycles of 94ºC for 15 seconds, 55ºC for 15 seconds, and 72ºC for 30 

seconds, followed by 20 cycles of 89ºC for 15 seconds, 55ºC for 15 seconds, and 

72ºC for 30 seconds. The final step was at 72ºC for 10 minutes before the machine 

cooled down to 4ºC. Negative samples (PCR reactions without DNA added) were 

used as controls. For testing of the length of the PCR product, gel electrophoresis was 
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performed using 2% agarose and 1X TBE buffer, and run on 80V for about 60 

minutes.  

Fragment analysis 

The fragment analysis was performed using a 3730 DNA analyzer, and 0.5µl/1.0µl of 

the PCR product (1.0µl for NED/VIC-labelled product, 0.5µl for FAM-labelled 

product) was mixed with 12 µl of formamide and 0.2 µl of the Liz500 size standard 

in the 96 well optical plates. The injection time used was 1 or 4 seconds depending on 

the strength of the signals. The results were analyzed using the ABI PRISM® 

GeneMapper™ Software Version 3.0.  

PCR and fragment analysis of the additional two markers 

             Table 10 List of the materials 

Materials Manufacturer 
dNTP mix (10mM) ABI, Foster City, CA, USA  

MgCl2 solution (25mM) ABI, Foster City, CA, USA 
PCR Buffer (10X) ABI, Foster City, CA, USA 
AmpliTaq ® Polymerase (5U/µl) ABI, Foster City, CA, USA 
Primers (100pmol) Medprobe, Oslo, Norway 

NuSieve® 3:1 Agarose 
Cambrex Bio Science Rockland 
Inc., Rockland, ME, USA 

HiDi™ Formamide ABI, Foster City, CA, USA  
GeneScan™ 500 LIZ™ Size Standard ABI, Foster City, CA, USA  

 

Two additional markers; D9S159 and D9S1793, were included in the analysis due to 

the result of D9S164, and these were also positioned in the vicinity of FATP4. The 

primer sequences were taken from the NCBI homepage 

(http://www.ncbi.nlm.nih.gov/genome/sts/sts.cgi?uid=40855/55569).  

PCR optimization 

The markers were not part of the Linkage Mapping set v2.5, and their PCR programs 

had to be optimized individually, based on the information about annealing-
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temperature from the NCBI web page and the information obtained on the technical 

data sheet from Medprobe. The temperatures given on the technical data sheet were 

used as a starting point. For D9S1793 the optimal annealing temperature was stated 

to be 62ºC, and for D9S159 it was 66ºC. PCRs with varying MgCl2-concentrations 

were set up and the conditions that gave the optimal PCR products were chosen. 

Table 11 below shows the allele size range and the primer sequences of D9S159 and 

D9S1793. Each of the forward primers was labelled with fluorescent FAM at the 5’ 

end. The heterozygosity of the markers is not known as they are not part of the 

linkage mapping set. 

         Table 11 The allele size range and primer sequences for D9S159 and D9S1793 

Marker Colour Allele size 
range (bp) 

Primer sequences  

D9S159-f FAM 288-310 5’CTTTCTGACGGCAGCCAGGT 3’ 
D9S159-r  288-310 5’AGCTGGAATGAGTGCTGGGC 3’ 
D9S1793-f FAM 164-186 5’GGTGTGGAACCAGGACTAAC 3’ 

D9S1793-r  164-186 5’CAGAGCGAGTGTAATCCG 3’ 

 

The PCR reaction 

The PCR reaction contained 200ng of DNA, 0.2mM of dNTP, 1X PCR Buffer, 

1.5mM MgCl2 solution, 0.5U AmpliTaq, 5pmol of the primers and dH2O to a total of 

25µl. For D9S159, the PCR conditions included an initial step at 94º for 5 minutes, 

followed by 35 cycles of 94ºC for 30 seconds, 66ºC for 30 seconds, and 72ºC for 1 

minute. The final step was 72ºC for 7 minutes before the machine cooled down to 

4ºC. The content of the PCR reaction was the same for D9S1793 as for D9S159, but 

the PCR conditions differed in that the annealing temperature was 62 ºC instead of 

66ºC. Samples without DNA added were used as negative controls for both markers, 

and the lengths of the PCR products were tested on gel with the same conditions as 

for the Linkage Mapping set v2.5 markers.  
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Fragment analysis 

The fragment analysis was performed with the 3730 DNA analyzer, and 0.5µl of the 

PCR product (both markers were labelled with FAM) was mixed with 12µl of 

formamide and 0.2µl of the Liz500 size standard in the 96 well optical plates. The 

injection time used was 1 or 4 seconds depending on the strength of the signals, and 

the results were analyzed using the ABI PRISM® GeneMapper™ Software Version 

3.0.  

The Mann-Whitney test and the Kolmogorov-Smirnov test 

The statistical analysis was performed using the Mann-Whitney test and the two-

sample Kolmogorov-Smirnov test. Both tests are non-parametric, i.e. they make no 

assumptions about the distribution. The Mann-Whitney test is used to compare two 

independent groups of sampled data, and it tests whether one variable tends to have a 

higher median value than the other. It is used as an alternative to the t test when the 

data are not normally distributed. The test detect differences in medians, but also 

differences in shape and spread of the distribution58, 59. The Kolmogorov-Smirnov 

test is used to see if the distribution of two datasets differs significantly. It is 

sometimes preferred over the t test as it is able to detect differences in the distribution 

even though the mean values are similar.  

The null hypothesis for the statistical analysis was that there should be not be a 

difference in the distribution of alleles between normal controls and the CF patients. 

The significance was defined as P ≤ 0.05. The analyses were performed on the 

computer using the SPSS software (Statistical Package for the Social Sciences). 

The Sanger-Sequencing method 

The method is based on the principle that single-stranded DNA molecules that differ 

in length by only one nucleotide can be separated using polyacrylamide gel 

electrophoresis. The DNA to be sequenced (the template) is first annealed to an 

oligonucleotide on the same position on each template strand. This oligonucleotide 
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acts as a primer for the synthesis of a new DNA strand that will be complementary to 

the template DNA. Usually, four sequencing reactions are performed in parallel for 

each template, and each reaction contains the template, primer, DNA polymerase, 

dNTPs (deoxynucleotides) and one of four  dideoxynucleotides (ddATP, ddCTP, 

ddGTP or ddTTP). When DNA polymerase is added, deoxynucleotides are added to 

the growing complementary sequence, and the strand synthesis continues until a 

dideoxynucleotide (ddNTP) is added. The ddNTPs lack a hydroxyl group at the 3’ 

position. When the hydroxyl group is missing, elongation of the chain is prohibited  

The concentration of ddNTPs is approximately 1% of the dNTPs, thereby allowing 

different reactions to proceed for various lengths of time, until, by chance, DNA 

polymerase inserts a ddNTP. The end result is a set of DNA chains, terminated in all 

possible positions.  

Today most sequencing reactions is performed using fluorescent labelled primers (as 

in figure 8) or by using ddNTPs (as we did in this thesis).   
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Figure 8 The dideoxy sequencing method: A labelled primer is used to initiate DNA 
synthesis. The addition of four different ddNTPs (ddATP is shown here) randomly 
arrests synthesis, and results in labelled fragments of varying lengths (Figure 12-22a 
in An Introduction to Genetic Analysis, 7th Ed., by Anthony J.F.Griffiths et al). 

 

When using ddNTPs labelled with four different fluorochromes, all four reactions can 

be run in the same tube. After the sequencing reaction, the fragments are separated 

using a 3730 DNA Analyzer. This machine uses a laser to excite the labelled 

fragments as they pass by a window in a capillary. The data is processed and 

analyzed using the SeqScape v2.1 software. 

Detection of the Gly209Ser polymorphism 

The Gly209Ser polymorphism is a G/A polymorphism in exon 4 of the FATP4 gene. 

Exon 4 is 159 nucleotides long from 557-715, and the polymorphism occurs in the 

first G of the GGT triplet (nucleotides 625-627). The result is a serine residue at 

amino acid number 209 of the protein instead of the normal glycine residue. We used 

the same primers as the ones used in a previous study by Rachel M. Fisher et al 
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(forward: 5’GTGAGGTCCATGCCAGCCTG 3’, reverse: 

3’GACTGTTCCCGAAGTGTCCAC 5’), and the size of the sequencing-product is 

156 nucleotides. The forward primer lies near the start of exon 4, and the reverse 

primer binds at the end of exon 4 extending in to the first three nucleotides of intron 

4. Table 12 below is a list of the materials used in the sequencing of the Gly209Ser 

polymorphism.                

          Table 12 List of the materials 

Materials Manufacturer 
dNTP mix (10mM) ABI, Foster City, CA, USA 
MgCl2 Gold solution (25mM) ABI, Foster City, CA, USA  
PCR Gold Buffer (10X) ABI, Foster City, CA, USA  
AmpliTaq Gold (5U/µl) ABI, Foster City, CA, USA  
Big Dye Terminator buffer (5X) ABI, Foster City, CA, USA  
Big Dye® Terminator v3.1 cycle mix ABI, Foster City, CA, USA  

NuSieve® 3:1 Agarose 
Cambrex Bio Science Rockland 
Inc., Rockland, ME, USA 

MicroAmp™ Optical 96-well Reaction 
Plates ABI, Foster City, CA, USA  
Sequencing Wash Solution Millipore, Bedford, MA 
Induction Solution Millipore, Bedford, MA 
Montage™ SEQ96 Millipore, Bedford, MA 

Exo-SAP IT® 
Amersham Pharmacia Biotech, 
Piscataway, NJ, USA 

 

The PCR reaction 

We made some changes to the PCR conditions compared to the ones given in the 

article, as the products we obtained using their conditions were too weak. We 

increased the concentration of the MgCl2 to 2.2 mM and also increased the amount of 

DNA to 1.5µl as we suspected that the weak products could be partly due to the 

quality of the DNA. Each PCR reaction contained 1.5µl of DNA, 0.33mM dNTP, 1X 

PCR Gold Buffer, 2.2mM MgCl2 Gold solution, 1U of the AmpliTaq Gold, 2pmol of 

each of the two primers and dH2O to a total volume of 15.0 µl. The PCR conditions 

included an initial step at 95º for 7 minutes, followed by 30 cycles of 94ºC for 30 

seconds, 56ºC for 30 seconds, and 72ºC for 30 seconds. The final step was 72ºC for 



 44

10 minutes before the machine cooled down to 4ºC. The length of the PCR products 

was analyzed using agarose gel electrophoresis.  

The sequencing reactions 

The PCR products to be sequenced were purified by mixing 5 µl of the PCR product 

with 2µl Exo-SAP. Under incubation the Exo-SAP enzyme degrades the remaining 

single-stranded primers, dNTPs and other single-stranded DNA. The mix was 

incubated in a PCR machine at 37°C for 15 minutes and then set at 80°C for 15 

minutes before the mixture was cooled down to 10°C. The result of the Exo-SAP 

reaction is purified double-stranded PCR product, nucleosides and phosphate. The 

sequencing reactions were set up with 1µl Big Dye® Terminator v3.1 cycle, 0.5µl 5X 

Big Dye Terminator sequence dilution buffer, 2µl PCR product cleaned-up with Exo-

SAP, 0.5µl of the forward/reverse primer (in two different reactions) and dH2O to a 

total reaction volume of 10µl. The sequencing reaction was done on a PCR machine 

using the following conditions: 96°C for 10 seconds, 50°C for 5 seconds and 60°C 

for 4 minutes, and these steps were repeated in 25 cycles before the reaction was 

cooled down to 10°C.  

Clean-up of the sequencing reactions 

The next step in the sequencing process was the clean-up of the sequencing reactions, 

and the step was performed using the Montage Seq 96 Cleanup Kit. The products 

from the sequencing reaction (10µl) were transferred to a 96 well filter-plate and 

mixed with 30 µl of the Sequence Wash Solution. The plate was then placed on a 

vacuum-manifold (at about 20 in Hg) until the wells were dry, before another 30µl of 

the Sequence Wash Solution was added and the step was repeated. The sequencing 

products were then resuspended on a plate-shaker (about 1000rpm for 10 minutes) by 

adding 25µl of the Induction Solution.  



 45

Sequencing of the products on a 3730 DNA Analyzer 

10µl of the cleaned-up sequencing products were mixed with 10µl of dH2O in an 

optical 96-well Reaction Plate, and sequenced using the ABI PRISM™ 3730 DNA 

Analyzer. The SeqScape v2.1 software was used in analysis and comparison of the 

sequences with the reference-sequences imported from the NCBI webpage 

(http://www.ncbi.nlm.nih.gov/).  

http://www.ncbi.nlm.nih.gov/
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RESULTS 

The ∆F508 mutation in the controls 

We included 146 normal controls in this study, and they were tested to make sure 

they were negative for the mutation at position 508 in exon 10 of CFTR. To test this, 

PCR and fragment analysis were performed. One of the normal samples was 

heterozygous for the mutation (93bp/96bp), and we did not include this sample in our 

further studies. The rest of the samples, 145 normal controls, were tested to be 

without the deletion of three bases and hence deletion of the amino acid 

phenylalanine. We only tested the normal samples for the ∆F508 mutation as this is 

the most common mutation, and because the focus of the thesis was on the 

phenotypic traits associated with patients homozygous for the ∆F508 mutation.  

Figure 9 below shows a 3730 run of one of the normal samples (homozygous for two 

96bp alleles), and the heterozygous sample we included as a control. 

 

96 bp 

96 bp 93 bp 

Figure 9 Example of a 3730 run showing a homozygote for the normal variant at the 
top, and below the control which was heterozygous for the ∆F508 mutation 
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Adjusting the fragment analysis data 

The GeneMapper™ Software (Version 3.0) decides on the fragment sizes using a cut-

off value. The default cut-off value for di-nucleotide repeats is set at 0.3. When 

genotyping heterozygous alleles, if the highest peak height is X and a second, lower 

peak height is Y, then the ratio X/Y must be larger than 0.3 (the cut-off value) in 

order for the second peak to be called by the software. Peaks below the cut-off value 

are regarded as background by the software. 

The data we obtained from the computer analysis consisted of decimals that had to be 

adjusted either up or down. Most often the numbers were adjusted up if the decimals 

were ≥ 0.50 and down if the decimals were < 0.50. In table 13 and 14 below we see 

examples of the data for D15S978 and D9S290, and how some of the alleles have 

been corrected.     

                      Table 13 D15S978 for some CF patients showing the two alleles before               
and after correction 

CF Allele 1 Corrected 1 Allele 2 Corrected 2 
21 206.25 207 208.08 209 
22 206.24 207 208.22 209 
27 189.14 189 202.44 203 
56 187.33 187 189.19 189 
73 0 0 0 0 
116 189.3 189 198.78 199 
120 189.24 189 191.25 191 
123 191.1 191 202.43 203 
125 191.16 191 204.43 205 

 

The allele size range for D15S978 was of odd numbers according to the newest 

version of the Linkage Mapping set (187-215bp), and for most of the alleles we 

adjusted the number up or down to the nearest odd number. For some of the results, 

however, like allele 1 and 2 for “21”, we had to adjust 206.25 into 207 and 208.08 

into 209 as the majority of the data fitted an odd-numbered range. Theoretically, 

206.25 should have been adjusted to 206 and 208.08 should have been adjusted to 

208. 
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                   Table 14 D9S290 for some normal controls showing the two alleles 
before and after correction 

Normal Allele 1 Corrected 1 Allele 2 Corrected 2 
100 248.39 248 248.39 248 
101 252.26 252 254.2 254 
105 250.19 250 254.08 254 
106 246.38 246 250.24 250 
107 246.43 246 246.43 246 
111 242.59 242 252.1 252 
113 254.06 254 254.06 254 

 

The allele size range for D9S290 was of even numbers according to the Linkage 

Mapping set (240-262bp), and for most of the alleles we adjusted the number up or 

down to the nearest even number. For allele 1 for “111” however, we adjusted 242.59 

to 242 instead of adjusting it to 243 as the majority of the numbers fitted an even-

numbered size range. 

Fragment analysis of the marker sequences 

The PCR and the fragment analysis were done to establish the number of repeats or 

the allele sizes (bp) of the markers included in this study. The expected allele size 

ranges were given by the linkage mapping set. The allele size ranges did, however, 

vary somewhat between an older version and the newest version of the linkage 

mapping set. Two examples are the D15S117 marker where the allele size range is 

324-342bp in the old version and 321-339bp in the newer version, and the D19S571 

marker where the “old” allele size range was 290-322bp and the “new” one is 287-

319bp. Some of the markers we wanted to use were available at the department and 

hence part of the older version of the set, while other markers had to be ordered and 

were therefore from the new version of the set. We always used the allele size range 

we obtained in the experiments, even if it did not quite match the expected one. 

Figure 10 gives an example of a 3730 run for two normal controls with D19S571. 
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286 bp 308 bp 

312 bp 

Figure 10 A 3730 run of the normal controls 582 and 583 with D19S571. 582 is 
homozygous for the 312bp allele, while 583 is heterozygous for the 286bp/308bp 
alleles. 

 

The alleles obtained for a heterozygote can also be positioned close or right next to 

each other as the example in figure 11 below with markers D19S566 and D19S902. 

 

158/162 bp 239/247 bp 

Figure 11 A 3730 run of with two markers; D19S566 is heterozygous for 158/162bp 
alleles and D19S902 is heterozygous 239/247bp alleles. 

Table 15 below gives a summary of the information we obtained from the fragment 

analysis on D9S164. The table gives the allele sizes seen for the marker (for both the 

normal controls and the CF subjects), and how many we observed of each allele size. 

The table also gives the percentage for how much the number of each allele size 

contributes to the total of 290/80 alleles (145 normal controls and 40 CF samples).  
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                            Table 15 Summary of marker D9S164 

D9S164 Normal   CF   

Allele size Number
Percentag

e Number
Percentag

e 
84 10 3,45 % 3 3,75 % 
86 7 2,41 % 4 5,00 % 
88 55 18,97 % 26 32,50 % 
90 53 18,28 % 11 13,75 % 
92 80 27,59 % 14 17,50 % 
94 59 20,34 % 16 20,00 % 
96 16 5,52 % 5 6,25 % 
98 7 2,41 % 1 1,25 % 
100 3 1,03 % 0 0,00 % 

TOTAL 290 100,00 % 80 100,00 % 
 

It was the summary of marker D9S164 which stood out as the most interesting as the 

differences in percentages between the controls and the CF samples were quite large 

for some of the allele sizes. For the 88bp-allele, the percentage observed in the CF 

group is almost twice the percentage observed for the normal controls. For the 92bp-

allele, the percentage is 27.59 % for the normal controls and 17.50 % in the CF 

group. For the other markers the differences in percentages between normal controls 

and CF patients were not as large as the ones seen for D9S164. The summaries for 

the rest of the markers can be found in the appendix. The number of observations 

corresponding to each allele size was the numbers we used as the data in the 

statistical analyses (see “The statistical analyses”).  

Table 16 below shows the number of homozygotes for D9S164. 

                                              Table 16 D9S164 homozygotes 

D9S164 homozygotes 
Alleles Normal CF
88/88 5 6 
90/90 3 0 
92/92 8 0 
94/94 5 2 

TOTAL 21 8 
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According to the linkage mapping set, the heterozygosity of D9S164 is 0.8. For the 

normal controls we got 21 homozygotes, which mean that about 15 % were 

homozygous for the marker, and 85 % were heterozygous for the D9S164 marker in 

this study. In the CF group we found 8 homozygotes. That means that 20 % were 

homozygotes and 80 % were heterozygous for the marker in CF group, and the 

number matches the heterozygosity value set by the linkage mapping set. 

Analysis of two additional markers 

The interesting result of D9S164 made us include two additional markers; D9S159 

and D9S1793, positioned on either side of D9S164. Figure 12 shows an example of a 

3730 run with two normal controls with the D9S1793 marker. Tables 17 and 18 give 

the summaries of D9S159 (Table 17) and D9S1793 (Table 18). 

 

164 bp 174 bp 

178 bp

Figure 12 A 3730 run of two normal controls with D9S1793; one is homozygous for 
the 178bp allele, and is heterozygous for the 168bp/174bp alleles. 
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                          Table 17 Summary of D9S159 

D9S159 Normal  CF  

Allele size Number
Percentag

e Number
Percentag

e 
288 47 16,32 % 8 10,26 % 
290 7 2,43 % 3 3,85 % 
292 23 7,99 % 8 10,26 % 
294 16 5,56 % 7 8,97 % 
296 54 18,75 % 12 15,38 % 
298 61 21,18 % 15 19,23 % 
300 52 18,06 % 14 17,95 % 
302 9 3,13 % 2 2,56 % 
304 13 4,51 % 7 8,97 % 
306 4 1,39 % 2 2,56 % 
308 1 0,35 % 0 0,00 % 
310 1 0,35 % 0 0,00 % 

TOTAL 288 100,00 % 78 100,00 % 
 

                          Table 18 Summary of D9S1793 

D9S1793 Normal  CF  

Allele size Number
Percentag

e Number
Percentag

e 
164 1 0,35 % 1 1,39 % 
168 68 23,78 % 18 25,00 % 
170 12 4,20 % 2 2,78 % 
172 5 1,75 % 4 5,56 % 
174 16 5,59 % 1 1,39 % 
176 36 12,59 % 14 19,44 % 
178 85 29,72 % 18 25,00 % 
180 28 9,79 % 3 4,17 % 
182 10 3,50 % 3 4,17 % 
184 21 7,34 % 8 11,11 % 
186 4 1,40 % 0 0,00 % 

TOTAL 286 100,00 % 72 100,00 % 
 

For D9S159, the number of total alleles for the normal controls is 288 and that for CF 

is 78. That means that each group lack the result of one of its samples. For D9S1793 

the total number of alleles is 286 for the normal controls and 72 for the CF group, and 

the results of two and four samples are missing respectively. There are some 

differences in percentages between normal controls and CF for both markers, but they 
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are not as obvious as the ones seen for D9S164. The statistical analyses were 

performed in order to establish the significance of the differences (see “The statistical 

analyses”).  

The Mann-Whitney and the Kolmogorov-Smirnov analyses  

The Mann-Whitney test and the Kolmogorov-Smirnov test were used to see if the 

median values and the distribution of alleles were similar between the markers in 

normal controls and the CF patients. The p-value was set to p ≤ 0.05. The number of 

observations for each allele size (for each marker) was the numbers we used as the 

basis for the statistical analyses (see the Fragment analysis of the marker sequences 

and the appendix). The statistical analyses were performed using the SPSS software. 

Figure 15 below gives an example of the data obtained (for D9S164) with the SPSS 

software. The results for the Mann-Whitney test and the Kolmogorov-Smirnov test 

are listed separately and the p-value (significant when p ≤ 0.05) can be seen as the 

asymp. significance.  
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Figure 15 The data obtained during the statistical analysis of D9S164 

In the Mann-Whitney analysis the result was a p-value of 0.056 and in the 

Kolmogorov-Smirnov analysis the p-value was 0.068. Both values exceed the value 

that was set as the significance level, but they were close and made us include two 

additional markers in the study. A summary of the p-values obtained in the Mann-

Whitney test and the Kolmogorov-Smirnov test for all the markers can be found in 

table 21 below. 
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Table 21 The significance-values for the markers for the Mann-Whitney test and the 
Kolmogorov test respectively ( p ≤ 0.05) 

Markers Mann-Whitney Kolmogorov-Smirnov 
D19S226 p=0.765  p=0.426 
D19S566 p=0.840   p=1.00 
D19S931 p=0.695   p=0.959 
D15S978 p=0.553   p=0.605 
D15S117 p=0.441   p=0.7 
D1S252 p=0.403   p=0.844 
D1S498 p=0.703   p=0.595 
D9S1682 p=0.690   p=0.854 
D9S290 p=0.077   p=0.358 
D9S164 p=0.056   p=0.068 
D19S902 p=0.673   p=0.168 
D19S571 p=0.965   p=1.00 
D5S2027 p=0.433   p=0.727 
D5S471 p=0.504   p=0.966 

 

Out of the fourteen markers we studied, D9S164 was the only marker that came close 

to having significant p-values. We therefore included two additional markers in the 

study, and the significance of these, together with the other markers on chromosome 

9, is listed in table 22.  

                             Table 22 Significance of the markers on chromosome 9 

Markers  Mann-Whitney Kolmogorov-Smirnov 
D9S1682 p=0.690   p=0.854 
D9S290 p=0.077  p=0.358 
D9S159* p=0.441   p=0.978 
D9S164 p=0.056   p=0.068 

D9S1793* p=0.509   p=0.919 
 

From table 22 we see that the results for D9S159 and D9S1793 were not significant.  
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The Gly209Ser polymorphism 

The background for doing this experiment was the article published by Rachel M. 

Fisher and co-workers where they tested a group of Swedish healthy middle-aged 

men for the Gly209Ser polymorphism and found that men heterozygous for the 

polymorphism had BMIs below the average and that the heterozygosity seemed to be 

associated with insulin resistance. At cDNA level, the correct nomenclature for the 

polymorphism is c.625G>A, and at protein level the correct nomenclature is 

p.Gly209Ser. 

We sequenced all our samples; both normal controls and CF, for the polymorphism. 

Figure 13 below gives an example of a 3730 run from the sequencing.  

 

 

R

Figure 13 A 3730 run from the sequencing for Gly209Ser. The R marks where there 
is a change in the sequence compared to the reference sequence. The figure shows 
both the reverse and the forward primer sequence. Sample 518 is shown to be 
heterozygous for the polymorphism with one A (green) and one G (yellow) 
nucleotide. 

 

In the top line of bases in figure 13 above, we see the R that marks where there is a 

change in the sequence. R is nucleotide number 625 in exon 4 (557-715) and the first 

one of the triplet that encodes amino acid number 209. There are two rows of 

sequences in the figure. The top row is the sequencing with the reverse primer, while 

the bottom row is the result of the sequencing with the forward primer. The sequence 
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resulting from the forward primer is less neat and tidy compared to the sequence from 

the reverse primer. This is usually the case because there are sometimes irregularities 

in the beginning for the synthesis for each primer. This problem can be solved, 

however, by including both a forward and a reverse primer in two separate reactions. 

The software adds the results of the two reactions, and one should obtain at least one 

nice copy of the sequence of interest, either from the forward or the reverse primer.   

The results of the sequencing are summarized in tables 23 and 24. Table 23 gives an 

overview of the allele frequencies obtained in this study for both groups (normal 

controls and the CF subjects) in the detection of the Gly209Ser polymorphism.  

                                          Table 23 Observed allele frequencies 

ALLELE Normal CF 
Gly (p) 0,945 1 
Ser (q) 0,055 0 

TOTAL 1 1 
 

For the normal controls the results were in line with the results obtained in the study 

in Sweden, where the frequency of the Gly-allele was 0.95 and that of the Ser-allele 

was 0.05. For the CF patients, however, the allele frequency was not as we expected 

as all the alleles for this group were Gly-alleles. Table 24 below gives the observed 

and the expected genotype frequencies according to the Hardy-Weinberg equilibrium 

for both groups with p = 0.945 and q = 0.055.  

                    Table 24 The observed and expected genotype frequencies with p = 
0,945 and q = 0,055 

  Normal   CF   
GENOTYPE Observed Expected Observed Expected 
Gly/Gly (p²) 129 129,5 38 33,9 

Gly/Ser (2pq) 16 15,1 0 4,0 
Ser/Ser (q²) 0 0,4 0 0,1 

TOTAL 145 145 38 38 
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According to the Hardy-Weinberg equilibrium we would expect to get 129.5 

homozygotes (p²), 15.1 heterozygotes (2pq) and 0.4 homozygotes (q²) in the normal 

controls. These numbers are very similar to the observed number of genotype 

frequencies in this group. The study in Sweden, however, got 3 Ser/Ser homozygotes. 

The relatively small number of normal controls may explain the absence of Ser/Ser 

homozygotes in our material. The study in Sweden included a total of 608 subjects. 

According to the Hardy-Weinberg equilibrium we should expect 33.9 homozygotes 

(p²), 4 heterozygotes (2pq), and 0.1 homozygotes (q²) in the CF group. There were 

two samples we did not get any genotype results for, and hence the total number of 

observations under genotype for CF is 38. All the patients in the CF group were 

homozygous for the Gly-allele, and this was not what we expected. Based on the 

facts that CF patients often have BMIs below the average and that the incidence of 

diabetes increases in CF patients, we hoped that the Gly/Ser genotype would have a 

higher frequency in the CF group compared with the normal controls. The fact that 

we could expect 4 heterozygotes and got zero, led us to perform a Fisher’s exact 

analysis to test the significance of this result. We used the number of Gly/Ser alleles 

for each group (Normal controls: Gly=274, Ser=16, CF: Gly=76, Ser=0) as the basis 

for the analysis, and tested the null hypothesis: The frequency of Gly alleles = 

frequency of Ser alleles. 

Figure 14 is taken from SPSS and it shows a table with the numbers of the Gly/Ser 

alleles for each group, as well as a table with the results of the chi-square tests, 

including the Fisher’s exact test. 
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Gly * Gruppe Crosstabulation

Count

16 0 16
274 76 350
290 76 366

ser
gly

Gly

Total

normal cf
Gruppe

Total

 

Chi-Square Tests

4,385b 1 ,036
3,164 1 ,075
7,638 1 ,006

,051 ,022

4,373 1 ,037

366

Pearson Chi-Square
Continuity Correctiona

Likelihood Ratio
Fisher's Exact Test
Linear-by-Linear
Association
N of Valid Cases

Value df
Asymp. Sig.

(2-sided)
Exact Sig.
(2-sided)

Exact Sig.
(1-sided)

Computed only for a 2x2 tablea. 
 

Figure 14 The figure shows the data we obtained from the Fisher’s exact test in 
SPSS. 

 

The result of the Fisher’s exact test was a p-value of 0.05. We could reject the null 

hypothesis that the frequency of the Gly-allele was the same as the frequency of the 

Ser-allele. However, it was not obvious that we should test the significance of the 

results for the genotype frequencies in the CF group as the number of subjects in this 

study was small.  
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DISCUSSION 

We wanted to investigate whether the metabolic abnormality of fatty acids in CF 

patients 11, 41, 43 could be due to a defect in the uptake of fatty acids from the intestine, 

and to try to identify a candidate area responsible for the abnormality. We therefore 

compared markers close to the genes encoding the six FATPs (one group of proteins 

that play a role in the uptake of fatty acids) between CF patients homozygous for the 

∆F508 mutation and normal controls tested to be negative for the mutation. The 

finding of a possible modifier locus for meconium ileus in CF on 19q13.134 was 

interesting as one of the FATPs; FATP5, is positioned at 19q13.4.  

We selected 146 subjects for the normal controls group, and we performed fragment 

analysis to test whether they were carriers of the ∆F508 mutation. Sample 169 was 

heterozygous (93bp/96bp) and we excluded the sample from further studies. The 

carrier frequency of the CF-mutations is 1/25 in Caucasian populations.27 Even 

though the ∆F508 mutation only covers 70% of the alleles in CF, statistically, we 

should have observed more heterozygotes out of the 146 normal controls.  

As mentioned in Association studies, there are three different types of association 

studies. We chose the type where a group a patients with a specific disease or trait is 

compared with a group of normal controls. The reasons behind the choice were that 

the number of CF patients available for study was limited, and also that it is difficult 

to obtain a large family with CF. There are only about 250 CF patients in total in 

Norway. They are not all homozygous for the ∆F508 mutation, and the total of 40 CF 

patients that we included in our study is therefore close to the possible number of 

patients available in this region of the country.  

The six genes encoding the FATPs are expressed in different tissues of the body. 

FATP1 is expressed in tissues like the heart, skeletal muscle, the brain and adipose 

tissue. The liver and the kidney cortex are the main tissues of expression for FATP2. 

FATP3 is expressed in the lungs. FATP4 is the main FATP in the intestines, but can 

also be found in the brain and adipose tissue. The liver is the main tissue of 
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expression for FATP5, while FATP6 mainly is found in the heart. We considered the 

markers near FATP5 (19q13.4), D19S902 and D19S571, to be especially interesting 

as they were positioned in the vicinity of the identified modifier locus. However, we 

did not get any significant result for these markers. In fact, the marker that was 

closest to a significant result was D9S164, positioned close to FATP4, whose main 

expression is in the intestines. The result of D9S164 was interesting as we wanted to 

relate the abnormal metabolism of fatty acids to a defect in the uptake of fatty acids 

from the intestine. Even though the p-values of D9S164 only came close to being 

significant we included another two markers in the study to further test the result. The 

results of these two markers were also non-significant. There is now a warning about 

D9S164 on the NCBI homepage (under Uni-STS) which says that D9S164 matches 

several loci in humans by e-PCR. This warning has been posted after we chose to 

include D9S164 in our study. 

We did not find a significant association between any of the markers close to the 

FATPs and cystic fibrosis in this material. However, there are other interesting 

candidate genes close to the D9S164 marker on chromosome 9. In a paper published 

in Nature Genetics in January this year60, a group from Bergen identified mutations in 

the Carboxyl Ester Lipase (CEL) gene, that cause pancreatic dysfunction in patients 

with diabetes. This may also be interesting with regard to CF as the incidence of 

diabetes in CF patients increases as the average life expectancy increases. More 

studies in the 9q31-34 region are necessary.  

Pancreatic insufficiency (PI), causing irreversible loss of pancreatic function, is a 

major phenotypic trait of cystic fibrosis. Pancreatic damage may cause diabetes as the 

damage result in decreased secretion of insulin. As pancreatic damage is relatively 

common in CF, it is not surprising that the incidence of cystic fibrosis-related 

diabetes (CFRD) increases in CF patients. Abnormal fatty acid metabolism has also 

been shown to be associated with insulin resistance17. So the fact CF patients often 

develop diabetes and have BMIs below the average, together with the fact that 

abnormal metabolism of fatty acids can be related to insulin resistance and the results 
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of a group in Sweden61, made us sequence the subjects in our study for the Gly209Ser 

polymorphism. Due to the low BMIs and the incidence of diabetes in CF patients, we 

thought that they should show a higher frequency of heterozygotes compared to 

normal controls. Our results for the normal controls were a frequency of 

heterozygotes similar to the results from the study in Sweden. 61 For the CF group, 

however, all the samples were Gly/Gly homozygotes. According to the expected 

genotype frequencies (from the Hardy-Weinberg equilibrium) we should have got 

33.9 Gly/Gly homozygotes, 4 Gly/Ser heterozygotes and 0.1 Ser/Ser homozygotes. 

We performed a Fisher’s exact analysis to test the significance of the result for the CF 

group, and found that the frequency of the Gly-alleles was different from the Ser-

alleles. However, the number of patients in the CF group is small and the absence of 

Gly/Ser heterozygotes may be a result of the number of patients. We would have to 

perform the sequencing on a larger number of patients to confirm or eliminate our 

results. 

For future studies on CF, collaborations with other parts of Norway and other 

countries would be interesting in order to increase the size of the material. Due to 

time limitations we chose to use markers that were commercially available, but if 

there had been more time for practical work, we could have included more markers in 

the study, and chosen markers that were positioned closer to the six genes encoding 

the FATPs.  

Several papers have concluded that CF patients have a deficiency of essential fatty 

acids, characterized by a decrease in plasma levels of linoleic acid and 

docosahexaenoic acid, and an increase in plasma levels of arachidonic acid 11, 41, 43.  

This deficiency results in an abnormal metabolism of fatty acids. It is not yet clear, 

however, why the defective function of CFTR causes an abnormal metabolism. We 

proposed that the abnormality could be due to a defect in the uptake of fatty acids 

from the intestine, and chose the SLC27A1-6 genes as the candidate genes for the 

study. So far, there are few publications on studies similar to ours, where the 
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abnormal fatty acid metabolism in CF is tried linked to the proteins that transport the 

fatty acids.  

The focus of this thesis has been to test whether the abnormal fatty acid uptake in CF 

patients could be explained by a defect uptake of fatty acids from the intestine. In a 

paper by Jurgen Pohl et al 62,  the role of the FATPs in the uptake of LCFAs is 

discussed. FATPs are shown to increase the uptake of LCFAs into cells, but the 

mechanisms of the uptake are not well understood. The paper states, however, that 

FATP transport activity is specific for LCFAs as the uptake of fatty acids shorter than 

10 carbon atoms is unaffected by the expression of the FATPs. They also conclude 

that the uptake may be driven by an increased conversion of fatty acids to fatty acyl-

CoA, and that the malfunction of FATPs may be involved in the pathogenesis of 

diseases like diabetes.  

In a recent paper published in Current Opinion in Lipidology 62, however, the focus 

was not on proteins that aid fatty acid uptake, but on the fact that the fatty acid 

metabolism itself is a major determinant of the uptake of fatty acids into cells. The 

paper states that the conversion of fatty acids into acyl-CoAs increases the uptake of 

fatty acids into the cells. This study explains one mechanism for fatty acid uptake into 

cells, but it does not make the fact that the fatty acid metabolism is abnormal in CF 

patients more clear.  

More studies are required on fatty acid metabolism in CF patients in order to identify 

the cause of the abnormality. These studies are important as a correction of this defect 

may be a possible target in the treatment of CF.    
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CONCLUSION 

We did not find any significant association between markers positioned near the 

genes encoding the FATPs and cystic fibrosis in this study. This means that there was 

no significant difference in the distribution of alleles between the normal controls and 

the CF patients. We are therefore not yet able to draw any conclusions on whether the 

fatty acid metabolism is abnormal in CF patients due to a change in the uptake of 

fatty acids from the intestine. Further studies are required, especially of markers and 

genes in the 9q31-34 region. 
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APPENDIX 

Tables 1- 13 below give the summaries of the markers that we have not included in 

the results.   

                         Table 1 Summary of D1S252 

D1S252 NORMAL   CF   
Allele size Number Percentage Number Percentage 

86 0 0,00 % 2 2,50 % 
88 0 0,00 % 0 0,00 % 
90 91 32,04 % 29 36,25 % 
92 5 1,76 % 2 2,50 % 
94 30 10,56 % 8 10,00 % 
96 1 0,35 % 1 1,25 % 
98 18 6,34 % 3 3,75 % 
100 45 15,85 % 10 12,50 % 
102 48 16,90 % 10 12,50 % 
104 43 15,14 % 13 16,25 % 
106 2 0,70 % 2 2,50 % 
108 1 0,35 % 0 0,00 % 
110 0 0,00 % 0 0,00 % 

TOTAL 284 100,00 % 80 100,00 % 
 

 

                        Table 2 Summary of D1S498 

D1S498 NORMAL   CF   
Allele size Number Percentage Number Percentage 

194 13 4,71 % 3 3,85 % 
196 56 20,29 % 13 16,67 % 
198 29 10,51 % 4 5,13 % 
200 84 30,43 % 31 39,74 % 
202 40 14,49 % 17 21,79 % 
204 24 8,70 % 8 10,26 % 
206 6 2,17 % 0 0,00 % 
208 13 4,71 % 1 1,28 % 
210 9 3,26 % 1 1,28 % 
212 2 0,72 % 0 0,00 % 

TOTAL 276 100,00 % 78 100,00 % 
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                     Table 3 Summary of D5S471 

D5S471 NORMAL   CF   
Allele size Number Percentage Number Percentage 

238 1 0.36% 0 0,00 % 
242 66 24,09 % 24 30,00 % 
244 0 0,00 % 0 0,00 % 
246 2 0,73 % 1 1,25 % 
248 48 17,52 % 8 10,00 % 
250 14 5,11 % 4 5,00 % 
252 112 40,88 % 39 48,75 % 
254 30 10,95 % 4 5,00 % 
256 1 0,36 % 0 0,00 % 
258 0 0,00 % 0 0,00 % 

TOTAL 274 100,00 % 80 100,00 % 
 

 

 

                       Table 4 Summary of D5S2027 

D5S2027 NORMAL   CF   
Allele size Number Percentage Number Percentage 

186 0 0,00 % 0 0,00 % 
188 3 1,07 % 1 1,25 % 
190 0 0,00 % 0 0,00 % 
192 28 10,00 % 3 3,75 % 
194 95 33,93 % 39 48,75 % 
196 66 23,57 % 16 20,00 % 
198 21 7,50 % 6 7,50 % 
200 64 22,86 % 14 17,50 % 
202 2 0,71 % 1 1,25 % 
204 1 0,36 % 0 0,00 % 

TOTAL 280 100,00 % 80 100,00 % 
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                      Table 5 Summary of D9S290 

D9S290 NORMAL   CF   
Allele size Number Percentage Number Percentage 

242 3 1,09 % 0 0.00% 
244 29 10,51 % 6 7,69 % 
246 52 18,84 % 14 17,95 % 
248 40 14,49 % 8 10,26 % 
250 68 24,64 % 17 21,79 % 
252 49 17,75 % 19 24,36 % 
254 33 11,96 % 14 17,95 % 
256 2 0,72 % 0 0,00 % 
258 0 0,00 % 0 0,00 % 

TOTAL 276 100,00 % 78 100,00 % 
 

 

                        

                       Table 6 Summary of D9S1682 

D9S1682 NORMAL   CF   
Allele size Number Percentage Number Percentage 

147 0 0,00 % 0 0,00 % 
149 1 0,34 % 0 0,00 % 
151 92 31,72 % 23 28,75 % 
153 116 40,00 % 40 50,00 % 
155 8 2,76 % 3 3,75 % 
157 64 22,07 % 13 16,25 % 
159 8 2,76 % 1 1,25 % 
161 1 0,34 % 0 0,00 % 

TOTAL 290 100,00 % 80 100,00 % 
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                       Table 7 Summary of D15S117 

D15S117 NORMAL   CF   
Allele size Number Percentage Number Percentage 

322 0 0,00 % 1 1,28 % 
324 44 16,54 % 14 17,95 % 
326 0 0,00 % 0 0,00 % 
328 79 29,70 % 22 28,21 % 
330 51 19,17 % 18 23,08 % 
332 3 1,13 % 4 5,13 % 
334 4 1,50 % 0 0,00 % 
336 25 9,40 % 5 6,41 % 
338 56 21,05 % 13 16,67 % 
340 4 1,50 % 1 1,28 % 

TOTAL 266 100,00 % 78 100,00 % 
 

                        

 

                       Table 8 Summary of D15S978 

D15S978 NORMAL   CF   
Allele size Number Percentage Number Percentage 

185 8 2,76 % 1 1,35 % 
187 15 5,17 % 6 8,11 % 
189 59 20,34 % 17 22,97 % 
191 102 35,17 % 19 25,68 % 
193 12 4,14 % 0 0,00 % 
195 3 1,03 % 1 1,35 % 
197 3 1,03 % 2 2,70 % 
199 6 2,07 % 1 1,35 % 
201 3 1,03 % 1 1,35 % 
203 14 4,83 % 3 4,05 % 
205 24 8,28 % 8 10,81 % 
207 28 9,66 % 10 13,51 % 
209 6 2,07 % 3 4,05 % 
211 5 1,72 % 2 2,70 % 

TOTAL 290 100,00 % 74 100,00 % 
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                        Table 9 Summary of D19S226 

D19S226 NORMAL   CF   
Allele size Number Percentage Number Percentage 

235 1 0,38 % 0 0,00 % 
237 3 1,15 % 1 1,25 % 
239 62 23,66 % 15 18,75 % 
241 20 7,63 % 4 5,00 % 
243 1 0,38 % 5 6,25 % 
245 16 6,11 % 6 7,50 % 
247 30 11,45 % 6 7,50 % 
249 44 16,79 % 26 32,50 % 
251 31 11,83 % 6 7,50 % 
253 16 6,11 % 5 6,25 % 
255 19 7,25 % 4 5,00 % 
257 10 3,82 % 1 1,25 % 
259 9 3,44 % 0 0,00 % 
261 0 0,00 % 1 1,25 % 

TOTAL 262 100,00 % 80 100,00 % 
 

 

 

                          Table 10 Summary of D19S566 

D19S566 NORMAL   CF   
Allele size Number Percentage Number Percentage 

144 12 4,62 % 7 8,75 % 
146 0 0,00 % 0 0,00 % 
148 0 0,00 % 0 0,00 % 
150 0 0,00 % 0 0,00 % 
152 6 2,31 % 1 1,25 % 
154 28 10,77 % 8 10,00 % 
156 53 20,38 % 15 18,75 % 
158 58 22,31 % 16 20,00 % 
160 30 11,54 % 10 12,50 % 
162 43 16,54 % 15 18,75 % 
164 8 3,08 % 3 3,75 % 
166 19 7,31 % 4 5,00 % 
168 3 1,15 % 1 1,25 % 

TOTAL 260 100,00 % 80 100,00 % 
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                      Table 11 Summary of D19S571 

D19S571 NORMAL   CF   
Allele size Number Percentage Number Percentage 

286 76 26,21 % 22 28,21 % 
288 0 0,00 % 0 0,00 % 
290 0 0,00 % 0 0,00 % 
292 0 0,00 % 0 0,00 % 
294 0 0,00 % 0 0,00 % 
296 0 0,00 % 0 0,00 % 
298 0 0,00 % 0 0,00 % 
300 0 0,00 % 0 0,00 % 
302 3 1,03 % 0 0,00 % 
304 3 1,03 % 0 0,00 % 
306 5 1,72 % 3 3,85 % 
308 52 17,93 % 11 14,10 % 
310 34 11,72 % 9 11,54 % 
312 63 21,72 % 19 24,36 % 
314 39 13,45 % 11 14,10 % 
316 11 3,79 % 3 3,85 % 
318 4 1,38 % 0 0,00 % 

TOTAL 290 100,00 % 78 100,00 % 
 

 

                          Table 12 Summary of D19S902 

D19S902 NORMAL   CF   
Allele size Number Percentage Number Percentage 

239 56 19,72 % 11 14,10 % 
241 1 0,35 % 0 0,00 % 
243 32 11,27 % 4 5,13 % 
245 2 0,70 % 0 0,00 % 
247 4 1,41 % 0 0,00 % 
249 81 28,52 % 36 46,15 % 
251 26 9,15 % 11 14,10 % 
253 36 12,68 % 7 8,97 % 
255 24 8,45 % 7 8,97 % 
257 21 7,39 % 0 0,00 % 
259 1 0,35 % 2 2,56 % 

TOTAL 284 100,00 % 78 100,00 % 
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                       Table 13 Summary of D19S931 

D19S931 NORMAL   CF   
Allele size Number Percentage Number Percentage 

151 11 3,79 % 2 2,56 % 
153 0 0,00 % 6 7,69 % 
155 0 0,00 % 0 0,00 % 
157 1 0,34 % 0 0,00 % 
159 3 1,03 % 0 0,00 % 
161 2 0,69 % 0 0,00 % 
163 106 36,55 % 27 34,62 % 
165 3 1,03 % 1 1,28 % 
167 25 8,62 % 2 2,56 % 
169 4 1,38 % 1 1,28 % 
171 40 13,79 % 12 15,38 % 
173 10 3,45 % 4 5,13 % 
175 28 9,66 % 12 15,38 % 
177 47 16,21 % 7 8,97 % 
179 8 2,76 % 2 2,56 % 
181 1 0,34 % 0 0,00 % 
183 1 0,34 % 2 2,56 % 

TOTAL 290 100,00 % 78 100,00 % 
 

 

 

 

 

 

 

 

 

 


