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AAbbssttrraacctt  
The emerging field of personalized medicine and the prediction of side effects experienced 

due to pharmaceutical drugs is being studied intensively in the post genomic era.  The 

molecular basis of inheritance and disease susceptibility is being unravelled, especially 

through the use of rapidly evolving new technologies.  This in turn facilitates analyses of 

individual variations in the whole genome of both single subjects and large groups of subjects. 

 

Genetic variation is a common occurrence and although most genetic variations do not have 

any apparent effect on the gene product some do exhibit effects, such as an altered ability to 

detoxify xenobiotics. 

 

The human body has a highly effective detoxification system that detoxifies and excretes 

endogenous as well as exogenous toxins.  Numerous studies have proved that specific 

genetic variations have an influence on the efficacy of the metabolism of pharmaceutical drugs 

and consequently the dosage administered. 

  

The primary aim of this project was the local implementation and assessment of two different 

genotyping approaches namely: the Applied Biosystems SNaPshot technique and Affymetrix 

DMET™ microarray.  A secondary aim was to investigate if links could be found between the 

genetic data and the biochemical detoxification profile of participants.  I investigated the 

approaches and gained insight into which method would be better for specific local 

applications, taking into consideration the robustness and ease of implementation as well as 

cost effectiveness in terms of data generated.  

  

The final study cohort comprised of 18 participants whose detoxification profiles were known.  

Genotyping was performed using the DMET™ microarray and SNaPshot techniques.  The 

SNaPshot technique was used to genotype 11 SNPs relating to DNA repair and detoxification 

and was performed locally.  Each DMET™ microarray delivers significantly more data in that it 

genotypes 1931 genetic markers relating to drug metabolism and transport.  Due to the 

absence of a local service supplier, the DMET ™ microarrays were outsourced to DNALink in 

South Korea.  DNALink generated raw data which was analysed locally. 

  

I experienced many problems with the implementation of the SNaPshot technique.  Numerous 

avenues of troubleshooting were explored with varying degrees of success.  I concluded that 

SNaPshot technology is not the best suited approach for genotyping.  Data obtained from the 

DMET microarray was fed into the DMET console software to obtain genotypes and 
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subsequently analysed with the help of the NWU statistical consultation services.  Two 

approaches were followed: firstly, clustering the data and, secondly, a targeted gene 

approach.  Neither of the two methods was able to establish a relationship between the DMET 

genotyping data and the detoxification profiling.   

 

For future studies to successfully correlate SNPs or SNP groups and a specific detoxification 

profile, two key issues should be addressed:  i) The procedure for determining the 

detoxification profile following substrate loading should be further refined by more frequent 

sampling after substrate loading.  ii) The number of participants should be increased to provide 

statistical power that will enable a true representation of the particular genetic markers in the 

specific population.  The statistical analyses, such as latent class analyses to cluster the 

participants will also be of much more use for data analyses and interpretation if the study is 

not underpowered. 
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Detoxification, Genetic variation, SNaPshot, DMET microarray, Genotyping. 
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OOppssoommmmiinngg  
 

Die ontluikende veld van verpersoonlikte medisyne en die voorspelling van moontlike newe-

effekte van farmaseutiese middels word tans intensief bestudeer noudat die menslike genoom 

volgorde bekend is.  Die molekulêre basis van oorerflikheid en vatbaarheid vir sekere 

siektetoestande is besig om ontrafel te word deur gebruik te maak van snel ontwikkelende 

tegnologieë. Dit vergemaklik navorsing op individuele variasie in die genoom as geheel in 

individue en groepe mense. 

 

Genetiese variasie is ‗n algemene verskynsel en alhoewel genetiese variasies nie noodwendig 

‘n effek op die produk van ‗n geen uitoefen nie, kan dit gebeur dat die verandering wel ‘n effek 

het soos byvoorbeeld ‘n verandering in die vermoë om ‘n xenobiotiese middel te detoksifiseer. 

 

Die liggaam het ‘n baie effektiewe detoksifikasie sisteem wat endogene- sowel as eksogene 

toksiene uitskei.  ‗n Groot aantal studies dui aan dat spesifieke genetiese variasies die 

dosering en effektiwiteit van ‘n farmaseutiese middel beïnvloed. 

 

Die primêre doel van die studie was om twee metodes waarmee genotipering gedoen kan 

word, naamlik die SNaPshot tegniek van Applied Biosystems en die DMET™ microarray van 

Affymetrix, te assesseer. ‘n Sekondêre doel van die studie was om ‗n moontlike verband 

tussen die detoksifikasie profiel en die genetiese samestelling van ‘n individu te probeer 

vasstel.  Ek het die verskillende metodes ondersoek om vas te stel watter metode meer geskik 

sal wees vir ‘n spesifieke, plaaslike doel. Hier is die duursaamheid, koste effektiwiteit en die 

gemak van implementering van die tegnieke in ag geneem asook die data wat verkry word.  

 

Die finale studie groep het uit 18 deelnemers met bekende detoksifikasie profiele bestaan en 

die SNaPshot tegniek en DMET™ microarray is gebruik om genotipering te doen.  Die 

SNaPshot metode is plaaslik uitgevoer en genotipering van 11 SNPs is gedoen.  Die DMET 

microarrays is in Suid Korea geprosesseer en genotipering van 1931 SNPs is uitgevoer.  

DNAlink het die rou data genereer en dit is plaaslik geanaliseer. 

 

Ek het baie probleme ondervind met die implementering van die SNaPshot tegnologie.  ‗n 

Aantal benaderings is gevolg om die probleme op te los met ‗n varieërbare mate van sukses.  

Ek het tot die gevolgtrekking gekom dat SNaPshot nie die mees toepaslike eksperimentele 

benadering is vir genotipering nie.  Data verkry van die DMET microarray is in ‗n sagteware 

program, die DMET console, ingevoer om die genotipes te verkry en daarna geanaliseer met 

behulp van die NWU statistiese konsultasie diens.  Twee benaderings is gevolg vir die analise 
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naamlik ‗n groeperings benadering en ‗n geteikende geen benadering.  Nie een van die twee 

benaderings was in staat om ‗n korrelasie tussen die detoksifikasie profiel en die genetiese 

samestelling te vind nie. 

 

Vir toekomstige studies om hierdie korrelasie suksesvol te kan maak moet twee kwessies 

aangespreek word: i) Die detoxifikasie profilering prosedure na die toediening van die 

substraat belading moet verder gekarakteriseer word deur monsters met korter tydsintervalle 

te neem.  ii) Die studie groep moet vergroot word om ‘n verteenwoordigende populasie te 

verkry vir die spesifieke genetiese merkers.  
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CChhaapptteerr  11..  IInnttrroodduuccttiioonn  aanndd  LLiitteerraattuurree  RReevviieeww  
 

The sequencing of the human genome has placed us in the so-called post genomic era, and 

opened new horizons for scientists.  A field of personalized medicine and prediction of side 

effects to pharmaceutical drugs has opened and is being studied intensively.  Pharmaceutical 

companies as well as academic institutions are working to understand the functions of various 

genes and their interactions, whether involved in drug metabolism, human development or 

disease aetiology.  The molecular basis of inheritance and susceptibility is being unravelled 

using rapidly evolving technologies.  This will facilitate analyses of individual variations in the 

whole genome (Peltonen and McKusick, 2001). 

 

In addition to endogenous toxins the body is exposed to a variety of xenobiotics on a daily 

basis.  These include food components, environmental toxins and pharmaceuticals.  The body 

has developed complex enzymatic systems to detoxify these substances.  The scientific 

literature suggests an association between impaired detoxification and certain diseases, 

including cancer, Parkinson‘s disease, fibromyalgia, and chronic fatigue/immune dysfunction 

syndrome (El Sohemy et al., 2007, Gresner et al., 2007, Maitland-van der Zee et al., 2008, 

Sivonova et al., 2009, Rossi et al., 2009, Hitchler and Domann, 2009, Sobti et al., 2008, Lima et 

al., 2008, Li et al., 2008, Koubaa et al., 2008, Yoshida et al., 2007, Haranatha and Kaiser, 2006, 

Yang et al., 2005).  These detoxification mechanisms exhibit significant individual variability and 

are affected by environmental, lifestyle, as well as genetic factors (Liska, 1998). 

 

Unlike an inherited mutation in a gene which causes rare familial cancers, sporadic cancers 

result from gene(s) that acquire mutations due to genotoxic exposures to external or internal 

agents.  Internal and external agents include substances like tobacco carcinogens, dietary 

factors, infectious agents and sex hormones that cause DNA adduct formation.  A DNA adduct 

is formed when a piece of DNA is covalently bound to a chemical mutagen.  This bond activates 

DNA repair processes.  If the DNA is not repaired before DNA replication, adduct formation may 

lead to nucleotide substitutions, deletions, and chromosome rearrangements.  The probability of 

a mutation occurring and persisting in subsequent generations of the cell is significantly 

decreased if the potentially toxic substances are metabolized and excreted efficiently (Brennan, 

2002). 

 

This study is aimed at establishing and evaluating techniques to genotype polymorphisms in 

genes involved in drug detoxification, disease and cancer aetiology in our laboratory. 
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1.1 Genetic variation in the human genome 

The most common alteration in the human genome is substitutions of a single base pair or 

single nucleotide polymorphisms (SNPs) (Erichsen and Chanock, 2004).  Genetic variation can 

also occur as a result of copy number variations (CNV), duplications or deletions of single or 

multiple base pairs (Jazwinska, 2001).  Although many genetic variations do not have an 

apparent effect on the product of the gene, some do exhibit effects, such as an altered ability to 

detoxify xenobiotics.  The differences referred to here are polymorphisms which exists in the 

same gene but differ for different individuals.  For example, some polymorphisms in NAT2 gene 

(encoding an enzyme that functions to both activate and deactivate arylamine and hydrazine 

drugs and carcinogens) result in different phenotypes (fast, intermediate and slow acetylators).  

Several polymorphisms in the NAT2 gene have been identified in the population.  Individuals 

with some of these polymorphisms exhibit lower acetylation activity while others with different 

polymorphisms exhibit higher acetylation activity.  Associations have been found between low 

N-acetyltransferase activity and increased risk of some types of cancer and Parkinson‘s disease 

(Liska, 1998). 

 

1.1.1 Differences between a SNP and a mutation 

Single nucleotide polymorphisms, or SNPs, are DNA sequence variations that occur when a 

single nucleotide in the genome sequence is altered.  SNPs are distributed throughout the 

human genome.  According to the International SNP Map Working Group, two haploid genomes 

differ at 1 nucleotide per 1331 base pairs (Sachidanandam et al., 2001).  Most of the calculated 

11 million SNPs are silent, meaning they do not alter the function or expression of the gene.  

SNPs occur because of point mutations that are selectively sustained in populations (Erichsen 

and Chanock, 2004).  It is important to distinguish between a SNP and a mutation.  A single 

nucleotide polymorphism (SNP) is a single genomic DNA base that differs from the base that is 

usually found at that position (or mutation) with a frequency of at least 1% in a population 

(Risch, 2000).  On the other hand, a mutation is defined as damage to, or a permanent 

sequence alteration in DNA resulting in detrimental disease associated effects that occurs in a 

population with a prevalence of less than 1% (Risch, 2000). 

 

1.2 Detoxification 

According to Caldwell et al., (1995) pharmaceutical drugs and other foreign compounds or 

xenobiotics that gain access to the body may undergo one or more of four distinct processes: 

elimination or retention in an unchanged form, spontaneous chemical transformation and 

enzymatic detoxification.  Although all these processes are of significance when they are 
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considered in quantitative terms, enzymatic detoxification predominates.  Metabolism of 

xenobiotics occur mainly in the liver, but extra-hepatic tissues, such as the lungs, kidneys and 

gastrointestinal mucosa, also play a role (Caldwell et al., 1995, Liska et al., 2006). 

 

The body uses a number of detoxifying pathways, including sulfation, glucuronidation, 

glutathione conjugation, acetylation, methylation and amino acid conjugation (with glycine, 

taurine, glutamine, ornithine and arginine) (Liska, 1998, Liska et al., 2006).  In these pathways 

the polarity of the substances is increased to make them more water-soluble for excretion in the 

urine (see Figure 1).  Glutathione, glucuronate, or sulphate conjugates leave the cell by ATP-

dependent transport mediated by a member of the multiple drug resistance protein (MRP) 

family.  Conjugates are retained in the cell in the absence of MRP-mediated export (Ketterer 

and Christodoulides, 1994).  Detoxification is subdivided into three phases that will be 

discussed below.  A variety of defects in detoxification enzymes are known to cause metabolic 

deficiencies. 

 

 

Figure 1.  Overview of xenobiotic metabolism in hepatocytes 
Adapted from (Kohle and Bock, 2007).   
Abbreviations used: CYPs, Cytochromes P450; NQO1, NAD(P)H:quinone oxidoreductase 1; UGTs, UDP 
glucuronosyltransferases; SULTs, Sulfotransferase; GSTs, glutathione S-transferases, organic anion 
transport proteins (OATPs), Multiple drug resistance protein (MRPs) and breast cancer resistance protein 
(BCRP). 
 
 

1.2.1 Phase I detoxification 

The phase I reactions are generally the first enzymatic response of the cell to endogenous and 

exogenous toxic compounds.  In this enzymatic defence oxidation, reduction and/or hydrolysis 

reactions are used to expose or add a functional group.  The functional groups added to the 

compound to be detoxified are dependent upon the structure of the compound and can be a 

hydroxyl, a carboxyl or an amino group. 
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The oxidative, peroxidative and reductive metabolism is mediated by the heme-thiolate 

Cytochrome P450 enzymes (CYPs) (Timbrell, 2000, Liska et al., 2006, Nakata et al., 2006).  

There are many CYP isoenzymes (several hundred have been identified) which have different 

affinities for different substrates (Nakata et al., 2006).  CYPs are remarkable for two things, 

firstly the diversity of reactions catalysed and secondly, the variety of chemically unrelated 

substrates involved in the reactions that they catalyse.  These enzymes are located 

predominantly in the smooth endoplasmic reticulum (SER) of the cell (Timbrell, 2000).  A more 

detailed description of one of the CYPs, namely Cytochrome P450 1A2 (CYP1A2) is described 

in Section 1.8.4.1. 

 

Molecules generated during phase I may be more toxic than the precursor molecule.  Various 

activated xenobiotics can interact with RNA, DNA and/or proteins in cells to cause toxic effects 

or adducts (Nakata et al., 2006, Liska et al., 2006) and should therefore be metabolized as soon 

as possible by conjugation in the second phase of detoxification (Liska, 1998, Liska et al., 

2006).  An example of such a bioactivation reaction where the toxicity increases from that of the 

parent molecule is the organophosphate pesticide parathion.  It is bioactivated into paraoxon by 

a phase I oxidation reaction and paraoxon is a more potent neurotoxin than parathion.  The 

hydrolysis of paraoxon negates its toxic effect on the enzyme acetyl-cholinesterase.  Hence, it 

can be said that the oxidation to paraoxon, results in bioactivation, while the hydrolysis results in 

bioinactivation (Liska et al., 2006).  This also illustrates the importance of rapid succession of 

phase II after phase I discussed in Section 1.2.3.  

 

1.2.2 Phase II detoxification 

During phase II detoxification, products of phase I of detoxification are transformed into water-

soluble, hydrophilic compounds via conjugation.  These products can then be readily excreted 

in urine or bile (Nakata et al., 2006, Liska, 1998).  The four major types of conjugation reactions 

are described underneath in the following sections: glucuronide conjugation, sulphate 

conjugation, glutathione conjugation and amino acid conjugation. 

 

The toxicity of the precursor molecule is in most cases decreased by phase II reactions (Liska 

et al., 2006).  The phase II system is a critical step in the detoxification of genotoxic 

electrophiles created in phase I.  The accumulation of the resulting metabolites in cells can lead 

to a decrease in the detoxification ability of the phase II system.  A membrane transport system 

is thus needed to remove the phase II metabolites from the cell (Nakata et al., 2006). 
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1.2.2.1 Glucuronide conjugation 

Glucuronidation catalysed by the family of uridine diphosphate (UDP) glucuronosyltransferases 

[UGTs (EC 2.4.1.17)].  This enzyme catalyses a major drug-metabolizing reaction in humans 

and accounts for between 40–70% of xenobiotic elimination (Wells et al., 2004).  UGTs are 

microsomal, membrane-bound enzymes that mediates the transfer of a glucuronyl group from 

the co-substrate, uridine diphosphoglucuronate (UDPGA) to the functional group of specific 

substrates (Ritter, 2000, Shipkova and Wieland, 2005, Tukey and Strassburg, 2000, Wells et 

al., 2004).  The functional group of the substrates must possess one or more electrophilic 

groups which act as acceptors for the transferred glucuronyl group.  UDPGA is synthesized 

from glucose-1-phosphate (G1P).  G1P is required for glycolysis and is present in high 

concentrations in the cell, making it unlikely to be a limiting factor in UDPGA synthesis.  UDP is 

added to G1P to form UDP-glucose which is then dehydrogenated to form UDPGA.  The basic 

reaction is as follows: 

UDP-Glucuronate + acceptor -> UDP + acceptor-beta-D-glucuronide 

It can thus be said that glucuronidation serves as an essential step in the transformation of 

lipophilic substrates into hydrophilic glucuronides.  This increases their ability to partition into the 

aqueous intra- and extracellular compartments of the body, enhancing excretion to excretory 

organs and consequent removal through the bile and urine (Tukey and Strassburg, 2000). 

 

When UGTs catalyse a reaction, O-glucuronide ethers are formed from substrates containing 

aliphatic alcohols and phenols, while O-glucuronide esters (acyl glucuronides) are formed from 

substrates containing a carboxylic acid group.  Molecules possessing alcohol as well as 

carboxyl acceptor structures can form both types of O-glucuronides.  N-glucuronides are formed 

by glucuronidation of primary, secondary, and tertiary amines.  S-glucuronides are formed in the 

presence of a sulfhydryl functional group, and carbonyl groups forms C-glucuronides.  When 

considering drug glucuronides in humans, the most common are O-glucuronides and the rarest 

are C-glucuronides (Shipkova and Wieland, 2005).  Two families of UGTs exist: UGT1 and 

UGT2, these are then further divided into 3 sub-families, UGT1A, UGT2A and UGT2B (Wells et 

al., 2004, Ritter, 2000).  The UGT1 family consist of 9 proteins (UGT1A1, UGT1A3-UGT1A10) 

of which only 5 have been isolated in humans.  Substrates glucuronidated by the UGT1A family 

include acetaminophen by UGT1A6 and bilirubin by UGT1A1.  Substrates glucuronidated by the 

UGT2B family include morphine by UGT2B7 and androgenic steroids by UGT2B17.  The UGT2 

subfamily members are each encoded by a separate gene, in contrast with the UGT1As which 

are encoded by the single UGT1 locus. 
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Xenobiotics can be substrates for beta-glucuronidase (an enzyme common in gut micro flora) 

for conjugation with glucuronic acid.  The release of the parent or phase I metabolite is 

performed by this enzyme; this parent metabolite can then be reabsorbed.  Hereafter, it can 

then either re-exert its original effects or be conjugated by glucuronic acid again.  This cycle is 

called enterohepatic circulation and can delay the elimination of the xenobiotic (Wells et al., 

2004, Tukey and Strassburg, 2000). 

 

1.2.2.2 Sulphate conjugation 

Sulfonation is catalysed by two groups of sulfotransferase (SULT, EC 2.8.2.1) enzymes.  The 

reaction is characterized by the transfer of a sulfonate group (SO3
-1) from the universal sulfonate 

donor 3-phosphoadenosine 5-phosphosulfate (PAPS) to a hydroxyl group on an appropriate 

acceptor molecule, yielding a sulfonated acceptor and 3-phosphoadenosine 5-phosphate (PAP) 

(Strott, 2002, Gamage et al., 2006).  One of the two groups of SULTs is localized in the Golgi 

apparatus and is responsible for the mediation of the sulfonation of proteoglycans.  The second 

is located in the cytosol and it is responsible for the sulfonation of a range of small molecules.  

The sulfonation increases the solubility of these molecules in water and modifies their 

physiological functions.  There are at least thirteen human cytosolic SULT enzymes (Gamage et 

al., 2006).  Most of the cytosolic SULTs generally exist as both homo as well as heterodimers in 

solution (Petrotchenko et al., 2001).  The substrate specificities of SULTs are broad and not 

related in an obvious way to the enzyme structure (Glatt, 2000). 

 

Sulfonation has generally been considered as a detoxification pathway for most xenobiotics and 

small endogenous substances, yielding more water-soluble products for excretion of these 

molecules via the urine or bile.  For drugs like paracetamol or a neurotransmitter such as 

dopamine, water solubility and excretion is obtained through sulfation.  However for xenobiotics 

such as N-hydroxy arylamines, N-hydroxy heterocyclic amines and hydroxy methyl polycyclic 

aromatic hydrocarbons, sulfonation is a metabolic activation process leading to highly reactive 

electrophiles that are both mutagenic and carcinogenic (Gamage et al., 2006). 

 

1.2.2.3 Glutathione conjugation 

Glutathione S-transferases (GSTs; EC 2.5.1.18) are another major group of phase II 

conjugation enzymes.  They are located in the cytosol as well as being microsomal membrane-

bound.  More detailed information is provided in Section 1.8.4.2.  Soluble GSTs are homo- or 

hetero-dimeric enzymes, made up from subunits of approximately 25kDa in size, which can act 

on a wide range of endogenous and exogenous electrophiles (Haranatha and Kaiser, 2006).  A 

generalized reaction is 
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RX + GSH -> HX + GSR 

There are two types of conjugation reactions with glutathione (GSH): firstly, displacement 

reactions where glutathione displaces an electron-withdrawing group and secondly, addition 

reactions where glutathione is added to activated double-bond structures or strained ring 

systems  Glutathione conjugates are converted to cysteine and mercapturic acid conjugates in 

the intestine and kidneys and excreted via the urine and bile.  In addition to conjugation 

reactions, GSH also possesses antioxidant activity.  The nucleophilic GSH attacks the 

electrophilic substrate forming a thioether bond between the cysteine residue of GSH and the 

electrophile.  The result is generally a less reactive, more water-soluble conjugate that can be 

easily excreted.  In some cases, GSTs can activate compounds to reactive species such as 

certain halo alkanes and halo alkenes (Forman et al., 2009, Rinaldi et al., 2002). 

 

1.2.2.4 Amino acid conjugation 

Xenobiotics that contain either a carboxylic group or an aromatic hydroxylamine group are 

potential substrates for amino acid conjugation.  Xenobiotics with a hydroxylamine group 

conjugates with the carboxylic group of amino acids such as proline and serine.  The carboxylic 

group conjugates with an amino group of amino acids such as glycine, taurine and glutamine.  

The glycine conjugation pathway appears to be a major amino acid conjugation pathway in 

humans and, therefore, can be a means of evaluating amino acid conjugation activity (Liska et 

al., 2006). 

 

1.2.3 The importance of balance between phase I and II detoxification systems 

The correct balance between the first and second phase of detoxification is of utmost 

importance.  The rapid succession of phase II is not only important because the resultant 

metabolite from phase I can be more toxic than its parent molecule, but also because steroids, 

fatty acids, and other endogenous molecules can be greatly influenced by the highly reactive 

phase I metabolites altered or compromised detoxification status of an individual.  Balance 

between phase I and phase II thus ensures less tissue damage from oxidative stress and free 

radical generation because these reactive intermediates are quickly and efficiently detoxified by 

a phase II reaction.  This important balance would be disturbed if phase II reactions where to be 

inhibited or phase I up regulated without an accompanying up regulation of phase II.  In 

addition, phase II reactions deplete cofactors that must be restocked from dietary sources and 

energy in the form of ATP (Liska et al., 2006). 
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1.2.4 Phase III detoxification 

Phase III involves transport of the conjugate synthesised in phase II out of the cell, typically via 

an ATP-binding cassette transporter (ABC transporter) (Zimniak, 2008). 

 

The gastrointestinal lining is the first point of contact for the majority of xenobiotics and because 

most drugs are consumed orally, the gastrointestinal tract is also the body‘s first contact with 

many drugs (Liska et al., 2006).  Antiporter activity (Figure 2) is an important factor in the first 

pass metabolism of pharmaceuticals and other xenobiotics.  Recently, antiporter activity was re-

defined as the phase III detoxification system.  The antiporter is an energy dependant efflux 

pump, which actively excretes xenobiotic metabolites from the cell, thereby decreasing the 

intracellular concentration of xenobiotics.  If a xenobiotic is not metabolized the first time it is 

taken into a cell, the process of pumping it out of the cell and back into the intestinal lumen and 

then taking it into the cell again (a recirculation process) affords the cell another opportunity to 

metabolize the substance before it gets too far within the cytosol, where it can do damage.  

Antiporter activity in the intestine appears to be co-regulated with the intestinal phase I CYP3A4 

enzyme, providing further support for its role in detoxification (Liska et al., 2006). 

 

 

Figure 2.  Schematic representation of the antiporter pump 
The antiporter acts as a pump to transport xenobiotics back into the gut lumen, allowing more efficient 
metabolism by CYP3A4 in the erythrocyte (Liska et al., 2006).  The diamond shapes (♦) represents 
unaltered xenobiotic and the oval shapes ( ) represents the xenobiotics that have undergone metabolism 
by an enzyme, in this case CYP 3A4.  If a xenobiotic is not metabolized the first time it is taken into a cell, 
the process of pumping it out of the cell and back into the intestinal lumen and then taking it into the cell 
again grants the cell a second opportunity for metabolisation. 
 

 

To Faeces  
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The glutathione S-conjugate (GS-X) pump, also of physiological importance, was described by 

Ishikawa 1992, who suggested that, in addition to playing a physiologically important role as a 

member of the phase III system in xenobiotic metabolism as well as in the release of biologically 

active endogenous substances from cells (Ishikawa, 1992).  Since then over 40 different human 

ABC transporter genes have been discovered.  Both ABC and GS-X pump have been found to 

be centrally involved in the transport of xenobiotics and metabolites (Nakata et al., 2006). 

 

1.3 Cancer 

Cancer is a non-specific term for a large group of diseases that can affect any part of the body.  

Other terms used are malignant tumours and neoplasms.  One defining feature of cancer is the 

rapid generation of abnormal cells that grow beyond their usual boundaries.  The change may 

be caused by external agents, inherited genetic factors, or both.  These cancerous cells arise 

from a single progenitor cell with altered properties.  This process is referred to as metastases.  

Metastases, the invasion of cancer to adjoining parts of the body and the spread to other parts, 

is the major cause of death from cancer (WHO, 2009a).  The World Health Organization (WHO, 

2009a) states that cancer is a leading cause of death worldwide.  It accounted for 7.4 million 

deaths in 2007, or around 13% of all deaths worldwide and is expected to continue rising, 

causing an estimated 12 million deaths in 2030.  The major types of cancer contributing to 

overall cancer mortality each year are lung (1.3 million deaths), stomach (803 000 deaths), 

colorectal (639 000 deaths), liver (610 000 deaths) and breast cancer (519 000 deaths) (WHO, 

2009a).  Taking into consideration that tobacco use is the single most important risk factor for 

the development of cancer about 30% of global cancer deaths may be prevented by cessation 

of tobacco use (WHO, 2009a). 

 

1.3.1 The role of genetic polymorphisms in cancer 

In the western world, a small fraction of cancers are attributable to hereditary genetic variations.  

This fraction is estimated at between 0.1 and 10 percent, depending on the type of cancer 

(Kinzler and Vogelstein, 2001).  Kinzler and Vogelstein, 2001 also state that one of the cardinal 

principles of modern cancer research is that the same genes cause both inherited and sporadic 

(non-inherited) forms of the same tumour type.  They explain this with the example of colorectal 

cancer (Kinzler and Vogelstein, 2001).  Approximately 0.5% of colorectal cancer patients inherit 

a defective adenomatosis polyposis coli (APC) gene from either of their parents.  The APC gene 

is a tumour suppressor gene.  This inherited mutation is not adequate to initiate tumorigenesis.  

If one allele of such a gene is mutated in the germ line, then the cell still has the product of the 

wild-type allele as a backup.  If a somatic mutation of the wild-type allele occurs, however, then 

the resulting cell will have no functional suppressor gene product remaining and will begin to 
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proliferate abnormally.  As shown in Figure 3, every cell of the colon of these patients are 

however ―at risk‖ of acquiring a second or third mutation, and two or three mutations of the 

correct type are believed to be sufficient for cancer initiation.  These cells with a defective APC 

gene plus an additional mutation are then said to be predisposed for initiation of tumorigenesis 

(Kinzler and Vogelstein, 2001). 

 

 

Figure 3.  Schematic representation of the role of a predisposed “normal” cell and a sporadic 
“normal” cell in cancer development 
P representing the paternal allele and M representing the maternal allele.  Both alleles (P and M) of the 
tumour suppressor gene must be inactivated for a tumour to form.  In familial cancer predisposition 
syndromes, a mutant allele of a suppressor gene is inherited and is present in every cell.  However, 
tumours are not initiated until the second allele (inherited from the unaffected parent, in this case M) is 
inactivated (Kinzler and Vogelstein, 2001). 
 
 

More than 99% of colorectal cancer patients do not inherit a mutant APC gene.  These sporadic 

cases also require APC mutations to begin the tumorigenic process.  Here the APC mutations 

occur somatically in isolated colorectal epithelial cells.  The number of colorectal epithelial cells 

with APC mutations is, therefore, several orders of magnitude less in the sporadic cases than in 

the inherited cases, where every cell has an APC mutation.  Accordingly, patients with the 

hereditary mutations often develop multiple tumours instead of single, isolated tumours and they 

also tend to develop tumours at an earlier age than the sporadic patients (Kinzler and 

Vogelstein, 2001). 
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1.3.2 The effect of polymorphisms on detoxification and DNA repair genes on cancer  

According to Brennan, a group of genes whose purpose is to metabolize and excrete potentially 

toxic compounds and to repair subtle mistakes in DNA are involved in one form of defence 

against cancer development (Brennan, 2002).  In this study the emphasis will be on metabolic 

detoxification and the obstruction thereof. 

 

Brennan, (2002) stated that a sporadic cancer may acquire mutations as a result of genotoxic 

exposure to external or internal agents and consequent DNA adduct formation and that the 

likelihood of a mutation occurring and persisting in subsequent clones may be heavily 

dependent on the efficiency with which toxic agents are metabolised and excreted.   

 

An immense interindividual variability in drug metabolism and drug response has been 

documented, the causes of which can depend on: genetic, physiological, pathophysiological 

and environmental factors.  Genetic variability influences drug absorption, drug interactions with 

receptors and drug metabolism (Ingelman-Sundberg, 2005).  I will focus on drug metabolism in 

this study.  The major cause of interindividual variability in drug response are of genetic, 

physiological, pathophysiological and environmental origin (Ingelman-Sundberg, 2005).  The 

genetic factors include polymorphisms in genes involved in drug metabolism, which will be the 

focal point in this study. 

 

1.4 Detoxification and cancer aetiology 

Genes that are now commonly investigated for a relationship with cancer are shown in Table 1.   

Among those included are detoxification genes encoding proteins that convert exogenous 

compounds into intermediate metabolites e.g. the Cytochrome P450 family of enzymes (CYP).  

Some of the products created by CYPs are highly reactive towards DNA and are responsible for 

adduct formation and mutations in DNA (Brennan, 2002, Liska et al., 2006).  The metabolism 

performed by phase II detoxification enzymes of these intermediates is thus of great 

importance.  Examples of phase II detoxification enzymes are the glutathione and N-

acetyltransferase families (Brennan, 2002, Liska et al., 2006) which are discussed later. 
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Table 1.  List of some candidate genes that may influence the risk of developing various cancers 
Adapted from Brennan 2002. 

Type of gene Gene 

Phase I detoxification CYP1A1, CAP1A2, CYP2A6, CYP2D6, CYP2E1, ADH2, 

ADH3, MPO mEH 

Phase II detoxification GSTM1, GSTT1, GSTP1, NAT1, NAT2, ALDH2, NQO1, 

SULT1A1, SOD2 

DNA repair  XRCC1, XRCC3, XPD, XPF, ERCC1 

Immune function  ILIA, ILIB, IL2, IL6, TNF, HLA Class I/II 

Cell-cycle control  TP53, HRAS 

Nicotine addiction and other receptors  CYP2A6, DAT1, DRD2, DRD4, RARA 

 

Drug metabolizing enzymes are amongst the most studied biotransforming enzymes involved in 

phases I and II of detoxification.  This is the basis of the rapidly evolving field of personalized 

medicine where interindividual variability of drug effectiveness and toxicity is taken into 

consideration (Ingelman-Sundberg, 2005, Liska et al., 2006).  According to Ingelman-Sundberg, 

all enzymes involved in the metabolism of drugs in phase I (functionalization) and phase II 

(where the modified drugs are conjugated to form water soluble end products) are polymorphic.  

A genetic polymorphism can thus abolish, quantitatively or qualitatively change or improve drug 

metabolism (Ingelman-Sundberg, 2005).  Phase I and II polymorphic enzyme expression has 

been associated with cancer susceptibility (Kiyohara et al., 2003).  Polycyclic aromatic 

hydrocarbons (PAHs), found in cigarette smoke, require metabolic activation firstly by phase I 

enzymes, such as Cytochrome P4501A1 (CYP1A1), (Taningher et al., 1999, Nakajima et al., 

1999) to produce products that can then bind to DNA, forming aromatic-DNA adducts, an early 

step in tumorigenesis.  These activated forms of the molecules must be detoxified by phase II 

enzymes, particularly glutathione S-transferases (GSTs).  Therefore, cancer susceptibility is 

genetically influenced and may depend on the metabolic balance between phase I and phase II 

enzymes.  The susceptibility of an individual to environmental and occupational carcinogens 

and their predisposition to cancer are thus influenced by the effect of CYP and GST 

polymorphisms and the effect on the metabolism of xenobiotics (Kiyohara et al., 2003). 

 

1.5 Research on genes with a low cancer risk association 

Genes that have an influence on the risk on developing cancer (listed in Table 1) are likely to 

have only a subtle effect on cancer risk for individuals having functional variation in those 

genes, but have impact on a large population because the polymorphisms may be highly 

prevalent.  Individuals with low-risk cancer susceptibility genes may be at high cancer risk 

because of their increased genetic susceptibility in response to a genotoxic exposure or 

because they have inherited several low risk types whose combined effect result in a high risk.  

It is, therefore, important to identify low-risk cancer genes to increase our knowledge of 

carcinogenicity.   
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1.6 Screening for cancers and polymorphisms in detoxification genes 

The WHO defines ―screening‖ as the presumptive identification of unrecognized disease or 

defect by means of tests, examinations or other procedures that can be applied rapidly (WHO, 

2009b).  There are certain criteria put in place for screening procedures for the early detection 

of cancer, one of which is to avoid imposing the ―high technology‖ of the developed world on 

countries that lack the infrastructure and resources to use the technology appropriately or to 

achieve adequate coverage of the population.  The aim of this study is not to develop a 

screening procedure for early detection of cancer with the identification of SNPs but rather to 

find correlation between a certain variation in detoxification profiles and these SNPs. 

 

1.7 Personalized medicine 

Currently, drug therapy is aimed at treating a large population, without real consideration for 

inter-individual variations in drug response caused by genetic variations (Ginsburg and 

McCarthy, 2001).  Warfarin, for example, is an effective, commonly prescribed anticoagulant 

used to treat and prevent thrombotic events (Caldwell et al., 2008).  Interindividual variability in 

therapeutic dose mandates frequent monitoring until target anticoagulation is achieved.  Small 

variations in dosing may result in hemorrhagic or thrombotic complications (Caldwell et al., 

2007). 

 

Because several genes may play a role in drug response and/or toxicity, the search for specific 

genes to investigate is highly complex.  The high speed and specificity of newly emerging 

technologies enables research for relevant genes and their variants to progress more swiftly.  

Caldwell and co-workers (2008) identified an additional genetic variant in cytochrome P450 4F2 

(CYP4F2) that contributes to Warfarin requirements by screening for DNA variants in additional 

genes that code for drug-metabolizing enzymes and drug transport proteins using the DMET™ 

(Drug-Metabolizing Enzymes and Transporters) microarray from Affymetrix.  This variant 

accounted for a difference in Warfarin dose of a patient of approximately 1 mg/day between 

homozygotic wild type genotypes (C/C) and homozygotic SNP genotypes (T/T) subjects for 

CYP4F2 (Caldwell et al., 2008). 

 

Once genes relevant for specific diseases and drug responses are identified, it is possible to 

―personalize‖ medicine, to tailor make a therapy for the individual as well.  New approaches in 

drug discovery, and new insights into disease prevention will be gained once genes are 

identified for specific diseases and drug responses (Mancinelli et al., 2000). 
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1.8 Different genotyping approaches 

A large number of methods exist that can be used for genotyping. These include restriction 

fragment length polymorphism analysis (RFLPs), SNaPshot, Microarrays, Sequencing (first- and 

next generation) and TaqMan assays.  For the purpose of this study the different genotyping 

approaches and technologies tested will be divided in two categories. Firstly, techniques that 

yield limited amounts of data but can be performed locally (1.8.1 The SNaPshot multiplex 

genotyping system and 1.8.2 Allelic Discrimination using Real-time PCR), and secondly a 

technique that yields much more data, but needs to be outsourced (1.8.3 DMET™ ).  A cohort 

of individuals who requested detoxification profiling for various reasons (including chronic 

fatigue and cancer as previously mentioned) were genotyped using SNaPshot and the DMET™ 

microarray.  Some of the SNaPshot results were corroborated with Real-time PCR as validation. 

 

1.8.1 The SNaPshot multiplex genotyping system 

SNaPshot technology enables one to genotype a number of SNPs simultaneously.  It is a 

method of genotyping whose principal distinguishing feature is the use of single nucleotide 

extension (SBE).  A full explanation is given in Section 2.4; a brief description of this process 

follows below.  

 

Firstly, up- and downstream oligonucleotides are synthesized that are complementary to a 

region containing a SNP of interest indicated in Figure 4 in pink.  A polymerase chain reaction 

(PCR) is then performed to amplify the region with the SNP of interest (shown in Figure 4A).  

The product generated is then used as template for the subsequent Single Base Extension 

(SBE) reaction.  In the SBE reaction SNP-specific SBE oligonucleotides are hybridized to the 

previously generated templates (shown in Figure 4B).  The 3‘ ends of the SBE oligonucleotides 

are designed to ensure that after hybridisation they are situated directly adjacent to the SNP.  

An extension step follows that uses fluorescent-labelled dideoxyribonucleotide triphosphates 

(ddNTPs).  The incorporation of the labelled nucleotide terminates the extension and because 

of the labelling allows for identification of the nucleotide and thus the polymorphism.  For 

multiplex reactions, the SBE oligonucleotides are designed with additional, non-complementary 

sequences of varying length (at least 4 bp) or a ―tail‖ at their 5‘ ends (shown in Figure 4C).  This 

allows the products resolved by size on an automatic sequencer.  When analysing the results 

on an automatic sequencer, the retention time is indicative of the SNP while the colour of the 

fluorescence indicates the genotype (Knaapen et al., 2004).  For a more detailed description 

see Section 2.4. 
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Figure 4.  A schematic representation of the SNaPshot method for genotyping SNPs 
The amplicon generated from the PCR (shown in Figure 4A) and how the SBE probe aligns with the PCR 
amplicon shown in Figure 4B.  Figure 4C illustrates the SBE probes of a multiplex reaction that have non- 
complementary tails which vary in length by four base pairs. 
 

 

1.8.2 Allelic Discrimination using Real-time PCR  

Real-time PCR-based allelic discrimination is a multiplexed, end-point determination that 

detects variants at single points in a nucleic acid sequence.  Applied Biosystems supplies 

validated Real-Time PCR-based allelic discrimination assays for genotyping that makes this 

technique easy to standardize.  A brief description of the principle of this technique follows.  

Two oligonucleotide/probe pairs are present for each allelic discrimination reaction. This allows 

for genotyping of the two possible variants of the nucleic acid sequence or the SNP.  Each of 

the samples to be genotyped using an allelic discrimination assay uses an unique pair of 

fluorescent labelled detectors each of which is a perfect match for either the wild type (allele 1) 

or the polymorphism (allele 2) (shown in Figure 5).  One can thus distinguish between 

homozygotes (samples containing only allele 1 or 2) and heterozygotes (samples containing 

both allele 1 and 2).  (For more detail see Section 2.6 Allelic discrimination using Real-time 

PCR).  

 

A 

C 

B 

C 

A 

B 

C 
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Figure 5.  Schematic representation of Real-time allelic discrimination 

Allele 1 would match the VIC labelled probe and mismatch the FAM labelled probe.  When the 
polymerase then separates the VIC labelled probe from the quencher and the fluorescence of that 
labelled probe is then detected.  In the case of allele 2, the FAM labelled probe would be a match and 
FAM would fluoresce and be detected.  In the case of heterozygotes, both labelled probes would be 
detected as in Table 2.  (Anonymous-d). 
 

 

Table 2.  Correlation between fluorescent signals and sample sequences 

A substantial increase in… Indicates… 

VIC® labelled probe fluorescence only Homozygosity for allele 1 

FAM™ labelled probe fluorescence only Homozygosity for allele 2 

Both fluorescence signals Heterozygosity allele 1-allele 2 

(Sample sequences as depicted in Figure 5.) 

 

1.8.3 DMET™ microarray  

The DMET™ Microarray features markers in all Food and Drug Administration (FDA) validated 

genes and covers more than 90% of the current (2009) ADME Core markers as defined by the 

PharmaADME group. 

 

The Affymetrix website lists the array as having 1936 drug metabolism markers in 225 genes. 

The DMET microarray provides coverage of a wide range of genetic variations, including 

common and rare SNPs, insertions, deletions, tri-alleles, and copy number variations 

(Anonymous-a, 2009).  

 

The large number of markers on the DMET Microarray enables the identification of significant 

new biomarker associations.  Warfarin, an anticoagulant, that is prescribed to prevent heart 

attacks and strokes, is one of the top 10 drugs known to cause severe adverse events, 

including drug-related death. In a recent Warfarin study using the DMET Panel, researchers 

discovered a new variant in CYP4F2 (a drug metabolizing enzyme) which explained 8% of 

dosing variability in select patient populations (Caldwell et al., 2008).  This new biomarker is 

being tested in a Phase III prospective trial.  The discovery was a direct result of the drug 
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metabolism panel-based approach and was not detected by other pharmacogenetic 

approaches. 

 

1.8.4 SNPs genotyped using the SNaPshot and allelic discrimination techniques 

Genotyping of SNPs using SNaPshot and Real-time is shown below in Table 3.  In some of the 

genes more than one SNP will be screened for, for example NAT2, three SNPs were included.  

Table 3 provides more detail on the SNPs in different genes that were included in the SNaPshot 

and allelic discrimination techniques.  In the sections that follow more information will be given 

on each of the genes and SNPs included in Table 3. 

 

Table 3.  SNPs genotyped using the SNaPshot and Allelic Discrimination techniques 

Gene Chromosomal 

location  

SNP Location Rs numbers 

CYP1A2 15q24.1 Intron 1 rs762551 (A/C) 

GSTP1 

GSTP1*2 

GSTP1*3 

11q13  

Exon 5 

Exon 6 

 

rs1695 (A/G) 

rs1138272 (C/T) 

GSTT1 22q11.23 Intron 5 Deletion (A/G) 

GSTM1 1p13.3 Intron 6 Deletion (C/T) 

NAT2 

NAT2*5 

NAT2*6 

NAT2*7 

8p22  

Exon 2 

Exon 2 

Exon 2 

 

rs1801280 (T/C) 

rs1799930 (G/A) 

rs1799931 (G/A) 

MTHFR 

MTHFR*1 

MTHFR*2 

1p36.3  

Exon 5 

Exon 8 

 

rs1801131 (T/G on the reverse strand) 

rs1801133 (G/A on the reverse strand) 

BRCA2 13q13.1  rs1799943 

GPX1 3q21.31  rs1050450 

* All SNPs were genotyped using only the SNaPshot technique with the exception of the three NAT2 
SNPs which were genotyped using both SNaPshot and Allelic discrimination 

 

1.8.4.1 Cytochrome P450 1A2 (CYP1A2) 

As mentioned before, the Cytochrome P450 enzymes (CYPs) are monomeric, haem-containing 

monooxygenases which catalyse many reactions involved in drug metabolism (Sachse et al., 

1999).  CYPs catalyse phase I reactions i.e. the insertion of an atom from molecular oxygen into 

a substrate.  This converts procarcinogens to DNA-reactive electrophilic forms (Taningher et al., 

1999). 

 

CYPs are one of the major phase I detoxification enzymes in the liver.  Cytochrome P450 1A2 

comprises about 8–15% of the total liver Cytochrome P450 enzymes (Nordmark et al., 2002).  

CYP1A2 is involved in an NADPH-dependent electron transport pathway in liver microsomes.  It 

http://www.ensembl.org/Homo_sapiens/geneview?gene=ENSG00000140505
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=full_report&list_uids=2950
http://www.ensembl.org/Homo_sapiens/geneview?gene=ENSG00000184674
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=full_report&list_uids=2944
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=full_report&list_uids=4524
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=full_report&list_uids=4524
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene&cmd=Retrieve&dopt=full_report&list_uids=4524
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oxidizes a variety of structurally unrelated compounds, including steroids, fatty acids, and 

xenobiotics (Zhou et al., 2004).  This enzyme is important for the metabolism of commonly used 

drugs and other substances like clozapine, theophylline, imipramine, paracetamol, phenacetin, 

tacrine, some neurotoxins and other substances like caffeine and aflatoxin B1 (Coleman et al., 

1996, Bertz and Granneman, 1997, Zhou et al., 2004, Campbell et al., 1987, Bertilsson et al., 

1994).  CYP1A2 also catalyses the transformation of polycyclic aromatic hydrocarbons (PAH) 

present in tobacco smoke (Taningher et al., 1999) and bicyclic/heterocyclic aromatic amines, 

respectively (Gresner et al., 2007).  CYP1A2 has a role in the activation of these 

procarcinogens and formation of mutagenic and genotoxic metabolites (Gresner et al., 2007). 

 

1.8.4.1.1 CYP1A2*1F: rs762551  

The frequently encountered (40 to 50%) CYP1A2*1F allele is caused by a substitution of an 

adenine (A) by a C (cytosine) (A164C) in the non-coding region of the CYP1A2 gene which 

results in decreased enzyme inducibility as shown in Table 4 (El Sohemy et al., 2007, Sachse et 

al., 1999). 

 

For historic reasons, the C allele is considered the wild-type, even though it is the rarer allele in 

most populations.  The A allele is the "fast metabolizer" allele known as CYP1A2*1F; the (C) 

allele is by comparison a slower metabolizer of certain substrates (Sachse et al., 1999). 

 

Table 4.  Summary of the metabolizing type of each genotype of CYP1A2 

Genotypes Summary  

Rs762551(A;A)  CYP1A2*1F homozygote; fast metabolizer  

Rs762551(A;C)  Carrier of one CYP1A2*1F allele; slow metabolizer  

Rs762551(C;C)  CYP1A2 slow metabolizer 

 

1.8.4.2 Glutathione S-transferases (GSTs) 

Glutathione S-transferases is a superfamily of cytosolic enzymes (Haranatha and Kaiser, 2006) 

that catalyse the conjugation of reduced glutathione to a variety of electrophilic and hydrophobic 

compounds (Landi, 2000).  GSTs play an important part in detoxification of several 

environmental mutagens, carcinogens and anticancer drugs (Haranatha and Kaiser, 2006) and 

can be divided into seven main classes: alpha (A), mu (M), pi (P), sigma (S), theta (T), kappa 

(K) and zeta (Z).  GSTs are classified according to their substrate specificity, chemical affinity, 

structure, amino acid sequence and kinetic behaviour (Landi, 2000). 

 

Previous studies have shown that hereditary differences in specific GST enzyme activities are 

due to genetic polymorphisms (Pemble et al., 1994, Harada et al., 1992).  The variants most 
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studied are the complete deletions of the GSTM1 and GSTT1 genes as well as a GSTP1 

variant (GSTP1*2) (Palmer et al., 2006).  The absence of GSTM1 activity is caused by 

inheritance of two null alleles (alleles that have a deletion of the GSTM1 gene) (Harada et al., 

1992).  Similarly, individuals with no GSTT1 activity also have inherited null alleles of GSTT1 

gene (Pemble et al., 1994).  Several studies have shown that the null genotypes of GSTM1 

(Harada et al., 1992, Seidegard et al., 1990) and GSTT1 (Pemble et al., 1994) predispose 

affected individuals to the development of specific types of cancers (as described in Sections 

1.8.4.3.1 and 1.8.4.3.2).  Important environmental carcinogens, e.g. benzo[a]pyrene and other 

polyaromatic hydrocarbons are detoxified through the GST system.  Inter-individual differences 

in GST enzyme activity mediated by polymorphic genes have been suggested to confer varying 

susceptibility to environmentally induced cancers (Haranatha and Kaiser, 2006).   

In contrast to the role of GSTs in environmentally induced carcinogenesis, GST genotypes 

conferring lower enzyme activity may be of advantage for individuals undergoing 

chemotherapeutic treatment for neoplastic disease.  The reason for this is that reduced 

detoxification potentially enhances effectiveness of cytotoxic drugs (Willett, 1989) despite the 

fact that GST polymorphisms resulting in decreased enzymatic activity have been associated 

with several types of solid tumours (Haranatha and Kaiser, 2006). 

 

1.8.4.3 Glutathione S-transferase P (GSTP 1) 

GSTP1 encodes the major cytosolic GST enzyme expressed in human lung 
 

1.8.4.3.1 GSTP1*2: rs1695 

This SNP is the result of a base substitution, where A is replaced by G, leading to an amino acid 

substitution in which isoleucine (I105) is replaced by valine (V105).  This substitution results in 

lower enzyme activity (Watson et al., 1998, Vibhuti et al., 2007) and is associated with higher 

hydrophobic adduct levels in lung tissue (Vibhuti et al., 2007), higher levels of polycyclic 

aromatic hydrocarbon-DNA adducts in human lymphocytes (Miller et al., 2002), Chronic 

obstructive pulmonary disease (COPD), oxidative stress (Vibhuti et al., 2007), childhood asthma 

(Kamada et al., 2007), bladder and testicular cancer (Harries et al., 1997) and could play a role 

in carcinogenesis in the breast (Gudmundsdottir et al., 2001). 

 

1.8.4.3.2 GSTP1*3: rs1138272  

This SNP is the result of a bp substitution, where 341C is replaced by T, leading to an amino 

acid substitution in which alanine (I114) is replaced by valine (V114).  This variant is not as well 

studied and its pharmacogenetic significance is unclear.  This SNP is included because the 

variant allele is almost always found in linkage disequilibrium with GSTP1*2 mentioned above.  
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However, the GSTP1*3 SNP occurs at a lower frequency, and does not appear to alter enzyme 

activity (Watson et al., 1998). 

 

1.8.4.4 Glutathione S-transferase T1 (GSTT1) 

The function of GSTT1 is the conjugation of reduced glutathione to a wide number of 

exogenous and endogenous hydrophobic electrophiles.  It acts on 1, 2-epoxy-3-(4-

nitrophenoxy) propane, phenethylisothiocyanate 4-nitrobenzyl chloride and 4-nitrophenethyl 

bromide.  The enzyme also displays glutathione peroxidase activity with cumene hydroperoxide.  

GSTT1 is polymorphic and absent in 10–65% of human populations (Ketterer and 

Christodoulides, 1994).  The theta class of GSTs are best characterised in relation to their role 

in the process occurring between exposure to mutagens and the induction of DNA damage 

which leads to mutations and cancer (Landi, 2000). 

 

1.8.4.5 Glutathione S-transferase M 1 (GSTM1) 

The mu class of enzymes plays a role in the detoxification of electrophilic compounds, including 

carcinogens, therapeutic drugs, environmental toxins and products of oxidative stress, by 

conjugation with glutathione.  The genes encoding the mu class of enzymes are organized in a 

gene cluster on chromosome 1p13.3 and are known to be highly polymorphic.  These genetic 

variations can change the susceptibility of an individual to carcinogens and toxins as well as 

affect the toxicity and efficacy of certain drugs.  Null mutations of the mu gene have been linked 

with an increase in a number of cancers, likely due to an increased susceptibility to 

environmental toxins and carcinogens.  Multiple protein isoforms are encoded by transcript 

variants of this gene.  The function of GSTM1 is the conjugation of reduced glutathione to a 

wide number of exogenous and endogenous hydrophobic electrophiles.  Another  member of 

the mu class gene family has been shown to be polymorphic and is absent (null) in 35–60% of 

individuals (Hamdy et al., 2003). 

 

1.8.4.6 Arylamine N-acetyltransferase 2 (NAT 2) 

Arylamine N- acetyltransferases (E.C. 2.3.1.5) are a family of enzymes which use acetyl 

coenzyme A (acetyl-coA) as a cofactor to acetylate arylamine, aryl hydrazine and aryl 

hydroxylamine compounds.  Two functional NATs exist in humans, NAT1 and NAT2 and an 

inactive pseudogene, NATP.  The loci encoding the NAT isozymes are highly polymorphic.  In 

the case of human NAT2, the polymorphism leads to fast and slow acetylator phenotypes 

(Kawamura et al., 2005). 
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The NAT2 gene encodes an enzyme that functions to both activate and deactivate arylamine 

and hydrazine drugs and carcinogens.  Polymorphisms in this gene are responsible for the N-

acetylation polymorphisms which segregate human populations into rapid, intermediate and 

slow acetylator phenotypes.  Polymorphisms in this gene are also associated with higher 

incidences of cancer and drug toxicity.  NAT2 has 489 SNPs of which 30 SNPs are in the 

coding region.  NAT2 is expressed in tissue- specifically in the liver and intestinal epithelium, 

typically were xenobiotics-metabolizing enzymes are found (Mitchell and Warshawsky, 2003).  

Seven missense [G191A, T341C (NAT2*5), A434C, G590A (NAT2*6), A803G, A845C, and 

G857A (NAT2*7)] there has also been four silent (T111C, C282T, C481T, and C759T) 

substitutions identified thus far in the NAT2 coding exon.  NAT2*4 is considered the wild-type 

allele because of its absence of any of these substitutions (Hein et al., 2000).  It can also clearly 

be seen in Figure 6 that the 3 NAT2 variations investigated yield lower enzymatic activity. 

 

Table 5.  All NAT2 isoforms with their nucleotide changes and amino acid changes  
 investigated for their relative capacity in Figure 6 (Hein et al., 2000) 
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Figure 6.  Relative capacity of recombinant human N-acetyltransferase allozymes 
To catalyze the N-acetylation of 2-aminofluorene (top), the O-acetylation of N-hydroxy-2-aminofluorene 
(centre) and the N,O-acetylation of N-hydroxy-N-acetyl-2-aminofluorene (bottom).  Levels of 
acetyltransferase for each allozyme were N-acetylation > O-acetylation > N,O-acetylation.∗ , significantly 
lower than NAT2 4 (P < 0.05).  NAT activities are expressed in pmol/min/unit protein; OAT and N,O-AT 
activities are expressed in pmol/min/mg DNA/unit protein (Hein et al., 1995, Hein et al., 2000).  
 
 

1.8.4.6.1 NAT2*5: rs1801280  

This SNP is the result of a single bp substitution, where 341T is replaced by C, leading to an 

amino acid substitution in which Isoleucine (I114) is replaced by Threonine (T114).  The risk 

allele for this SNP is C, which is thought to be the slowest acetylator phenotype of the NAT2 

phenotypes.  However, results from one study indicated requirement for an additional SNP 

C481T; this is the most strongly associated of the NAT2 polymorphisms with risk of bladder 

cancer (Belogubova et al., 2005) and with adverse drug reactions.  Colorectal cancer 

relationship has been investigated extensively but on review of literature has been dismissed 

(Belogubova et al., 2005).  See Figure 6 for evidence of decreased enzyme activity (Hein et al., 

1995, Cascorbi et al., 1995, Belogubova et al., 2005, Hein et al., 2000). 

 

1.8.4.6.2 NAT2*6: rs1799930  

This SNP is the result of a single bp substitution, where 590G is replaced by A, leading to an 

amino acid substitution in which arginine (R197) is replaced by glutamine (Q197).The risk allele 

for this SNP is A.  Homozygous A allele is slow acetylator (Hein et al., 1995, Cascorbi et al., 

pmol/min/unit protein 

pmol/min/mg DNA/unit protein 

pmol/min/mg DNA/unit protein 
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1995, Belogubova et al., 2005, Hein et al., 2000).  May be associated with higher risk for 

bladder cancer (Belogubova et al., 2005) and lower risk for colorectal cancer.  In Figure 6 

evidence of decreased enzyme activity can clearly be seen but slower genotypes exist as well 

(Hein et al., 1995). 

 

1.8.4.6.3 NAT2*7: rs1799931  

This SNP is the result of a single bp substitution, where 857G is replaced by A, leading to an 

amino acid substitution in which glycine (R286) is replaced by glutamic acid (Q286).  The risk 

allele for this SNP is A.  Important for slow acetylator status (Hein et al., 2000).  See Figure 6 for 

evidence of decreased enzyme activity (Hein et al., 1995, Cascorbi et al., 1995, Belogubova et 

al., 2005, Hein et al., 2000). 

 

1.8.4.7 Methylenetetrahydrofolate reductase (MTHFR) 

Methylenetetrahydrofolate reductase (EC 1.5.1.20) catalyzes the conversion of 5, 10-

methylenetetrahydrofolate to 5-methyltetrahydrofolate, a co-substrate for homocysteine 

remethylation to methionine.  Folate and methionine metabolism plays essential roles in DNA 

synthesis and methylation (Sharp and Little, 2004). 

 

1.8.4.7.1 MTHFR1: rs1801133  

This SNP is the result of a single bp substitution, where C677 is replaced by T, leading to an 

amino acid substitution in which alanine (A222) is replaced by valine (V222).  The risk allele for 

this SNP is T.  This increases risk for gastric cancer (Boccia et al., 2008), breast cancer 

(Ericson et al., 2009), age of onset of schizophrenia (Vares et al., 2010), 

 

1.8.4.7.2 MTHFR2: rs1801131  

This SNP in the MTHFR gene, representing an A>C mutation at mRNA position 1298, resulting 

in a glu429-to-ala (E429A) substitution (hence this SNP is also known as A1298C or E429A). 

 

Inheritance of a genoset of both rs1801131 and rs1801133 a link with increased risk for several 

types of brain cancer has been found.  The highest risk of meningioma was associated with 

heterozygosity for both MTHFR SNPs (odds ratio 2.11, CI: 1.42-3.12, p=0.002).  The 

corresponding odds ratio for glioma was 1.23 (CI: 0.91-1.66, p=0.02) In general, risks were 

increased with genotypes associated with reduced MTHFR activity.  (Bethke, 2008) 
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1.8.4.8 Breast cancer type 2 susceptibility protein (BRCA2) 

The BRCA2 gene is involved in the maintenance of genome stability. This occurs specifically in 

the homologous recombination pathway of double strand DNA repair through its interaction with 

RAD51 (Davies and Pellegrini, 2007).  It is also considered as a tumour suppressor gene. The 

inheritance of a mutated copy of the BRCA2 gene confers a high lifetime risk of developing 

breast, ovarian and other cancers like pancreatic and prostate cancer. This risk is explained by 

the fundamental role that the BRCA2 tumour suppressor plays in preserving the integrity of our 

DNA.  

 

1.8.4.8.1 BRCA2 rs1799943 

This SNP is the result of a single bp substitution of 26 guanine is replaced with an adenine in 

the 5' UTR of BRCA2.  The effect of which is that the A allele increased the reporter gene 

expression by twice that of the G allele (Gochhait et al.,2007) and decreased enzyme activity is 

also reported (Ketelslegers et al., 2006). 

 

1.8.4.9 Glutathione peroxidase 1 (GPX1) 

The GPX1 gene encodes for a member of the glutathione peroxidase family which functions in 

the detoxification of organic peroxidases and in the conjugation of polycyclic aromatic 

hydrocarbondiols (PAHs) to glutathione.  This enzyme is one of the most important anti-

oxidadative enzymes in the human body.  A link has been found between cancer and other 

diseases of aging and oxidative stress has been found.  The cause of the oxidative stress is 

reactive oxygen species that are formed due to poorly functioning Glutathione peroxidase 

(GPX).  Glutathione peroxidase (GPX) is part of a group that is largely responsible for 

endogenous antioxidant defence in the cell (Knight et al., 2004). 

 

1.8.4.9.1 GPX1 rs1050450 

This SNP is the result of a single bp substitution, where 599C is replaced by T, resulting in a 

amino acid substitution of 197 Proline to Leucine (Forsberg et al., 1999).  The T genotype has 

also been investigated for DNA damage where a higher level of DNA damage was found 

(Miranda-Vilela et al., 2010).  This substitution may play a crucial role in determining genetic 

susceptibility to coronary-arteriosclerosis (Nemoto et al., 2007). 
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1.9 Problem formulation 

The impact of genetic variations of individuals on drug effectiveness, dosage, side effects, 

prognosis and predisposition is enormous.  Therefore genetic profiling is an emerging field both 

globally and locally.  Genova diagnostics (http://www.genovadiagnostics.com/) has been 

performing what they call cutting-edge testing since 1986.  In South Africa similar testing on 

much smaller scale is being performed by DNAlysis Biotechnology (www.DNAlysis.co.za) and 

Gknowmix (www.gknowmix.com).  I do not aim to deliver services of genetic profiling like these 

companies, but instead investigate the possibility of finding a genetic association with the 

detoxification profiling performed at the Department of Biochemistry at the NWU.  The staff in 

this department has 30 years of experience and expertise of biochemical analysis of metabolic 

disorders and detoxification.  It would be a great advantage to combine this knowledge and 

experience to explore the possibility of a genetic basis underlying the detoxification efficacy. 

 

1.10 Aims of the study 

The main aim of the study was to evaluate different methods that can be used for genotyping.  I 

investigated the approaches and shed light on which method would be better for specific local 

applications, taking into consideration the robustness and ease of implementation as well as 

cost effectiveness in terms of the data generated.  I investigated genotyping using the 

SNaPshot technique, and Affymetrix DMET™ microarray.  

 

The second aim was to try to find a relationship between the biochemical metabolite 

detoxification profiles and the genotype of participants.  
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CChhaapptteerr  22..  MMaatteerriiaallss  aanndd  MMeetthhooddss  
 

2.1 Ethics approval and consent 

Ethics approval for the study was granted by the Ethics Committee of the North-West 

University [Application NWU-0096-08-S1 (A.A. van Dijk) Appendix VII].  In order to 

participate in the study, each participant had to give informed consent and complete a 

questionnaire regarding their general health, medicines/supplements taken and diet.  See 

Appendix I for Questionnaire and Appendix II for Informed consent form.   

 

2.2 Selection of study participants  

Individuals that have been referred to the Biotransformation group at the Department of 

Biochemistry at the NWU for metabolic profiling were approached to participate in the study.  

Patients were referred to the Department of Biochemistry by their doctors if it was suspected 

that the patient suffered from a detoxification abnormality.  Generally, the main symptom of 

aberrant detoxification is chronic fatigue.  A range of detoxification profiling assays were 

performed to determine the detoxification profile of each individual (see Sections 2.2.1.1 and 

2.2.1.2).  This profile consists of phase I and II detoxification, carnitine conjugation, phase I: 

phase II ratios, antioxidant status and oxidative stress.  An example of a detoxification profile 

is shown in Figure 7. 
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Figure 7.  An example of a detoxification profile 
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The detoxification profiling reports of 268 patients were screened for the selection of 

participants.  Patients with low values for all of glucuronide-, sulfate-, glutathione-, and glycine 

conjugation were excluded on the grounds that low values of all detoxification markers is highly 

indicative of energy depletion at the time the tests were performed.  Hence, the cause of the low 

values are not typically of genetic origin, but is caused by energy depletion, and the profile 

would not be explained by genotyping.  Subsequent to the abovementioned screening, 50 

patients were selected for participation (described below).  This group of 50 was further 

reduced, as patients who did not live in close geographical proximity to the university were 

excluded. This exclusion was done as it is much easier to recruit patients if they do not have to 

travel long distances for blood collection (see Figure 8). 

 

Out of the 50 participants the top 20 highest and lowest values for each of caffeine clearance, 

glucuronide-, sulfate-, glutathione- and glycine conjugation and was selected.  All the marker 

values of each selected patient were examined so that only one of their detoxification markers 

was in the top twenty. Thus if a patient had two or more marker values in this top twenty, that 

patient was excluded.  The reasoning behind this was that if only one enzyme is affected the 

probability is higher that the cause of the malfunction of detoxification is of genetic origin.  The 

50 selected patients were invited to participate in the study, of which 21 agreed.  Once informed 

consent was obtained, blood samples were taken and DNA was isolated from the blood for 

genotyping analyses. 

 

 

Figure 8.  Schematic representation of steps followed for participant selection from 268 patients 
referred to the Department of Biochemistry at the NWU for detoxification profiling 
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2.2.1 Detoxification profiling  

In the following sections (2.2.1.1 Phase I Detoxification  and 2.2.1.2 Phase II detoxification) the 

methods used for the biochemical detoxification profiling is explained.  This profiling was 

performed by Mr. E. Erasmus and Mrs. C. Mels. 

 

2.2.1.1 Phase I Detoxification  

Caffeine (1, 3, 7-trimethylxanthine) was used as a probe substrate, to measure Cytochrome 

P450 1A2 (CYP1A2) activity for the assessment of phase I biotransformation efficacy.  Caffeine 

is an ideal phenotyping probe, being one of the most widely and frequently consumed 

xenobiotics throughout the world, it is inexpensive and does not exhibit adverse effects at the 

dosages usually employed (Miners and Birkett, 1996, Carrillo et al., 2000, Wang et al., 1985, 

Wahllander et al., 1990).  Caffeine undergoes extensive oxidative metabolism by N1-, N3- and 

N7-demethylation to form as primary metabolites, paraxanthine, theobromine, and theophylline 

respectively.  CYP1A2 catalyses these N-demethylation reactions which account for 

approximately 90% of caffeine elimination in humans (Carrillo et al., 2000, Chung et al., 2000, 

Miners and Birkett, 1996).  The rate of caffeine clearance can thus be measured as the 

disappearance of the probe compound in either plasma or saliva.  This will then be indicative of 

CYP1A2 activity in vivo (Miners and Birkett, 1996, Carrillo et al., 2000, Sachse et al., 2003).   

 

Method used for determination of phase I detoxification efficacy  

Phase I activity was determined with the abovementioned caffeine clearance test.  This test is 

considered to be the ―gold standard‖ of CYP1A2 activity determination in humans and can be 

applied as a routine phenotyping protocol for CYP1A2 activity (Carrillo et al., 2000, Wahllander 

et al., 1990).  After the administration of 180 mg caffeine, saliva samples were collected at two 

hours and eight hours post administration, respectively.  To determine the caffeine levels in 

saliva, the solid phase extraction (SPE) method described by Georga et al, 2001 was used with 

minor modifications.  Saliva was analysed with 12 mg/L allopurinol solution as internal standard.  

The samples were analysed on an Agilent 1200 HPLC system equipped with a binary pump, 

inline degasser, automatic sampler, heated column compartment and diode array detector.  The 

internal standard and caffeine are detected by diode array detection at 254 nm and 275 nm 

respectively with a reference wavelength of 600 nm.  Caffeine concentrations are determined by 

means of linear regression against a standard curve (Georga et al., 2001). 
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2.2.1.2 Phase II detoxification  

Paracetamol, also known as acetaminophen, was used as probe substrate for the following 

phase II conjugation reactions: glucuronide-, sulfate-, and glutathione conjugation (see Figure 

9).   

 

Figure 9.  Schematic representation of acetaminophen (paracetamol) conjugation 
Paracetamol is used as marker for phase II detoxification profiling.  Adapted from (Kavalci et al., 2009).  
Acetaminophen is metabolized by the hepatic Cytochrome P450 (CYP450) system to form a reactive, 
highly toxic metabolite known as N -acetyl-p-benzoquinone imine (NAPQI).  Glutathione binds NAPQI, 
enabling the excretion of non-toxic mercapturate conjugates in the urine. Conjugation with glucuronide 
and/or sulfate solubilizes Acetaminophen for renal excretion. 
 

 

Paracetamol, a well-known, widely used non-prescription drug with analgesic and antipyretic 

properties was used as probe substrate for the assessment of glucuronide-, sulfate and 

glutathione conjugation (Steventon et al., 1990, Alberti et al., 1999, Court et al., 2001).  After 

rapid absorption from the gastrointestinal tract, Paracetamol reaches peak concentration in 

plasma one hour after administration. In individuals with normal hepatic function paracetamol 

has a half-life of about two hours (Steventon et al., 1990, Prescott, 1980).  Metabolism of 

Paracetamol is complex (Steventon et al., 1990) as it undergoes both oxidative and conjugative 

reactions to form non-toxic metabolites that can be excreted in the urine (Critchley et al., 2005).  

 

Paracetamol undergoes conjugation primarily by glucuronide and sulfate.  A small fraction (less 

than 5%) undergoes Cytochrome P450 mediated activation to form the highly reactive 

metabolite, N-acetyl-p-benzoquinone imine (NAPQI), which reacts both spontaneously and 

enzymatically with glutathione and is eventually excreted as cysteine and mercapturic acid 

conjugates.  Approximately 5% of an administered dose of paracetamol is excreted unchanged 

(Court et al., 2001, Coles et al., 1988, Stern et al., 2005, Critchley et al., 2005, Prescott, 1980). 

 

Acetyl salicylic acid (Aspirin) is used as probe substrate for glycine conjugation.  Aspirin is 

commonly used as an analgesic, antipyretic, and anti-inflammatory agent.  Esterase enzymes 
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hydrolyse Aspirin to form salicylic acid, which is subsequently detoxified by conjugation to 

glycine and glucuronic acid. 

 

Method used for determination of phase II detoxification efficacy  

Five hours after collection of the second saliva sample for phase I activity determination, the 

bladder was emptied and the second set of probe substrates (1000 mg paracetamol and 600 

mg aspirin), were administered.  A 10 hour total urine sample was collected post administration.  

This sample was used for the determination of paracetamol-glucuronide, paracetamol-sulfate, 

paracetamol-mercapturate and salicyluric acid (Phase II metabolites).  Urine samples enriched 

with an internal standard of 25 mg/L acetamidophenol solution in methanol were used for 

analysis.  The sample and internal standard mixture was lyophilized and the dry residue 

reconstituted in 400 µl of mobile phase consisting of a ddH2O: Acetonitrile (95:5) solution with 

0.05% TFA (trifluoroacetic acid).  The HPLC analysis was done according to the method 

described by Mutlib and co-workers with minor modifications (Mutlib et al., 2000).  The samples 

were analysed on an Agilent 1200 HPLC system.  The internal standard as well as 

acetaminophen mercapturate, acetaminophen glucuronide, acetaminophen sulphate and 

salicyluric acid (phase II metabolites) were detected by diode array detection at 254 nm with a 

reference wavelength of 600 nm.  The concentrations were determined by means of linear 

regression against a standard curve. 

 

2.3 Isolation of genomic DNA from blood 

A Flexigene DNA kit (Qiagen) was used to isolate DNA from whole blood.  The kit is based on 

the alcohol precipitation principle.  First, a lysis buffer is added to the blood to break cell 

membranes leaving the cell contents exposed.  The tube is then centrifuged to pellet cell nuclei 

and mitochondria.  The resulting pellet is resuspended and incubated with a denaturation buffer 

containing a chaotropic salt and protease.  In so doing, contaminants like proteins are removed.  

DNA is precipitated by the addition of isopropanol and centrifuged.  The resulting pellet is 

washed in 70% ethanol, dried and resuspended in buffer. 

 

A 10 ml whole blood sample was taken from participants into an evacuated EDTA tube for 

subsequent isolation of genomic DNA as described in the protocol above.  The concentration of 

the DNA isolated was measured with a NanoDrop ND 1000 Spectrophotometer.  The NanoDrop 

measures the absorbance of the sample at different wavelengths.  Ratios of these wavelengths 

are then used to determine the purity of the nucleic acids in the sample.  Nucleic acids have an 

absorption maximum at 260 nm and proteins absorb maximally at 280 nm.  The ratio of 

absorbance at 260 nm and 280 nm is used to assess the purity of DNA.  An A260/280 nm ratio of 

~1.8 is generally accepted as pure for DNA.  Absorption at 230 nm can be caused by 
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contamination by phenolate ion, thiocyanates, and other organic compounds.  The A260/230 nm 

values for pure nucleic acid are often higher than the respective A260/280 nm values.  Expected 

A260/230 nm values are commonly in the range of 1.8 for DNA.  If the ratio is appreciably lower than 

expected, it may indicate the presence of contaminants which absorb at 230 nm like 

carbohydrates and phenol.  The NanoDrop spectrophotometer uses only microliter amounts of a 

DNA sample to measure the concentration and determine the purity of the isolated DNA 

sample. 

 

2.4 Applied Biosystems SNaPshot technique 

As explained in Section 1.8.1 SNaPshot consists of two reactions: the first of which is a PCR to 

amplify the region of the genome in which the SNP is located (Figure 4A) and secondly a SBE 

reaction which uses fluorescently labelled ddNTPs, thereby not only terminating extension at 

the site of the SNP but incorporating a labelled nucleotide as well, which allows for detection of 

the polymorphism as demonstrated in Figure 4B (Knaapen et al., 2004). 

 

In the case of a multiplex SNaPshot reaction the PCR amplification step includes forward and 

reverse oligonucleotides for generation of multiple amplicons.  When oligonucleotides for a 

multiplex PCR are designed great care should be taken to prevent the oligonucleotides from 

annealing to each other.  The specificity of the oligonucleotides should be as high as possible, 

but if this cannot be achieved, the amplification of the desired amplicon should be significantly 

higher than other, non-specific amplicons generated.  If sufficient quantities of the specific 

amplicon are generated, the SBE reaction would still be successful as the SBE oligonucleotides 

would anneal to the correct amplicon.  The SBE oligonucleotides were designed with non-

complementary sequences of varying length (at least 4 bp) at their 5‘ ends (illustrated in Figure 

4C) allowing multiplex reaction products to be size resolved on an automatic sequencer.  When 

analysing the results, the retention time correlates to the SNP (length of complimentary and 

non-complimentary oligonucleotides) and the colour of the fluorescence indicates the genotype 

(Knaapen et al., 2004). 

 

2.4.1 Oligonucleotides and concentrations for SNaPshot 

The oligonucleotides and their concentration used in the PCR to generate amplicons spanning 

12 specific SNPs and the SBE reaction of the 12 amplicons are described in the following 

sections. 
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2.4.1.1 PCR oligonucleotides 

Oligonucleotides that were used in the PCR for the amplification of the 12 regions of the gene 

where the different SNP are located were described by Knaapen et. al. (2004) (see Table 6). 

 

Table 6.  Details of the oligonucleotides used and expected product sizes of the PCR to amplify 
SNP-containing areas in various genes 

Gene allele Oligonucleotide 

Alignment 

Oligonucleotides 5' to 3' 

 

Oligonucleotide 

length 

Amplicon 

length 

CYP1A2*1F Forward 

Reverse 

GAGGCTCCTTTCCAGCTCTC 

CTCCCAGCTGGATACCAGA 

20 

19 

106 

GSTP1*2 Forward 

Reverse 

TGGTGGACATGGTGAATGAC 

AGCCCCTTTCTTTGTTCAGC 

20 

20 

123 

GSTP1*3 Forward 

Reverse 

TGGGAGGGATGAGAGTAGGA 

CAGGGTCTCAAAAGGCTTCA 

20 

20 

106 

GSTT1*0 Forward 

Reverse 

GTAGCCATCACGGAGCTGAT 

GGCAGCATAAGCAGGACTTC 

20 

20 

97 

NAT2*5 Forward 

Reverse 

CAAATACAGCACTGGCATGG 

GGCTGATCCTTCCCAGAAAT 

20 

20 

135 

NAT2*6 Forward 

Reverse 

CCTGCCAAAGAAGAAACACC 

GGGTCTGCAAGGAACAAAAT 

20 

20 

141 

NAT2*7 Forward 

Reverse 

TCCTTGGGGAGAAATCTCGT 

GGGTGATACATACACAAGGGTTT 

20 

23 

92 

GSTM1*0 Forward 

Reverse 

CAGAGTTTCTGGGGAAGCGG 

CTTGGGCTCAAATATACGGTGG 

20 

22 

191 

MTHFR1 Forward 

Reverse 

CTTTGAGGCTGACCTGAAGC 

TCACAAAGCGGAAGAATGTG 

20 

20 

104 

MTHFR2 Forward 

Reverse 

AGGAGGAGCTGCTGAAGATG 

CTTTGTGACCATTCCGGTTT 

20 

20 

108 

BRCA2# 

 

Forward 

Reverse 

AAATTTTCCAGCGCTTCTGA 

AATGTTGGCCTCTCTTTGGA 

20 

20 

159 

GPX1# Forward 

Reverse 

ACTGGGATCAACAGGACCAG 

TTGACATCGAGCCTGACATC 

20 

20 

213 

Oligonucleotides used for the PCR to amplify SNP-containing areas in various genes (Knaapen et al., 
2004) and (Ketelslegers et al., 2006) #. 
 

 

The concentrations of oligonucleotides used for a multiplex PCR generating 10 amplicons are 

shown in Table 7.  These were then used to prepare the pooled oligonucleotide mix of both the 

forward and reverse oligonucleotides. 



 
34 

Table 7.  Oligonucleotide concentrations used to set up the multiplex PCRs 

Gene allele Forward oligonucleotide in 

oligonucleotide mix (µM) 

Reverse oligonucleotide in 

oligonucleotide mix (µM) 

CYP1A2*1F 3.4 3.4 

GSTP1*2 1.2 1.2 

GSTP1*3 1.6 1.6 

GSTT1*0 1.63 1.63 

NAT2*5 3.3 3.3 

NAT2*6 1.65 1.61 

NAT2*7 1.63 1.40 

GSTM1*0 1.5 1.5 

MTHFR1 2.5 2.5 

MTHFR2 2.5 2.5 

BRCA2# 1 1 

GPX1# 1 1 

Oligonucleotides concentrations used for the multiplex PCR (Knaapen et al., 2004) and (Ketelslegers et 
al., 2006) #. 
 

 

2.4.1.2 Single base extension  

The oligonucleotides used in the single base extension (SBE) reaction are shown in Table 8.  

The SBE oligonucleotides were designed to have non-homologous tails on the 5‘ end.  The non-

homologous tails are random sequences that yielded no matches when analysed with the 

BLAST-tool against the NCBI non-redundant database (Knaapen et al., 2004).  The appropriate 

length of non-homologous tail was taken from the 5´ end of either of the following random 

sequences: 

5´–AACTGACTAAACTAGGTGCCACGTCGTGAAAGTCTGACAA–3´ or  

5´–ATGCTCAGACACAATTAGCGCGACCCTTAATCCTTAGGTA–3´. 

The underlined sequences in Table 8 are the non-homologous tails 
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Table 8.  Sequences of oligonucleotides used in the single base extension (SBE) reactions 

Gene allele Oligonucleotides for SBE: Oligonucleotid

e length 

Base Pair 

Change 

CYP1A2*1F AACTGACTAAACTAGGTGCCACTCAAAGGGTGAGC

TCTGTGGGC 

23+21=44 C/A 

GSTP1*2 AACTCTGGAGGACCTCCGCTGCAAATAC 23+5=28 A/G 

GSTP1*3 AACTGACTAAACTAGGTGCCACGTCGTGACCATGG

TGGTGTCTGGCAGGAGG 

22+30=52 C/T 

GSTT1*0 AACTGACTAAACTAGGTGCCACGTCGTGAAAGTCT

GGGCAGGTGAACCCACTAGGC 

22+34=56 Deletion 

A/G 

NAT2*5 AACTGACTAAACTAGGTGCCACGTCGTGAAAGTCTA

TTCACCTTCTCCTGCAGGTGACCA 

24+36=60 T/C 

NAT2*6 CCTACCAAAAAATATACTTATTTACGCTTGAACCTC 33+3=36 G/A 

NAT2*7 AACTGACTAAACTAGGTGCCACGTCGTGAAAGTCT

GACAGCCCTCGTGCCCAAACCTGGTGATG 

22+42=64 G/A 

GSTM1*0 AACTGACTAAACTAGGTGCCACGCGAGGAGTGATA

TGGGGAATGAGAT 

24+24=48 Deletion 

C/T 

MTHFR1 AAAGCTGCGTGATGATGAAATCG 23 G/A 

MTHFR2  AACTGACTAGAGGTAAAGAACAAAGACTTCAAAGAC

ACTT 

31+9=40 T/G 

BRCA2# ACTGACTAAACTAGGTGCCACGTCGAGGTCTTCTG

TTTTCGAGACTTATTTACCAA 

14+43=57 G/A 

GPX1# AAATAACTAAACTAGGTGCGGCGCCCTAGGCACAG

CTG 

38 C/T 

The non-homologous tails are underlined and the length indicated as follows: non-homologous tail + 
oligonucleotide = oligonucleotide length (Knaapen et al., 2004) and #(Ketelslegers et al., 2006). 
 

 

The concentrations of SBE oligonucleotides used to prepare the pooled SBE oligonucleotide 

mix that was used for the SBE reactions are shown in Table 9. 

 

Table 9.  Final Concentrations of SBE oligonucleotide used for the SBE reaction  

Gene allele SBE oligonucleotide 

mix (µM) 

CYP1A2*1F 10 

GSTP1*2 10 

GSTP1*3 50 

GSTT1*0 10 

NAT2*5 40 

NAT2*6 5 

NAT2*7 10 

GSTM1*0 20 

MTHFR1 12.5 

MTHFR2 12.5 

BRCA2# 10 

GPX1# 10 

Oligonucleotides concentrations used for the SBE reaction (Knaapen et al., 2004) and (Ketelslegers et 
al., 2006) #. 
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2.4.2 Workflow for SNaPshot 

The workflow for SNaPshot can be divided into the following steps 

2.4.2.1 The PCR 

2.4.2.2 ExoSAP-IT clean-up reaction 

2.4.2.3 SBE 

2.4.2.4 SAP clean-up reaction 

2.4.2.5 Preparation for the run on the Genetic Analyser 

2.4.2.6 Run on the Genetic Analyser 

 

2.4.2.1 The PCR 

A PCR (10 µl total reaction volume) to amplify the region of the genome in which the SNP is 

located was set up as follows: 160 ng of the appropriate template DNA, 1.4 µl oligonucleotide 

mix (as described in Table 7), 1 µl of 10x Platinum Taq polymerase Mg free buffer (Invitrogen), 

1.75 µM MgCl2 (50 mM) (Invitrogen), 0.05 U of Platinum Taq DNA polymerase (Invitrogen) and 

0.2 µM dNTP mixture (Invitrogen).  The PCR reactions were performed in a Bio-Rad MJ Mini 

Personal Thermal Cycler using the conditions described hereafter.  An initial template 

denaturation at 94°C for 3 minutes was followed by 30 cycles of: denaturation at 94°C for 30 

seconds, oligonucleotide annealing for 30 seconds at 56°C and extension at 72°C for 30 

seconds. After a final elongation step at 72°C for 5 minutes and an extra step allowing for 

gradual cooling at 20°C for 2 minutes the samples were cooled to 4°C (Knaapen et al., 2004).  

 

2.4.2.2 ExoSAP-IT clean-up reaction 

After the PCR, a clean-up reaction of the amplicons generated is performed by adding ExoSAP-

IT (USB® Products).  During the SBE reaction, fluorescently labelled ddNTPs are incorporated 

these will indicate the genotype of the SNP by fluorescence when run on the genetic analyser.  

ExoSAP-IT utilizes two hydrolytic enzymes, Exonuclease I and Shrimp Alkaline Phosphatase.  

Exonuclease I removes residual single-stranded primers and any extraneous single-stranded 

DNA and SAP removes the remaining dNTPs.  It is thus of vital importance that the dNTPs are 

removed from the reaction mixture as it would cause very high non-specific background 

fluorescence.  To each 10 µl PCR product 4 µl of ExoSAP-IT enzyme (proprietary composition) 

was added and a thermal cycler was used to incubate the tube at 37°C for 45 minutes.  To 

inactivate the enzymes a second step of incubation at 75°C for 15 minutes was included 

(Knaapen et al., 2004).   
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2.4.2.3 SBE 

The Multiplex SBE reaction is subsequently performed.  A master mix was prepared consisting 

of 2.5 µl SNaPshot multiplex ready reaction mix containing fluorescently labelled ddNTPs 

(supplier, proprietary composition), 1 µl pooled SBE oligonucleotide mix (Table 7) and 3.5 µl 

molecular grade water for each sample.  Aliquots of 7 µl master mix and 3 µl cleaned PCR 

product were dispensed into each tube and immediately placed on ice until ready to place in the 

thermal cycler for 24 cycles of 96°C for 10 seconds followed by 60°C for 30 seconds.  After the 

single base extension reaction, the samples were either immediately placed on ice or kept in a 

holding step at 4°C until commencement of the SBE clean-up reaction (Knaapen et al., 2004). 

 

2.4.2.4 SAP clean-up reaction 

As stated above, another clean-up reaction is performed after the SBE reaction.  SAP (Shrimp 

Alkaline Phosphatase) was added to remove 5‘ phosphoryl groups by phosphatase treatment. 

The removal of the 5‘ phosphoryl groups alters the migration of the unincorporated fluorescent 

ddNTPs thereby prohibiting interference caused by the unincorporated fluorescent ddNTPs.  

One unit SAP (Sigma) was added to the 10 µl reaction mixture and thoroughly mixed before it 

was placed in the thermal cycler at 37°C for 1 hour followed by 70°C for 15 minutes to inactivate 

the enzyme.  After the clean-up reaction, samples were immediately placed on ice or a holding 

step at 4°C for up to 24 hours prior to analysis on the genetic analyser.  For prolonged storage 

prior to analysis, the samples were kept at -20°C (Knaapen et al., 2004). 

 

2.4.2.5 Preparation for the run on the Genetic Analyser 

To prepare samples for analysis on the genetic analyser, a master mix was made containing Hi-

Di™ Formamide (Applied Biosystems) and GeneScan™ 120 LIZ® Size Standard (Applied 

Biosystems).  Hi-Di Formamide is a highly deionised formamide used to resuspend samples 

before electrokinetic injection in capillary electrophoresis systems.  The GeneScan™ 120 LIZ® 

Size Standard is an orange dye-labelled size standard that is designed for reproducible sizing of 

small fragment analysis data. This standard is used for fragments between 15 bp and 120 bp.  

The standard contains nine dye-labelled, single-stranded DNA fragments.  The mastermix 

prepared for each sample consisted of 13 µl of the Hi-Di™ Formamide and 0.4 µl of the 

GeneScan™ 120 LIZ® Size Standard.  A 13 µl aliquot of mastermix was then dispensed into 

each well of the 96 well plate that was to be used for analysis.  1 µl of the respective samples 

were added to the mastermix in each well making sure that the sample is mixed well with the 

Formamide/GeneScan mix after which the plate was centrifuged to ensure the samples were in 

the bottom of the wells.  The samples were then denatured at 95°C for 5 minutes using a 
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thermal cycler.  The plate was kept at 4°C until it was loaded on the Genetic Analyser (Knaapen 

et al., 2004). 

 

2.4.2.6 Run on the Genetic Analyser  

The Applied Biosystems 3130xl Genetic Analyser utilizes capillary electrophoresis, which 

enables it to resolve DNA molecules that differ in molecular weight by only one nucleotide 

(Anonymous-c, 2010).  During electrophoresis the products are injected electro-kinetically into 

polymer-filled capillaries.  A high voltage is then applied in order for the negatively charged DNA 

fragments (because of the phosphate ions in its chemical backbone) to move through the 

polymer in the capillaries toward the positive electrode.  The SNaPshot SBE fragments differ by 

at least 4 base pairs and can thus easily be separated by the capillary electrophoresis.  Shortly 

before reaching the positive electrode, the fluorescently labelled DNA fragments, separated by 

size, move through the path of a laser beam.  The laser beam causes the dyes linked to the 

terminal ddNTP on the SBE fragments to fluoresce.  An optical detection device within the 

Genetic Analyser detects the emitted fluorescence.  The Data Collection Software 

(GeneMapper version 4) converts the fluorescence signal to digital data, and then records the 

data.  Because each dye emits light at a different wavelength when excited by the laser, all four 

colours and therefore, all four bases, can be detected and distinguished in one capillary 

injection (see Table 10 for the dye and label colour matching).  The cytosine label colour 

(yellow) differs from the colour of the peak (black) generated by the software for better 

visualization on the electroforetogram 

 

Table 10.  The fluorescent dyes linked to the four ddNTPs and their associated colours 

ddNTP Dye label Colour of 

label 

Colour of analysed 

data 

A dR6G Green Green 

C dTAMRA Yellow Black 

G dR110 Blue Blue 

T dROX Red Red 

 

An Applied Biosystems‘ 3130xl Genetic Analyser with GeneMapper version 4 software was 

used for data capturing.  The SNaPshot protocol within the GeneMapper software was used 

with the E5 Chemistry Run Module. 

 

2.5 Agarose gel electrophoresis 

The PCR products were analysed on a 1.5% (w/v) agarose gel and 1 x TAE buffer (0.04 M Tris-

acetate, 1 mM EDTA, pH 8.5) in a horizontal electrophoresis tank run at a constant voltage of 

100    V for 40 minutes. After electrophoresis the amplicons were visualised on an UV 
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transilluminator.  The O‘GeneRulerTM 50 bp DNA Marker (Fermentas) was used as size 

standard.  Unless specified otherwise, all gels were prepared and run as stated above. 

 

2.6 Allelic discrimination using Real-time PCR 

Applied Biosystems supplies validated Real-time PCR-based allelic discrimination assays for 

genotyping.  A brief description of the principle of this technique follows:  Two 

oligonucleotide/probe pairs are present for each reaction which anneal to one of the two 

possible variants, the wild type or the SNP allele.  Each of the samples to be genotyped using 

an allelic discrimination assay uses a unique pair of fluorescent labelled (VIC and FAM dyes in 

this example) probe detectors of which each is a perfect match for either the wild type (allele 1) 

or the polymorphism (allele 2). These probe detectors also contains a quencher, which 

quenches the fluorescence released by the probe dye.  One can thus distinguish between 

homozygotes (samples containing only allele 1 or 2) and heterozygotes (samples containing 

both allele 1 and 2).  Allele 1 would match the VIC labelled probe and mismatch the FAM 

labelled probe.  When, during elongation, the polymerase then separates the VIC labelled probe 

from the quencher the fluorescence of that labelled probe is then detected.  In the case of allele 

2, the FAM labelled probe would be a match and FAM would fluoresce and be detected.  In the 

case of heterozygotes, both labelled probes would be detected as in Table 2 (Livak, 1999). 

 

The oligonucleotide probe sets that were used are listed in Table 11. These probe sets are 

validated for allelic discrimination by Applied Biosystems.  The reaction was set up as shown in 

Table 12 and the conditions of the PCR are indicated in Table 13. Once set up, the reactions 

were loaded on the Applied Biosystems 7500 Real-time PCR System for analyses. 

 

Table 11.  Summary of information of the validated TaqMan allelic discrimination oligonucleotides 
as supplied by Applied Biosystems 

SNP Assay ID: Labelled 
probes 

Context Sequence 

NAT2*5: rs1801280 (T/C) C_1204093_
20 

VIC/FAM GTTCACCTTCTCCTGCAGGTGACCA[C/T
]TGACGGCAGGAATTACATTGTCGAT 

NAT2*6: rs1799930 (G/A) C_1204091_
10 

VIC/FAM ATATACTTATTTACGCTTGAACCTC[A/G]
AACAATTGAAGATTTTGAGTCTATG 

NAT2*7: rs1799931 (G/A) C_572770_2
0 

VIC/FAM AATCTCGTGCCCAAACCTGGTGATG[A/G
]ATCCCTTACTATTTAGAATAAGGAA 

 
 
Table 12.  Composition of the reactions set up 
for TaqMan allelic discrimination 

Reagent Volume (µl) 

Assay Mix 1.25 
Master Mix 12.5 
Water 1.25 
DNA (1ng/µl) 10 
Total 13.75 

 

Table 13.  Thermal cycling conditions used for 
the TaqMan allelic discrimination assay 

Step Temp. °C Time 

Step 1 50 2 minutes 

Step 2 95 10minutes 

Step 3  95  15 seconds  

Step 4 62 1 minutes 
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2.7 Affymetrix DMET™ microarray 

DNA Samples were diluted to 100ng/ul and aliquots containing 3ug DNA were sent on dry ice to 

DNALink Incorporated in Seoul, South Korea. DNALink is an Affymetrix licensed service 

provider and the company analysed the samples according to Affymetrix protocols and 

standards. 

 

The DMET™ Plus Starter Pack protocol is presented in 8 stages. The stages are briefly 

described below: 

1. mPCR: Multiplex PCR of each sample and control samples. 

2. Anneal: During this stage, genomic DNA samples and controls, mPCR products from 

mPCR, assay panel probes, and reagents (Anneal Master Mix) are combined in an 

Anneal Plate. The Anneal Plate is then placed on a thermal cycler and the program 

DMET Plus Anneal is run.  

3. Gap fill through amplification: During this stage, Gap Fill Mix is added to each 

reaction. Then the samples are transferred from the Anneal Plate to an Assay Plate. The 

Assay Plate is then placed on a thermal cycler and the program DMET Plus Assay is 

started. During the first 42 minutes of this program, three additional reagents are added 

to the Assay Plate, one reagent at a time. Prior to each addition, the plate is removed 

from the thermal cycler and cooled on ice for 2 minutes. The reagents adding during 

thermal cycling are: 

a. dNTP Mix 

b. Exo Mix 

c. Universal Amp Mix 

4. PCR clean-up and first quality control gel: During this stage, the sealed Assay Plate 

is transferred to the post-amplification laboratory. There the PCR Clean-up Mix will be 

added to each reaction, the plate placed on a thermal cycler, and the DMET Plus Clean-

up program is run. An aliquot from each sample is taken and a quality control gel is run 

to check the PCR products. 

5. Fragmentation and second quality control gel: During this stage, smaller DNA 

fragments are generated to improve sample hybridization onto the DMET Plus Arrays. 

The DNA fragment size is then checked on a second quality control gel. 

6. Labelling: During this stage, a Labelling Master Mix is prepared, and added to each 

sample on the plate which is then placed on a thermal cycler, and the DMET Plus Label 

program is run. 

7. Hybridization: During this stage, each reaction is denatured then loaded onto a 

DMET™ Plus Array – one sample per array. The arrays are then placed into a 

hybridization oven that has been preheated to 49°C. Samples are left to hybridize for 16 

to 18 hours. 
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8. Washing, staining and scanning arrays: During this stage, the arrays are washed, 

stained and scanned.  After one set of arrays has been washed and stained, it is 

removed from the fluidics station and loaded onto the scanner. The fluidics station can 

then be reloaded to wash and stain the next set of arrays. 

 

2.7.1 Precision of the DMET microarray 

The DMET™ (drug metabolism enzymes and transporters) Plus Microarray interrogates a 

variety of types of genetic markers.  They can be roughly categorized into genotyping markers 

and regions of copy number variation (only the genotyping markers were used in this study).  

The genotyping markers then include bi-allelic SNPs, tri-allelic SNPs, and insertions/deletions 

(indels) of varying length. 

 

Genotyping markers are interrogated using Molecular Inversion Probe (MIP) technology.  For 

each of the genotyping markers, there is at least one MIP.  For a number of the more important 

markers that have polymorphisms in close proximity, several MIPs were designed against the 

possible sequence variants in which the polymorphism of interest is located.  For example, if a 

bi-allelic marker of interest has three adjacent bi-allelic SNPs, it would have a MIP for each of 

the eight possible contexts.  For indels, at least one MIP is designed for each allele, with each 

MIP using a different tag, allowing for an additional opportunity to discriminate genotypes by the 

use of allele-specific tags.  Each of the other markers shares a common tag across all MIPs 

used. 

 

The copy number (CN) regions can also contain some genotyping markers.  MIPs were 

designed against unique regions contained within the CN region and not overlapping any other 

known polymorphisms.  These are referred to as CN MIPs, as opposed to the genotyping MIPs 

described above.   

 

For each MIP in the panel, a collection of probes are tiled on the DMET™ Plus Microarray to 

read out the signal.  There are two kinds of probe sets for each MIP: one that is complementary 

to the genomic region targeted by the MIP and one that is complementary to the unique tag that 

is part of the MIP itself.  These are referred to as ASO (allele-specific oligonucleotide) and tag 

probe sets, respectively.  Table 14 gives the counts of ASO and tag sequences for various 

marker types. 
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Table 14.  Number of distinct sequences interrogated for each of the various types of 
polymorphisms represented on the DMET™ Plus Microarray 

Marker type Number of distinct sequences interrogated for each type of polymorphism 

ASO  Tag 

   

Copy number 1 1 

Bi-allelic SNP 2 1 

Tri-allelic SNP 3 1 

Bi-allelic indel 2 2 

Wobble SNP One for each allele in each context 1 

Wobble indel One for each allele in each context 2 

 

An extensive collection of microarray probes is used to interrogate each targeted sequence to 

maximize the chance of successful signal detection.  This extensive collection refers to the MIP 

tags which are interrogated with microarray probes of up to three lengths from both strands with 

three replicates each, for a total of 18 probes (3 x 2 x 3).  Allele-specific genomic sequences are 

interrogated with probes from two strands, up to five probe lengths, up to nine offsets relative to 

the interrogation base, and up to three identical replicates on the microarray—altogether as 

many as 270 probes per allele-context (see Table 15).  Factoring in that the ASO probe set for 

each genotyping marker is formed of multiple collections of probes (one per allele and 

increasing exponentially in the presence of adjacent secondary polymorphism); some markers 

are interrogated by thousands of microarray probes.  For example, the number of ASO probes 

for a bi-allelic SNP with two adjacent bi-allelic SNPs would be 2,160 (2 x 2 x 2 x 270).  Markers 

of critical importance (as determined by the ADME consortium) are given the ―full treatment,‖ 

while other markers are interrogated with fewer combinations of strands and lengths but with at 

least 132 ASO probes per allele-context 

 
Table 15.  The maximum possible number of microarray probes used to interrogate each unique 
sequence 

Probe set 

type 

Microarray probe counts for each interrogated sequence 

 Alleles Offsets Strands Length Replicates Contexts Total 

ASO 1 9 2 5 3 Varies 270 

Tag 1 1 2 3 3 Varies 18 

The maximum number of microarray probes for a given marker is then equal to this value times the 
number of alleles, further multiplied by the number of sequence contexts.   
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2.8 Statistical methods 

Statistical analyses were done in collaboration with Dr G Koekemoer of the Statistical 

Consultation Services at the NWU. 

 

The method utilised to select the smallest sample size n  for a random sample from a 

multinomial population (Angers, 1984).  For unsupervised pattern recognition methods Principle 

Component Analysis (PCA) and Wards method were used.  (Johnson and Wichern, 1998 

chapter 8 and 12 respectively).  The following descriptive statistics were used: mean, standard 

deviation Spearman- and Pearson rank correlations, stratified dot plots, PCA biplots and PCA 

scoreplots, clustering dendrograms, bar charts and histograms. 
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CChhaapptteerr  33..  RReessuullttss  aanndd  DDiissccuussssiioonn::  GGeennoottyyppiinngg  ooff  

sseelleecctteedd  DDNNAA  rreeppaaiirr  aanndd  ddeettooxxiiffiiccaattiioonn  eennzzyymmeess  
The main aim of the study was to evaluate different methods that can be used for genotyping.  I 

planned to investigate the approaches and shed light on which method would be better for 

specific local applications, taking into consideration the robustness and ease of implementation 

as well as cost effectiveness in terms of data gained.  I investigated genotyping using the 

SNaPshot technique and Affymetrix DMET™ microarray.  Furthermore I also aimed to elucidate 

the relationship between the SNPs I have investigated and the detoxification of the challenge 

substrates in terms of detoxification ability and tempo.   

 

In this chapter I: 

 Describe the phase I and II detoxification profiles (Section 3.3) 

 Give an overview of the SNaPshot standardization and results (Section 3.4) 

 Determine and describe the SNPs genotyped with the DMET™ microarray (Section 3.5) 

 Investigate the relationship between the DMET genotyping data and the detoxification 

profiling (Section 3.5.3) 

 Correlate the SNaPshot results with the results obtained with the DMET™ microarray 

(Section 3.6) 

 

Statistical analyses of the results discussed in this chapter (sections 3.3, 3.5 and 3.5.3) as well 

as the next chapter were done in collaboration with Dr G Koekemoer from the Statistical 

Consultation Services at the NWU. 

 

3.1 Experimental approach 

The experimental approach followed is described hereafter and summarized by the flow 

diagram in Figure 10.  50 individuals whose detoxification profiles were measured by 

researchers from the Department of Biochemistry at the NWU (according to the method 

described in Section 2.2.1) were invited for participation in this study.  Of these 50 only 21 

individuals agreed to participate in the study.  DNA was isolated and genotyping was performed 

using the DMET™ microarray and SNaPshot techniques.  The SNaPshot technique was used 

to genotype 11 SNPs relating to DNA repair and detoxification and was performed locally.  The 

DMET microarray was also used for genotyping but delivers exponentially more data in that it 

genotypes 1931genetic markers relating to drug metabolism and transport. 

The effective sample size of the current study was 18 since the data acquired for 3 participants 

were incomplete.  One participant was excluded because the sample failed the DMET quality 

control. 
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The relationship between the DMET genotyping data and the detoxification profiling was 

investigated and the results of the SNaPshot and the DMET™ microarray were correlated. 

 

 

Figure 10.  A summary of the experimental approach taken for this study 

 

3.2 Selection of study participants  

Altogether 50 individuals were invited for participation in this study.  See Section 2.2 for the 

participant selection process.  Only 21 individuals agreed to participate in the study.  The 

required documentation was completed and blood was collected. Subsequently, DNA isolation 

and genotyping (using the DMET™ microarray in Section 3.5 and SNaPshot technique in 

Section 3.4) was performed.  The effective sample size of the current study was 18 since the 

data acquired for 3 participants were incomplete.  One participant was excluded because the 

sample failed the DMET quality control (discussed in Section 3.5 and shown in Figure 28).  

Based on the small amount of participants available, no generalizations can be made, given the 

large amount of genetic markers that is measured.  Hence, the current study only explores the 

existence of possible trends in the data and should be viewed as a pilot study that can be used 

to design more elaborate investigations.  For this purpose a sample size calculation will also be 

presented. 
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3.3 Detoxification profiling using substrate challenges 

In this section the detoxification profiles of the 18 participants, measured by researchers from 

the Department of Biochemistry at the NWU (according to the method described in Section 

2.2.1) were analysed.  The results obtained as well as the reference ranges and some summary 

statistics (the mean and standard deviation) are presented in Table 16. 

 

Table 16.  Phase I and II detoxification profile determined from the detoxification profiles of all the 
participants 

Participant 

ID 

Phase I 

Detoxification  

(Oxidation) 

ml/min/kg 

Phase II Detoxification (Conjugation) 

% Recovery* 

 Caffeine 

clearance 

Glutathionation  Glycination  Sulfation  Glucuronidation  

1 2.1 1.9 26.7 10.5 38.9 

2 0.2 1.5 11 8.5 34.1 

3 0.9 5.1 31.6 24.1 40.3 

4 1 6.2 31.1 35.5 23.5 

5 0.3 0.9 9.8 7.8 11 

6 1.1 4.2 12 34.9 33.2 

7 1 2.6 33.3 19.1 42.4 

8 5.7 3 14.2 2.4 27 

9 2.4 0.8 14.7 11.7 14.1 

10 0.4 2.7 31.3 22.4 28.5 

11 4.9 2.9 17.1 15.1 10.1 

12 0.4 3.5 30.7 22.7 26.6 

13 1.9 3.9 21.8 34 54.8 

14 0.6 4 36.2 19.4 42.8 

15 0.9 6.2 22 33.3 57.6 

16 0.1 5.4 42.8 25.9 45 

17 0.5 4.8 46.2 20.7 26.7 

18 0.02 2.7 23.9 22.4 20 

Normal 

range 

0.5 – 1.6 

ml/min/kg 5.6 – 11.4% 30 – 53% 16 – 36% 27 – 56% 

Mean 1.36 3.46 25.36 20.58 32.03 

Standard 

Deviation 1.59 1.66 10.89 9.93 13.81 

*% recovery is used for phase II detoxification as the metabolites (paracetamol-glucuronide, paracetamol-
sulfate, paracetamol-mercapturate and salicyluric acid) are measured from the urine excreted. 
(Values lower than the normal range is shown in red and those above the normal range are shown in 
green). 
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From the data presented in Table 16, the selected individuals‘ abnormalities can be seen by the 

green and red colour coding.  When overall energy depletion occurs all the markers are 

expected to be below normal, participant 5 being a case in point.  Individuals with interesting 

profiles, such as participant 9 for example, where phase II recovery percentages are abnormally 

low and the caffeine clearance is abnormally high. Participant 14 would also represent an 

interesting case as only one recovery percentage is abnormal, this could indicate a genetic 

polymorphism in an enzyme related to Glutathionation as all other values are normal. 

 

The relationship between the detoxification markers was determined using the Pearson linear 

correlation coefficient as well as the Spearman rank.  Using the Pearson correlations a principal 

component analysis (PCA) is subsequently performed. This is as an unsupervised pattern 

recognition method that aids in investigating the natural grouping amongst the participants.  

This would later be used to determine if the natural grouping between the participants using the 

detoxification markers and natural grouping using the genetic markers have a relationship. Two 

principal components (denoted by Comp.1 and Comp.2) were extracted which explained 

72.29% of the variation in the five detoxification genetic markers. The resulting biplot and score 

plots are presented in Figure 11, Figure 12 and Figure 13. 
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Figure 11.  Biplot compiled from the data from PCA of the five phase I and II detoxification 
markers 
The labels in this score plot are indicative of the participant ID ranging from participant 1 to participant 18.  
Two principal components are denoted by Comp.1 and Comp.2. 
 

 

From the PCA loadings presented in the biplot in Figure 11 it is concluded that the phase I 

(caffeine clearance) is in contrast to the phase II detoxification markers.  The phase I caffeine 
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clearance influencing variables to the top right and the phase II detoxification markers 

influencing the variables more to the left. Participant 8 and 11 had high caffeine clearance 

values of 5.7 and 4.9 respectively, which causes the placing of these participants on the top 

right corner of the PCA biplot shown in Figure 11. 
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Figure 12.  Score plot compiled from the data from PCA of the five phase I and II detoxification 
markers with labels indicative of the caffeine clearance tempo 
The labels in this score plot indicates the caffeine clearance tempo where 1 (indicated in a red circle) is 
below the normal clearance range, 2 (indicated in a blue circle) is within the normal clearance range and 
3 (indicated in a green circle) is an above normal caffeine clearance. 
 

 

When using phase I labelling in Figure 12, 5 of the 18 participants had a caffeine clearance 

above the normal range, 7 participants‘ caffeine clearance were within the normal range and 6 

participants were below the normal range. Participants 8 and 11, both indicated with 3 in the top 

right corner, shows the high caffeine clearance in the direction also indicated by the biplot in 

Figure 11.  Because of the big overlap in the circles it is concluded that the holistic information 

contained in the five detoxification markers are not able to distinguish normal and abnormal 

(high or low) phase I detoxifiers clearly. 

 

When using phase II labelling as was done in Figure 13  it is concluded that the participants with 

fewer abnormal phase II detoxification markers tend to group together.  This is demonstrated by 

the grouping indicated in red and green separating from the collective grouping indicated in 

blue. 
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Figure 13.  Score plot compiled from the data from PCA of the five phase I and II detoxification 
markers with labels calculated by the number of phase II markers 
The labels used in this score plot were calculated by the number of phase II markers outside of normal 
range as follows:  0: zero phase II abnormalities (indicated in a red circle).  1: one phase II markers was 
outside normal range (indicated in a green circle).  2 and 3: two and three markers outside of normal 
range respectively (Indicated in a blue circle collectively as no separation occurred). 
 

 

It is important to note that the labelling used in Figure 11, Figure 12 and Figure 13 assumes that 

the endpoint detoxification analysis (see Section 2.2.1) is able to describe the detoxification 

profile of a participant correctly.  Hence, it is expected that the reason for an abnormal detoxifier 

(as labelled in the PCA scores plots) could be caused by the individual‘s genotype, measured 

with the SNaPshot and DMET microarray techniques.  Other possible causes of an abnormal 

detoxification profile if the enzyme catalysing the reaction is ―normal‖ (without SNPs with 

negative effect) is the lack of sufficient substrate or cofactors.  The lack of sufficient substrate or 

cofactors can be investigated by repeating the challenge subsequent to supplementation of 

substrate or cofactors associated with the specific abnormal detoxification profile.  If the result 

then indicates an improvement, the cause of the abnormal results was most probably 

insufficient substrate or cofactors.  This type of investigation was not performed as it falls 

outside of the scope of this study. 

 

3.4 Genotyping using Applied Biosystems‘ SNaPshot technique 

In 2007 when this study was planned based on results published by Knaapen et al., 2004, 

SNaPshot was a relatively new technique.  It had not been available in South Africa yet and the 

aim was to implement the technique locally in Potchefstroom so that specific genotyping could 

be performed.  At the time there was no Genetic Analyser available on campus.  It was 
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arranged with the ARC-Grain Crops Institute in Potchefstroom to use the Genetic Analyser in 

their laboratory.   

 

The SNaPshot technique is described in full in Chapter 2, Section 2.4.  The PCR to amplify the 

area of interest (where the SNP is located) is the first step of the SNaPshot assay. This is 

followed by a clean-up reaction; the SBE reaction, another clean-up and finally analysis on the 

Genetic Analyser.  The success of the experiment, in its entirety, can only be determined after 

running the sample on the Genetic Analyser.  For implementation of the SNaPshot reaction the 

first step would be to optimize the multiplex PCR (described in Section 3.4.1).  The amplicons 

generated by the PCR can be visualized on a gel.  As the clean-up reactions are standard, the 

only other opportunity for optimisation is the SBE.  The SBE reaction cannot be visualized on a 

gel and as a result has to be run on the Genetic Analyser to monitor the success of an 

experiment.   

 

To implement the SNaPshot technique locally at the Biochemistry Department at the 

Potchefstroom Campus of the North West University, standardization was done as described in 

the following sections: 

3.4.1 SNaPshot step one: PCR amplification 

3.4.2 SNaPshot step 2: SBE reaction 

3.4.3 Duplex of GPX1 and BRCA2 

 

Using the conditions exactly as described by Knaapen et al, 2004 the PCRs were performed to 

amplify regions of interest containing SNPs using singleplex reactions. 10 SNPs as previously 

described by Knaapen et al., 2004 and 2 SNPs described by Ketelslegers et al., 2006 were 

genotyped using the method as described in Section 2.4.2.  Amplification was successful for the 

10 singleplex reactions (Knaapen et al., 2004) as well as the other 3 reactions (Ketelslegers et 

al., 2006). 

 

The products were subsequently cleaned up using the ExoSAP-IT clean-up enzyme system as 

described in Section 2.4.2.2.  Following the clean-up reactions the single base extension 

reactions were performed and samples were run on the Genetic analyser.  The resulting 

electroforetograms did not show the expected results in that the peaks were not singular or 

clearly defined, but instead triple or even quadruple peaks appeared.  It was found that the 

Genetic Analyser was not set to use the appropriate Dye Set as prescribed by Applied 

Biosystems. The Dye Set was replaced with the Dye Set E5 which was suitable for SNaPshot 

analyses.  The samples were run again with the Dye Set E5 but the resulting electroforetograms 

once again did not show the expected results.  The peaks in the resulting electroforetograms 

were blue indicating termination on only the guanine base and the peaks represented fragments 
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of mostly large sizes, larger than the expected fragment size.  Troubleshooting was performed 

to find any contamination which can be responsible for these extraordinary peaks.  Reagents 

were replaced in all reactions to try and find a source of contamination, none was however 

found.  It was discovered that the capillary was used beyond its recommended service life.  

Applied Biosystems recommends a certain amount of runs per capillary before replacement, 

this was far exceeded and the capillary was replaced.  The samples were run again after 

replacement of the capillary and the blue peaks were not present.  The resulting 

electroforetograms however displayed very low intensity peaks.  This could be the result of a 

low yield PCR or an insufficient SBE reaction.  The low yield PCR would cause this low signal 

because there is not enough amplicons produced for the SBE reaction with the fluorescent 

ddNTPs.  The insufficient SBE reaction would cause an inadequate amount of fluorescent 

ddNTPs annealing to the amplicons do not produce enough fluorescence when excited by the 

laser beam for the optical detection device to detect.  The yield of the PCR was optimized by 

comparing different types of Taq polymerases.  It was found that the yield increased drastically 

when using Ex Taq (TaKaRa).  Very high peak intensities were gained when singleplex 

reactions were performed, but all peaks in the tenplex multiplex reaction were not present.  

Different combinations of PCRs were explored using multiplex PCRs to amplify fewer 

amplicons, i.e. groups of 3 and 4 amplicons.  Splitting the multiplex PCR into two reactions and 

mixing the produced amplicons prior to SBE yielded best results. 

 

The participants were genotyped using this grouping method, some results were however not 

clear.  The genotyping was repeated and peaks in the resulting electroforetogram were blue 

again, indicating termination on only the guanine base and the peaks represented fragments of 

mostly larger than expected sizes.  The capillary was replaced again, but upon running the 

samples again the blue peaks remained. 

 

The SNaPshot experimental flow is shown in Figure 14. 
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Figure 14.  Schematic representation of the experimental flow of the SNaPshot experiments 
The approach followed is indicated on the left and the result of the experiment is indicated on the right. 
 
 

PCR amplification (Knaapen et al., 2004) (Section 

3.4.1) 

SBE (Knaapen et al., 2004) (Section 3.4.2) 

 

E5 Dye Set as recommended by Applied 

Biosystems  

Troubleshooting was performed to find 

contamination causing blue (guanine) peaks  

Genetic Analyser capillary was replaced  

Different polymerases were explored to increase 

yield (Section 3.4.2.1) 

Alternative PCR combinations were explored  

Different combinations of separate PCRs and SBE 

reactions were explored (Section 3.4.2.2) 

Agarose gel (ten amplicons visualized) 

 

No contamination found 

Peaks of the right size and colour, but with low 

intensity 

 

Ex Taq (Takara) gave best results. Singleplex 

reactions were performed.  High peak intensities 

obtained, all peaks were however not present in 

the multiplex reaction 

 

3 combinations of 3 or 4 SNPs were identified 

2 PCR reactions and a combined SBE delivered 

best results 

Participants genotyped (Section 3.5.2) 

Some results were unclear 

Repeated the experiment to clarify the results 

Blue peaks as seen before 

Replaced capillary 

Blue peaks remained 

Genetic Analyser Electroforetogram (triple and 

quadruple peaks of incorrect colour) 

All peaks in electroforetogram are blue, and mostly 

large fragments are represented. 
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3.4.1 SNaPshot step one: PCR amplification 

The first step of the SNaPshot genotyping technique is the PCR. This can be performed either 

as a single- or multiplex reaction. During implementation of the technique the PCR had to be 

standardized.  Singleplex PCR reactions were performed prior to multiplex reactions to assess 

amplification of each amplicon separately.  Results of the PCR, adapted from Knaapen et al, 

(2004), is given below followed by the PCR adapted from Ketelslegers et al., (2006).  

 

Ten PCRs were performed as described in Section 2.4.1.1, exactly as described by Knaapen et 

al, (2004), to confirm that the oligonucleotide concentrations and PCR conditions are 

satisfactory.  A 1.5% agarose gel stained with ethidium bromide (EtBr) was used to separate 

and visualise the products.  The bands observed were very faint as can be seen in Figure 15.  

The reason for this could be that the products are small (97-141bp) or that the yield is low.  If 

necessary, the number of cycles used for amplification can be increased for better amplification.  

Because of the high sensitivity of the genetic analyser, this small amount of product is sufficient. 
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Figure 15.  Agarose gel electrophoresis analysis of singleplex PCRs set up as described by 

Knaapen et al, (2004), for generation of ten amplicons of the SNaPshot assay 

Samples, no template control and DNA size standard was loaded prior to electrophoresis at 80 volts.  The 
size (in basepairs) of the DNA size standards are indicated to the left of the figure.   
 

 

Three PCRs, set up as described by Ketelslegers et al., (2006) were performed as described in 

Section 2.4.1.1 to confirm the oligonucleotide concentrations and PCR conditions are 

satisfactory.  A 1.5% agarose gel stained with EtBr was used to separate and visualise the 

products.  The bands observed were satisfactory as can be seen in Figure 16.  Although non-

specific amplification of the BRCA PCR occurred, there was sufficient amplification of the 
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desired amplicon.  If enough of the desired amplicon is generated, SNaPshot genotyping would 

still be possible as the SBE oligonucleotides are specific for the correct amplicon. 
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Figure 16.  Agarose gel electrophoresis analysis of singleplex PCRs as described by Ketelslegers 
et al., (2006) for generation of two amplicons of the SNaPshot assay 
Samples, No template control (not shown) and DNA size standard was loaded prior to electrophoresis at 
80 volts.  The size (in basepairs) of the DNA size standards are indicated to the left of the figure.   
 

 

3.4.2 SNaPshot step 2: SBE reaction and analysis on the Genetic Analyser 

After the PCR, the rest of the SNaPshot experimental procedure was performed.  The clean-up 

procedures and single base extension was performed on only singleplex reactions to make sure 

each amplification as well as the SBE for each amplicon works individually.  The samples were 

then run on the Genetic Analyser by Dr. Charlotte Mienie, from the ARC-Grain Crops Institute in 

Potchefstroom.  Some of the electroforetograms obtained are shown in Figure 17 and Figure 

18.  It is expected that each electroforetogram would have a single peak or two peaks of 

different colour next to each other indicating a homozygous or heterozygous genotype 

respectively. 
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The first run on the Genetic Analyser did not yield the desired results when compared to results 

reported by Knaapen and associates (2004).  Peaks seen on the electroforetogram did not 

match the expected colours that would represent the possible genotypes for the specific SNPs.  

Triple and quadruple peaks would appear for one marker (as shown in Figure 17).  Triple and 

quadruple peaks could be a result of peak pull-up.  Peak pull-up can occur when a high 

concentration of a specific length DNA moves through the capillary of the genetic analyser.  A 

very high peak (intensities of up to 7000) of the correct colour would then be seen in the 

electroforetogram.  Underneath this high peak other peaks of the remaining colours would also 

be present.  The high intensity of the fluorescence of the specific colour would excite the 

receptors of other colour fluorescence as well, causing the software of the Genetic Analyser to 

interpret it as other colour peaks that are underneath the high intensity peak or ―pulled up‖.  This 

is however not likely the case here as the intensity of the peaks are not always very high as can 

be seen in the top row of Figure 17 with the MTHFR*1 example.  The Figure 17 bottom row 

NAT2*6 example could be as a result of peak pull-up, but when the multiplex reaction 

electroforetogram in Figure 18B is inspected, it can clearly be seen that this is not the cause as 

the triple peaks are even seen in peaks with intensities lower than 200 fluorescent units. 

 

 

  
Figure 17.  Example of results after analysis on the Genetic Analyser showing the triple and 
quadruple peaks 
A: The peaks of singleplex runs of MTHFR*1, GSTP1*2 and NAT2*6 are shown.  B: The same peaks are 
displayed but on a larger X-axis scale.  The quadruple peaks are clearly visible in the large view (B) of 
NAT2*6 
 

 

The GSTM1*0 peak was not present in either the single or multiplex electroforetograms, 

although it was not clear that any of the peaks present were correctly assigned to the assumed 

genetic markers.   

A B 
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When the experiment was repeated with a larger sample size, the same type of problem was 

seen in the electroforetogram.  It was also interesting to see the similarity in the 

electroforetograms when DNA from different subjects was used.  Singleplexing of GSTM1*0 

with these samples did also not solve the problem of the absence of this peak.  Another reason 

for concern was the no template control sample that also had a substantial amount of peaks 

(see Figure 18C) 

 

 
Figure 18.  Electroforetogram of multiplex SNaPshot genotyping of DNA from different 
participants 
Represented in electroforetograms A and B, again with triple and quadruple peaks of incorrect colour.  
The no template control sample that also displayed a substantial amount of peaks can be seen in 
electroforetogram C. 
 

 

Peaks observed had broad bases and were poorly separated (Figure 18). It was discovered that 

the Dye Set used to run the samples (G5) is not suitable for SNaPshot and was the likely cause 

of the broad, triple and quadruple peaks.  The specifications for SNaPshot as supplied by the 

manufacturer of the Genetic Analyser (ABI) were a 36-cm capillary array and POP-4 polymer to 

be run on the SNP36_POP4 default module and with Dye Set E5.  Dye Set E5 as 

recommended by Applied Biosystems was selected and used for further analyses (see Figure 

19).   
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Figure 19.  Representative electroforetograms of samples analysed after installation of the E5 Dye 
Set  
All peaks in the electroforetograms are blue, and only fragments significantly larger than expected are 
observed.  A being a representative electroforetogram and B the no template control sample‘s 
electroforetogram. 
 

 

All samples had predominantly blue peaks indicating termination with a guanine ddNTP, and 

only large fragments (exceeding 1000 fluorescent units) are observed.  It is important to note 

that the no template control samples also had peaks of significant intensity of the same large 

size seen in Figure 19B.  Troubleshooting was performed to find contamination that might be 

responsible for the blue peaks in all the samples.  New reagents and unused aliquots of all 

reagents were tested to find a possible source of contamination.  For the PCR each reagent 

was replaced by an unopened or stock reagent and samples were loaded on a 1.5% agarose 

gel and electrophoresed to see if large amplicons were produced.  It is however not possible to 

see if these fragments terminated on a guanine base by means of gel electrophoreses. If large 

fragments were produced gel electrophoresis might however explain the larger than expected 

size amplicons represented by the blue peaks.  In none of the gels used to find contamination 

fragments larger than the expected 200 bp were found. 

 

Assessing the reactions subsequent to the PCR for contamination was more challenging.  The 

entire SNaPshot protocol had to be followed and the sample had to be run on the Genetic 

Analyser to confirm if blue peaks were present.  A number of reagents could have been 

responsible. Both the clean-up enzymes, SAP and ExoSAP-IT were replaced, but did not have 

an effect on the blue peaks.  New aliquots of SBE primers were tested for contamination, but 

the electroforetogram was still unchanged with the majority of the peaks being blue.   

 

To establish if the origin of the blue peaks may be within the Genetic analyser, a run was 

performed using only Hi-Di Formamide.  The origin of the blue peaks, however unlikely, may 

also be in the GeneScan.  Two blank samples were run, GeneScan 120 LIZ and Hi-Di 

Formamide without sample and Hi-Di Formamide without GeneScan or sample. 

A B 
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Figure 20.  Electroforetograms of control samples run on the Genetic Analyser in an attempt to 
establish the origin of the blue peaks 
A: GeneScan 120 LIZ and Hi-Di without sample. B: Hi-Di Formamide without GeneScan or sample. 
 

 

As expected, no contamination was found as the possibility of contamination resulting in an 

electroforetogram with only blue peaks is highly unlikely.  Further to this, the blue peaks 

represent large fragments that were not visible on the agarose gel of the multiplex PCR 

products. This suggests that the large fragments are either present at very low concentrations 

or not (yet) present at all after the PCR.  The Genetic Analyser was thus the only unexamined 

possible source of the unexplained blue peaks. Products remaining in the capillary from 

previous runs on the Genetic Analyser that becomes evident in subsequent runs are a possible 

cause.  The Genetic Analyser at the ARC-Grain Crops Institute in Potchefstroom is 

predominantly used for Microsatellite marker analyses.  A procedure to flush the capillary on the 

Genetic Analyser was repeatedly performed but the blue peaks remained. The capillary is 

guaranteed for a number of runs by Applied Biosystems and after scrutiny of the logs of the 

Genetic Analyser it was discovered that this number was far exceeded so the capillary was 

replaced.  The blue peaks were absent in analyses performed after replacement of the capillary 

and it was concluded that an old or overused capillary was the cause.  

 

The peaks obtained after analysis with the new capillary appeared to be of the right size and 

colour, but the peaks had very low intensity and the resulting data, shown in Figure 21, was not 

deemed trustworthy due to peaks being difficult to clearly distinguish from baseline noise.  Low 

intensity peaks could be caused by low amplicon yield in the PCR.  This resulted in an 

insufficient amount of amplicons available for the SBE primers to anneal to, resulting in a low 

quantity of the fluorescent ddNTPs being incorporated with subsequent low signal observed on 

the Genetic Analyser (See Section 3.4.2.1).  The other possible cause for low intensity peaks is 

A B 
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a too low concentration of SBE oligonucleotides to bind to the amplicon which will have the 

same effect as low amplicon yield (see Section 3.4.2.2). 

 

 
Figure 21.  Electroforetograms illustrating the low intensity of the peaks obtained 
The intensity of the peaks was below 100, making the data untrustworthy.  A: The low intensity peak of 
the MTHFR2 SNP.  B: The low intensity peak of the NAT2*5 SNP. A blue peak of approximately 165 base 
pairs in length outside of the expected size range also appeared in the electroforetogram. 
 

 

A blue peak of approximately 165 base pairs in length was noticed in most of the samples, but it 

did not seem to interfere with the much smaller desired peaks. In later experiments the same 

peak was also noticed, with the same apparent lack of interference with the peaks of interest. 

A 

B 



 
60 

3.4.2.1 Optimizing the yield of the PCR 

All PCR reagents were investigated to optimize yield, Platinum Taq (Invitrogen) from a different 

batch was ordered.  Further to the Platinum Taq, polymerases from two other manufacturers, 

TaKaRa and Biotools were also used in an attempt to increase yield. Results from this 

experiment are shown in Figure 22. 
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Figure 22.  Agarose gel electrophoresis analysis to visualise yields obtained after the multiplex 

PCR was set up with different DNA polymerases   

Samples, no template control and DNA size standard was loaded prior to electrophoresis at 80 volts.  
Polymerases used are from right Platinum taq (Invirtogen) Ex Taq (TaKaRa) and Biotools taq. Each 
polymerase is followed by that polymerase‘s no template control sample. 
 

 

As is evident from Figure 22, Ex Taq (TaKaRa) yielded the most product in this multiplex PCR 

and singleplex PCRs were performed to confirm amplification in each of the 10 singleplex 

PCRs. (Figure 23).  The amplicons obtained after PCR were processed through the rest of the 

SNaPshot technique and analysed on the Genetic Analyser.  Very high, off scale peaks were 

obtained (shown in Figure 24).  Not all of the peaks in the multiplex reaction had comparable 

intensities and the cause for low yield in the multiplex reaction must have been in the PCR, 

because the singleplex reactions all yield high peak intensities. 
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Figure 23.  Agarose gel electrophoresis analysis of singleplex PCRs set up as described by 

Knaapen et al, (2004), for generation of ten amplicons used in the SNaPshot assay 

Samples, no template control and DNA size standard was loaded prior to electrophoresis at 80 volts.  The 
size (in basepairs) of the DNA size standards are indicated to the left of the figure.  The expected size 
and name of the respective amplicons are indicated above the figure. 
 

 

 

 

Figure 24.  Representative electrophoretogram subsequent to replacing Platinum Taq (Invitrogen) 
with Ex Taq (TaKaRa) 
The highest peak intensities up to that stage were obtained in the singleplex reactions as seen in A as 
well as the multiplex reaction seen in B. 
 

 

100 

50 

250 

150 

200 

A 

B 



 
62 

Subsequent to replacing Platinum Taq (Invitrogen) with Ex Taq (TaKaRa), the highest peak 

intensities up to that stage were obtained in the singleplex reactions.  All peaks were however 

not present in the multiplex reaction and alternative PCR combinations were explored.  Of these 

the following delivered best results: 

a. Multiplex Cyp1A2*F, GSTP1*2, GSTP1*3  
b. Multiplex NAT2*6, MTHFR1, MTHFR2 (shown in Figure 25),  
c. Multiplex GSTM1*0, GSTT1*0, NAT2*5, NAT2*7  

 

Based on the size and colour of the peaks obtained for each SNP, bins were created (as can be 

seen in Figure 25), to ease genotyping each participant. A bin is created including a specific 

size interval for a specific SNP (indicated above the electroforetogram) and the GeneScan 

software would then automatically genotype the SNP which is then indicated below the 

electroforetogram. 

 

 
Figure 25.  Representative electrophoretogram of the alternative PCR combinations 
In this figure the multiplex NAT2*6, MTHFR1, MTHFR2 reaction is shown. All expected peaks are 
present. The bins created, represented by the shaded areas of different colour, and the identities of the 
SNPs they represent can also be seen. 
 

 

3.4.2.2 Optimizing SBE oligonucleotide concentration 

The alternative PCR multiplex groups described above were used in different combinations in 

the SBE reaction as indicated in Table 17.  Oligonucleotide concentrations were adjusted to 

generate even yields of amplicons so that the intensities of the peaks in the electroforetogram 

are of comparable intensity.  GSTM1*0 was not included in the reaction as this SNP has not yielded a 

peak in any of the previous reactions performed. 
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Table 17.  Adjustment of multiplex PCR oligonucleotide concentrations for the optimisation of 
amplicon yields 

PCR group SNP Original 
Oligonucleotide 
Concentration (µM) 

Adjusted 
Oligonucleotide 
Concentration (µM) 

1 CYP1A2*1F 0.5 0.4 

1 GSTP1*2 0.5 0.5 

1 GSTP1*3 0.7 0.9 

2 GSTT1*0 0.5 0.5 

2 NAT2*5 0.3 0.5 

3 NAT2*6 0.3 0.2 

2 NAT2*7 0.3 0.5 

 GSTM1*0 0.5 - 

3 MTHFR*1 0.3 0.2 

3 MTHFR*2 0.5 0.3 

The original 10 amplicons were divided into three groups of three amplicons each, designated groups are 
indicated in the first row and the adjusted oligonucleotide concentrations are indicated in the last row. 
 
 

The reactions listed below were set up for groups that were amplified in different PCRs and then 

combined for the SBE reaction. These combinations were also used for reactions where both 

the PCR and SBE reactions were performed separately and the products were then mixed 

before analysis on the genetic analyser. 

1. Group 1 (CYP1A2*1F, GSTP1*2, GSTP1*3) 

2. Group 2 (NAT2*6, MTHFR*1, MTHFR*2) 

3. Group 1 & 2(CYP1A2*1F, GSTP1*2, GSTP1*3), (NAT2*6, MTHFR*1, MTHFR*2) 

4. Group 3 (GSTT1*0, NAT2*5, NAT2*7) 

5. Group 1 & 3 (CYP1A2*1F, GSTP1*2, GSTP1*3), (GSTT1*0, NAT2*5, NAT2*7) 

6. Group 2 & 3 (GSTT1*0, NAT2*5, NAT2*7), (NAT2*6, MTHFR*1, MTHFR*2) 

7. All groups (CYP1A2*1F, GSTP1*2, GSTP1*3), (NAT2*6, MTHFR*1, MTHFR*2), (GSTT1*0, 

NAT2*5, NAT2*7) 

 

 
Figure 26. Electroforetogram of reactions where different PCRs were performed which was then 
combined for the SBE reaction 
Electroforetogram of SNaPshot reaction where 3 different PCRs were performed (group 1, 2 and 3) and 
the PCR products were then cleaned as per the normal procedure, pooled and the SBE was then 
performed (in one tube). The groups used were as follows: group 1: CYP1A2*1F, GSTP1*2 and 
GSTP1*3, group 2 NAT2*6, MTHFR*1 and MTHFR*2 and group 3 GSTT1*0, NAT2*5 and NAT2*7). 
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It was concluded that reaction number 7, where the PCRs were done separately and the SBE is 

combined, delivered the best results. However doing 3 PCRs is not cost effective so the 

combination of reaction 1 and 6 was investigated and similar results to those shown in Figure 

26 were obtained.  The MTHFR SBE primer concentration was changed from 0.3 to 0.2 µM to 

decrease the size of the large blue peak.  The participants were genotyped and the results 

obtained are shown in Table 18. 

 

3.4.2.3 Participant genotyping results 

The participant were genotyped using the grouping method explained previously, some results 

were however not clear.  The genotyping was repeated and peaks in the resulting 

electroforetogram were blue again, indicating termination on only the guanine base and the 

peaks represented fragments of mostly large sizes.  The capillary was replaced again, but upon 

the rerun of the experiment the blue peaks remained.  It was decided that investigation hereof is 

not worth the trouble and costs involved.  It was also stated by a SNaPshot service provider that 

Applied Biosystems would cease the supply of this product.  No reason for this was given.  

 

Table 18.  Genotypes of selected SNPs of participants genotyped with the method adapted from 
Knaapen et al, 2004. 

Participant 

ID  

MTHFR*1 

G//A 

GSTP1*2 

A/G 

NAT2*6 

G/A 

MTHFR*2 

T/G 

CYP1A2*1F 

C/A 

GSTP1*3 

C/T 

GSTT1*0 

A/G 

NAT2*5 

T/C 

NAT2*7 

G/A 

1 G/A G/A G/G T/T C/A C/C G/A C/T G/G 

2 A/A A/A G/A T/T C/A C/C G/A T/T G/G 

3 G/A A/A G/A T/T A/A C/C G/A C/T G/G 

4 G/G A/A G/A T/T A/A C/C G/A C/T G/G 

5 G/A G/G G/A G/T A/A C/C G/A T/T? G/G 

6 G/G? G/A G/G G/T A/A C/C G/A C/T G/G 

7  G/A? A/A G/A G/T? ? ? G/A C/T G/G 

8 G/A A/A G/G T/T A/A C/C G/A C/T G/G 

9 G/A? A/A ? T/T C/C C/C G/A ? ? 

10 A/A? G/A G/G? T/T C/A C/C G/A? C/C? G/G? 

11 G/A? G/A G/G T/T A/A C/C G/A C/T G/G 

12 G/G G/G G/A T/T C/A C/C G/G C/T G/G 

13 G/A G/G ? T/T ? ? G/A C/T G/G 

14 G/A G/A G/G G/T A/A C/C G/A C/C G/G 

15 G/A G/A ? T/T A/A C/C G/A C/T G/G 

16 G/A G/A G/A T/T C/A C/C G/A T/T G/G 

17 G/A A/A G/A T/T A/A C/C G/A C/T G/G 

18 A/A? G/A G/G? ? C/A C/C G/G C/C? ? 

?: participants where the genotype could not be clearly determined from the electroforetogram of the 
participant or the peak representing the SNP in question was absent. 
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3.4.3 Duplex of GPX1 and BRCA2 

GPX1 and BRCA2 (Ketelslegers et al., 2006) SNPs were genotyped in a duplex reaction and 

the results obtained are summarized below in Table 19.  Some of the peaks had off scale high 

intensity and dilutions were prepared.  Figure 27 shows results obtained from the duplex 

SNaPshot.  Figure 27A is the electroforetogram of participant 13, who is homozygous for the 

wild type genotype (G) for each of the two SNPs.  Participant 14, shown in Figure 27B, is 

heterozygous for both SNP alleles.  In Figure 27C, the electroforetogram of participant 15 is 

shown and this participant is homozygous wild type for the GPX1 SNP and homozygous 

polymorphism for the BRCA2 SNP.  The no template control (shown in Figure 27D) did not have 

significant peaks, as expected, thereby confirming that no DNA contamination was present in 

the PCR. 

 

 

Figure 27.  Representative Electroforetograms and a no template sample for genotyping the 

selected GPX1 and BRCA2 SNPs  

A is the electroforetogram homozygous for the wild type genotype (G).  B is the electroforetogram 
indicating a genotype of heterozygous for both SNP alleles C, the electroforetogram of homozygous wild 
type for the GPX1 SNP and homozygous polymorphism for the BRCA2 SNP.  D the electroforetogram of 
the no template control reaction. 
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Table 19.  Genotypes of selected SNPs in the GPX 1 and BRCA2 genes 

Participant ID GPX1 

G/A 

BRCA2 

G/A 

1 G/A G/A 

2 G/G G/G 

3 G/A G/A 

4 G/G G/A 

5  A/A G/G 

6  G/A A/A 

7  G/A G/G 

8  G/A G/A 

9  G/G G/G 

10  G/A G/G 

11 G/A G/A 

12  G/G G/G 

13  G/G G/G 

14  G/A G/A 

15  G/G A/A 

 

3.5 Genotyping using Affymetrix DMET™ microarray  

At the time the study was conducted, and to my knowledge to date, the Affymetrix DMET 

microarray was not yet available in South Africa.  Companies delivering this service have to be 

approved by Affymetrix before they are permitted to deliver the service.  The Centre for 

Proteomic & Genomic Research (CPGR) in South Africa is in progress to be accredited by 

Affymetrix, but is not yet permitted to deliver commercial DMET microarray genotyping services.  

Analyses were outsourced to a company in the Republic of Korea, DNALink. 

 

Participant DNA that was previously isolated for SNaPshot assays was diluted to the 

appropriate concentration (± 3µg of 100ng/µl genomic DNA) and shipped to DNALink in Seoul, 

Republic of Korea for DMET™ microarray analysis.  The quality control of the measurements 

was based on the call rate.  Figure 28 portrays the call rates of the 24 samples which consisted 

of the 21 participants samples and 3 positive controls (PC) added by DNALink.  Note that the 3 

participants that were eventually excluded from this study are indicated in red and are located 

on the right hand side of Figure 28. 
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Figure 28.  DMET call rate percentage of participants 
All samples with the exception of sample 21 had a call rate of at least 98%.  Samples represented by red 
dots were excluded either because they were controls (PC1 – PC3), or incomplete detoxification profiling 
data were available (19, 20), or because they failed quality control (21). 
 

 

The 6 participants excluded from the study are labelled as participants 19 – 21 and PC1 – PC3.  

Although the call rate of participant 19 and 20 was well within the acceptable limits, they were 

excluded from the study because the available detoxification profiling data for these samples 

was incomplete. 

 

From the DMET console it is possible to export the data in different formats and different 

genetic markers can be exported.  The most elementary way of exporting the data is the 

genotyping export.  All the data (1931 genetic markers) is exported in genotype format.  For 

example genetic marker x, participant x, G/G.  The Allele translation export (778 genetic 

markers) is more complex in that the genotype is being exported (G/G) and the haplotype, for 

example variant/variant if guanine was in this case the polymorphic allele.  It was decided to 

only use the allele translation export as it would give more meaning to the study if the haplotype 

is known.  With the statistical analyses it was noted that the study population is very small for in 

comparison to the large number of genetic markers on the microarray.  If there is no variation 

within a study population, it would mean that there is no variation in the population being 

represented if the study population is large enough.  However, the study population of 18 

participants for this study is not large enough and would thus not represent a population 

accurately.  If no genetic variation for a specific genetic marker occurred in the population it 

could thus not be included in the study.  In 222 of the genetic markers variation of genotype 

occurred within the participant group.  See Figure 29   
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Figure 29.  Reduction of data and inclusion of only certain genetic markers 
222 genetic markers were included in the study where the haplotype is known for that marker and could 
be exported and genetic variation amongst the participants occurred for that genetic marker. 
 

 

3.5.1 Marker clustering approach  

Given the large number of genetic markers (778) and few participants (18), the following 

clustering approach was pursued.  First, a percentage distribution was constructed for each of 

the 778 genetic markers that indicated the percentage of wild, heterozygous and homozygous 

genotypes.  Then the genetic markers were ranked according to the descending wild type 

percentage.  From this ranking, five clusters were identified namely: 1 predominantly wild type, 

2 predominantly heterozygous and 3 predominantly homozygous, 4 pure wild type and 5 pure 

homozygous.  The first three clusters make out the 222 markers where variation occurred in the 

genotypes of the participants as indicated in Figure 29.  The clustering and number of genetic 

markers belonging to each cluster are schematically represented in Figure 30.  The genetic 

markers that comprise each cluster (1, 2 and 3) are comprised of are listed in Appendix III, 

Appendix IV and Appendix V respectively.  The total number of these markers is 222.  Cluster 4 

and 5 had homologous groupings of the genetic markers where all participants had the same 

genotype either being wild type or homozygous for the variant.  The genetic markers included in 

these clusters are listed in Appendix VI and Appendix VII.  The ranked percentage distributions 

of the first 3 clusters are represented graphically in the bar chart as shown in Figure 31.  
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Figure 30.  Clustering of data into 5 groups or clusters 
These clusters consist of genetic markers where participants in each cluster have a specific genotype, as 
explained by the cluster name: 1 predominantly wild type, 2 predominantly heterozygous, 3 predominantly 
homozygous, 4 pure wild type and 5 pure homozygous.  Each Cluster consists of the number of genetic 
markers indicated in brackets. 
 

 

 
Figure 31.  Bar chart of the ranked percentage distributions indicating clustering of 222 genetic 
markers 
Three clusters were identified namely predominantly wild type (indicated in blue), predominantly 
heterozygous (indicated in red) and predominantly homozygous (indicated in green). 
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3.5.2 Participant clustering and frequency distributions 

Prior to participant clustering discussed in Section 3.5.4 and graphically represented in Figure 

30, variable reduction of the 222 DMET genetic markers, (163 predominantly wild type, 49 

predominantly heterozygous and 10 predominantly homozygous) was performed as follows.  

For each participant, the percentage distribution of wild, heterozygous and homozygous 

genotype was calculated using only genetic markers from each cluster.  The result of this 

dimension reduction is shown in Table 20. 

 

Table 20.  Clustering according to % distribution of the 222 genetic markers where variation 
occurred in the genotypes of the participants 
Participant Cluster 1: Predominantly wild 

type 
Cluster 2: Predominantly 

heterozygous 
Cluster 3: Predominantly 

homozygous 
W He Ho W He Ho W He Ho 

1 85.00% 10.63% 4.38% 34.69% 26.53% 38.78% 11.11% 11.11% 77.78% 

2 72.96% 23.27% 3.77% 41.30% 36.96% 21.74% 0.00% 37.50% 62.50% 

3 68.94% 29.81% 1.24% 24.49% 63.27% 12.24% 10.00% 20.00% 70.00% 

4 74.19% 23.23% 2.58% 25.58% 53.49% 20.93% 14.29% 28.57% 57.14% 

5 73.01% 25.77% 1.23% 24.49% 55.10% 20.41% 30.00% 30.00% 40.00% 

6 81.60% 17.18% 1.23% 48.98% 42.86% 8.16% 0.00% 10.00% 90.00% 

7 78.40% 18.52% 3.09% 30.61% 59.18% 10.20% 0.00% 22.22% 77.78% 

8 78.40% 17.90% 3.70% 32.65% 40.82% 26.53% 0.00% 33.33% 66.67% 

9 80.12% 18.01% 1.86% 38.78% 44.90% 16.33% 33.33% 44.44% 22.22% 

10 69.18% 28.30% 2.52% 13.04% 71.74% 15.22% 0.00% 55.56% 44.44% 

11 74.07% 20.99% 4.94% 32.65% 48.98% 18.37% 12.50% 50.00% 37.50% 

12 72.22% 20.37% 7.41% 16.33% 69.39% 14.29% 11.11% 22.22% 66.67% 

13 78.62% 19.50% 1.89% 22.92% 68.75% 8.33% 0.00% 33.33% 66.67% 

14 79.87% 15.09% 5.03% 21.74% 50.00% 28.26% 12.50% 25.00% 62.50% 

15 75.16% 24.84% 0.00% 32.65% 59.18% 8.16% 0.00% 33.33% 66.67% 

16 83.33% 16.05% 0.62% 29.17% 62.50% 8.33% 10.00% 40.00% 50.00% 

17 77.99% 16.35% 5.66% 30.43% 36.96% 32.61% 0.00% 12.50% 87.50% 

18 71.25% 25.00% 3.75% 22.45% 67.35% 10.20% 14.29% 14.29% 71.43% 

Wild type (indicated in blue), heterozygous (indicated in red) and homozygous (indicated in green) 
genotypes for each participant in cluster 1, 2 and 3. 
 

 

The data set presented in Figure 32 A and B is a summary of all the information contained in 

the 222 DMET genetic markers.  Using this summarized data as input, the participant clustering 

results is represented in graphical format in Figure 32.  The PCA scores plot is shown in Figure 

32 A and the hierarchical cluster analysis is shown in Figure 32 B.  The PCA was based on the 

correlation matrix and two principal components which explained 67.3% of the variation in the 

data.  Subsequently, the relationship between the detoxification profile and the genotype was 

investigated.   
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Figure 32.  Graphic representation of participant clustering based on genetic variation 
A is a PCA and. B is the hierarchical clustering of the 222 DMET genotyping markers.  C1 to C18 on the 
bottom of the hierarchical clustering analysis represent the 18 participants.  Red and green circles 
represent the clusters formed by the hierarchical cluster analyses of the detoxification profiling. 
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3.5.3 Relationship between detoxification profile and genotype 

To find a relationship between the detoxification profiles and the genotype of participants is the 

essence of the study. If a specific genotype could be linked to a specific detoxification profile, 

the cause of that detoxification profile might be elucidated.  More research would have to be 

done as the number of participants is too small.   

 

The approaches followed to investigate the relationship between the detoxification profile and 

genotype was: 

 Comparison of participant clustering, (Section 3.5.4) 

 A targeted approach where genes associated with the detoxification of the probe 

substrate detoxification was investigated.  (Section 3.5.5) 

 A required sample size estimation (Section 3.5.6) was also performed for future 

investigations to follow on this matter.  

 

3.5.4 Clustering of participants to establish a relationship between detoxification profile 
and genotype 

The clustering of participants using the phase I and II detoxification profiles and the DMET™ 

percentage distribution (see Section 3.3 and 3.5 respectively) was compared to investigate the 

possibility of similar clustering of the participants.  The results are displayed in Figure 33. 
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Figure 33.  Graphic representation of participant clustering based on detoxification profiling and DMET genotyping 
A and B are PCAs of detoxification profiling and DMET genotyping respectively.  C and D are the Hierarchical clustering of detoxification profiling and the 222 DMET 
genotyping markers respectively.  C1 to C18 on the bottom of the Hierarchical clustering analysis represent the 18 participants.  Red and green circles represent the 
clusters formed by the hierarchical cluster analyses of the detoxification profiling. 
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If I use the detoxification profiling data as reference, I observe that both the detoxification 

profiling and DMET data contain information that forms two clusters indicated by a red circle 

(consisting of participants 1, 2, 8, 5, 9 and 11) and a green circle (consisting of participants 3, 7, 

14, 16, 4, 10, 12, 18, 17, 6, 13 and 15).  Although there appears to be a relationship, the 

participants that cluster together based on the detoxification profiles do not seem to cluster 

together based on the DMET data because of the big overlap between the two circles.  Hence, 

it is evident from the cluster outputs that no clear relationship of the detoxification profiling and 

DMET clusters exists.  This can possibly be caused by a lack of data, which is addressed in 

more detail in Section 3.5.6.  To investigate the possibility of a relationship further, a targeted 

approach was consequently followed. 

 

3.5.5 Targeted gene approach to establish a relationship between detoxification profile 
and genotype 

In this approach, genes associated with probe substrate detoxification were selected to 

investigate their effect on detoxification.  Due to the limited number of participants, only visual 

comparisons were made using stratified dot plots.   

 

3.5.5.1 Explanation of data representation 

In the targeted approach the stratified dot plots are used to examine the relationship between 

the SNPs and detoxification profiling data visually.  To explain the stratified dot plots the 

example displayed in Figure 34 was constructed from randomly generated data of 100 

hypothetical participants.  In the example the marker genotype has an effect on the phenotype 

which was measured, and as in the case of the study, the example phenotype is detoxification.  

The effect of the SNP will be evident if the wild, heterozygous and homozygous genotypes have 

distinctly different phenotypes, in the example and in the case of the study distinctly different 

detoxification tempos.   

 

Participants who have a detoxification tempo within the normal range demonstrated by the red 

dotted lines are indicated with black dots.  Participants with detoxification tempos outside of 

normal limits are indicated with red dots.   

 

In the example figure the heterozygotes have a slightly increased detoxification tempo, and the 

homozygotes have a markedly increased detoxification tempo, well outside of the normal range.  

From this example it can be concluded that this SNP increases the participant‘s ability to 

detoxify the probe substrate.   
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The percentage of participants possessing each genotype is indicated above each dot plot; in 

the example the percentage of participants possessing a wild genotype is 60%.  It should be 

noted that in the example, the genotype is indicated horizontally for the SNP or marker.  
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Figure 34.  Example of a stratified dot plot 
Each participant is represented by a dot on the graph.  Participants who have a detoxification tempo 
within the normal range (red dotted line) are indicated with black dots.  Participants with detoxification 
tempos outside of normal limits are indicated with red dots.  The percentage of participants possessing 
each genotype is indicated at the top of each box.  Abbreviations used: W: wild type genotype, He: 
heterozygous genotype, Ho: homozygous genotype.   
 
 

However, for space consideration the genotype of the actual data, as shown in Figure 36, 

Figure 39, Figure 40 and Figure 41 is indicated vertically for each marker.  The stratified dot 

plots of the following sections consist of a range of genetic markers where each column 

represents a marker or a set of genetic markers with an identical genotype and detoxification 

profiling profile.  These columns are labelled alphabetically with an appropriate description.  In 

addition the genotype distribution is also presented as a percentage text label. 

 

It should also be noted that, provided that an adequate amount of data is available (as 

determined by the required sample size estimation), the effect of genotype on detoxification can 

also be investigated using a one way analysis of variance (ANOVA).  However, as the current 

study is only a small pilot study, no inferential statistics was performed.   

 

The selected genes and their biological relation to phase I and II detoxification are also 

described in the following sections. 
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3.5.5.2 Phase I 

For phase I, caffeine is used as a probe substrate.  The pathway for caffeine detoxification is 

shown in Figure 35.  This figure shows that CYP1A2 and CYP1A6 are the main enzymes 

involved in detoxification of caffeine.  Table 21 lists the CYP1A2 and CYP1A6 genetic markers 

that are present on the DMET microarray. 

 

The selected genetic markers (Nyeki et al., 2001) in Table 21 were graphically depicted, and 

are shown using stratified dot plots in Figure 36.  See section 3.5.5.1 for explanation of Figure 

36. 

 

For most of the genetic markers for caffeine clearance or phase I detoxification listed in Table 

21, all of the 18 participants had a wild genotype. For 26 of the 36 genetic markers all the 

participants had a wild genotype.  The remaining 10 markers had genetic variation among the 

participants and are indicated in bold in Table 21. 

 

 

Figure 35.  Metabolic pathway for detoxification of caffeine showing which of the isoforms of 
CYP1A2 and CYP1A6 are involved  
Adapted from (Nyeki et al., 2001). 
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Table 21.  Genetic markers on the DMET™ microarray that correlate with the Phase I (caffeine) 
detoxification profiling 

Enzyme Gene SNP information Reference 
Base 

Variant 
Base 

dbSNP RS 
ID 

Cytochrome P450, family 
1, subfamily A, 
polypeptide 2 

CYP1A2*1C_-3860G>A G A rs2069514 

CYP1A2*11_ (F186L) C A rs72547513 

CYP1A2*15_125C>G (P42R) C G rs72547511 

CYP1A2*16_ (R377Q) G A rs72547515 

CYP1A2*1D_-2467del T T - rs35694136 

CYP1A2*1K_-163C>A C A rs762551 

CYP1A2*1K_-729C>T C T rs12720461 

CYP1A2*1K_-739T>G T G rs2069526 

CYP1A2*2_63C>G C G rs56160784 

CYP1A2*3_1042G>A (D348N) G A rs72547514 

CYP1A2*4_ (I386F) A T rs72547516 

CYP1A2*5_ (C406Y) G A rs55889066 

CYP1A2*6_ (R431W) C T rs28399424 

CYP1A2*7_3534G>A (splice) G A rs56107638 

CYP1A2*8_ (R456H) G A rs72547517 

CYP1A2_1545T>C T C rs2470890 

CYP1A2_2385G>A (G348S) G A rs56276455 

Cytochrome P450, family 
2, subfamily A, 
polypeptide 6 

CYP2A6*1D_-1013A>G  A G rs4803381 

CYP2A6*9_-48T>G  T G rs28399433 

CYP2A6*13_13G>A (G5R) G A rs28399434 

CYP2A6_22C>T C T rs8192720 

CYP2A6_51G>A (V17V) G A rs1137115 

CYP2A6*6_1703G>A (R128Q) G A rs4986891 

CYP2A6*2_1799T>A (L160H) T A rs1801272 

CYP2A6*20 (rs28399444) AA - rs28399444 

CYP2A6*11_3391T>C (S224P) T C rs28399447 

CYP2A6*17_5065G>A (V365M) G A rs28399454 

CYP2A6*7_6558T>C (I471T) T C rs5031016 

CYP2A6*28_ (E419D) G C rs8192730 

CYP2A6*8_6600G>T (R485L) G T rs28399468 

CYP2A6_1874G>T  G T rs28399442 

CYP2A6_3570 (rs4079369) C G rs4079369 

CYP2A6_4365A>G (K289K) A G rs2644905 

CYP2A6_5336C>T  G A rs8192729 

CYP2A6_ (hCV33605265) A - rs72547582 

CYP2A6_3420A>G (P233P) A G rs3891219 

Reference base refers to the wild type allele for each of the genetic markers. 
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Figure 36.  Dot plot graphically depicting the distribution of genetic markers of the 18 participants on the DMET microarray with respect to isoforms of 
Cytochrome P450s listed in Table 21 
(a) is the representative of all genetic markers where all participants had the same, wild type genotype, (b) CYP1A2*1C_-3860 G>A, (c) CYP1A2*1D_-2467 del T, 
(d) CYP1A2*1K_-163 C>A, (e) CYP1A2_1545 T>C, (f) CYP2A6_5336 C>T (rs8192729) and CYP2A6_3570 (rs4079369), (g) CYP2A6_4365 A>G (K289K), (h) 
CYP2A6*2_1799 T>A (L160H), (i) CYP2A6_51 G>A (V17V), (j) CYP2A6*9_-48 T>G (rs28399433), (k) CYP2A6*1D_-1013 A>G (rs4803381).  Abbreviations used 
are: W: wild type, He: heterozygous, Ho: homozygous. The dotted lines represent the normal caffeine clearance range.  Each of the dots in the dot plot represents a 
participant. 
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Although no distinct pattern can be observed in Figure 36 one marker in particular had an 

interesting profile.  This maker, (e) CYP1A2_1545 T>C, is of special interest s all the 

participants with a normal detoxification profile are homozygous for the SNP.  The marker was 

genotyped by SNaPshot as well as the DMET™ microarray technology and 82.35% of the 

results matched (as shown in Table 24).  As stated in Section 1.8.4.1.1, rs762551 is a SNP 

encoding the CYP1A2*1F allele of the CYP1A2 gene.  For historic reasons, the C allele is 

considered the wild-type, even though it is the rarer allele in most populations.  The A allele is 

the "fast metabolizer" allele known as CYP1A2*1F; the C allele is by comparison a slower 

metabolizer of certain substrates (including caffeine).  In terms of genotypes, only A/A 

individuals are considered fast metabolizers (including all the participants within the normal 

caffeine clearance range).  Individuals who are A/C heterozygotes or C/C homozygotes are 

both considered slow metabolizers.  

 

3.5.5.3 Phase II 

For phase II detoxification where paracetamol was used as a probe (see Figure 37) sulfation 

can be influenced by variations in SULT1A1 (Duanmu et al., 2001), glutathionation by variations 

in GSTM1, GSTT1 and GSTP1, and glucuronidation mostly by UGT isoforms 1A1, 1A6, 1A9, 

and 2B15 as seen in Figure 38.  All the SULT1A1, GSTM1, GSTT1, GSTP1, and UGT isoforms 

represented on the DMET™ microarray are listed in Table 22. 

 

 

Figure 37.  Schematic representation of acetaminophen (paracetamol) conjugation.  
Paracetamol is used as marker for phase II detoxification profiling. Adapted from (Kavalci et al., 2009) 
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Figure 38.  Formation of acetaminophen glucuronide in the presence of various isoforms of UGT 
Adapted from (Kostrubsky et al., 2005).  
 
 

The status of the 18 participants with respect to isoforms for the three phase II detoxification 

conjugation pathways (sulfation by SULT1A1, glutathionation by  GSTM1, GSTT1 and GSTP1, 

and glucuronidation by UGT) genetic markers in Table 22 were graphically depicted in the 

following figures: Figure 39 represents sulfation genetic markers, Figure 40 represents 

glutathionation genetic markers and Figure 41 represents glucuronidation genetic markers.  

These figures consist of a range of genetic markers where each column represents a marker or 

a set of genetic markers with an identical genotype and detoxification profile.  These columns 

are labelled alphabetically with an appropriate description.  In addition the genotype distribution 

is also presented as a percentage text label. 

 

For most of the genetic markers of the three phase II detoxification conjugation pathways listed 

in Table 22, all of the 18 participants had a wild genotype.  For sulfation, two of the three 

genetic markers had a wild genotype.  The remaining marker had genetic variation among the 

participants and are indicated in bold in Table 22. For glutathionation, 10 of the 14 genetic 

markers had a wild genotype.  The remaining 4 markers had genetic variation among the 

participants and are indicated in bold in Table 22.  For glucuronidation 36 of the 55 genetic 

markers had a wild genotype.  The remaining 14 markers had genetic variation among the 

participants and are indicated in bold in Table 22. 
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Table 22.  Genetic markers on the DMET™ microarray that correlate with the Phase II 
detoxification profiling 

 Enzyme Gene SNP information Reference 
Base 

Variant 
Base 

dbSNP RS 
ID 

S
u

lf
a
ti

o
n

 Sulfotransferase 
family, cytosolic, 1A, 
phenol-preferring, 
member 1  
 

SULT1A1*2_2663G>A (R213H) G A rs9282861 

SULT1A1*3_17034G>A 
(V145M) 

A G rs1801030 

SULT1A1*4_ (R37Q) G A rs72547527 
 
 

G
lu

ta
th

io
n

a
ti

o
n

 

Glutathione S-
transferase mu 1  

GSTM1*B_2643G>C  G C rs1065411 
GSTM1_1097A>G  T C rs737497 
GSTM1_344T>C (Y28Y) C T rs1065410 

Glutathione S-
transferase pi 1  

GSTP1*B_1375A>G (I105V) A G rs1695 
GSTP1*C_2265C>T (A114V) C T rs1138272 
GSTP1_-18A>G  A G rs8191439 
GSTP1_2363G>T (D147Y) G T rs4986949 
GSTP1_310C>G (rs8191444) C G rs8191444 

Glutathione S-
transferase theta 1  

GSTT1*B_4830A>C (T104P) A C rs11550605 
GSTT1*C_7387G>A (V169I) G A rs2266637 
GSTT1_2466T>G (F45C) T G rs17856199 
GSTT1_61G>A (A21T) G A rs2266635 
GSTT1_7236G>A (V118V) G A rs2266636 
GSTT1_7399G>A (E173K) G A rs2234953 

G
lu

c
u

ro
n

id
a
ti

o
n

 

UDP 
glucuronosyltransfera
se 1 family, 
polypeptide A1  

UGT1A1*10_1021C>T (R341X) C T rs72551349 
UGT1A1*11_923G>A (E308G) G A rs62625011 
UGT1A1*12_524T>A (Q175L) T A rs72551341 
UGT1A1*14_826G>C (R276G) G C rs72551345 
UGT1A1*15_529T>C (R177C) T C rs72551342 
UGT1A1*16_1070A>G (Q357R) A G rs72551351 
UGT1A1*17_1143C>G (S381R) C G rs72551354 
UGT1A1*18_1201G>C (P401A) G C rs72551355 
UGT1A1*20_1102G>A (T368A) G A rs72551352 
UGT1A1*24_1309A>T (K437X) A T rs72551357 
UGT1A1*27_686C>A (P229Q) C A rs45627238 
UGT1A1*28_  (TA)5or6 (TA)7or8 rs34815109 
UGT1A1*29_1099C>G (R367G) C G rs55750087 
UGT1A1*3_1124C>T (S375F) C T rs72551353 
UGT1A1*4_1069C>T (Q357X) C T rs72551350 
UGT1A1*43_698A>C (L233R) T G rs72551344 
UGT1A1*45_222C>A (Y74X) C A rs72551340 
UGT1A1*55_1490T>A (L496X) T A rs72551361 
UGT1A1*6_211G>A  G A rs4148323 
UGT1A1*60_  T G rs4124874 
UGT1A1*62_247T>C (F83L) T C rs56059937 
UGT1A1*76_1813C>T  C T rs10929303 
UGT1A1*78_1941C>G  C G rs1042640 
UGT1A1*79_2042C>G  C G rs8330 
UGT1A1*8_625C>T (R209W) C T rs72551343 
UGT1A1*9_992A>G (Q331R) A G rs72551348 
UGT1A1*93_-3156G>A  G A rs10929302 
UGT1A1_ (rs7586110) T G rs7586110 
UGT1A1_-1337A>C  A C rs3755319 
UGT1A1_-2936A>G  A G rs1976391 
UGT1A1_-349C>T  C T rs887829 
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Table 22 continues 

G
lu

c
u

ro
n

id
a
ti

o
n

 
UDP 
glucuronosyltransferas
e 1 family, polypeptide 
A9  

UGT1A9*2_8C>G (C3Y) C G rs72551329 
UGT1A9*22_insT-118 - T rs3832043 
UGT1A9*3_98T>C (M33T) T C rs72551330 
UGT1A9*4_726T>G (Y242X) T G rs66915469 
UGT1A9*5_766G>A (N256D) G A rs58597806 
UGT1A9_158T>G  T G rs6759892 
UGT1A9_196A>T  A T rs1042707 
UGT1A9_31C>T  C T rs3821242 
UGT1A9_348C>A  C A rs1042708 
UGT1A9_454A>G  A G rs1105880 
UGT1A9_477A>G  A G rs7574296 
UGT1A9_697A>G  A G rs1126803 

UDP 
glucuronosyltransferas
e 2 family, polypeptide 
B15  

UGT2B15*2_291G>T  G T rs1902023 

UDP 
glucuronosyltransferas
e 2 family, polypeptide 
B17  

UGT2B17_1388C>T C T rs72551385 
UGT2B17_13971T>C  T C rs4860305 
UGT2B17_16633T>C (Y355Y) T C rs28374627 
UGT2B17_18648A>G  A G rs7436962 

UDP 
glucuronosyltransferas
e 2 family, polypeptide 
B7  

UGT2B7*2_2100C>T (Y268H) C T rs7439366 
UGT2B7*2A_-161C>T  C T rs7668258 
UGT2B7*2B_-327G>A  G A rs7662029 
UGT2B7*3_211G>T (A71S) G T rs12233719 
UGT2B7*4_2033A>G (T245T) A G rs28365062 
UGT2B7_10714C>T (Y354Y) C T rs4348159 
UGT2B7_2099T>A (P267P) T A rs7438284 

 
Reference base refers to the wild type allele for each of the genetic markers. 
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Figure 39.  Dot plot graphically depicting the distribution of genetic markers of the 18 participants 
on the DMET microarray with respect to isoforms of sulfotransferases listed in Table 22 
(a) is the representative of all genetic markers where all participants had the same, wild genotype and (b) 
SULT1A1*2_2663 G>A (R213H).  Abbreviations used are: W: wild type, He: heterozygous, Ho: 
homozygous. The dotted lines represent the normal sulfation % recovery range.  Each of the dots in the 
dot plot represents a participant. 
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SULT1A1*2_2663 G>A (R213H) illustrated in Figure 39 in column (b) is the most common 

SULT1A1 variant allele found among most populations is this 638G>A, where position 1 

corresponds to the A of the ATG protein translation start codon.  This SNP results in an amino 

acid substitution (R213H).  This variant is commonly known as SULT1A1*2. The SULT1A1*2 

genotype has allele frequencies of 0.332 in Caucasian, 0.080 in Chinese and 0.294 in African-

American subjects respectively (Carlini et al., 2001). 

 

SULT1A1*2 is associated with lower enzyme activity and results in a more thermo labile protein 

compared with SULT1A1*1(wild-type) in the platelet (Raftogianis et al., 1997).  In the liver, 

SULT1A1*2 resulted in a more thermo labile protein, but it was not strongly associated with 

lower activity (Raftogianis et al., 1999).  Substrate kinetic studies of SULT1A1*1 and *2 

allozymes showed similar affinities for the probe substrate 4-nitrophenol and co-substrate PAPS 

(Raftogianis et al., 1999, Ozawa et al., 1999).  SULT1A1*2 substrate specificities were 

comparable to SULT1A1*1 (Ozawa et al., 1999) however SULT1A1*2 was less efficient in the 

activation of several promutagens (Glatt et al., 2001). 

 

The almost even distribution of genotype (wild type at 27.8%, heterozygotes at 50% and 

homozygous genotypes at 22.2%) of the genetic markers over the sulfation % recovery 

indicates that this specific SNP did not have a significant effect of the sulfation measured in the 

cohort.  This may be as a result of the small cohort that is not representative of a Caucasian 

population. 
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Figure 40.  Dot plot graphically depicting the distribution of genetic markers of the 18 participants 
on the DMET microarray with respect to isoforms of glutathione S transferases listed in Table 22 
(a) is the representative of all genetic markers where all participants had the same, wild genotype, (b) 
GSTP1_-18 A>G (rs8191439), (c) GSTP1*B_1375 A>G (I105V), (d) GSTM1_1097 A>G (rs737497) and 
(e) GSTM1*B_2643 G>C (rs1065411).  See section 3.5.5.1 for explanation of the figure.  Abbreviations 
used are: W: wild type, He: heterozygous, Ho: homozygous. The dotted lines represent the normal 
glutathionation % recovery range.  Each of the dots in the dot plot represents a participant. 
 
 

GSTP1*B_1375 A>G (I105V) illustrated in Figure 40 column (c) is of special interest in the 

context of my project.  The same marker genotyped by SNaPshot as well as the DMET™ 

microarray and 88.24% of the results matched (as shown in Table 24).  This SNP is the result of 

a single bp substitution, where A is replaced by G, leading to an amino acid substitution in 

which isoleucine (I105) is replaced by valine (V105).  This substitution results in a lower 

enzymatic activity (Watson et al., 1998, Vibhuti et al., 2007) See Section 1.8.4.3.1. 

 

The almost even distribution of genotype (wild type at 33.3%, heterozygotes at 50% and 

homozygous genotypes at 16.7%) of the genetic markers over the glutathionation % recovery 

indicates that this specific SNP did not have a significant effect of the glutathionation measured 

in the cohort.  This may be as a result of the small cohort that is not representative of a 

Caucasian population. 
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Figure 41.  Dot plot graphically depicting the distribution of genetic markers of the 18 participants on the DMET microarray with respect to isoforms of 
UDP glucuronosyltransferases listed in Table 22 
(a) is the representative of all genetic markers where all participants had the same, wild genotype, (b) UGT1A9*22 insT-118, (c) UGT1A1 (rs7586110), (d) 
UGT1A9_158 T>G (rs6759892) and UGT1A9_454 A>G (rs1105880), (e) UGT1A9_31 C>T (rs3821242), (f) UGT1A9_477 A>G (rs7574296), (g) UGT1A1*60 
(rs4124874), (h) UGT1A1*93_-3156 G>A (rs10929302), (i) UGT1A1_-2936 A>G (rs1976391) and UGT1A1_-349 C>T (rs887829) UGT2B7*2B_-327 G>A 
(rs7662029), UGT2B7_2099 T>A (P267P) and UGT2B7*2_2100 C>T (Y268H), (j) UGT1A1_-1337 A>C (rs3755319), (k) UGT1A1*28 (rs34815109), (l) 
UGT1A1*76_1813 C>T (rs10929303), (m) UGT1A1*78_1941 C>G (rs1042640), (n) UGT1A1*79_2042 C>G (rs8330), (o) UGT2B17_18648 A>G (rs7436962), (p) 
UGT2B17_16633 T>C (Y355Y), (q) UGT2B17_13971 T>C (rs4860305), (r) UGT2B15*2_291 G>T (rs1902023), (s) UGT2B7*2A_-161 C>T (rs7668258) and  (t) 
UGT2B7*4_2033 A>G (T245T).  Abbreviations used are: W: wild type, He: heterozygous, Ho: homozygous. The dotted lines represent the normal glucuronidation % 
recovery range.  Each of the dots in the dot plot represents a participant. 
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When examining Figure 41 it is apparent that there is not a clear trend in the data, there is 

almost an even distribution of data between the wild type, heterozygous and homozygous 

genotypes and the glucuronidation percentage recovery genetic markers.  If a larger number of 

participants are recruited for the study, it is possible that a trend or even a clear indication 

towards a marker may become apparent. 

 

3.5.6 Sample size estimation 

This study is viewed as a pilot study and the number of participants of 18 is small.  From a 

multinomial proportion estimation point of view, the method of Angers (1984) was used to 

calculate an appropriate sample size (see Section 2.8).  This was done with 95% certainty that 

the estimated probabilities will not differ by more than 5% of the true underlying class 

probabilities for different genetic markers.  This sample size calculation was performed for all 

the 222 markers where variation occurred in the genotypes of the participants (see Section 

3.5.1). A histogram of the sample sizes calculated is presented in Figure 42.  The minimum 

sample size calculated was 106 participants while the maximum is 503 participants which can 

be used to investigate the relationship between the detoxification profiles and the genotype of 

participants.  This clearly illustrates the 18 participant cohort size to be insufficient, but was 

necessary to estimate the sample size. 

 

 

Figure 42.  Histogram indicating required sample sizes for specific genetic markers 
The height of the bars represents the number of the total of 222 markers represented by the bar. 
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3.6 Correlation between DMET™ and SNaPshot genotyping results 

Only certain genetic markers (GSTP1*2, GSTP1*3, CYP1A2*1F, NAT2*5, NAT2*6, NAT2*7) 

were genotyped by both the DMET™ microarray and the SNaPshot technique.  These genetic 

markers and the status of each of the 18 participants are listed in Table 23.  

 

Table 23.  Genetic markers genotyped by both the DMET™ microarray and the SNaPshot 
techniques 
ID GSTP1*2 GSTP1*3 CYP1A2*1F NAT2*5 NAT2*6 NAT2*7 

 DMET SNaP
shot 

DMET SNaP
shot 

DMET SNaP
shot 

DMET SNaP
shot 

DMET SNaP
shot 

DMET SNaP
shot 

1 A/G A/G C/C C/C A/C A/C C/C C/T G/G G/G G/G G/G 

2 A/A A/A C/C C/C A/C A/C T/T T/T A/G A/G G/G G/G 

3 A/A A/A C/C C/C A/A A/A C/T C/T A/G A/G G/G G/G 

4 A/A A/A C/C C/C A/A A/A C/T C/T A/G A/G G/G G/G 

5 G/G G/G C/C C/C A/A A/A T/T T/T? A/G A/G G/G G/G 

6 A/G A/G C/C C/C A/A A/A C/T C/T G/G G/G G/G G/G 

7 A/G A/A C/C ?  A/A ?  C/T C/T A/G A/G G/G G/G 

8 A/A A/A C/C C/C A/C A/A C/C C/T G/G G/G G/G G/G 

9 A/A A/A C/C C/C C/C C/C T/T ? A/G ? A/G ? 

10 A/G A/G C/C C/C A/C A/C C/T C/C? G/G G/G? G/G G/G? 

11 A/G A/G C/C C/C A/A A/A C/C C/T G/G G/G G/G G/G 

12 G/G G/G C/C C/C A/C A/C C/T C/T A/G A/G G/G G/G 

13 A/A G/G C/C  ?  A/C ?  C/T C/T G/G ? G/G G/G 

14 A/G A/G C/C C/C A/A A/A C/C C/C G/G G/G G/G G/G 

15 A/G A/G C/C C/C A/A A/A T/T C/T G/G ? G/G G/G 

16 A/G A/G C/C C/C A/C A/C T/T T/T A/G A/G G/G G/G 

17 A/A A/A C/C C/C A/A A/A C/T C/T A/G A/G G/G G/G 

Yellow highlighting indicates where a mismatch between the two genotyping techniques occurred and a 
red question mark indicates an unclear result. 
 

 

In some cases the genotype from the different techniques did not correspond.  These cases are 

indicated with yellow highlighting. There were also cases where the SNaPshot results were 

unclear; these are indicated with a red question mark.  For 10 participants all of the 6 markers 

were called the same genotype with both the DMET microarray and the SNaPshot technique.  

There occurred 3 clear differences in genotyping between the two techniques (highlighted in 

yellow) in participants 7, 8 and 13.  In participant 7 and 13 it is interesting to note that other 

unclear results occurred for the same participants, this could be indicative of the DNA of those 

participants being compromised.  Table 24 summarizes these discrepancies in terms of 

percentage of occurrences.  The unclear results in Table 24 refer to a SNaPshot result that was 

not 100% clear, but a call could potentially be made, for example a low peak height that can be 

distinguished from baseline, but is below the threshold recommended by the manufacturer.  If it 

is assumed that such a call will be correct, the % matched cases rise to 100% in 3 of the 6 

instances where a mismatch occurred. If the aforementioned unclear calls were correct it would 

significantly improve the average matched call percentage from 82.36% to 95.12%. 

http://www.google.co.za/search?hl=en&client=firefox-a&hs=EGQ&rls=org.mozilla:en-GB:official&&sa=X&ei=R0xRTL6mL-XbsAbSvpzAAQ&ved=0CBMQBSgA&q=indiscrepancies&spell=1


 
88 

Table 24.  Percentage representation of the mismatched and unclear results between DMET 
microarray and the SNaPshot technique  

SNP genotyped 

with both 

techniques 

% Matched % Mismatched   

  Total Clear Unclear 

GSTP1*2 88.24% 11.76% 11.76% 0.00% 

GSTP1*3 88.24% 11.76% 0.00% 11.76% 

CYP1A2*1F 82.35% 17.65% 5.88% 11.76% 

NAT2*5 70.59% 29.41% 11.76% 17.65% 

NAT2*6 76.47% 23.53% 0.00% 23.53% 

NAT2*7 88.24% 11.76% 0.00% 11.76% 

The percentage of cases where both techniques yielded the same result are termed matched.  The 
percentage mismatched are made up of clear (where the result was a clear mismatch) and unclear 
(where the result from the SNaPshot technique was unclear) results from the SNaPshot technique. 
 
 

3.7 Summary 

The main aim of the study was to evaluate different methods that can be used for genotyping, 

the Applied Biosystems SNaPshot technique and Affymetrix DMET™ microarray.  I investigated 

the approaches and shed light on which method would be better for specific local applications, 

taking into consideration the robustness and ease of implementation as well as cost 

effectiveness in terms of the data generated.   

 

Individuals who had already undergone detoxification profiling at the Department were 

approached for participation in this project. Twenty one of the fifty individuals who were 

approached agreed to participate.  I analysed the phase I and II detoxification profiles to find 

clusters in the cohort of participants with similar phase I and phase II detoxification profiles 

(Section 3.3).   

 

Subsequently, genotyping of 10 SNPs of xenobiotic metabolizing enzymes (Knaapen et al., 

2004) and 2 SNPs associated with DNA adduct formation (Ketelslegers et al., 2006) using the 

SNaPshot technique was performed.  The approach followed for the SNaPshot genotyping was 

to implement the experimental procedure directly as described by Knaapen et al., 2004.  I 

experienced many problems with the implementation of the SNaPshot technique.  Numerous 

avenues for troubleshooting were explored for successful implementation of the technique.  In 

one instance, the procedure seemed to work using three triplex PCRs (GSTM1*0 was excluded 

and only 9 SNPs from Knaapen et al., 2004. remained) and doing the SBE in one tube, but the 

results obtained were not repeatable.  
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Genotyping using the DMET™ microarray was outsourced to DNALink Inc., a company in the 

Republic of Korea, because there was no South African company able to deliver this service.  

Twenty one participants were genotyped using this technique of which one was subsequently 

excluded from the study because his sample failed the quality control.  The DMET™ microarray 

genotypes 1936 drug metabolism markers in 225 genes.  In this case the DMET data still has to 

be validated, but due to time constraints this has not yet been done.  Validation could be done 

by random selection of a statistical representative number of participants and genetic markers 

to be genotyped by microarray or other genotyping techniques like allelic discrimination using 

Real-time PCR.   

 

Six of the 1936 markers were identical to those genotyped using SNaPshot (GSTP1*2, 

GSTP1*3, CYP1A2*1F, NAT2*5, NAT2*6, NAT2*7).  The genotyping results of the six shared 

SNPs were correlated (Section 3.6).  Data obtained from the DMET microarray (Section 3.5) 

was fed into the DMET console to obtain genotypes and subsequently analysed with the help of 

the NWU statistical consultation services.  Two approaches were followed: firstly by clustering 

the data and secondly by a targeted gene approach.  Not one of the two methods was able to 

establish a relationship between the DMET genotyping data and the detoxification profiling 

(Section 3.5.3). 

 

Finally, the SNaPshot results and the results obtained with the DMET™ microarray were 

compared (Section 3.6).  Genetic markers were genotyped by both the DMET™ microarray and 

the SNaPshot technique.  On average 82.35% of the results matched from the 6 SNPs 

investigated by both techniques.  The results indicated as unclear in Table 24 refer to a 

SNaPshot result that was not 100% clear, but a call could be made.  If it is assumed that this is 

the correct call the % matched cases for 3 of the 6 cases rise to 100%, which would significantly 

improve the average to 95.10%. 
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CChhaapptteerr  44..  CCoonncclluussiioonnss  
A field of personalized medicine and prediction of side effects to pharmaceutical drugs has 

emerged and it is being studied intensively in the post genomic era.  The molecular basis of 

inheritance and susceptibility is being unravelled using rapidly evolving technologies.  It is 

already known that specific genetic variations affect the efficacy and dosage of pharmaceutical 

drugs 

 

The human body has a magnificent detoxification system through which endogenous and 

exogenous toxins are excreted.  Through detoxification pathways the polarity of the substances 

is increased to make them more water-soluble for excretion in the urine.  A variety of genetic 

variations affect detoxification enzymes.  At the Department of Biochemistry, detoxification 

profiling is done by challenging participants with probe substances, caffeine for phase I and 

paracetamol and aspirin for phase II.   

 

Fifty individuals who had their detoxification profiling done at the Department were invited to 

participate in this project.  Twenty one individuals agreed to participate.  Blood was drawn and 

DNA was isolated from the leucocytes for genotyping.  Genotyping of 11 SNPs was performed 

using the SNaPshot technique and of 1936 SNPs were assayed using the DMET microarray.   

 

The main aim of the study was to evaluate different methods that can be used for genotyping. 

An overview of the method evaluation is given below (Section 4.1).  Furthermore, I also aimed 

to elucidate the possible relationship between the SNPs I have investigated and the 

detoxification of the challenge substrates in terms of detoxification ability and tempo as 

discussed in Section 3.5.3 and summarized in Section 4.2.   

 

4.1 Overview of Techniques 

I investigated genotyping using the Applied Biosystems SNaPshot technique (Section 4.1.1) 

and Affymetrix DMET™ microarray (Section 4.1.2).   

 

4.1.1 SNaPshot genotyping technique and allelic discrimination 

From my experience in this project, the use of SNaPshot technology is not the most productive 

experimental approach for genotyping.  This technique took a long time to set up and the 

repeatability experienced by me was neither acceptable, nor on the level of other genotyping 

techniques.  The multiplex PCR to start with is a very complex system and is disrupted easily 

with slight changes such as reagents from different batches or even aliquots of the same batch.  

A nineplex PCR reaction was divided into three triplex reactions to partially solve this problem, 
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but it was still found that even with smaller multiplex reactions the repeatability was not good.  In 

contrast, duplex SNaPshot reactions were successful with much less optimization. 

 

Other genotyping techniques such as the TaqMan assays are similar to SNaPshot in the sense 

that the number of SNPs to be genotyped and cost is comparable.  The TaqMan assay is 

however less labour intensive and time consuming but lacks the ability to be multiplexed.  

 

Using SNaPshot for routine genotyping might be viable and cost effective if it is used to 

genotype a small number of targeted SNPs as opposed to screening large numbers of SNPs for 

which other techniques, such as microarrays, are more suitable. 

 

Using the Real-time allelic discrimination technique would work well for genotyping several 

SNPs, but a large amount of SNPs would be very labour-intensive and costly, as is the case 

with the SNaPshot technique. 

 

4.1.2 DMET™  

The DMET™ Plus Microarray interrogates a variety of types of genetic markers.  The 

commercial DMET Microarray was designed to identify new biomarker associations in drug 

metabolism.  An example of such a new biomarker association study is mentioned in Section 

1.8.3.  In the aforementioned study SNPs associated with Warfarin dosage was investigated by 

Caldwell et al., 2008 using the DMET Panel.  A new variant in CYP4F2 was identified that 

explained 8% of dosing variability in select patient populations.  My application of the DMET 

microarray was unconventional as I did not look at direct associations between biomarkers and 

drug metabolism.  This array however, was the most suitable in the sense that it was the only 

commercial array that had a significant number of genetic markers associated with 

detoxification and metabolism.  Although other microarrays like the Affymetrix SNP 6.0 

genotypes more than 906,600 SNPs and have more than 946,000 probes for the detection of 

copy number variation only a few detoxification genes are represented and similar to the SNPs 

genotyped using the SNaPshot technique. 

 

The sheer amount of data generated with the DMET™ microarray makes this a more cost 

effective technique when the price per SNP is taken into account. This also holds true for other 

systems like the Illumina Bead Xpress system (Anonymous-b, 2010).  The amount of DNA 

needed for genotyping by microarrays is also less than that required for the Real-time or 

SNaPshot genotyping methods.  The DMET™ microarray also provides data on Copy Number 

Variation although this data was not used in this study.  Microarrays, and microarray-based 
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systems such as those used in the Illumina Bead Xpress system, can be custom designed to 

genotype any SNP of choice, barring some technical restraints. 

 

4.2 Relationship between detoxification profile and genotype 

The second aim of this study was to investigate the possibility of finding a relationship between 

the SNPs genotyped and the detoxification of the challenge substrates in terms of detoxification 

ability and tempo.  The investigation of the relationship was done using the DMET genotyping 

data and the detoxification profiling data. Two approaches were followed: firstly, clustering the 

data and secondly, a targeted gene approach.   

 

The clustering approach indicated that both the detoxification profiling and DMET data contain 

information that forms two clusters indicated with a red and a green circle in Figure 33.  

Although there was an apparent relationship between the clusters formed by the detoxification 

profiling data and the DMET genotyping data, the participants that clustered together based on 

the detoxification profiles did not cluster together based on the DMET data. 

 

With the targeted gene approach an almost even distribution of data between the wild type, 

heterozygous and homozygous genotypes were observed for the selected genetic markers 

representing the detoxification profiling.  The dot plots in Figure 36, Figure 39, Figure 40 and 

Figure 41 do not show any markers with a pattern that could indicate an effect of the 

detoxification pathway represented.  It was thus not possible to find a genetic marker where the 

SNP affects the participant‘s ability to detoxify the probe substrate.   

 

The reason no relationship was found between the DMET data and the biochemical metabolite 

detoxification profiles of the participants may be that one of the data sets is not accurate 

enough.  The possibility of the DMET data being inaccurate is, however, very slim as the DMET 

genotyping protocol includes many quality control procedures.  This means that the 

detoxification profiling of the participants must be scrutinized.   

 

I will discuss possible shortcomings of the detoxification profiling at the hand of a study that 

used sodium benzoate to investigate glycine conjugation (phase II detoxification conjugation 

pathway).  This study was performed by a fellow student in the Department of Biochemistry, Me 

T. Venter.  When looking at the detoxification rates of sodium benzoate shown in Figure 43 it is 

evident that an end point analysis, as was used to obtain the detoxification profiles used in my 

study, is not ideal for detoxification profiling since significant interindividual variability can be 

missed.  As seen in Figure 43 a slow (blue line), medium (pink line) and fast (yellow line) 

metabolizer can be identified, but if a measurement is taken, for example, after 5 hours the 
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medium and slow metabolizers are inverted.  The study of Venter (2007) found that the 

optimum time interval to take measurements is between 2 and 4 hours after the substrate, in 

this case sodium benzoate is taken.  It was concluded that measurements taken earlier or 

ideally at time intervals would result in a more accurate detoxification profile being obtained.  

Taking measurements at time intervals would also result in a much more accurate view of a 

participant‘s detoxification profile.  Therefore similar to the results obtained by Me. T. Venter 

that indicated that there are specific time intervals for classifying at which the samples are taken 

after caffeine and paracetamol loading should be better determined.  A larger participant cohort 

would also increase the possibility of finding a relationship between the detoxification profiles 

and the genotypes of participants. 
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Figure 43.  Glycine conjugation profiles after sodium benzoate loading 
The figure shows the hippuric acid excretion (g/g Cr) curve for possible slow (B), medium (C) and fast (H) 
metabolizers after the 150 mg/kg body weight loading test.  Also included is the average hippuric acid 
excretion curve (black) for all 10 test subjects included in the study of Venter (Venter, 2007). 
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4.3 Future prospects 

The detoxification profiling procedure following substrate loading should be further 

characterized by taking samples at different time intervals after loading.  Statistical analyses 

showed that the number of participants was underpowered (as shown by power calculations in 

Section 3.5.6) for a true representation of the particular genetic markers in the specific 

population.  Therefore once the detoxification profiling is more refined and the number of 

participants in increased it might be possible to find distinct correlations between SNPs or SNP 

groups and a specific detoxification profile.  Latent class analyses to cluster and the participants 

will then be useful for data analyses. 

 

Specific results of each of the 18 participants with respect to each genetic marker on the DMET 

microarray are now available (results not shown).  No feedback has yet been given to the 

participants.  This presents an ethical dilemma as to what the appropriate course of action 

should be as to what to do with this information.  The participants may not have the necessary 

skills or knowledge to interpret or understand the results.  Some of the SNPs genotyped and 

their link to drug metabolism or disease are currently not fully understood or verified.  Since the 

results of this study still need to be validated, the information disclosed to the participants may 

therefore not be correct.  Full disclosure of the results may cause undue stress to the 

participants as the participant may experience the implications of their genetic profile as being 

much more severe than what it actually is.  More research should also be done on genetic 

counselling and the effect it has on the individuals that the genetic information is disclosed to.  

The most effective way to deliver the genetic data also presents a potential problem.  Possible 

methods to deliver the data include by e-mail, through a Web-based interface, or in a personal 

capacity from a physician or genetic counselor (Dublin, 2010).  For this particular study, the last 

and probably the best option, a physician or a genetic counselor that will be followed up in the 

Department. 
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AAppppeennddiixxeess    
Appendix I  Questionnaire 

Appendix II  Informed consent form 

Appendix III  Genetic markers included in Cluster 1 (Predominately Wild type) 

Appendix IV  Genetic markers included in Cluster 2 (Predominantly Heterozygous) 

Appendix V  Genetic markers included in Cluster 3 (Predominantly Homozygous) 

Appendix VI  Cluster 4: Pure Wild genotype cluster includes genetic markers where all 

participants had a wild genotype 

Appendix VII  Cluster 5: Pure Homozygous cluster includes genetic markers where all 

participants had a homozygous SNP genotype 

 



96 
 

Appendix I. Questionnaire 

 

 

 

 

 

Personal Information and Medical 
Questionnaire: 

 

 

 

 

 

Project: Establishment of molecular methods for profiling of selected detoxification 

enzymes. 

 

Supervisor: A.A van Dijk 
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A. Personal Information 

Last Name:    

First Name:    

Middle Initial:   

Date of Birth:    

Gender:  Male:    Female:   

Marital Status:   Married:   Single:    

Street Address: 

  

  

   

   

Day Telephone number:    

Evening Phone number:   

Cell Phone number:    

Email:   

Fax:    

Preferred Method of 

Contact: 

  

Alternate Contact:    

Alternate Contact 

number:  
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B. Medical Information 

What is your general health?   

Do you have any problems with the following?  

 Gastrointestinal system Yes  No  

 Allergies, Sinus 

problems, Joint pain or 

Muscle pain 

 

Yes  

 

No  

 Chronic fatigue Yes  No  

 Cardiovascular disease Yes  No  

 Diabetes Yes  No  

 Hypertension Yes  No  

 Cancer Yes  No  

 Neurological disease 

 (Parkinson’s /Alzheimer’s 

disease ) 

 

Yes  

 

No  

 Any other 

genetic/metabolic 

disease 

 

Yes  

 

No  

Do you currently use: Please mark either Yes or No and the amount of units, 

specifying per day /week or month 

 Tobacco products Yes  Nr. of units per day : 

    0  

    1-4  

    >4  

No  

Do you live or work 

with someone who 

smokes in your 

presence? 

 

Yes  No  
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 Alcohol Yes  Nr. of units per week: 

    0  

    1-2  

    >2  

No  

 Medication Yes   Dosage: No  

 (Both prescription and over the counter medicine as well as supplements. For 

 example vitamins, minerals, metals or any other supplements. Please specify) 

 ……………………………………………………………………………………………………...... 

 ……………………………………………………………………………………………………….. 

Are you often exposed to 

automobile exhaust fumes? 

Yes  No  

Do you live or work in a 

building that has new 

carpeting, paint or furniture 

that may be giving off odours 

or gases? 

Yes  No  

Have you ever used toxic 

chemicals such as insect 

sprays or herbicides at home 

or at work? 

Yes  No  

Do you eat a lot of fast foods? Yes  No  

Red meat intake (per week)     <2  

    2-4  

    >4  

 

 

 

    0  

    1-4  
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White meat intake (per week)     >4  

Fish intake (per week)     <1  

    1-2  

    >2  

 

Fruit intake (per week)     <1  

    1  

    >1  

 

Vegetable intake (per week)     <2  

    2-4  

    >4  

 

Current Weight:  kg  

Height:  m  

Exercise: Yes  Number of hours per week: No  
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Appendix II. Informed consent form 
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Appendix III. Genetic markers included in Cluster 1 (Predominately Wild type) 

 

CYP2C19*6_395 G>A 
(R132Q) 

CYP3A43_28744 G>A 
(M275I) 

CYP2C9*3_42614 
A>C (I359L) 

CYP2A13*1H_7233 
(rs1709082) 

FMO2_23300 A>G 
(rs2020869) 

UGT1A1_-2936 A>G 
(rs1976391) 

CYP2C9*2_3608 C>T 
(R144C) 

TBXAS1*7_186455 
G>A (E450K) 

CYP2C9_50298 A>T 
(G475G) 

DPYD*9_37594 C>T 
(R29C) 

UGT1A1_ 
(rs7586110) 

UGT1A1_-349 C>T 
(rs887829) 

CYP2C8*3_30411 
A>G (K399R) 

NAT1_-344 C>T 
(rs4986988) 

CYP2E1*7_-71 G>T 
(rs6413420) 

FMO3_15573 C>G 
(rs2066534) 

UGT2B17_13971 T>C 
(rs4860305) 

ABCB1_68883 G>T 
(S893A) 

CYP2C8*3_2130 G>A 
(R139K) 

NAT1_-40 A>T 
(rs4986989) 

SLCO1B1*5_37041 
T>C (V174A) 

ABCB1_63751 G>A 
(rs2235040) 

UGT2B7*4_2033 A>G 
(T245T) 

ABCB1*32_49900 
T>C (G412G) 

ABCC2_36351 T>G 
(L849R) 

NAT1*17_190 C>T 
(R46W) 

SLC15A1_64082 C>T 
(N509N) 

ABCB1*14_61 A>G 
(N21D) 

SLC22A1_156 T>C 
(S52S) 

UGT1A1*93_-3156 
G>A (rs10929302) 

CYP2E1*7_-352 A>G 
(rs2070672) 

NAT1*11_445 G>A 
(V149I) 

SLC15A1_48246 C>A 
(T451N) 

CYP3A4_20239 G>A 
(IVS10+12) 

UGT1A1*28_ 
(rs34815109) 

ABCB1_49303 A>G 
(IVS9-44A>G) 

SLCO2B1_44995 
G>T (rs2306167) 

NAT1_459 G>A 
(T153T) 

CYP1A1*4_2452 C>A 
(T461N) 

ATP7A_41364 G>C 
(V767L) 

CHST7_12294 G>A 
(rs6521128) 

CYP2C18*2_49482 
C>T (T385M) 

SLCO1B1*17_-11187 
G>A 

NAT1*11_640 T>G 
(S214A) 

CYP1A2*1C_-3860 
G>A 

CES2_1629 A>G 
(rs4783745) 

ABCC2*2_21214 G>A 
(V417I) 

CYP2C19*2_19154 
G>C (P227P) 

SLC15A1_48242 G>A 
(V450I) 

ABCC2_68693 G>A 
(C1515Y) 

CYP4F2_11602 C>T 
(H343H) 

CDA*1F_3290 
(rs10916824) 

SLCO1B1*4_35305 
C>A (P155T) 

CYP2E1*7_-333 T>A 
(rs2070673) 

CYP1A1*2C_2454 
A>G (I462V) 

CYP4F2_7207 G>T 
(G185V) 

CYP2A6_5336 C>T 
(rs8192729) 

SLC22A1_17914 del 
ATG (M420-) 

SLC15A1_28672 G>A 
(S117N) 

SLCO1B1*1B_35230 
A>G (N130D) 

CYP4F2_2099 C>T 
(N112N) CYP2B6*5A_ (R487C) 

CYP2A6_3570 
(rs4079369) 

ABCB1_-1*13B 
(rs2214102) 

VKORC1_497 
(rs2884737) 

CYP4F2_17991 G>A 
(V433M) 

CYP4F2_2042 A>C 
(G93G) 

ABCC2*7_53395 T>A 
(V1188E) 

CYP2B6*2_64 C>T 
(R22C) 

CYP2C19*17_-806 
C>T (rs12248560) 

CYP2B6*1C_485-
1007C>G (rs4803418) 

CDA*2_79 A>C 
(K27Q) 

CYP2A6_4365 A>G 
(K289K) 

ABCC2_64260 G>T 
(V1430V) 

CYP2B6*2B_12740 
G>C (P72P) 

CYP2C19*2B_12460 
G>C (E92D) 

CYP2B6*1C_21563 
C>T (rs4803419) 

GSTM1_1097 A>G 
(rs737497) 

CYP2A6*9_-48 T>G 
(rs28399433) 

ABCC2_67932 C>T 
(H1496H) 

CYP4B1*3_14422 
C>T (R173W) 

CYP2C8*4_11041 
C>G (I264M) 

CYP2B6*6_15631 
G>T (Q172H) 

UGT1A9_158 T>G 
(rs6759892) 

CDA*3_G>A (A70T) 
SLCO1A2_30148 
A>C (E172D) 

DPYD*4_405058 G>A 
(S534N) 

CYP2E1_10463 T>C 
(F421F) 

CYP2B6*9_21563 
C>T (rs8192719) 

UGT1A9_454 A>G 
(rs1105880) 

CYP4B1*4_16077 CYP2A6*2_1799 T>A FMO2_107 A>G CYP1A2*1D_-2467 FMO3_21443 A>G UGT1A1*60_ 
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A>G (S322G) (L160H) (D36G) del T (E308G) (rs4124874) 

CYP2J2*7_-76 G>T 
(rs890293) 

FMO3_18281 G>A 
(V257M) 

ABCG2_8825 C>A*2 
(Q141K) 

CYP4F2_165 A>G 
(P55P) 

CYP2D6*4_1846 G>A 
(rs1800716) 

UGT1A1_-1337 A>C 
(rs3755319) 

DPYD*3_470855 T>C 
(F632F) 

FMO2_19679 A>G 
(E314G) 

ABCB1_96135 A>G 
(rs3842) 

CYP4F2_34 T>G 
(W12G) 

CYP2D6*10_100 C>T 
(P34S) 

UGT1A1*78_1941 
C>G (rs1042640) 

FMO3_15136 C>T 
(S147S) 

CYP2D6*41_2988 
G>A 

ABCB1_49692 G>A 
(S400N) 

CYP4B1*2_15994 del 
AT (del 294) 

TPMT_10145 C>T 
(I158I) 

ABCB1_29937 G>T 
(rs2235015) 

FMO2_7699 ins GAC 
(-70D) 

CYP2D6*9_2613 del 
AAG (K281 del) 

ABCB1_-693 T>C 
(rs3213619) 

CYP4B1*5_16106 
G>A (M331I) 

SLC22A1_8237 C>G 
(L160F) 

NAT2*6_590 G>A 
(R197Q) 

FMO2_7731 T>C 
(F81S) 

DCK_35708 T>C 
(rs4643786) 

CYP3A7*2_26032 
C>G (R409T) 

CYP4B1_16131 C>T 
(R340C) 

NAT1_1191 G>T 
(rs4986993) 

FMO3_15167 G>A 
(E158K) 

FMO2_10951 del G 
(V113-) 

CYP3A5*2_27284 
C>A (T398N) 

CYP3A43*3_31867 
C>G (P340A) 

CYP4B1_18019 C>T 
(R375C) 

CYP2D6_ 
(rs28360521) 

ABCB1_90856 T>C 
(I1145I) 

FMO2_22060 T>G 
(N413K) 

CYP3A43_21503 T>C 
(N198N) 

CYP2E1_-1295 G>C 
(rs3813867) 

FMO2_13693 T>C 
(F182S) 

CYP2C18_51656 C>T 
(rs2860840) 

UGT1A9_477 A>G 
(rs7574296) 

SLC22A1_14676 C>T 
(P341L) 

NAT2*7_857 G>A 
(G286E) 

CYP2E1*5_-1055 
C>T (rs2031920) 

CYP1B1*4_4393 A>G 
(N453S) 

ABCC2_-24 C>T 
(rs717620) 

 SLC22A1_17857 G>A 
(G401S) 

SLCO1A2_38 T>C 
(I13T) 

SLCO1B3_42808 
G>T (S112A) 

SLC22A2_33958 A>G 
(V502V) 

CYP2B6*4_18053 
A>G (K262R) 

 SLC22A2*4_9508 
T>G (S270A) 

SLC22A1_181 C>T 
(R61C) 

SLCO1B3_47088 
A>G (M233I) 

ABCB1_50058 C>T 
(rs2032588) 

CDA*1C_29433 C>T 
(T145T) 

 ABCB1_96031 A>T 
(rs17064) 

CHST7_16298 A>C 
(rs11796837) 

SLCO1A2_-4624 T>C 
(rs4078) 

CYP3A43*1B_33518 
C>T (A349A) 

FMO3_21375 C>T 
(N285N) 

 CYP3A4*1B_-392 
A>G (rs2740574) 

CYP2C19_80161 
G>A (V331I) 

VKORC1_698 
(rs17708472) 

FAAH_10741 C>A 
(P129T) 

PTGIS_CYP8A1*1B_
54948 C>A (R373R) 
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Appendix IV. Genetic markers included in Cluster 2 (Predominantly Heterozygous) 

 

CYP2D6*2A_(rs1080985) MAOB_113547A>G(rs1799836) 

NAT2*13_282C>T(Y94Y) CHST7_24420A>G(rs735716) 

ABCC2_61606C>T(I1324I) CHST7_2982T>G(rs732316) 

SLCO1B1_37117C>T(F199F) CYP2A6_51G>A(V17V) 

VKORC1_(rs9923231) SULT1A1*2_2663G>A(R213H) 

FMO2_24435C>T(rs7512785) VKORC1_3730C>T(rs7294) 

FMO2_24625C>T(rs7515157) ABCB1_50875*25(rs2235013) 

CYP2D6*17_2850C>T(R296C) ABCB1_50358C>T(rs2235033) 

UGT1A1*76_1813C>T(rs10929303) CYP2B6_18273G>A(rs2279344) 

UGT1A1*79_2042C>G(rs8330) UGT1A9*22_insT-118 

SLC15A2_30481C>T(F350L) UGT2B15*2_291G>T(rs1902023) 

SLC15A2_33318A>G(A387A) CYP2D6*19_1661G>C 

SLC15A2_33963C>T(P409S) SLC15A1_48241T>C(A449A) 

SLC15A2_34845A>G(R509K) VKORC1_2255(rs2359612) 

CYP2D6_(rs1080983) VKORC1_1542(rs8050894) 

SLC15A2_28370G>A(A284A) VKORC1_1173(rs9934438) 

SLC22A1_17878A>G(M408V) CYP1B1_4382T>C(D449D) 

GSTP1*B_1375A>G(I105V) UGT2B7*2B_-327G>A(rs7662029) 

CYP1A2_1545T>C UGT2B7*2A_-161C>T(rs7668258) 

FMO2_13733A>G(S195S) UGT2B7_2099T>A(P267P) 

CYP1B1*3_4329G>C(V432L) UGT2B7*2_2100C>T(Y268H) 

SLC22A2_390G>T(T130T) CYP2A6*1D_-1013A>G(rs4803381) 

NAT2*5_341T>C(I114T) CYP2D6*19_4180G>C(T435S) 

NAT2*11_481C>T(L161L) CDA_1169A>G(rs818202) 

NAT2*12_803G>A(R268K) 
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Appendix V. Genetic markers included in Cluster 3 (Predominantly Homozygous) 

 

GSTM1*B_2643G>C(rs1065411) 

CYP3A43_14956C>T(rs533486) 

UGT2B17_18648A>G(rs7436962) 

UGT1A9_31C>T(rs3821242) 

SLCO1A2_10120A>T(rs7957203) 

CYP1A2*1K_-163C>A 

SLCO1B1*1J_37091T>C(L191L) 

UGT2B17_16633T>C(Y355Y) 

CYP3A5*3_6986A>G(rs776746) 

MAOA_87802T>C(D470D) 
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Appendix VI. Cluster 4: Pure Wild genotype cluster includes genetic markers where all participants 
had a wild genotype 

 

CYP2C18*3_3986 
T>A (Y68X) 

SLCO2B1_1775 C>T 
(C504C) 

CYP2A6*28_ (E419D) 
PTGIS_CYP8A1_2369
3 G>T (Q134H) 

TPMT_ 
(HCV27536925) 

CYP3A4*8_ G>A 
(R130Q) 

CYP2C18_ (InsT) SLCO1B1*2_ (F73L) 
CYP2A6_ 
(hCV33605265) 

PTGIS_CYP8A1*3_20
253 T>A (S118R) 

TPMT*2_5404 G>C 
(A80P) 

CYP3A4*4_352 A>G 
(I118V) 

CYP2C18*4_23016 
A>G (K232E) 

SLCO1B1_245 T>C 
(V82A) 

CYP2A6*17_5065 
G>A (V365M) 

PTGIS_CYP8A1_2015
7 G>T (V86V) 

SLC22A1_41 C>T 
(S14F) 

CYP3A4_11460 A>G 
(K96E) 

CYP2C18_52217 C>A 
(rs1326830) 

SLCO1B1_35294 A>G 
(N151S) 

CYP2A6_3420 A>G 
(P233P) 

GSTT1_7399 G>A 
(E173K) 

SLC22A1_67 C>G 
(L23V) 

CYP3A4*7_ (G56D) 

CYP2C19*4_1 A>G 
(M1V) 

SLCO1B1*3_467 A>G 
(E156G) 

CYP2A6*11_3391 
T>C (S224P) 

GSTT1*C_7387 G>A 
(V169I) 

SLC22A1_113 G>A 
(G38D) 

CYP3A4*14_44 T>C 
(L15P) 

CYP2C19*14_50 T>C 
(L17P) 

SLCO1B1_ (L193R) 
CYP2A6*20 
(rs28399444) 

GSTT1_7236 G>A 
(V118V) 

SLC22A1_253 C>T 
(L85F) 

CYP3A43_19394 C>T 
(L114L) 

CYP2C19_55 A>C 
(I19L) 

SLCO1B1*20_ 
(P336R) 

CYP2A6_1874 G>T 
(rs28399442) 

GSTT1*B_4830 A>C 
(T104P) 

SLC22A1_262 T>C 
(C88R) 

CYP3A43_20053 G>T 
(M145I) 

CYP2C19*8_12711 
T>C (W120R) 

SLCO1B1*6_ (I353T) 
CYP2A6*6_1703 G>A 
(R128Q) 

GSTT1_2466 T>G 
(F45C) 

SLC22A1_10347 C>T 
(S189L) 

TBXAS1*2_42937 
G>A (R61H) 

CYP2C19*9_431 G>A 
(R144H) 

SLCO1B1*7_ A>G 
(N432D) 

CYP2A6_22 C>T 
GSTT1_61 G>A 
(A21T) 

SLC22A1_10440 G>T 
(G220V) 

TBXAS1*1B_106827 
G>A (S120S) 

CYP2C19*3_636 G>A 
(W212X) 

SLCO1B1*8_1385A>G 
CYP2A6*13_13 G>A 
(G5R) 

CYP2D6*18_4133 dup 
GTGCCCACT 

SLC22A1_14293 C>T 
(P283L) 

TBXAS1_106840 G>A 
(V125I) 

CYP2C19*10_19153C
>T (P227L) 

SLCO1B1*9_ (G488A) 
CYP2B6*22_-82 T>C 
(rs34223104) 

CYP2D6*42_3259 ins 
GT 

SLC22A1_14304 C>G 
(R287G) 

TBXAS1*3_124010 
A>C (E161D) 

CYP2C19_ 
(HCV34328665) 

SLCO1B1*10_ 
(D655G) 

CYP2B6_136 A>G 
(M46V) 

CYP2D6*56_3201 
C>T (R344x) 

SLC22A1_17865 C>T 
(I403I) 

TBXAS1_124014 C>A 
(L163I) 

CYP2C19*7_19294 
T>A> 

SLCO1B1*11_ 
(E667G) 

CYP2B6*12_12820 
G>A (G99E) 

CYP2D6*29_3183 
G>A (V338M) 

SLC22A1_21649 G>A 
(M440I) 

TBXAS1_126114 C>G 
(A195A) 

CYP2C19*13_87290 
C>T (R410C) 

SLCO1A2_65090 C>G 
(T668S) 

CYP2B6*8_13072 
A>G 

CYP2D6*44_2950 
G>C 

SLC22A1_21710 G>A 
(V461I) 

TBXAS1_ (CYP5A1*4) 

CYP2C19*5_90033 
C>T (R433W) 

SLCO1A2_37232 A>G 
(I355V) 

CYP2B6_1307 6G>A 
(R140Q) 

CYP2D6*7_2935 A>C 
(H324P) 

SLC22A1_32870 G>A 
(G465R) 

TBXAS1_128327 A>G 
(K258E) 
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CYP2C19_90052 del 
G (G439-) 

SLCO1A2_37137 T>C 
(L323P) 

CYP2B6*26_15614 
C>G (P167A) 

CYP2D6*38_2587 del 
GACT 

SLC22A1_32940 G>T 
(R488M) 

TBXAS1_128336 A>G 
(R261G) 

CYP2C19*12_90209 
A>C 

SLCO1A2_34231 A>G 
(I281V) 

CYP2B6*20_15618 
C>T (T168I) 

CYP2D6*21_2573 ins 
C 

SLC22A1_36629 A>C 
(S549S) 

TBXAS1_132658 C>A 
(Q317K) 

CYP2C9*7_485 A>C 
(L19I) 

SLCO1A2_ (N278M) 
CYP2B6*27_15708 
T>C (M198T) 

CYP2D6*3_2549 del A 
(R259-) 

SLC22A1_36662 G>A 
(rs9457846) 

TBXAS1_132704 T>C 
(I332T) 

CYP2C9*13_3276 
T>C 

SLCO1A2_30134 C>T 
(R168C) 

CYP2B6*3_18045 
C>A (S259R) 

CYP2D6*19_2539 del 
AACT 

SLC22A1_36670 C>T 
(rs45498594) 

TBXAS1*5_132778 
C>G (L357V) 

CYP2C9*25_362 del 
10 (frameshift) 

SLCO1A2_27728 A>T 
(N135I) 

CYP2B6*16_21011 
T>C (I328T) 

CYP2D6*20 _1973 ins 
G 

SLC22A2_34039 C>T 
(A529A) 

TBXAS1_177729 G>A 
(E388K) 

CYP2C9*14_374 G>A 
(R125H) 

SLCO1A2_12484 A>T 
(N126Y) 

CYP2B6*19_21034 
C>T (R336C) 

CYP2D6*40_1863 ins 
18 (174insFRPFRP) 

SLC22A2_17181 C>T 
(G466G) 

TBXAS1_177736 G>T 
(G390V) 

CYP2C9*15_ (S162x) 
SLCO1A2_-2732 G>A 
(rs7312628) 

CYP2B6*28_21160 
C>T (R378X) 

CYP2D6*8_1758 G>T 
(rs5030865) 

SLC22A2_16464 G>A 
(R463K) 

TBXAS1*1E_177773 
G>A (L402L) 

CYP2C9*9_10535 
A>G (H251R) 

SLCO1A2_11955 A>G 
(rs7298982) 

CYP2B6*15_21388 
T>A (I391N) 

CYP2D6*6_1707 del T 
(rs5030655) 

SLC22A2_16370 A>C 
(rs8177517) 

TBXAS1*6_186356 
C>G (Q417E) 

CYP2C9*10_10598 
A>G (E272G) 

SLCO1A2_-4232 C>T 
(rs7484455) 

CYP2B6*21_21498 
C>A (P428T) 

CYP2D6*29_1659 
G>A 

SLC22A2_15110 C>T 
(I401I) 

TBXAS1_186380 C>T 
(R425C) 

CYP2C9*6_10600 del 
A (K273-) 

SLC15A1_66322 G>A 
(S616S) 

CYP2A13*1H_2366 
(rs1645691) 

CYP2D6*17_1023 
C>T (T107I) 

SLC22A2*7_15105 
C>T (R400C) 

TBXAS1_186395 G>A 
(A430T) 

CYP2C9*16_ (T299A) 
SLC15A1_1757 C>T 
(P586L) 

CYP2A13_5289 C>T 
(P321L) 

CYP2D6*11_883 G>C 
(rs5030863) 

SLC22A2_11507 C>G 
(A297G) 

TBXAS1_186412 C>T 
(A435A) 

CYP2C9*11_42542 
C>T (R335W) 

SLC15A1_64277 C>T 
(P537S) 

CYP2A13*1H_6432 
(rs1645694) 

CYP2D6*15_137 ins T 
SLC22A2*8_8206 C>T 
(I223I) 

TBXAS1*8_186459 
C>A (T451N) 

CYP2C9_42612 A>G 
(Y358C) 

SLC15A1_50099 A>G 
(E482E) 

CDA*6_-88 (rs602946) 
CYP2D6*12_124 G>A 
(G42R) 

SLC22A2_2121 G>A 
(M165I) 

TBXAS1*9_188314 
G>A (rs41311778) 

CYP2C9*4_42615 
T>C (I359T) 

SLC15A1_48269 C>T 
(R459C) 

FAAH_14784 A>G 
(H370R) 

CYP1B1*26 
SLC22A2_2119 A>G 
(M165V) 

TBXAS1_188422 G>A 
(rs8192864) 

CYP2C9*5_42619 
C>G (D360E) 

SLC15A1_ 
(hCV33441043) 

CYP4B1_12066 G>A 
(K110K) 

CYP1B1*25_4440 
C>T (R469W) 

SLC22A2_2107 T>C 
(F161L) 

TBXAS1_1727 G>A 
(CYP5A1*1D) 

CYP2C9_50196 C>T 
(A441A) 

SLC15A1_46452 G>C 
(G419A) 

CYP2J2_33084 T>A 
(V499V) 

CYP1B1*24 
SLC22A2_160 C>T 
(P54S) 

NAT1_-11982 (-40 
A>T rep) 

CYP2C9*12_50338 
C>T (P489S) 

SLC15A1_46375 C>T 
(N393N) 

CYP2J2*6_25662 A>T 
(N404Y) 

CYP1B1*7_4363 C>G 
(A443G) 

SLC22A2_FS (134 ins 
A) 

NAT1_21 T>G 
(rs4986992L) 

CYP2C8_32364 C>T SLC15A1_28673 C>A CYP2J2_21818 T>A CYP1B1*23 ABCB1_95850 G>A NAT1*19_97 C>T 
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(rs28399518) (S117R) (L378Q) (V1251I) (R33x) 

CYP2C8_32186 del 
TTG (-462-) 

SLC15A1_28652 C>T 
(N110N) 

CYP2J2*5_1024 G>A 
(D342N) 

CYP1B1*22 
ABCB1_95846 C>G 
(G1249G) 

NAT1*5_GG350C 

CYP2C8_ (P404A) 
SLC15A1_28580 G>A 
(S86S) 

CYP2J2*4_575 T>A 
(I192N) 

CYP1B1*21 
ABCB1_90842 T>A 
(S1141T) 

NAT1_363 C>T 
(V121V) 

CYP2C8_ 
(CYP2C8_L390S) 

SLC15A1_26211 T>A 
(F28Y) 

CYP2J2*3_14533 C>T 
(R158C) 

CYP1B1*20 
ABCB1_84860 G>C 
(G1063A) 

NAT1*5_GGG497CCC 

CYP2C8*2_11054 
A>T (I269F) 

SLC15A1_26189 G>A 
(V21I) 

CYP2J2*2_ 427 A>G 
(T143A) 

CYP1B1*19 
ABCB1_84823 C>G 
(P1051A) 

NAT1*15_559 C>T 
(R187X) 

CYP2C8*8_4517 C>G 
(R186G) 

SLC15A1_26110 G>C 
(rs8187819) 

CYP2J2_10769 C>G 
(R111R) 

CYP1B1_4149 A>G 
(M372V) 

ABCB1_83676 G>A 
(P1028P) 

NAT1*14_560 G>A 
(R187Q) 

CYP2C8*5_2189 del A 
CYP1A1*3_3205 T>C 
(mrna-utr) 

DPYD*10_841852 
G>T (V995F) 

CYP1B1*18 
ABCB1_2995 G>A 
(A998T) 

NAT1*14C_620 C>T 
(T207I) 

CYP2C8_-86 A>C 
(rs11572066) 

CYP1A1*10 2500 C>T 
(R477W) 

DPYD*9B_822325 
G>A (R886H) 

CYP1B1*17 
ABCB1_68856 C>T 
(L884L) 

NAT1*22_752 A>T 
(D251V) 

ABCC2_-23 G>A 
(rs17216156) 

CYP1A1*9_2460 C>T 
(R464C) 

DPYD*2A_470865 
G>A (rs3918290) 

CYP1B1*12_182 G>A 
(G61E) 

ABCB1_68712 A>G 
(I836V) 

NAT1_777 T>C 
(S259S) 

ABCC2_1846 A>T 
(Y39F) 

CYP1A1_2458 C>G 
(A463G) 

DPYD_470864 C>T 
(N635N) 

UGT1A9_697 A>G 
(rs1126803) 

ABCB1_68711 A>G 
(V835V) 

NAT1*5_A884G 

ABCC2_1889 A>G 
(K53K) 

CYP1A1*8_2414 T>A 
(I448N) 

DPYD*3_410390 del C 
UGT1A9*2_8 C>G 
(C3Y) 

ABCB1_68691 A>G 
(I829V) 

NAT1_931 C>T 
(rs4986994) 

ABCC2_14356 A>C 
(M246L) 

CYP1A1*7_2346-> Ins 
T (frameshift) 

DPYD*13_1679 T>G 
(I560S) 

UGT1A9*3_98 T>C 
(M33T) 

ABCB1_63647 G>A 
(V801M) 

NAT1*5_976 del A 

ABCC2_16493 A>G 
(D333G) 

CYP1A1_1876 C>A 
(F381L) 

DPYD_327651 T>A 
(R358R) 

UGT1A9*4_726 T>G 
(Y242X) 

ABCB1_54230 G>A 
(A599T) 

NAT2*6D_111 T>C 

ABCC2_17568 G>A 
(R353H) 

CYP1A1*6_1636 G>T 
(M331I) 

DPYD_327612 T>C 
(F345F) 

UGT1A9*5_766 G>A 
(N256D) 

ABCB1_54229 C>T 
(I598I) 

NAT2*19_190 C>T 
(R64W) 

ABCC2_21184 C>T 
(L407L) 

CYP1A1_1412 T>C 
(I286T) 

DPYD*11_1003 G>T 
(V335L) 

UGT1A9_19 6A>T 
(rs1042707) 

ABCB1_54212 C>T 
(R593C) 

NAT2*14_191 G>A 
(R64Q) 

ABCC2_21399 G>A 
(A478A) 

CYP1A1_1390 C>T 
(R279W) 

DPYD_229200 T>C 
(G252G) 

UGT1A9_348 C>A 
(rs1042708) 

ABCB1_50808 G>A 
(E566K) 

NAT2_364 G>A 
(D122N) 

ABCC2_21422 C>T 
(T486I) 

CYP1A1_134 G>A 
(G45D) 

DPYD*8_229147 C>T 
(R235W) 

UGT1A1*6_211 G>A 
(rs4148323) 

ABCB1_50774 G>C 
(L554L) 

NAT2_411 A>T 
(L137F) 

ABCC2_22556 A>G 
(K495E) 

CYP1A2*1K_-739 T>G 
DPYD_221417 G>A 
(S175S) 

UGT1A1*45_222 C>A 
(Y74X) 

ABCB1_38833 G>A 
(A246A) 

NAT2*17_ A>C 
(Q145P) 
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ABCC2_25256 T>G 
(F562L) 

CYP1A2*1K_-729 C>T 
DPYD_221388 A>G 
(M166V) 

UGT1A1*62_247 T>C 
(F83L) 

ABCB1_38824 A>G 
(E243E) 

NAT2*10_ G>A 
(E167K) 

ABCC2_30215 T>C 
(I670T) 

CYP1A2*2_63 C>G 
DPYD*7_Del 
TCAT295 

UGT1A1*12_524 T>A 
(Q175L) 

ABCB1_33968 A>T 
(G185G) 

NAT2*5F_759 C>T 

ABCC2_30279 C>A 
(V691V) 

CYP1A2*15_125 C>G 
(P42R) 

GSTM1_344 T>C 
(Y28Y) 

UGT1A1*15_529 T>C 
(R177C) 

ABCB1_33967 G>T 
(G185V) 

NAT2*18_845 A>C 
(K282T) 

ABCC2_34522 A>G 
(N718S) 

CYP1A2*11_ (F186L) 
FMO3_169 G>A 
(E32K) 

UGT1A1*8_625 C>T 
(R209W) 

ABCB1_14626 C>A 
(A80E) 

NAT2_859 T>C 

ABCC2_ C>T 
(R768W) 

CYP1A2_2385 G>A 
(G348S) 

FMO3_229 G>A 
(A52T) 

UGT1A1*27_686 C>A 
(P229Q) 

ABCB1_14518 A>G 
(N44S) 

MAOA_ 
(HCV27540727) 

ABCC2*4_2366 C>T 
(S789F) 

CYP1A2*3_1042 G>A 
(D348N) 

FMO3_257 A>G 
(N61S) 

UGT1A1*43_698 A>C 
(L233R) 

ABCB1_49 T>C 
(F17L) 

MAOA_75496 T>G 
(F314V) 

ABCC2_47519 G>C 
(E893Q) 

CYP1A2*16_ (R377Q) 
FMO3_273 G>T 
(M66I) 

UGT1A1*14_826 G>C 
(R276G) 

CYP3A5*3F_31546 
T>C (I488T) 

MAOA_76427 A>T 
(P342P) 

ABCC2_48784 C>A 
(Y967*) 

CYP1A2*4_ (I386F) 
FMO3_320 T>C 
(M82T) 

UGT1A1*11_923 G>A 
(E308G) 

CYP3A5*10_29748 
T>C (F446S) 

MAOA_84375 G>T 
(L381L) 

ABCC2*1H_48817 
G>A (S978S) 

CYP1A2*5_ (C406Y) 
FMO3_15089 G>C 
(D132H) 

UGT1A1*9_992 A>G 
(Q331R) 

CYP3A5*7_27127 ins 
T (-346S) 

MAOA_87524 G>T 
(M445I) 

ABCC2_48827 A>G 
(I982V) 

CYP1A2*7_3534 G>A 
(splice) 

FMO3_517 G>T 
(G148X) 

UGT1A1*10_1021 
C>T (R341X) 

CYP3A5*9_19381 
G>A (A337T) 

MAOA_88146 A>G 
(K520R) 

ABCC2_49136 T>C 
(I1036T) 

CYP1A2*6_ (R431W) 
FMO3_533 C>T 
(P153L) 

UGT1A1*4_1069 C>T 
(Q357X) 

CYP3A5*6_14685 
G>A (K208K) 

MAOB_114731 C>T 
(P487P) 

ABCC2_51673 T>C 
(I1132I) 

CYP1A2*8_ (R456H) 
FMO3_669 T>A 
(I199N) 

UGT1A1*16_1070 
A>G (Q357R) 

CYP3A5*4_14665 
A>G (Q200R) 

MAOB_85162 A>G 
(T202T) 

ABCC2_ A>T (I1173F) 
SULT1A1*3_17034 
G>A (V145M) 

FMO3_ (682 Ins T) 
UGT1A1*29_1099 
C>G (R367G) 

CYP3A5*5_ (12952 
T>C) 

MAOB_80040 C>A 
(P130Q) 

ABCC2*11_53374 
G>T (R1181L) 

SULT1A1*4_ (R37Q) 
FMO3_18229 T>C 
(F239F) 

UGT1A1*20_1102 
G>A (T368A) 

CYP3A5_7298 C>A 
(S100Y) 

MAOB_38602 G>A 
(R38H) 

ABCC2_53393 G>A 
(E1187E) 

VKORC1_1120 A>G 
(Q30R) 

FMO3_21350 T>C 
(V277A) 

UGT1A1*3_1124 C>T 
(S375F) 

CYP3A5*3D_7249 
T>G (L82R) 

CHST7_20899 C>A 
(rs12012841) 

ABCC2*10_61030 
A>G (T1273A) 

VKORC1_3727 C>A 
(rs11540137) 

FMO3_21426 C>T 
(N302N) 

UGT1A1*17_1143 
C>G (S381R) 

CYP3A5*11_3775 
A>G (Y53C) 

CHST7_23855 G>A 
(rs7056956) 

ABCC2*5_61506 C>T 
(P1291L) 

VKORC1_383 T>G 
(L128R) 

FMO3_991 G>T 
(E305x) 

UGT1A1*18_1201 
G>C (P401A) 

CYP3A5_3705 C>T 
(H30Y) 

CHST7_2975 C>T 
(rs12014644) 

ABCC2_61529 A>C VKORC1_3462 C>T FMO3_1015 G>T UGT1A1*24_1309 CYP3A5*8_ (3699 ABCB7_91112 A>G 
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(K1299Q) (P83L) (E314Sx) A>T (K437X) C>T) (A581A) 

ABCC2_61561C>T 
(Y1309Y) 

VKORC1_292 C>T 
(R98W) 

FMO3_21599 T>C 
(L360P) 

UGT1A1*55_1490 
T>A (L496X) 

CYP3A7*1E_-49 
(rs28451617) 

ABCB7_91111 C>T 
(A581V) 

ABCC2_62854 C>T 
(A1354A) 

VKORC1_2506 
(rs17884982) 

FMO3_21604 G>C 
(E362Q) 

SLC15A2_1965 C>T 
(A47A) 

CYP3A7*1D_-371 
G>A ( rs55798860) 

ABCB7_80868 T>C 
(L272P) 

ABCC2_62902 C>T 
(L1370L) 

VKORC1_1649 
(rs17884850) 

FMO3_1235 G>T 
(R387L) 

SLC15A2_1994 G>A 
(R57H) 

CYP3A7*1C_-232 
A>C (rs45446698) 

ABCB7_80829 G>A 
(R259K) 

ABCC2_4348 G>T 
(A1450T) 

VKORC1_1604 
(rs17886199) 

FMO3_24642 A>G 
(I486M) 

SLC15A2_46451 A>C 
(M704L) 

CYP3A7*1C_-281 A>T 
(rs45467892) 

ABCB7_77687 A>T 
(rs4892538) 

ABCC2_67854 G>A 
(E1470E) 

VKORC1_196 G>A 
(V66M) 

FMO3_1549 C>T 
(R492W) 

SLC15A2_46537 C>T 
(rs1920313) 

CYP3A7_-284 T>A 
(rs45494802) 

ABCB7_77101 A>G 
(rs5937939) 

ABCC2_68676 C>T 
(N1509N) 

VKORC1_880 
(rs13336384) 

FMO3_1580 G>A 
(G503R) 

SLC15A2_46677 T>G 
(rs4388019) 

CYP3A7*1B_-314 C>T 
(rs45465393) 

ATP7A_699 C>G 
(L142V) 

CYP2E1_1132 G>C 
(R76R) 

VKORC1_659 
(rs13337470) 

FMO2_175 G>A UGT2B17_1388 C>T 
CYP3A4*20 
(1461_1462 ins A) 

ATP7A_ (unk1) 

CYP2E1*4_4776 G>A 
(V179I) 

VKORC1_172 A>G 
FMO2_18237 G>A 
(R238Q) 

UGT2B7*3_211 G>T 
(A71S) 

CYP3A4*19_23246 
C>T (P467S) 

ATP7A_17044 A>G 
(I189V) 

CYP2E1_6498 C>T 
(I321I) 

VKORC1_ (A45V) 
FMO2_18269 C>T 
(R249X) 

UGT2B7_10714 C>T 
(Y354Y) 

CYP3A4_ 
(hCV32787134) 

ATP7A_ (unk2) 

CYP2E1*3_10023 
G>A 

VKORC1_ (V29L) 
FMO2_19839 G>A 
(A367A) 

DCK_ (I24V) 
CYP3A4*3_23181 
T>C (M445T) 

ATP7A_26890 T>C 
(L464L) 

SLC22A6_5203 G>A 
(R454Q) 

VKORC1_ 
(rs17878544) 

FMO2_1160 ins 
GAGCTTGA 

DCK_ (A119G) 
CYP3A4_23139 T>C 
(I431T) 

ATP7A_73906 G>C 
(V1401L) 

SLC22A6_3387 C>T 
(R293W) 

VKORC1_ 
(rs17884388) 

FMO2_19910 G>C 
(R391T) 

DCK_ (P122S) 
CYP3A4*13_22035 
C>T (P416L) 

SERPINA7_1682 G>A 
(A211T) 

SLC22A6_2819 C>T 
(A256V) 

CES2_1215 A>T*3 
(rs11568314) 

FMO2_22027 G>A 
(E402E) 

ABCG2_26499 G>T 
(E334X) 

CYP3A4*12_21905 
C>T (L373F) 

SERPINA7_397 G>C 
(A133P) 

SLC22A6_2729 T>C 
(I226T) 

CES2_1911 G>A 
(rs11568311) 

FMO2_23238 T>C 
(X472Q) 

ABCG2_21788 T>C 
(S248P) 

CYP3A4*11_ (T363M) 
SERPINA7_347 T>A 
(I116N) 

SLC22A6_ 
(HCV33001840) 

CES2_100 C>T 
(R34W) 

FMO2_Ins 1589T 
ABCG2_18295 T>C 
(F208S) 

CYP3A4*18_20079 
T>C (L293P) 

SERPINA7_ (D48E) 

SLC22A6_149 G>A 
(R50H) 

CES2_424G>A 
(V142M) 

FMO2_24173 T>C 
(rs6664553) 

ABCG2_18236 A>G 
(G188G) 

CYP3A4*6_17671 ins 
A (-277E) 

SERPINA7_ (S23T) 

SLC22A6_ (G14S) CES2_A>G (IVS8-2) 
PTGIS_CYP8A1_6019
2 C>T (P500S) 

ABCG2_8900 C>G 
(Q166E) 

CYP3A4_16907 T>G 
(S252A) 

SERPINA7_ (unk1) 
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GSTP1_310 C>G 
(rs8191444) 

CES2_7768 G>A 
(rs3893757) 

PTGIS_CYP8A1_5697
0 C>T (D413D) 

ABCG2_406 C>T 
(Q126X) 

CYP3A4*2_15713 
T>C (S222P) 

G6PD_1388 G>A 
(R459L) 

GSTP1*C_2265 C>T 
(A114V) 

CYP4F2_8103 C>T 
(L278F) 

PTGIS_CYP8A1*4_11
35 C>A (R379S) 

ABCG2_8184 C>T 
(Y123Y) 

CYP3A4*5_653 C>G 
(P218R) 

G6PD_13881 G>A 
(A335T) 

GSTP1_2363 G>T 
(D147Y) 

CYP4F2_5034 C>G 
(A116A) 

PTGIS_CYP8A1_4392
7 A>G (L241L) 

TPMT*3C_18441 A>G 
(Y240C) 

CYP3A4_15635 A>G 
(I193V) 

G6PD_12452 C>T 
(S188F) 

SLCO2B1_14525 G>A 
(P135P) 

CYP4F2_38 C>G 
(P13R) 

PTGIS_CYP8A1_4391
0 C>T (R236C) 

TPMT*8_644 G>A 
(R225H) 

CYP3A4*17_15624 
T>C (F189S) 

G6PD_11594 A>G 
(N126D) 

SLCO2B1_907 A>T 
(D215V) 

CYP4F2_36 G>C 
(W12C) 

PTGIS_CYP8A1_2846
5 C>T (R197R) 

TPMT*4_18347 G>A 
(rs1800584) 

CYP3A4*16_15612 
C>G (T185S) 

G6PD_11555 G>A 
(D113N) 

SLCO2B1*2_41936 
C>T (I392T) 

CYP2A6*8_6600 G>T 
(R485L) 

PTGIS_CYP8A1_2380
2 T>C (F171L) 

TPMT_15281 G>T 
(Q179H) 

CYP3A4_14313 G>C 
(E174H) 

G6PD_10896 G>T 
(V77L) 

 
CYP2A6*7_6558 T>C 
(I471T) 

PTGIS_CYP8A1_2375
2 A>C (E154A) 

TPMT*3B_10131 G>A 
(A154T) 

CYP3A4*15A_14278 
G>A (R162Q)  
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Appendix VII. Cluster 5: Pure Homozygous cluster includes 
genetic markers where all participants had a homozygous SNP 
genotype 

 

GSTP1_-18 A>G (rs8191439) 

SLCO1A2_ (T277N) 

CYP1B1_81 C>G (L27L) 

ABCB1_84861 G>C (G1063G) 

TBXAS1_188301 A>C (rs5764) 

CYP2D6_ (rs17349424) 
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