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We are hard-pressed on every side, yet not crushed; 
we are perplexed, but not in despair; persecuted, but not 

forsaken; struck down, but not destroyed 

2 Corinthians 4; 8,9 
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ABSTRACT 

Individual drug response is a complex trait, shaped by a person's 

genetic profile. Pharmacogenetics aims at understanding its underlying 

variability, enabling personalised treatment with minimal adverse 

effects. Polymorphism of drug metabolising enzyme genes, such as 

cytochrome P450s (CYPs), flavin mono-oxygenase (FMO), glutathion 

S-transferase (GST) and N-acteyltransferases (NAT), has been 

documented in Asian and Caucasian populations, yet studies on African 

variants have been scarce. Therefore, here the most comprehensive 

analysis of drug metabolising enzyme genes in a diverse African 

population sample was undertaken. 

Eight drug metabolising enzyme genes - CYP2B6, CYP2C9, CYP2C19, 

CYP2D6, FM03, GSTM1, GSTTl and NAT2 - were characterised in ten 

African populations - Hausa, Igbo, Yoruba, Kikuyu, Luo, Maasai, San, 

Shona, Venda and Tanzanian Bantu. Re-sequencing analysis was used 

to find novel variants and ascertain known polymorph isms. Their 

impact on mRNA processing and protein function was estimated, using 

bioinformatic applications. Restriction fragment length polymorphism 

(RFLP), Taqman and Sequenom high-throughput multiplex genotyping 

were employed to determine baseline frequencies of known alleles. 

Using statistical models, African population diversity and relatedness 

was explored. 

Novel SNPs, which may affect enzyme function due to amino acid 

changes, were detected in CYP2C9, CYP2C19, CYP2D6 and NAT2. A 

high prevalence of low frequency or rare variants was observed. 

Diversity in the frequencies of polymorphisms between African 
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ethnicities was generally low, with most variation occurring within 

populations. 

Genotype data was recorded, and polymorphisms were ranked towards 

the development of a pharmacogenetics database and a 

pharmacodiagnostic kit for African populations. 
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l.INTRODUCTION 

1.1. Human Genetics and Diversity 

Medicine is changing faster than ever before. Its focus shifts from 

surprise to prediction, from healing to prevention, from one-size-frts

all to personallsatlon, from passive patients to partiCipation. The goal 

Is to maintain health rather than treat disease. Technology advances 

enable evermore early diagnosis and tailored therapy, empowering the 

human Individual. In order to exploit this development in medical 

practice, pharmacogenetics Is used to advise treatrTlent, based on 

physical and digital resources such as biobanks and databases, 

warehousing and annotating Information of populations (Figure 1). 

PERSONALISATION .. 
PREDICTION PREVENTION 

by HEALTH .. 
Genebc Te$bng Ufe.lyle 

• PARTICIPATION .. 
8ioben1l __ oauus. 

Figure 1 : P4 medicine (term by Hood and Gallas, 2008: see 1. 3.1) 

While targeting populations for medical care, Individual genetic profiles 

will enhance preventive measures and treatment outcome for patientS. 

The elucidation of the human genome (Venter et aI., 2001) and latest 
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advances in biotechnology (Mardis, 2008) Indicate that sequencing of 

whole genomes combined with expression profiling will soon become 

available at reasonable cost (Hert et aI., 2008). Consequently, 

healthcare will be transformed from empirical to evidence-based, 

informed by human genetics research. 

1.1.1. Inheritance: genetics and evolution 

A period of five years in the second half of the 19th century saw the 

description of the two main paradigms of inheritance: genetics and 

evolution. Their respective proponents, the Moravian/Bohemian monk 

Gregor Mendel (1822-1884) and the English naturalist Charles Darwin 

(1809-1882) knew nothing about each other, and their discoveries 

were quickly forgotten. Only by the start of the 20th century, when 

chromosomes were discovered and genes were described as the 

units of hereditary information, genetiCS was born as the science of 

heredity and biological inheritance (Bateson, 1905). At about the same 

time, the English physician Sir Archibald Edward Garrod (1857-1936) 

described inborn errors of metabolism and discovered inherited 

predisposition to drug response in humans (Garrod, 1909), yet the 

term 'pharmacogenetics' was not used until the 1950s .. 

Classical genetics explains that offspring inherit genetiC material from 

mother and father. Genes may occur in two or multiple, slightly 

different forms, or alleles, coding for the same trait. Each Individual 

carries two alleles at each gene locus that are either the same 

(homozygous) or different (heterozygous). Genetic polymorphism 

describes the occurrence of different alleles in more than one percent 

of a population. If an allele occurs at less than one percent it is 

referred to as a 'rare allele'. 
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The genetic material, deoxyribonucleic acid (DNA), was first isolated in 

the 1940s (Avery et aI., 1944). It contains the four nucleotide bases 

adenine (A), cytosine (C), guanine (G) and thymine (T); their order 

makes up the DNA sequence. The three-dimensional structure of DNA 

is a double helix of two strands of nucleotides held together by 

hydrogen bonds between the complimentary base pairs A-T and C-G 

(Watson and Crick, 1953). 

Genes are molecularly defined as stretches of DNA that encode for 

proteins via messenger RNA (mRNA), an identical copy of the DNA 

sequence, except that thymine (T) is replaced by uracil (U). Protein 

expression starts with the production of mRNA (transcription) in the 

nucleus, its transport to the cytoplasm, mRNA processing and, 

eventually, its translation into protein. Every three nucleotides form a 

triplet or codon, the basis of the genetic code that determines the 

sequence of amino acids during the synthesis of proteins (Crick et aI., 

1961). This chain of events is called the 'central dogma of molecular 

biology' (Crick, 1970). Gene expression is under the control of 

regulatory elements and other genetic or environmental factors. 

Structurally, a gene consists of a promoter region (for initiating gene 

expression), exons (amino acid coding sequences), introns (non

coding sequences) and untranslated upstream or downstream 

sequences or regions (UTR). 

1.1.2. Phenotype and genotype 

Whereas the observable physical or biochemical characteristics of an 

organism make up its phenotype, we refer to the DNA sequence as 

the genotype, the genetic blueprint for the expression of a 

phenotype. Variations or mutations within the DNA sequence alter 
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protein expression and/or activity. In spite of complex molecular 

processes that ensure the general integrity of the DNA sequence, 

mutations can be caused by physical damage to the DNA or by errors 

during its replication. While much of this variation goes unnoticed, 

mutations, together with physiological and environmental factors, can 

effect altered structures and levels of proteins, resulting in phenotypic 

differences. Some of these differences are of medical Importance, 

causing resistance or predisposition to disease, the inability to digest 

certain types of foods and variation in drug response. 

1.1.3. Variation in the human genome 

Human genetic variation refers to differences in the occurrence of 

mutations between the genomes of individuals and populations. The 

DNA sequence of any two individuals differs once at approximately 

every 1,000 base pairs (Venter et aL, 2001). The most common 

genetic variants are single base changes called single nucleotide 

polymorph isms (SNP) (Wang and Moult, 2001). SNPs in exons are 

called 'non-synonymous SNPs' if they cause amino acid changes or, 

together with base pair deletions or insertions, alterations of the 

reading frame. SNPs located in promoters, UTRs or splice-site 

junctions may affect gene expression. 

Combinations of SNPs in a contiguous DNA segment are inherited 

together, forming haplotypes. Linkage disequilibrium (LD) means that 

SNPs or variants in close range have a higher chance of being found on 

the same haplotype. Patterns of linkage can be used for mapping 

disease, estimating diversity and evolutionary relatedness amongst 

individuals (Collins, 2009), and have been shown to differ across 

various populations (Conrad et aI., 2006). The HapMap project alms to 

elucidate these patterns across major world populations such as 
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Caucasians, Asians and Africans, demonstrating genetic associations 

with common diseases (Manolio et al., 2008). 

Structural variation in the human genome is very complex (Feuk et al., 

2006; Marioni et aI., 2008). Deletions and duplications lead to copy 

number variants (CNY) of genes or genome regions, resulting in 

their absence, reduced or amplified expression. Although human CNV 

polymorphisms are not yet fully ascertained, current efforts are 

directed toward a more comprehensive cataloguing and 

characterisation of these variants (Freeman et aI., 2006; Redon et al., 

2006; Shen et al., 2008). Integrated approaches have been used to 

determine SNPs in linkage disequilibrium with CNVs (McCarroll, 2008). 

Other variations in the human genome include repetitive DNA 

sequences that occur as tandem repeat units (Scharf, 1995). Variable 

number tandem repeats are called minisatellite markers if they 

contain repeat units ranging from 8-50 base pairs. Short tandem 

repeats (STR), or microsatellites, have a core repeat unit of 2-6 

base pairs. Such variations may not confer a functional significance but 

may be in linkage with an SNP that causes an impact on gene 

expression and hence result in a disease condition. In such cases, 

association studies test whether an SNP or microsatellite is enriched in 

patients with disease compared with suitable control individuals. 

Candidate SNPs which alter the function or expression of the gene 

product can then be tested to see if they confer some phenotypic 

consequences. Microsatellites are also used in forensics for genetiC 

fingerprinting of individuals (Hammond et al., 1994). 
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1.1.4. Genetic diversity of populations 

Barriers such as major geographic features, language and ethnicity 

contribute significantly to genetic diversity of world populations (Belle 

and Barbujani, 2007). However, most of the genetic variation found in 

humans is shaped by the following processes (Templeton, 2006). First, 

random mutations are the primary source of genetic diversity in 

individuals. Second, genetic drift results in changes of allele 

frequencies by chance, 'fixing' certain alleles in a population and 

decreasing genetic diversity over time. Third, gene flow (or gene 

migration), as the migration of alleles between populations, increases 

genetic diversity within, while decreasing it between populations. 

Finally, evolutionary forces, when at work within and among 

populations, reflect the dynamics of genetic drift and gene flow 

between such populations. Because genetic drift is more obvious in 

smaller populations, the variance of neutral polymorphism frequencies 

increases among population groups. The polymorph isms that arose in 

one group are more likely to be restricted to this group. Thus the 

frequencies of genetic differences vary among populations of all kinds 

(Bamshad and Wooding, 2003). 

These events have resulted in the diverse phenotypes observed across 

humans, such as skin colour, hair type and susceptibility to disease 

(Balaresque et al., 2007). For example, a mutation in the haemoglobin 

beta gene that causes red blood cells to become sickle-shaped, has 

apparently been enriched in certain populations as an adaptive 

response against the invasion by malaria parasites (Sabeti, 2008). This 

mutation is highly prevalent in west Africa, and homozygous 

individuals develop sickle cell anaemia. In contrast to such easily 

discernible phenotypes, more complex combinations of polymorphisms 
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(profiles) are used to infer population genetic diversity for use in 

medicine and anthropology (Harpending et aI., 1998; Jorde and Olson, 

2008). Technically, the assessment of genetic population diversity 

requires statistical analyses, the following selection of which was 

applied here (see 3.6.5). 

The Hardy-Weinberg (HW) principle claims that genotype 

frequencies in a population remain constant, or are in equilibrium, 

from generation to generation unless specific disturbing influences are 

introduced (Hardy, 1908; Weinberg, 1908). HW assumptions are: 

there must be no mutation, no selection, no migration, a large 

population (no genetic drift) and random mating (no inbreeding). That 

means, HW equilibrium is impossible in nature, and deviation from it 

denotes the evolution of a species. Therefore, HW equilibrium is an 

ideal state that provides a baseline for measuring genetic change. 

Deviations from the HW equilibrium at a particular marker may 

indicate problems with the genotyping procedure or the population 

structure. To test for such deviations, Pearson's chi-square test 

(Pearson, 1900) is used for large populations, while Fischer's exact 

test (Fisher, 1922) is preferable if sample sizes are small (Raymond 

and Rousset, 1995; Wigginton et aI., 2005). 

F statistic is a measure of the difference between the mean 

heterozygosity among the subdivisions in a population and the 

potential frequency of heterozygotes if all members of the population 

mixed freely and non-assortatively (Hartl and Clark, 1997). In 

addition, an isolation by distance model assumes that genetic 

similarity between populations will decrease exponentially as the 

geographic distance between them increases, as geographic distance 
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limits the rates of gene flow (Relethford, 2004). Populations can be 

stratified by correlating genetic markers on different levels of diversity 

using Principal Component Analysis (PCA) (Novembre and 

Stephens, 2008; Paschou et aI., 2007; Zhang et aI., 2008). This allows 

the presentation of principal component maps overlaying the 

geographical distribution of markers (Handley et aL, 2007; Prugnolle 

et aI., 2005). Phylogenetic analysis with Unwelghted Pair Group 

Method Arithmetic (UPGMA) can be used to infer evolutionary 

relatedness by way of calculating genetiC distances based on allele 

frequency differences between population pairs and thus generating an 

evolutionary tree. Variance components are deduced in a hierarchical 

way by Analysis of Molecular Variance (AMOVA), comparing 

population cluster, population, ethnic group and other variation levels 

to estimate the contribution of each level towards the overall diversity. 

Classification of human populations along ethno-linguistic lines was 

first demonstrated by Cavalli-Sforza (Cavalli-Sforza et al., 2004), using 

HLA and blood group markers. Since then, frequency distribution of 

genomic markers such as microsatellites, SNPs and haplotypes has 

been applied to determine the genetiC structure of the main world 

populations (Caucasians, Asians and Africans). Various autosomal 

markers were used to assess evolution of drug metabolism Sistonen et 

al.,2009. 

Africa has been described as the cradle of mankind (Campbell and 

Tishkoff, 2008). Accordingly, high levels of genetic diversity were 

detected In Africans (Campbell and Tlshkoff, 2008; Tishkoff and 

Verrelli, 2003). Using mainly microsatellite markers, ancestral African 

population clusters were recently refined, pinpointing the origin of 
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modern humans to south-western Africa (Tishkoff et aI., 2009). 

Supported by data from mitochrondrial and Y chromosomal DNA 

analysis (Behar et aI., 2008; Garrigan et aI., 2007), population 

migration, long term ancestry and admixture have been estimated. 

Combining the genetic landscape, geography and prevalence of 

disease is expected to give guidance for estimating risk factors in 

populations of various geographical regions. 

1.2. Africa 

1.2.1. The African continent and its people 

Africa covers 6% of the earth's total surface (20.40/0 of the land area) 

and is the world's second-largest and second most-populous continent, 

after Asia. There are 54 African countries, and a population size of 

approximately 934 million people accounts for 14.2% of the world's 

total population (United Nations World Population Division, 2008). The 

continent is surrounded by the Mediterranean Sea to the north, the 

Suez Canal and the Red Sea to the northeast, the Indian Ocean to the 

southeast, and the Atlantic Ocean to the west. Sub-Saharan Africa is a 

geographical term used to describe the area of the African continent 

south of the Sahara desert. 

1.2.2. African languages and ethnicities 

There are more than 2,000 languages in Africa, most of which belong 

to one of four language phyla: Afro-Asiatic, Nllo-Saharan, Niger

Congo, and Kholsan (Gordon, 2005; Ruhlen, 1991). Based on the 

Ethnologue (www.ethnologue.com). these language classifications 

define ethno-linguistic clusters referring to ethnicities of populations as 

shown in Table 1. 
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Table 1: Some ethnic groups from eastern, western and southern Africa. 

Region Countries 

Kikuyu Kenya 7 million 

Eastern Coo 4 million 

Sukumll 37 mill ion 

verlc1ll I million 

Southern Shona Zimbabwe 10 m1lllon 

Africa 
Zulu South Africa 10 million 

S" Khaisan <100 000 

""'M Afro·Astatic·Ch~" JS 

Western I,bo 
Afriea 

Nigeria I 25 million 

30 mlll!Of1 

The Niger-Congo language family is the largest in Africa (and probably 

in the world) in terms of its number of languages. Ethnic groups from 

this family can be split Into two sub-families. The Yoruba and Tgbo 

belong to sub·famlly A, which is particularly populous In west Africa, 

with population sizes of 30 and 25 million, respectively. In Nigeria. 

However, the major branch of the Niger-Congo family are the Bantu 

(subfamily B), which consist of over 400 ethnic groups, supposedly 

originated from central Africa, spreading across east and southern 

Africa, and are estimated at a population size of 240 mi ll ion 

(http://en.wlkipedia.org/wikl/Bantu_peoples). In most eastern and 

southern African countries, Bantu ethnicltles are the most populous, 

making up 70% of the Kenyan populat ion (of 39 million), of which the 
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Kikuyu are the largest group (220/0; (CIA, 2009). Ethnic groups such 

as Sukuma make up 900/0 of the Tanzanian population (of 41 million). 

In southern Africa, Bantu ethnicities include Shona, Zulu, Xhosa, 

Venda and Ndebele, with varying population sizes. While Shona are 

the majority in Zimbabwe (82 0/0 of 11 million), Venda make up only 

2.50/0 of the South African population (49 million). 

The Hausa (Afro-Asiatic) form one of the largest ethnic groups of west 

Africa, being prevalent in Nigeria, Niger, Benin and Cameroon, 

amongst other places. The estimated population size of Hausa is 30 

million in Nigeria alone (CIA, 2009). 

The Nilo-Saharan language family includes Nilotics and Cushite 

subfamilies, which mostly populate central-east-north and eastern 

parts of Africa. Nilotics include Luo, Kalenjin, Maasai in Kenya and are 

also found in Tanzania, Uganda and Rwanda. The Dinka of Sudan 

represent Nilotic people in north-east Africa. 

1.2.3. Disease burden in Africa 

The African continent is a diverse landscape of human genetics as well 

as disease. Battling with the suffering from HIV/AIDS of over 22 

million people in sub-Saharan Africa alone (WHO, 2008), and several 

antl-retroviral drugs on the market, the search for an HIV vaccine 

continues (http://chi.ucsf.edu/vaccine/vaccines?page=vc-OO-OO). 

Currently, anti-retroviral treatment is often based on a combination of 

three drugs (e.g. lamivudine, zidovudine, abacavlr). Their efficacy and 

adverse drug reactions (ADR) are monitored by CD4+ counts and 

determination of viral load and drug plasma concentrations. ADRs 

often result In reduced compliance of patients, leading to survival of 

drug-resistant strains (Ivanovic et aI., 2008; Laurent et aI., 2008) and 
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recommendation of alternative treatment (Hammer et al., 2008). 

However, safe and effective medicines, as well as monitoring services, 

are often expensive and unavailable in parts of Africa, complicating the 

fight against this disease. 

With about 9 million new cases and nearly 2 million deaths every year, 

tuberculosis is the number one killer of people co-infected with HIV 

(WHO, 2005). Timely diagnostic methods and follow up of treatment 

present major challenges for resource-poor nations. The situation is 

compounded in cases of multi-drug resistant (MDR) and extensively 

drug-resistant (XDR) strains, for which the two most powerful first-line 

drugs, isoniazid and rifampicin, are rendered ineffective (Banerjee et 

al., 2008; Kim et al., 2007). Alternative treatment for drug-resistant 

strains usually means less-potent drugs, which may also trigger severe 

ADRs. Mycobacterium pharmacogenetics maybe used to determine the 

markers conferring resistance to this micro-organism (Warren et aI., 

2009). 

In 2004, more than 1 million malaria-caused deaths were reported in 

Africa (WHO, 2004). Effective treatment has been established with 

artemisinin-amodiaquine-based combination therapies. These drugs 

are more expensive but also more effective than alternatives such as 

chloroquine, whose efficacy is reduced due to drug resistance (Sirima 

et al., 2009; Yeung et aI., 2004). Recently, emerging artemisinin

resistant strains have been found in Asia, hindering progress in 

controlling the paraSite globally (Epstein and Thenabadu, 2009). The 

high prevalence of the above diseases has a tremendous impact on 

social and economic development of African nations, as therapeutic 

interventions are still inaccessible in many African regions. 
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Cancer diagnosis is on the increase in Africa, with challenges in access 

to adequate treatment. For example, it was reported that Zimbabwean 

cancer patients experience low survival rates due to economic 

constraints (Gondos et al., 2004). In addition, increase in infectious 

diseases results in increased cases of conditions such as Karposi 

sarcoma and cervical cancer. Epidemiological studies have revealed 

the high prevalence of breast, prostate and colorectal cancers (McLary, 

2009). 

Due to changes in diet and environment, 'lifestyle' disorders such as 

obesity, cardiovascular diseases and type II diabetes are on the rise in 

Africa (Frost and Sullivan, 2009; Steyn et aI., 1992). 

Although some treatment is available for most conditions, its efficacy 

and safety is often a challenge. Limited, mostly government-directed 

funds, hard choices on imports, and counterfeit medicines are major 

problems. In order to improve on this unfortunate state of affairs, 

advances in disease diagnostics and surveillance are paramount for 

advising appropriate treatment. Using pharmacogenetic strategies, 

drug response can be gauged and tailored to the needs of African 

populations, attempting individualised therapy. 
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1.3. Personalised Medicine 

Traditional clinical approaches would combine an individual's personal 

medical record and family history, together with data from imaging 

and laboratory tests to diagnose and treat disease. With the complete 

sequence of the human genome (Venter et al., 2001) another 

parameter was added, which has the potential of changing the 

fundamentals of medicine. Benefiting from advanced molecular 

technology and new information resources, the experimental discipline 

of genomics promises matching genotype and phenotype, enabling 

personalised medicine (Laberge and Burke, 2008). 

1.3.1. Genomics-informed medicine 

Genomics employs the analysis of an individual's genome by searching 

for variations which make the individual unique in the way they are 

susceptible to disease or respond to medicine (Guttmacher and Collins, 

2002). Advances in translational genomic research have the following 

speci'fic aims in medicine: to identify and monitor individuals at high 

risk from disease, to design most effective drugs, to prescribe the best 

treatment for each patient, and to avoid ADRs. 

Recently, the term 'P4 medicine' was coined, describing healthcare of 

the future as predictive, preventive, personalised, participatory 

(Figure 1, Hood and Gallas, 2008). Personalised medicine refers to 

individual-based therapy, offering the right treatment to the right 

person at the right dose. Based on the fact that 'blockbuster' drugs are 

only effective in about 40% of people (PWC, 2005), increasing cost 

and risk of drug development as well as public demand for more 

effective and safer drugs, even the pharmaceutical industry has now 

embarked on a personalised medicine campaign. 
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The central concept is to focus treatment on patient groups that 

actually respond to it by combining every therapy with a companion 

diagnostic (Dx), so that only positive-testing patients would receive 

the treatment (Allison, 2008). Technically, this is based on molecular 

screening for variants that result in a certain phenotype. Linking a 

specific diagnostic with a specific regimen of prescribed drugs, e.g. 

HercepTest/trastuzumab (Dako, Carpinteria, CA) for Her-2 positive 

breast cancer patients, ensures the development of drugs highly 

targeted to patients who are most likely to benefit, thus optimising 

treatment outcome. Anti-cancer drug Herceptin is specifically tailored 

for tumours over-expressing human epidermal growth factor receptor-

2 protein (Her-2/neu) (Vogel et aI., 2002). Therefore, expression 

profiles of cancer patients are assessed to identify individuals who are 

most likely to benefit from the drug (van't Veer and Bernards, 2008). 

This type of diagnostics is collectively referred to as molecular 

diagnostics, the technical foundation of personalised medicine. Its 

major clinical applications are outlined under the following three topiCS 

(1.3.1.1-1.3.1.3), which are based on genetic testing (1.3.1.4). 

1.3.1.1. Monogenic and complex disorders 

Monogenic disorders (also known as Mendelian disorders) such as 

cystic fibrosis, sickle cell anemia, thalassemia and many others, are 

determined by mutations in a single gene. On the other hand, complex 

disorders may involve several loci (Peltonen and McKusick, 2001) and 

biochemical pathways (Oempfle et ai., 2008) as well as environmental 

interactions. Complex disorders include common diseases such as 

obesity, diabetes, hypertenSion and cardiovascular diseases, cancer 
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and neurological disorders such as Alzheimer's, Parkinson's and 

Huntington's disease (Belmont and Leal, 2005; Motulsky, 2006). 

The Online Mendelian Inheritance in Man (OMIM) is a regularly 

updated catalogue of human genes and genetic disorders, based on 

(McKusick, 1998). It provides an essential resource of genetic markers 

for disease risk prediction and preventive advice, enabling pre

symptomatic identification of disease by genetic testing. 

1.3.1.2. Genetic susceptibility to infection 

It has been shown that susceptibility to infection as well as progression 

to disease can be genetically determined (Anastassopoulou and 

Kostrikis, 2003; Casanova and Abel, 2007). For example, individuals 

homozygous for the chemokine receptor CCR5 delta32 allele show 

some protection against HIV infection, or express less severe disease if 

infection occurs (Carrington et aI., 1999). Genetic susceptibility to 

tuberculosis in Africans appears to be polygenic (Fitness et aI., 2004), 

associated with a locus on 8q12-q13 (Baghdadi et aL, 2006), amongst 

others. 

1.3.1.3. Drug response as a complex trait 

Pharmaceutical drug response is considered a complex trait (Goldstein, 

2005), involving the interplay of genetic and physiological factors. The 

elucidation of this complexity proves a formidable challenge, similar to 

common diseases (Vella and Camilleri, 2008). Progress in this field is 

driven by advances in pharmacogenetics, as outlined below (see 1.4.) 

and used in this study. 
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1.3.1.4. Genetic testing and prediction 

In order to diagnose genetically determined conditions, DNA sequence 

information needs to be obtained from human subjects. Genetic 

testing laboratories are established in most countries, with major 

public (Mayo Clinic, Rochester, MN; GENDIA, Antwerp, Belgium) and 

private organisations (Genzyme, Cambridge, MA; Clinical Data, 

Newton, MA; LabCorp, Burlington, NC; Bioscientia, Ingelheim, 

Germany) operating globally. 

Referring to the full potential of personalised medicine, Direct-To

Consumer (DTC) personal genetic testing is now offered to the 

general public by some companies (deCODE genetics, Reykjavik, 

Iceland; 23andMe, Mountain View, CA; Navigenics, Foster City, CA; 

Knome, Cambridge, MA), providing whole genome profiles for genetic 

risk assessment. 

1.3.2. Resources for genomic research 

Genetic testing entails technology advances that enable the detailed 

analysis of individual DNA sequences, collectively called genotyping. 

Ranging from single-gene analysis to whole genome sequencing, 

genotyping and re-sequencing are used to analyse variation in 

individuals and at population level. 

The central goal of genomic research is the discovery of diagnostic 

markers for predicting, preventing, treating and monitoring disease 

and susceptibility to infections. This requires the annotation of genetic 

variants in a population with clinical and lifestyle data, interactions 

with environmental and other risk factors, an endeavor collectively 

called phenotyping. As these efforts need to be undertaken on an 

individual basis, a sample of each member of the population needs to 
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be taken, processed and stored in a physical collection, called a 

biobank, linked to annotating information in an electronic database. 

1.3.2.1. Methods In genomlcs 

Whereas genotyping is used to test for known variants such as SNPs, 

single base insertions and deletions as well as CNVs, re-sequencing 

means scanning target regions for variations compared to a reference 

sequence. New mutations discovered by re-sequencing can later be 

used for genotyping to determine the alleles carried by an individual. 

Technically, Sanger-based (Sanger et al., 1977) capillary sequencing 

(Applied Biosystems, Foster City, CA) remains the most versatile re

sequencing method, featuring long reads and high levels of accuracy. 

The main advantage of new generation sequencing technologies 

(based on hybridisation, microarrays, single-molecule and/or nanopore 

technologies) is their higher throughput (Shendure and Ji, 2008). 

Currently, there is a race to develop genome sequencing methods that 

will be ever faster and more affordable. Several companies such as 

Roche Applied Science (Indianapolis, IN), IIIumlna (San Diego, CA), 

Applied Biosystems (Foster City, CA), Helicos (Cambridge, MA), Pacific 

Biosciences (Menlo Park, CA), Complete Genomics (Mountain View, 

CA) and Oxford Nanopore (Oxford, UK) have made great progress, and 

it might well be a realistic outlook to sequence a whole human genome 

for less than USD 10,000 by the end of 2009. 

In recent years, a great deal of effort has been devoted to developing 

accurate, rapid, and cost-effective technologies for genotyping, 

yielding a large number of distinct approaches (Kim and Masra, 2007). 

Methods for assaying DNA variation require two important steps: (i) 

discriminating the variation and (Ii) detecting the signal. Restriction 
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Fragment Length Polymorphism (RFLP) is a difference in 

homologous DNA sequences that can be detected by the presence of 

fragments of different lengths after digestion of a DNA sample with 

specific restriction endonucleases. Genotyping using this method 

involves polymerase chain reaction (peR) to amplify the DNA 

target sequence, followed by RFLP analysis. Detection of fragments 

involves their separation on an agarose gel and staining by fluorescent 

dyes. This is the most traditional method for detecting polymorphisms. 

Although high levels of accuracy are possible, this method suffers 

limitations in terms of throughput. 

Large scale genotyping can be achieved using high-throughput 

methods such as TaqMan (Shen et al., 2006). Developed by Applied 

Biosystems (Foster City, CA), Taqman genotyping involves quenched 

fluorescent probes, which are designed such that they anneal within a 

DNA region amplified by a specific set of primers. During PCR of this 

region, degradation of the probe releases the f1uorophore from it, 

breaking the close proximity to the quencher and thus allowing 

fluorescence, which is detected in the thermal cycler and is directly 

proportional to the amount of amplified DNA template. 

Sequenom's (San Diego, CA) primer extension technique is a two 

step process that first involves the hybrldisation of a probe to the 

bases immediately upstream of the SNP nucleotide, followed by a 

'mini-sequencing' reaction, in which DNA polymerase extends the 

hybridised primer by adding a fluorescently labelled base that is 

complementary to the SNP nucleotide. Detection is by matrix assisted 

laser desorption/ionisation time-of-f1ight mass spectrometry (MALDI

TOF MS). Because multiple polymorphisms can be detected in a single 
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reaction, the technique provides a cost-effective and efficient method 

for high-throughput genotyping (Bray et al., 2001). 

Taking throughput another level up, DNA microarrays allow global 

genotype analyses in chip format. This has enabled genome wide 

association studies (GWAS), assessing genotypes or gene 

expression linked to diseases (Hardy and Singleton, 2009) such as 

type II diabetes (Rotimi et al., 2004) and cancer (Tomlinson et al., 

2008). However, limited knowledge on common disease phenotypes 

and their interaction with genotypes keeps predictive rates still as low 

as 10/0 (Feero et aL, 2008; Kraft and Hunter, 2009). 

In pharmacogenomics, expectations are somewhat more optimistic 

(Roses et aL, 2007). GWAS is expected to deliver on the goal of 

personalised drug therapy in the near future, as exemplified by studies 

on anti coagulant therapy with warfarin (Cooper et aI., 2008) and 

other ongoing trials on anti-hypertensive therapy with beta-blockers 

(O'Shaughnessy, 2009). Although GWAS is claiming much attention for 

unveiling ADR markers (Crowley et al., 2009; Guessous et aL, 2009), 

it has been argued that the polymorphisms analysed are less 

representative of certain ethnic groups such as Africans. This is based 

on the IIIumina (San Diego, CA) and Affymetrix (Santa Clara, CA) 1 

million SNP chips, which may not take into account the contribution of 

rare functional SNPs (Gurwitz and McLeod, 2009). Therapeutic 

response is considered as complex trait and hence GWAS application in 

pharmacogenetics requires large patient and control samples (Crowley 

2009). 

20 



High-powered computing resources and informatics tools have been 

developed to handle the extraordinary large amounts of data 

generated in human genomics (Joshua and Boutros, 2008; Karchin, 

2009; Teufel et al., 2006). 

As genomic analysis is getting more and more straightforward, the 

correlation of genome data with phenotypic/clinical information is of 

increasing importance (Snyder et al., 2009). Therefore, the collection 

of clinical samples and data in biobanks and genetic databases is vital 

to realise pharmacogenetics' potential for personalised medicine. 

1.3.2.2. Biobanks 

A modern biobank is the interface between tissue donors-either 

patients or healthy individuals-in the clinical care setting and 

scientists performing biomedical research in an academic or 

pharmaceutical industry setting. The biobank's role is to act as a 

secure yet effective bridge for samples and data to move between the 

two environments (www.biobankcentral.org). 

Also known as biorepositories, biobanks house biospecimens, which 

can be tissue, cells, blood, serum, urine, buccal swabs or other body 

fluids. The aim is to preserve the biological material as scientific 

resource and reference. Modern biobanks are enterprise-like facilities, 

including staff and management, ethical and legal oversight, financial 

systems, storage facilities, laboratories, security and computer 

information systems to fully implement their operations. Commonly, a 

biobank features high-throughput capabilities, such as robotics and 

automated micro-quantity liquid handling, to isolate and handle 

biospecimens and their chemical components such as DNA. 
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Laboratory Information Management Systems (LIMS) have 

become standard practice ensuring seamless links between samples, 

experiments and data. The Karolinska Institute Biobank, in partnership 

with IBM, have introduced a modified core system known as 

Biological Information Management System (BIMS). Both 

systems involve the maintaining of records of sample collection, 

transportation, storage, analytical methods used, results and other 

downstream activities. 

Today, such bioresources exist in a variety of settings, such as 

academic and medical institutions, pharmaceutical and biotechnology 

companies. They can also be stand-alone organisations, including 

independent companies (both for-profit and non-profit) that can 

provide biobanking as an outsourced service or can serve as a broker 

of biological materials to other researchers. Old collections, whereby a 

researcher would have collected blood samples from individuals or 

families for diagnostic purposes over time, may be used for 

'retrospective' studies. In contrast, 'prospective' biobanks assess and 

take samples from participants at the start of a study and then follow 

their medical or lifestyle record over subsequent years, even decades. 

Currently, both prospective and retrospective biobanks have become a 

major source of information for studies linking genetics with disease 

networks, lifestyle and environment. Administered at national, regional 

and international levels, a variety of population biobanks have been 

successfully launched around the world (Table 2). 

Biobanking is an important tool for translational research aimed at new 

biomedical and clinical practices, diagnostic techniques and preventive 

treatments. Polymorphisms predisposing individuals to diseases such 
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as breast cancer have been discovered by analysing poputation 

samples in biobank consortia (Antoniou et aI., 2008; Chenevlx·Trench 

et aI., 2007) , Using the Utah Population Database, the most popular 

datat>ase tracking family history, medical records and cause of 

mortailty, It Is possible to follow pedigrees spanning several 

generations, Such resources ha ... e enabled determination of disease 

loci from multi-genealogical family data (www,hcl.utah,edul), 

Table 2: eMamples of Siorepositories 

Biobank Japan 
BloHealth (Norway) 
cartagene (Canada) 
China Siobank Project 
deCODE (Icelandic S!obilnk) 
estonia Genome Project 

Into 

500,000 
500,000 
20,000 
5 mllll()(l 
270,000 
1 million 

25,000 
24,000 

Researdllnfrastruc;:ture (88M I!.!) 

The use of biobanks ranges from drug discovery to bIomarker 

development to clinical trials, to stratify patients based on their genetic 

characterlstics, dIsease markers and likelihood of response to the 

tested SUbstance, Together with the pharmaceutical company Roche 
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(Basel, Switzerland), deCODE genetics (Reykjavik, Iceland) have used 

their biobank and population database for the discovery of drug 

targets of a wide range of diseases such as myocardial infarction, 

stroke, thrombosis and embolism, asthma, hypertension, 

schizophrenia, osteoporosis, obesity, type II diabetes, prostate cancer 

and osteoarthritis (www.decode.com/ClinicaIDevelopment.php). Other 

pharmaceutical companies such as GSK (Brenton, UK) are working 

with the Joondalup Family Health Study in Western Australia 

(www.jfhs.org.au) to enhance their drug development programmes. 

The commercial biobanks of GeneLogic (www.genelogic.com) and 

BioRep (www.biorep.com) offer collection and storage of samples from 

individuals participating in clinical trials to pharmaceutical companies. 

The importance of biobanks is further highlighted in situations where 

drug surveys are helped by retrospective analysis of samples in 

various populations. For example, AstraZeneca's (London, UK) anti

coagulant drug Exanta (Ximelagatran) was removed from the market 

due to adverse effects on hepatic function. Based on biological samples 

from patients taking the drug (Kindmark et aI., 2007; Wilkinson, 

2009), a retrospective pharmacogenetic case control study allowed to 

determine the genetic cause of those reactions. 

1.3.2.3. Genetic databases 

A major advantage of biobanks is their convenient and cost-effective 

storage of information as DNA. In contrast, whenever this information 

is being extracted, it needs to be stored electronically. Therefore, the 

huge amounts of data that are generated by genome projects require 

extensive information technology infrastructure to set up specialised 

data repositories (databases) and bioinformatics tools for analysis and 

interpretation. The two main global hubs of this effort are the National 
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Center for Biotechnology Information (NCBI), Bethesda, MD, and the 

European Bioinformatics Institute (EBI), Hinxton, UK, hosting the data 

repositories GenBank (www.ncbi.nlm.nih.gov/Genbank) and EMBL 

Nucleotide Sequence Database (www.ebi.ac.uk/embl).respectively.ln 

addition, there are local data centres in research, healthcare and 

industry wherever DNA sequence information is used. 

In conclusion, these investments are bound to grow exponentially with 

progress in genomic technology. However, similar to the development 

of the personal computer in the 1980s, fast and affordable DNA 

sequencing will help decentralise data resources, putting genome 

information in patients' and consumers' hands. In fact, this will further 

increase the importance of biobanks too, enabling to extract sequence 

information from stored samples quickly. 

In summary, genomics is driving the advancement of personalised 

medicine, yet it is still too early for its adequate translation into routine 

medical practice (Scheuner et al., 2008). Challenges need to be 

addressed, ranging from validated genotype-phenotype associations to 

education of patients and clinicians (Lesko, 2007). However, the new 

paradigm of genomics-informed medicine is steadily taking hold across 

the board of clinical specialities. This development is raising awareness 

that a long established discipline of medical inquiry is actually 

becoming personalised medicine's most advanced field, encompassing 

all others: pharmacogenetics. 
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1.4. Pharmacogenetics 

1.4.1. Drug response and pharmacogenetics 

Pharmacogenetics is the study of the genetic factors that in'fluence an 

individual's reaction to a drug. Pharmaceutical drugs and chemicals are 

foreign compounds, or xenobiotics, to which humans are exposed 

therapeutically, occupationally or through the diet. Xenobiotics have to 

undergo various transformations to effect treatment and facilitate their 

removal from the body. The absorption, biotransformation and 

elimination of xenobiotics by enzymes is important for safeguarding 

the body against toxic compounds and reactive species, which may 

modify cellular constituents and result in toxic reactions. 

Variation exists in the levels and activities of biotransformation 

enzymes and carrier proteins due to both genetic and non-genetic 

factors such as environmental and physiological conditions. 

Polymorphic drug receptors may have reduced affinity. For 

pharmaceuticals, the effects of genetic polymorphisms range from 

drug inefficacy, excessive concentration of reactive intermediates or 

products to exaggerated immunological response or hypersensitivity 

reactions. Pharmacogenetics aims to identify and categorise the 

genetic factors that underlie these differences and apply the results in 

clinical practice. 

1.4.1.1. History and current advances in pharmacogenetics 

The English physician Sir Archibald Edward Garrod is credited with the 

first pharmacogenetic discoveries. He found that people with urinary 

disorders varied in drug response and later described 'taste blindness' 

in individuals who could not taste phenylcarba mide (PTe). Such 
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variation was later linked to people's ethnic backgrounds (Fox, 1932; 

Snyder, 2009). 

The term 'pharmacogenetics' was introduced in the 1950s (Vogel, 

1959) after glucose-6-phosphate dehydrogenase deficiency was 

discovered in African American soldiers suffering from haemolysis after 

taking the anti-malarial drug primaquine (Carson et al., 1956). Other 

early drug response episodes were described with succinylcholine, an 

adjunct to anaesthesia (Lehmann and Ryan, 1956), and isoniazid 

(Mitchel and Bell, 1957; Evans et aI., 1960), which was and still is one 

of the most effective anti-tuberculosis drugs. Such reports increased in 

number during the 1970s with molecular characterisation studies 

being more prominent in the 1980s (Meyer, 2004). Whereas 

pharmacogenetics studies originally focused on monogenic traits, the 

discovery of entire pathways and disease mechanisms is increasingly 

becoming an important research area (Weinshilboum and Wang, 

2006). 

1.4.1.2. Properties of drug response 

Pharmacodynamics (PD) describes the biochemical and 

physiological effects of drugs either on the body directly or on 

microorganisms or parasites within or on it, the mechanisms of drug 

action and the relationships between drug concentration and effects 

(Lees et aI., 2004). This enables the formulation of dose-response 

relationships of drug potency and efficacy. The therapeutic index 

describes the difference between the dose required to effect treatment 

and that producing unwanted and possibly toxic effects. 

Whilst pharmacodynamics explores what a drug does to the body, 

pharmacokinetics (PK) investigates what the body does to the drug. 
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Tied together, PK-PD describe the role of proteins either as 

pharmacokinetics factors, determining the concentration of a drug that 

reaches its target, and pharmacodynamic factors, influencing the drug 

target itself. When a drug is administered to the body it undergoes 

absorption into the blood stream, distribution to its site of action by 

protein carriers, metabolism by enzymes and excretion. Taken 

together and abbreviated as ADME, these processes result in 

individual variability of drug response. In other words, two individuals 

who take the same drug will not have the same effective plasma 

concentration. In addition, drugs can cause adverse chemical 

reactions, summarised as toxicity, completing the acronym as 

ADMET. Other factors that can exaggerate pharmacokinetic variability 

include drug-food interactions, drug-drug interactions, drug-disease 

state, gender, pregnancy and genetic differences. These factors must 

be assessed in detail before treatment, in order to ensure that 

individuals receive the right dosage to achieve potency whilst 

minimiSing adverse drug reactions (ADRs). 

1.4.2. ADMETgenes 

Based on the variation in individuals' response to therapy, a person's 

genetic makeup or genome can be used to predict the probability of a 

certain drug response. Whereas pharmacogenetics starts out from an 

unexpected drug response, looking for a genetiC cause, 

pharmacogenomics refers to the study of all known genes and their 

products that determine drug behavior. Therefore, today's high-paced 

advancement of genotyping technology feeds directly into the progress 

of pharmacogenomics, aimed at individual whole genome information 

for personalising treatment. Although both terms have been used 

interchangeably, it seems that pharmacogenetics is more commonly 

referred to as the study of single genes and their effects on inter-
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individual differences in drug metabolising enzymes (DMEs) or 

receptors, while pharmacogenomics represents a whole-genome view 

of drug response variability. 

Genes encoding ADMET proteins are highly polymorphic, hence of 

great interest to pharmaceutical discovery and development for 

maximising drug efficacy, minimising toxicity and selecting responsive 

patients for clinical trials. Besides DMEs, ADMET proteins include 

receptors and drug transporters such as the multi-drug transporter 1 

(ABCB1). This protein belongs to a family of ATP-Binding Cassettes 

(ABC) and is involved in the transport of most drugs across the 

intestine into the blood stream. Found to be highly polymorphic, 

ABCBl has been associated with variation in the distribution of 

substrates including anti-cancer agents, cardiac drugs and HIV 

protease inhibitors (Fung and Gottesman, 2009; Kimchi-Sarfaty et aI., 

2007). 

During the early years of pharmacogenetics, studies focused on outlier 

samples with the hope of identifying inherited variation in one or a few 

enzymes involved in the metabolism of a particular drug. With the 

advance of genomic high-throughput technology, this is now possible 

in a large-scale, prospective way by screening volunteer populations 

for polymorph isms, after which candidate variants can be tested in 

patients or individuals with an abnormal phenotype. In effect, the 

single gene/SNP approach has progressed to a situation where many 

genes in pathways can be analysed simultaneously towards 

determining underlying molecular mechanisms responsible for 

pharmacodynamic and pharmacokinetic variation. 
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1.4.3. Variation In drug metabolism 

Drug metabolism includes activating/deactivating a drug, attenuating 

its biological activity and accelerating its clearance from the body. 

Drug metabolising enzymes act as shields against exposure to toxic 

chemicals or xenobiotics and can be divided into two major categories 

(Evans and Reiling, 1999). The oxidative or phase I drug metabolising 

enzymes catalyse the introduction of an oxygen atom into substrate 

molecules, resulting in hydroxylation or demethylation. Examples of 

phase I enzymes are the cytochrome P450s (CYP), epoxide hydrolases 

(EH) and flavin mono-oxygenases (FMO). Five of the human CYPs 

(1A2, 2C9, 2C19, 206, 3A4) are involved in 95% of the CYP-mediated 

metabolism of drugs (about 75% of drug metabolism) (Rendic, 2002; 

Guengerich, 2003). The conjugative or phase II enzymes catalyse the 

coupling of endogenous small molecules to substrates to make them 

more soluble and hence easily excretable. Phase II enzymes include 

thiopurine S-methyltransferases (TPMT), uridine glucuronyl

transferases (UGT), N-acetyltransferases (NAT), glutathione 5-

transferases (GST) and sulphonyl tansferases (SULT). 

The genetic polymorphism of drug metabollslng enzymes (DME) is 

one of the most important and best understood causes of inter

individual variability in drug response. Variants identified in the coding 

genes have been associated with abolished, reduced, and sometimes 

increased enzyme activity . Effectively, this divides the population into 

slow metabolisers and rapid metabollsers. Given that the nature 

of genetic variation can affect enzyme activity at various levels, the 

phenotypic spectrum can be divided further into ultrarapid, rapid, 

intermediate and slow metabolisers. Ultrarapid and rapid metabolisers 

are likely to require higher doses of a drug due to their ability to 
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eliminate the drug from the body faster, resulting in sub-therapeutic 

levels at the target site. This is the case if the drug is administered in 

therapeutically active form. Slow metabolisers may need to have their 

dosage decreased to avoid accumulation of the drug, resulting in 

toxicity. This may be the case for intermediate metabolisers too, 

particularly when exposed to drugs with a narrow therapeutic index. 

1.4.4. Drug metabolising enzymes 

1.4.4.1. Cytochrome P450 (CYP) 

The cytochrome P450s are named after the spectral absorbance peak 

of their carbon monoxide-bound species at 450 nm. These enzymes 

are referred to as mixed-function oxygenases, transforming lipophilic 

substrates into more water soluble compounds by using NADPH as a 

coenzyme and oxygen as a substrate (Garret and Grisham, 1995). In 

addition, CYPs catalyse the oxidation of non-activated C-H bonds (Isin 

and Guengerich, 2008). Generally, CYP enzymes are remarkable both 

for the diversity of reactions they catalyse and the range of 

chemically-dissimilar substrates upon which they act (Danielson, 

2002). 

CYPs consist of 18 families sharing >400/0 amino acid identity and 43 

subfamilies of >550/0 internal amino acid identity. The human genome 

project has identified at least 62 CYP genes (57 intact and 5 

pseudogenes). CYP genes are commonly abbreviated such as 'CYP2D6' 

or 'CYP3A4', of which the first number is the family and the letter is 

the subfamily, followed by a number that represents the isoform in 

that particular subfamily (Figure 2). 
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Located in the endoplasmic reticulum of cells, CYPs are highly 

concentrated in the liver, where major detoxification processes take 

place (Hayes, 1999). CYP expression is also observed in other tissues 

such as brain, kidneys and intestines. In the liver, CYP3A4 is the most 

abundant (1\130% ) followed by CYP1A2 and CYP2C (15-200/0 each), 

while the rest of the CYPs such as CYP2B6, CYP2D6 and CYP2El make 

up less than 5% each (Shimada et al., 1994). As CYPs are pivotal in 

drug metabolism and toxicity, they represent a major concern in drug 

development (Smith et aI., 1996); their substrates have been 

categorised (www.medicine.iupui.edu/flockhart/table.htm). 

Active p450 genes In the human genome 

111111111111 
1 2 3 4 5 7 8 11 17 19 21 24 27 
~ 31.. Endogenous substrate. 
~ 1 181 3A5 conserved during evolution 

1A1 3A7 
1A2 3M3 

Js 2~ 2C8 2ba 2~1 2~1 
2A7 2C9 
2A13 2C18 

2C19 
Exogenous substrates . 

less conserved during evolution 

Figure 2: Human CYPs. The different families of P450 in humans are 
represented by vertical lines, those of families 1-3 are enzymes involved in 
xenobiotic metabolism, while those In higher families metabolise endogenous 
substrates. The subfamilies are represented by a letter, while isoforms are 
given Arabic numbers. (Ingelman-Sundberg and Rodriguez-Antona, 2005) 

CYP3A4 contributes most to the metabolism of clinical drugs (1\1400/0). 

Other major contributions come from CYP2C9 (17% ), CYP2D6 (150/0), 

CYP2C19 (100/0), CYP1A2 (9% ), CYP2C8 (6% ), and CYP2B6 (4%) 

(Zanger et aL, 2008). 
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The highly polymorphic nature of CYPs causes inter-ethnic and inter

individual differences. Alleles of CYP genes are assigned names such as 

CYP2D6*17, in which *17 refers to a polymorphism within the 

sequence of that particular gene. An allele nomenclature committee 

keeps track of these names and new allele assignments 

( www.cypalleles.ki.se ). 

1.4.4.1.1 CYP2B 
This sub-family has only one member in humans, CYP2B6, one of the 

less well studied human CYPs. CYP2B6 is primarily expressed in the 

liver, involved in the first-pass metabolism of ingested drugs, but has 

also been detected in several extra-hepatic tissues including brain, 

kidney and intestine. Human CYP2B6 is estimated to account for a 

minor portion «1%) of total hepatic CYP content and to have a minor 

function in human drug metabolism. Recent studies, however, indicate 

that the average CYP2B6 content in human liver is approximately 3-

6% of the CYP pool and that CYP2B6 plays a critical role in the 

biotransformation of several clinically important drugs (Wang and 

Tompkins, 2008; Zanger et aI., 2007). These substrates include 

cytostatics (cyclophosphamide), anti-HIV drugs (efavirenz and 

nevirapine), anti-depressants (bupropion), anti-malarials (artemisinin), 

anesthetics (propofol) and synthetic opioids (methadone). 

The CYP2B6 gene, together with the expressed pseudogene CYP2B7, is 

located within the 350kb CYP2ABFG5T gene cluster on chromosome 19 

that contains genes and pseudogenes of the CYP2A, 2B, 2F, 2G, 25 

and 2T subfamilies. CYP2B6 is highly polymorphic with 28 

characterised alleles, over 50 haplotypes and more than 100 described 

5NPs. Contrary to the conventional path to polymorphisms such as in 
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CYP2C19 and CYP2D6, which were discovered via adverse drug 

reactions, pharmacogenetic analysis of CYP2B6 was initiated via 

reverse genetics approaches, followed by functional and clinical studies 

(Zanger et aI., 2007a). The majority of SNPs in CYP2B6 do not encode 

functional changes and are relatively rare. However, several important 

SNPs have been found at higher frequencies, up to 500/0, in certain 

populations. For example, CYP2B6*6 (516 G>T, 785 G>A) is the most 

widely studied allele with a proven impact on the pharmacokinetics of 

CYP2B6 substrate drugs. Other alleles affecting enzyme function 

include CYP2B6*2 (64 C>T), CYP2B6*3 (777 C>A), CYP2B6*4 (785 

A>G), CYP2B6*7 (516 G> T, 785 A>G, 1459 C> T) CYP2B6*16 (785 

A>G, 983 T>C), CYP2B6*18 (983 T>C), CYP2B6*27 (593 T>C) and 

CYP2B6* 28 (1132 C> T), as well as four phenotypic null alleles 

CYP2B6*8 (415 A>G), CYP2B6*11 (136 A>G), CYP2B6*12 (296 G>A) 

and CYP2B6*15 (1172 T>A). SNPs in non-coding regions may be in 

linkage with SNPs in coding regions. As CYP2B6 is a highly inducible 

enzyme, SNPs in the promoter 5' UTR may be important for its 

expression. For example, the recently discovered CYP2B6*22 (-1848 

C>A, -801 G>T, -750T>C, 82 T>C) has been identified in Caucasians 

and results in enhanced transcriptional activation of up to 9-fold 

compared with the reference CYP2B6 promoter. This could cause ultra

rapid metabolism of CYP2B6 substrates. 

A recent study identified the new allele CYP2B6*29 in a Caucasian 

individual carrying a heterozygous 68kb deletion of exons 1-4 (Rotger 

et al., 2007). This adds to the ever-increasing complexity of CYP2B6, 

calling for modifications of genotyping protocols for its alleles. 
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1.4.4.1.2 CYP2C 
The human CYP2C subfamily contains four highly homologous genes: 

CYP2C8, CYP2C9, CYP2C18 and CYP2C19, which are located in a 

cluster on chromosome 10 (Gray et aI., 1995). 

Both the CYP2C9 and CYP2C19 genes contain nine exons, encoding 

proteins of 490 amino acids in length. Although these genes are highly 

homologous (92% ), the enzymes differ in their substrate specificities 

(Tsao et aI., 2001). 

CYP2C9 is the main CYP2C enzyme, constituting 20% of total human 

liver microsomal CYP content (Shimada et al., 1994). CYP2C9 variants 

CYP2C9*2 and CYP2C9*3 are the most common and affect the 

metabolism of the anti-coagulant drug warfarin. Other drugs affected 

by CYP2C9 polymorphism are the anti-diabetic agents glipizide and 

tolbutamide, the anti-epileptic agent phenytoin, the anti-hypertensive 

drug losartan and non-steroidal anti-inflammatory drugs (NSAIDs) 

such as ibuprofen and diclofenac (Miners and Birkett, 1998). Other 

alleles affecting metabolism of CYP2C9 substrates are CYP2C9*5, 

CYP2C9*8, CYP2C9*10 and CYP2C9*11 (Allabi et aI., 2004). 

CYP2C19 metabolises S-mephenytoin, which is the probe drug for this 

enzyme. Other drugs metabolised by CYP2C19 include the anti-ulcer 

drug omeprazole, diazepam, anti-malarial drug, proguanil and anti

psychotic drug, escitalopram. The most common allelic variants 

CYP2C19*2 and CYP2C19*3 cause reduced enzyme activity and 

contribute to the slow metabolism of substrate drugs (Goldstein, 

2001), whilst CYP2C19*17 was recently discovered and results in 

increased enzyme activity (Sim et al., 2006). 
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1.4.4.1.3 CYP2D 
The CYP2D gene locus on chromosome 22 contains three contiguous 

genes: CYP2D6, CYP2D7, and CYP2DB (Kimura et aI., 1989b). CYP2D6 

is the only one encoding a functional protein, the others are 

pseudogenes. 

CYP2D6 was the first CYP for which a classical pharmacogenetic 

polymorphism was found Mahgoub et aI., 1977). It remains the most 

extensively studied and the most polymorphic CYP, with Lip to 70 

alleles described so far, causing a spectrum of phenotypic responses. 

Besides, CYP2D6 appears to have a large genetic influence on its 

phenotypes, since environmental factors are of minor importance in 

CYP2D6 drug oxidation (Bock et aI., 1994), which represents a stable 

and reproducible personal parameter. 

Despite the fact that CYP2D6 is one of the least abundant CYPs in the 

liver, it metabolises a wide range of drugs, such as anti-arrhythmic 

agents, tricyclic anti-depressants, neuroleptics and anti-cancer agents 

(Ingelman-Sundberg, 2005). 

Major CYP2D6 alleles are CYP2D6*4, CYP2D6*10, CYP2D6*17 and 

CYP2D6*29. Unequal crossover between CYP2D6 and the pseudogene 

CYP2D7, involving a certain repetitive sequence, leads to 

recombination events that result in structural variants in which the 

functional gene can be either deleted (CYP2D6*5) or duplicated 

(CYP2D6*lXN or CYP2D6*NXn) (Gaedigk et aI., 1991; Ledesma and 

Agundez, 2005). 
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1.4.4.2. Flavin mono-oxygenases (FMO) 

Members of the microsomal flavin-containing mono-oxygenase (FMO) 

family catalyse oxidative reactions of large numbers of N-, P- and S

containing xenobiotics. 

FMOs and CYPs exhibit similar tissue and cellular locations, molecular 

weight and substrate specificity (Krueger and Williams, 2005), but 

often yield distinct metabolites with potentially significant 

pharmacological consequences. A favourable characteristic of FMOs 

over CYPs is the lack of reactive oxygen Intermediates in its metabolic 

conversion of xenobiotics (Alfieri et aI., 2008i Krueger and Williams, 

2005). 

The best studied of these enzymes is FM03 (in adult human liver), 

polymorphisms of which contribute to the disease trimethylaminuria, 

or fish odour syndrome. Although the physiological role of FM03 is still 

unclear, knowledge about its metabolism of drugs, xenoblotics and 

other chemicals is accumulating. 

Common non-synonymous SNPs, which reduce enzyme activity, 

include g.15167 G>A (E158K), g.18281 G>A (V257M) and g.21443 

A>G (E308G), with variation found between ethnic groups (Cashman 

et aI., 2000); Mao et aI., 2009). Some of these polymorph isms have 

been aSSOCiated with a more favourable response to the NSAID 

sulindac In col o recta I cancer patients (Hissamudin et al., 2005). 

1.4.4.3. Glutathione S-transferases (GST) 

GSTs are dimeric enzymes that catalyse the conjugation of glutathione 

to electrophilic xenobiotics in order to inactivate them and facilitate 

their excretion from the body. Such detoxification of potentially 
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genotoxic compounds gives GSTs an important protective role in 

chemical carcinogenesis. Various carcinogens, such as the reactive 

benzo[a]pyrene diol-epoxide aflatoxin- 2,3-epoxide and reactive 

sulfates are GST substrates. However, several chemotherapeutic 

compounds are also GST substrates, and their conjugation to 

glutathione might lead to decreased effectiveness as well as tumour 

cell resistance. In addition, GSTs metabolise certain pesticides and 

environmental pollutants and have an intracellular transport function. 

GST isozymes are divided into seven classes, five of which are 

cytosolic (alpha, kappa, mu, pi and theta) and two are membrane 

bound. GSTMu, GSTP and GSTT sub-families appear to be the most 

polymorphic and give rise to phenotypiC variation In their metabolic 

activity. 

GSTMu genes are located in a 20kb cluster on chromosome 1, ordered 

5'-GSTM4-GSTM2-GSTM1-GSTMS-GSTM3-3' (Pearson et aI., 1993). 

The well characterised GSTMl features duplication and deletion (null) 

variants and SNP alleles GSTMl *A and GSTMl *B. In addition, a 

duplicated GSTM1 gene has been associated with ultra-rapid 

metabolism (McLellan et aI., 1997), although this occurs at a low 

frequency. In the GSTP and GSTT families, there are GSTPl SNP 

variants such as GSTPl *A, GSTPl *B, GSTPl *C and GSTPl *D and a 

GSTTl null allele. 

Glutathione S-transferases metabolise environmental toxins, and 

polymorphisms may playa role in susceptibility to some cancers (Ates 

et aI., 2005b; Mo et aI., 2009; Ye and Song, 2005). In addition, these 

enzymes have also been implicated in increased sensitivity to 
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chemotherapy due to their role in conjugating drug intermediates 

(Barahmani et aL, 2009; Stoehlmacher et aL, 2002). Some GST 

polymorphisms may influence cancer survival in an indirect way, by 

detoxifying reactive oxygen species that act as intermediates in the 

cytotoxicity of chemotherapeutic agents, hence modulating the drug 

response, even if the compound is not a GST substrate (Ekhart et aL, 

2009). For example, in individuals with GSTM1/GSTTl null genotypes 

and reduced enzyme activity there will be a higher effective dose of 

the drug and/or more effective reactive oxidant damage to the tumour 

tissue. On the other hand, the same patients would be expected to 

have higher levels of toxicity. 

1.4.4.4. N-acetyltransferases (NAT) 

The NAT family consists of two isozymes, NAT1 and NAT2. NAT 

enzymes catalyse the acetylation of a wide variety of arylamines and 

heterocyclic aromatic amines (Boukouvala and Fakis, 2005). NAT 

polymorphisms were some of the first genetic variants found in drug 

metabolism more than 50 years ago (Mitchel and Bell, 1957). Cloning 

of the N-acetyltransferase 2 (NAT2) cDNA, encoding the enzyme 

responsible for isonaizid metabolism, was achieved in 1991 by Blum et 

aL, 1991. 

The NAT2 gene is the best characterised, consisting of an intron-Iess 

gene of 870 nucleotides encoding a protein of 290 amino acids, with 

an additional non-coding exon in the 5'-flanking region. Major 

polymorphisms include the NAT2*5, NAT2*6, NAT2*7 and NAT2*14 

alleles. It has been postulated that individuals carrying these alleles 

metabolise drugs slower and hence are referred to as slow acetylators. 

An online phenotype prediction apparatus is available to estimate the 

acetylator status of individuals carrying the common NAT2 alleles 
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(Kuznetsov et al., 2009). NAT2 metabolises the anti-TB drug isoniazid 

and sulphamethoxazole-trimethoprim (cotrimoxazole) used in HIV 

patients. Slow acetylators taking NAT2 substrates such as 

hypertensive drug hydrazine and anti-arrhythmic agent procainamide 

are at increased risks for the occurrence of autoimmune disorders 

(Weinshllboum and Wang, 2006). The hypothesis that acetylator 

status may predispose to a determined cancer risk is based on a 

differential effect of N-acetylation as a potential detoxification step and 

a-acetylation as a potential carcinogen-activation step. For example 

studies have shown association of NAT2 polymorphisms with increased 

risk predisposition to bladder, colon and lung cancer in the background 

of dietary factors (Lin et aI., 2009; Zupa et aI., 2009) whilst this is not 

true for breast cancer. Other studies show that chemicals in smoke 

may affect acetylator status (Alberg et al., 2004). Therefore NAT2 

polymorphism alone does not constitute a relevant risk factor for 

cancers. However this polymorphism may reinforce the effect of other 

genetic and/or environmental factors. 

1.4.5. Personalised medicine and pharmacogenomics 

Pharmacogenomics is based on association studies of genotype and 

phenotype, aimed at translation of genetic data into clinical practice 

(Srinivasan et aI., 2009). Molecular diagnostics is used to test for 

variations in genes and their expression, to enable treatment with 

targeted drugs, thus shaping a narrower, and more potent, definition 

of personalised medicine (Ferrara, 2007). Pharmacogenomic tests 

have the potential to (I) predict intended response, the goal outcome 

of the medication; (ij) predict unintended response to the medication, 

such as adverse events; (iii) titrate medication dose; and (iv) inform 

the development of novel therapeutics (Wu and Fuhlbrigge, 2008). 
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1.4.5.1. Pharmacogenomics in drug development 

During early stage clinical trials, pharmacogenomics can be used to 

improve the safety and efficacy of new drugs in development (Roses, 

2004a). Risk of ADRs can be reduced by checking whether a drug will 

cause problems in genetic subgroups. In reverse, 'failed' drugs can be 

'rescued' for application in suitable new target groups. In later stage 

trials, pharmacogenomics can be applied to screen for 'good 

responders', increasing confidence by associating response with 

genotype, thereby reducing trial size and cost (Roses, 2004b). The US 

Food and Drug Administration (FDA) has recently laid out 

recommendations for the submission of pharmacogenomic data for 

new drug approvals (Ruano et aI., 2004). 

Pharmacogenetics improves the safety of licensed drugs through pre

prescription testing for risk of ADRs, post-marketing surveillance and 

the use of efficacy data in drug marketing. Examples of the use of 

pharmacogenetics in the drug discovery pipeline can be found on 

http://clinicaltrial.gov/ct2/results?term=pharmacogenetics. 

1.4.5.2. Pharmacodiagnostic markers 

Most established pharmacodiagnostic markers are based on variation 

in drug metabolising enzyme genes such as CYPs and UGTs, a few 

drug receptors and transporters (Table 3). Such variation has been 

observed in the response to a Wide range of drugs, illustrated by the 

following examples. 

Warfarin is an anti-thrombotic agent, which is used to prevent strokes. 

Some individuals suffer from excessive bleeding episodes when 

administered with this drug. This is largely attributed to 

polymorph isms in CYP2C9 and the target enzyme, vitamin K epoxide 
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reductase (VKORC1). On 16 August 2007, the US FDA announced that 

warfarin's label will carry new information stating that a lower initial 

warfarin dose "should be considered for patients with certain genetic 

variations" (Vladutiu, 2008). This marked one of the first official 

endorsements of genetics' role in drug dosing. 

Although genotyping for CYP2C9 and VKORC1 has been widely shown 

to be of importance in predicting a starting dose of warfarin, a recent 

study showed that the dosing algorithms are based on common 

variants only (CYP2C9*2, CYP2C9*3 and VKORC1 1639/3673) and are 

not predictive for non-Caucasian populations (Langley et aI., 2009). 

Clinical studies indicate that African Americans require higher doses of 

warfarin, yet the genetic basis for this is not well established (Langley 

et aI., 2009). Therefore, incorporating in dosing algorithms rare 

variants, which may affect warfarin action in Africans, would be 

necessary, although small sample sizes might make it difficult to 

achieve sufficient statistical power. 

Anti-epileptic drug phenytoin has a narrow therapeutic index, and 

toxicity has been associated with polymorphisms in CYP2C9 and 

CYP2C19 genes (Hung et al., 2004). Anti-depressants such as 

nortriptyline and amitryptyline may require pharmacogenetic testing 

(Seeringer and Kirchheiner, 2008) to predict individuals who are prone 

to ADRs. 

Cardiovascular drug Bidil is now recommended for Africans, due to 

reduced side effects compared to Caucasians (Taylor et aI., 2004). 

Although spurring debate around racial issues, this has been endorsed 
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by FDA recommendations for use of the drug in African Americans 

(Seeringer and Kirchheiner, 200S). 

Breast cancer drug tamoxifen is rendered less effective in Caucasians 

carrying inactivating CYP2D6 polymorphisms, which may be an 

important predictor for the benefits of the drug (Rae et aI., 2009). 

Camptosar (Irinotecan) is used to treat col o recta I cancer, and some 

patients may suffer from toxicity due to reduced metabolic activity of 

the enzyme UGT1Al (Perera et aI., 200S). 

Some anti-cancer drugs such as 6-mercaptopurine are metabolised by 

thiopurine S-methyl transferase (TPMT), one of the most important 

polymorphic enzymes, and poor metabolisers are likely to suffer from 

increased risk of life-threatening myelosuppression. TPMT is one of the 

first genes to be tested for, bringing pharmacogenetics 'from the 

bench to the bedside' (Weinshilboum and Wang, 2006). 

Apart from their protective role against environmental toxins, GSTs 

play a role in cancer treatment. It has been reported that individuals 

with GSTM1/GSTTl null alleles have a better breast cancer prognosis 

for overall survival when treated with cyclophosphamide (Ambrosone 

et aI., 200l). In contrast, GSTTl null genotype was found to be an 

independent prognostic factor for shorter lung cancer survival. 

Anti-retroviral treatment (ART) against HIV/AIDS is known to cause 

ADRs according to DME-independent genetic variation (Mehta et al., 

200S). The HLA-B*570l allele was shown to predict hypersensitivity 

reactions after treatment with abacavir (Saag et al., 200S; 
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Vandekerckhove et aI., 2008). However, due to a lower prevalence of 

the HLA-B*S701 allele in African populations, abacavir hypersensitivity 

was reported less frequently in African patients than in Caucasians. In 

addition, studies on the impact of CYP2B6 polymorph isms on efavirenz 

treatment show promising results towards targeted application of 

pharmacogenetics in sub-Saharan Africans (Nyakutira et al., 2007). 

In summarry the list of pharmacodiagnostic markers is growing fast, 

making them an increasingly important pillar of personalised medicine. 

Pharmacogenetic testing is becoming more widely accepted and partly 

mandated for therapy decisions and drug development. However, as 

this trend is highly dependent on diagnostic technology resources, it is 

so far limited to the more affluent parts of the world. Contributing to 

its wider application in Africa is the main goal of this study. 
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Table 3: Examples of pharmacogenetic applications In drug therapy 

Drugs Reference 

Warfar1n CYPZC9, Haemorrh~ge In .. VKOIICl ""'" metaboll,;ers 

Tranllast UGTJAJ H ype rblll nJ til neml a 

Asthma AlblJterol 
b2-AQ",,,,,ryk 
receptor 

Breast Cancer TamOJCif"": CYPl06: Treatment response Herce ptln' " ERBBZ 

AAthracycline. GSTNI, GSITI, 
Cancer T~atment response , , GSTPI 

Bldll 

Colo .... cta l [rinotecan (CPT· ll; 
UGTlA 

... neer Camptosar) ' " ; 

~pression 
TricYd oc ant i-

O'PlD6 Adverse "'''Clions depressants 

Epi lepSy phenytOin CYP2C9 Ne~roto. iClty 

Omepralole CYPlCI9 

HIV/AJOS e/avirenl Cl'PZB6, Neuropsychosls. 
CYP3A4 hepatoto~leity 

H1V/AJ OS Abaca ... l. Hi.A-B 

6·Mercaptopunoe TPNT L"u~op.mi a. 
mv·lowpprusion 

Ma lari a " O'PZC9 

Malar1~ Primaquine G6PD Haemolytic 
anaeml ~ 

Stre ke ~"v .. CYPZC/9 Cardlov<tSCular 
prevention (dopldog~ I ) '" complications 

TuberculOSis Isonla,ld hepatotoxIcity 
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1.5. Building African capacity for the future 

Capacity building for pharmacogenetics in Africa remains a challenge, 

struggling with scarce resources and under-representation of African 

populations in international data repositories (Hardy et al., 2008). As a 

foundation for future progress, to bridge the gap between research 

and clinical application and tailor genomic medicine for Africa's health 

needs, efforts ought to be focused on bioresources and knowledge 

bases, cataloguing African-relevant information (Singer et aI., 2007). 

1.5.1. Bioresources for pharmacogenetics research 

African biobanks are still few and far between. Africa's biggest biobank 

in Gambia contains over 50,000 blood samples of individuals suffering 

from infectious diseases (Sirugo et al., 2004). Other collections have 

been started in consortia-based efforts (Matimba et aI., 2008), 

focusing on pharmacogenetics in African populations. Given the 

heterogeneity of the African genome, new and expanded biobanking 

programmes need to be initiated on the continent. 

1.5.2. Pharmacogenomics knowledge In Africa 

As the old 1I0ne treatment fits ali ll paradigm becomes less applicable 

everywhere, significant advances have been made in companion 

diagnostics and according treatment of patient sub-groups, particularly 

with newer rationally-targeted therapies (Germano and O'Driscoll, 

2009). However, pharmaceuticals developed in Western countries do 

not yet undergo systematic clinical trials in Africans. Likewise, their 

effects in African populations are not speCifically documented in post 

marketing surveillance, endangering African patients (Matimba et aI., 

2008). As a start on the way out of this dilemma, the current status of 

African pharmacogenetics needs to be assessed to chart future 

direction. 
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In order to ensure efficacy of treatment across ethnic groups, the 

discovery of new pharmacogenetic variants by re-sequencing analysis 

of African populations, combined with expression profiling and the set

up of knowledge bases on drug response in Africa, ought to be 

prioritised. The establishment of an information portal enabling the 

estimation of pharmacogenetic diversity at the population and 

individual level should create a valuable resource for clinical practice 

and the pharmaceutical industry. 

Therefore, here diverse African ethnicities were analysed using re

sequencing and genotyping strategies in major drug metabolising 

enzyme genes. The specific aim was to ascertain for polymorphisms in 

Africans, determining their baseline prevalence, assessing population 

relatedness and establishing pharmacogenetics resources, such as a 

catalogue of African-specific pharmacodiagnostic markers. The 

following aims and objectives of this study were focused on improving 

the prediction of individual drug response in Africa, as well as the 

development of novel diagnostics and a better representation of 

Africans in clinical studies. 

47 



2. AIMS AND OBJECTIVES 

2.1. AIM 

To characterise genetic variation of major drug metabolising enzymes 

in African populations to understand its impact on biological function, 

evolutionary relation and medical use as pharmacodiagnostic markers 

for personalised medicine in Africa. 

2.2. OBJECTIVES 

1. To collect DNA samples from ethnic groups in Africa including Igbo, 

Hausa, Yoruba (Nigeria); Kikuyu, Luo, Maasai (Kenya), Shona, San 

(Zimbabwe), Venda (South Africa) and Mixed Bantu of Tanzania. 

2. (i) To search for novel genetic variants in genes of major drug 

metabolising enzymes, namely CYP2C9, CYP2C19, CYP2D6 and 

NAT2 by re-sequencing. 

(ii) To predict functional characteristics of these variants using 

bioinformatic tools. 

3. To investigate the baseline frequencies of commonly known alleles 

in eight genes, namely CYP2B6, CYP2C9, CYP2C19, CYP2D6, NAT2, 

GSTM1, GSTTl and FM03 by genotyping. 

4. To assess population relatedness of Africans by applying statistical 

and phylogenetic methods to genotype data. 

5. To establish a catalogue of polymorph isms in drug metabolising 

enzyme genes towards a pharmacogenetics database of African 

populations. 
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3. MATERIALS AND METHODS 

3.1. Populations 

3.1.1. Ethics 

The study was based on the Declaration of Helsinki of the World 

Medical Association (www.wma.net/e/policy/b3.htm). Accordingly, 

research proposals regarding the 'collection of blood samples for the 

analysis of genetic variability of ADME genes' were approved by the 

Ethics Review Boards of University of Nairobi (Kenya), Obafemi 

Awolowo University (Nigeria) and University of Zimbabwe (Zimbabwe). 

Samples from South Africa and Tanzania were analysed on the basis of 

a previously approved agreement for the study of pharmacogenetics 

(Dandara et al., 2002, PhD thesis). Overall, the study was part of an 

effort by the Consortium of Study for Pharmacogenetics of African 

Populations (Matimba et aI., 2008). 

3.1.2. Population selection and volunteers 

Populations were selected based on ethno-linguistic classifications 

(www.ethnologue.org). Ethnicity was assigned based on the 

submission that parents and grandparents of the volunteers were of 

the same self-identified ethnic group. The study subjects consisted 

mainly of unrelated university students, or of adults from isolated 

villages. The volunteers were educated on the nature of the study, in 

the appropriate language, confirmed agreement and understanding by 

signing informed consent forms. In some cases, such as the Hausa in 

Nigeria, additional permission was obtained from the Chiefs of the 

communities. All samples were anonymised and renamed to fit the 

database coding system, which was based on the country, ethnicity 
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and a number. All samples were re-coded such that there was no 

direct link to the original code given by the collector. 

3.1.3. Blood samples 

Blood samples from the following ethnic groups were analysed 

(number of samples): Kikuyu (100), Luo (100), Maasai (152), Hausa 

(100), Igbo (100), Yoruba (100), San (64), Shona (100), Mixed 

Tanzanians (100), Venda (81). 5 to 10m I venous blood were collected 

in EDTA-containing Venoject vacutainer tubes (Terumo Europe, 

Leuven, Belgium) and stored at -20°C. 

3.1.4. DNA extraction and quality control 

DNA was extracted using the Eppendorf Perfect gDNA Blood Mini Kit 

(Eppendorf, Hamburg, Germany) or the QIAamp DNA Blood Mini Kit 

(Qiagen, Venlo, Netherlands). 201-11 of DNA were diluted 1:20 in 

distilled water, and absorbance was measured at 260/280nm on a 

UV/2101PC Spectrophotometer (Shimadzu, Kyoto, Japan). For quality 

control, extracted genomic DNA was checked by electrophoresis in 10/0 

agarose Roche Applied Science (Mannheim, Germany) against 

molecular weight marker MWVIII (Roche, Basel, Switzerland). Samples 

that produced bands of about 20kb and above were stored, while 

degraded samples were re-extracted. 

3.2. Genes 

3.2.1. Selected genes 

Eight drug metabolising enzyme genes were selected for this study: 

CYP2B6, CYP2C9, CYP2C19, CYP2D6, FM03, GSTM1, GSTT1, NAT2. 

Their accession IDs were obtained from http://genome.ucsc.edu/ and 

are shown in Table 4, unless otherwise stated. SNPs or CNVs were 
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analysed using PCR, sequencing and genotyping methods such as 

RFLP, Taqman and Sequenom (Table 4). 

Table 4 : Genes analysed In this study 

Re-sequenclng, 
Sequenom 

accession reference sequences from I. I 
'Major variant types Important pharmacogenetics 

3.2.2 . Allele nomenclature 

Allele nomenclature of eyps and NAT2 Is according to the Human 

Cytochrome P450 (CYP) Allele Nomenclature Committee (Ingelman

Sundberg et aI., 2001) {www.cypaUeles.ki.se} and the Arylamine N

acetyltransferase Gene Nomenclature Committee (Hein et aI., 2008) 

( http://lou lsville. edu/medschool/pharmacology /nat), respectivel y . 

An allele, as borne by a specific SNP, is assigned a number preceded 

by a star - for example, CYP2C9*9, to define the 10535 A>G mutation, 

causing the amino acid change H251R. For FM03, variants are defined 

by the result or the amino acid change and Its position - for example, 

the SNP g.15167 G>A (EIS8K) Is referred to as the KIS8 va riant. 

51 



3.3. Re-sequencing 

The following numbers of DNA samples from various ethnicities were 

analysed: Hausa (20), Igbo (20), Luo (30), Maasai (13), San (40), 

Shona (23), Venda (9), Yoruba (20) and Tanzanian Mixed Bantu (12) . 

Primers were designed using 5NPBox and Primer3 software (Rozen and 

Skaletsky, 2000; Weckx et aI., 2004). I dentica l primers were used for 

PCR and sequencing, except where otherwise stated (Table 5). 

Exon amplification mixtures (20~1) contained lxTITaq buffer, 0.25mM 

of deoxyribonucleotide triphosphates, dNTP (dATP, dCTP, dGTP, dTTP), 

0.5~M of each primer, 0.25 units of TiTaq and 5ng/1-I1 of DNA template. 

7-Deaza-2· -deoxyguanosine-GTP (7 -deaza-dGTP) was used in place of 

dGTP In CYP2D6 reactions. All reagents were obtained from Invitrogen 

SA (Merelbeke, Belgium) . For PCR, an ini tial denaturation at 94°C for 

two minutes was followed by 35 cycles at 94°C for 30 seconds, 59°C 

for 30 seconds and 72°C for 60 seconds. PCR product were purified 

using ExoSAP-IT® reagent (USB Biotechnologies, Cleveland, USA). 

Sequencing mixes (15 1-11) contained 2 1-11 of cleaned -up PCR product 

(5x diluted), 0.5 I-IM of sequencing primer and 0.6 ~I of Big Dye® 

Terminator Sequencing mix (Applied Biosystems, Foster City, CAl. 

Sequencing reactions were started at 96°C for one minute followed by 

25 cycles at 96°C for ten seconds, 50°C for five seconds and 60°C for 

four minutes, and resolved on an ABJ 3730 DNA Analyzer (Applled 

Biosystems, Foster City, CAl. Identi fication of SNPs was carried out 

using the novoSNP v2.1.9 software package (Weckx et aI., 2005). 

Reference sequences were NC_000010.9 for CYP2C9, NC_OOOOlO.9 for 

CYP2C19, M33388 for CYP2D6 and NC_OOOOOS.9 for NAT2. 
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Table 5: Exon amplificatIon and sequencIng primers 

Gene amplification primers Sequencing primers 

CYP2C5I 1..---+ 

CYP2CJ9 f..--+ 
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Table 5 continued : E)(on amplification and sequencing prlmers 

Gene Exon Exon amplification primers sequencing primers 

"'same set 

5< 



3.4. Genotyping 

3 .4 .1. RFlP 

RFLP genotypmg was according to previously established methods 

(Abe et aI., 1993; Bell et aI., 1993; Brockmoller et aI., 1992; Gaedigk 

et aI., 1999; Pemble et aI. , 1994; Rotger et al., 2005), optimised as 

detailed In Table 6. The following alleles were analysed : CYPZB6"'6, 

CYPZC9 ' Z, CYPZC9""3, CYPZC19"Z, CYPZC19 ~ 3, CYPZD6 · Z, 

CYPZD6'4, CYPZD6"S, CYP2D6'17, CYPZD6 ' Z9, NATZ ' S, NATZ'6, 

ilnd NAT2 ;? 

Primers were purchased from Eurogentec S.A. (Seraing, Belgium). 

Three Taq polymerases were used in this study: Taq DNA polymerase 

(Roche Applied Sdence, Mannheim, Germany), lumpStart REDTaq 

DNA polymerase and JumpStart REDAccuTaq LA DNA polymerase 

(Slgma+Aldrich, St. louis, MO). Restriction enzymes were purchased 

from New England Blolabs Jnc. (ipswich, MA). dNTPs and gel 

electrophoresIs reagents were purchased from Roche Applied Science 

(Mannhelm, Germany) and Invitrogen SA (Merelbeke, Belgium). For 

PCR, the MG96G thermal cycler (longGene Scientific Instruments, 

Hangzhou , China) and the pTC+IOOTM proqrammable Thermal 

Cont roller (MJ Research inc, Waltham, MA) were used. The conditions 

for amplification and restriction enzyme digestion are shown in Table 

6. Fragments of less than I kb were separated in 2+3"10 agarose gels. 

Large fragments (over 1 kb) were run in 1% gels. Molecular weight 

markers lkb or 100bp ladders (Invi t rogen SA, Merelbeke, Belgium ) 

were used, respectively . Ethidium bromide (SIGMA, Stockholm, 

Sweden) was used for visualisation of fragments on a Syngene gel 

documentation system (Synoptics ltd, Cambridge, UK) 
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The CYP2D6 gene was first isolated from the CYP2D7 and CYP2DB 

pseudogenes by long- range PCR. This was followed by nested PCRs 

with primers for the specific SNPs to be analysed (CYP2D6 ' 4, 

CYP2D6'17, CYP2D6 ' 29). 

CNV polymorphisms were detcted as follows: CYP2D6 -5 wa~ identified 

by multi plex long-range PCR using primers for the whole CYP2D6 gene 

and primers specific for CYP2D6 ' 5, producing bands of 6.6kb and 

3.5kb, respectively. GSTM1 ~ O and GSTTJ ' O (homozygous deletion 

alleles only ) (homozygous deletions) were detected by a single PCR 

reaction only . 

3 .4.2. Taqman 

DNA samples of the following 863 subjecLS were analysed for FM03: 

97 Kikuyu, 99 luo, and 143 Maasai from Kenya, 99 Shona and 63 San 

from Zimbabwe. 63 Venda from South Afnca, and 100 Hausa, 99 19bo 

and 100 Yoruba from Nigeria. Genotyping was carried out by TaqMan 

aUelic discrimination wi th fluorogenic 5 ' nuclease assays In an ASl 

Prism 7000 Sequence Detection System (Applied Siosystems, Fosler 

City, CA). SNPs were analysed using the following validated TaqMan 

Genotyplng Assays purchased from Applied Biosystems: for 0132H, 

rs12072582, assay 10: C 30633935 10; for E158K, rs2266782, 

assay 10: C 2461179_ 30; for V257M, rs1736557, assay 10: 

C_ 8698544 30; for E308G, rs2266780, assay ID: C_2220257 30; 

for LJ60P, rs28363581, assay iD: C_ 30633936_20), according to the 

guidelines of the manufacturer. 
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Table 6: Alleles, primers, f>CR conditions, restriction enzymes (RE) and expected fragment pattern of RFLP analysis 

Allele Prime..s peR conditions 

(516 G>T) CTGATTCTTCACATGTCTGCG 

(1075 G>A) R GATACTATGAATTTGGGAcrnc 

R 

R ACTTCAGGGCTTGGTCAATA-3 

R A IDs, 

(1659 G>A) R AGATGCGGGTAAGGGGTCGCCTTCC 
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Table 6 continued : 
Alleles, primers, PCR conditions, restriction enzymes (RE) and expected fragment pattern of RFlP analysis 

Allele Primers 

R TCACCGGATCATGGCCAGCA 

(590 G>A) R CCTIGTTTTATTTGGGAACACA 

e.g. Ifldicates 

i i 
peR after I 
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Table 7: Primers for analysis Llsing Sequenom MassARRAY 

, 
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3.4.3. Sequenom 

DNA samples of Hausa (48), Masaai (51), San (40) and Shona (46) 

were genotyped using the Sequenom MassARRAY system (Sequenom, 

San Diego, CAl. Expecting guidance by HapMap data in tagSNP 

selection for major haplotypes, SNPs in CYP2B6, CYP2C9, CYP2C19 

and NAT2 gene regions were selected from the Yoruba (YRI) HapMap 

Data Release 21, July 2006 (www.hapmap.org). Haploview v3.31 

(Barrett et aI., 2005a) was used to mask repeat regions and select 

SNPs in major haplotype blocks represented at a frequency of 5% and 

higher, amongst others (Table 7). 

PCR primers were designed as sets of forward and reverse primers, 

together with an extension primer, and reactions were multiplexed, 

using the Sequenom MassARRAY Assay Design software (Table 7). 

PCR mixtures (101J1) contained 1xTiTaq buffer, 0.5mM dNTPs, primer 

pools of 0.51JM each of forward and reverse primer sets, 1 unit of 

TiTaq and 20ng of template DNA. All reagents were obtained from 

Invitrogen SA (Merelbeke, Belgium). PCR conditions were: 35 cycles of 

950C for 20 seconds, 56 oc for 30 seconds and 72 0C for 1 minute. 

PCR products were purified using arctic shrimp alkaline phosphatase 

(ExoSAP-IT, USB, Cleveland, OH). The iPLEX gold method (Sequenom, 

San Diego, CAl was used for single-base primer extenSion, employing 

a universal mix of mass-modified ddNTPs, extension primers and DNA 

polymerase and producing two products of different mass for every 

SNP (Table 7). 

Product mixtures were dispensed on SpectroCHIP Arrays and analysed 

by MALDI-TOF on the MassARRAY Nanodispenser (Sequenom, San 
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Diego, CA). Genotypes were inferred based on molecular weight (MW) 

of oligonucleotides, and Typer v3.3 software was used for further 

analysis. 

3.S. Collection of reference data 

Published articles containing frequency data of known polymorphisms 

were obtained from the PubMed database provided by NCB! 

(www.pubmed.gov). The following keywords were used: CYP2B6, 

CYP2C9, CYP2C19, CYP2D6, NAT2, GSTM1, GSTT1, polymorphism, 

genetic variation, populations, African, Caucasian, Asian, 

pharmacogenetics. 

3.6. Data analysis 

3.6.1. Nucleotide sequence 

All genomic sequences were based on reference sequences in NCB! 

databases (http://blast.ncbi.nlm.nih.gov/Blast.cgi), unless otherwise 

stated. 

The specificity of primers was confirmed by BLAST (Basic Local 

Alignment Search Tool) analysis with human genomic sequences in 

NCB! databases. 

All novel SNPs, detected by re-sequencing, were verified against the 

NCB! Single Nucleotide Polymorphism database (dbSNP, 

www.ncbLnlm.nih.gov/SNP) using BLAST analysis. Their novelty was 

confirmed by comparison with the CYP and NAT2 Allele/Gene 
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Nomenclature Committee pages online (see 3.2.2), in addition to 

literature searches. 

3.6.2. Haplotype determination 

Haploview v3.31 was used to determine haplotypes from genotype 

data obtained by re-sequencing. LD plots were generated to assess the 

extent to which SNPs are likely to be linked and hence likely to occur 

on the same haplotype with logarithm of odds (LOD) score >3. The 

Haploview Tagger tool was used to estimate which SNPs are likely to 

be tagged by a single SNP in a predicted haplotype (threshold ? 
>0.8). 

3.6.3. Prediction of functional effects of non-synonymous 

SNPs 

Functional effects of non-synonymous SNPs were predicted using the 

Polyphen prediction programme 

(http://genetics.bwh.harvard.edu/pphl) (Ramensky et aI., 2002), 

based on position-specific independent count (PSIC) scores of multiple 

sequence alignments, and structural information, if available. The 

programme predicts the functional effects of SNPs, based on 

occurrence in active/binding sites or in transmembrane regions, 

interference with dlsulphide or other bonds, compatibility with 

homologous sequences at that pOSition, as well as mapping to known 

three-dimensional protein structures or validated homology models. 

Protein sequence accession numbers were obtained from Swiss-Prot 

(The Uniprot Consortium, 2008) (www.uniprot.org) as CYP2C9: 

Pl1712; CYP2C19: P33261; CYP2D6: Pl0635; NAT2: Pl1245. 
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3.6.4. Splice site recognition and mRNA processing 

Splice site effects were predicted using information theory-based 

analysis software (https://splice.cmh.edu), informing how the 

presence of a certain nucleotide can affect its recognition by the splice 

site machinery or affect recognition of the surrounding sequence or 

introduction of cryptic sites. As SNPs can also cause the introduction of 

pre-miRNA sites, this was included as part of the annotation in the 

novoSNP analysis procedure (see 3.3.). 

3.6.5. Statistical analysis 

3.6.5.1. Population differentiation 

Genotype frequencies were calculated using Genepop (Raymond and 

Rousset, 1995) (http://genepop.curtin.edu.au}orArlequinv3.11 

(Excoffier et aI., 2005) (http://cmpg.unibe.ch/software/arlequin3). 

Probability value (p) was set at 0.05 for all statistical significance 

tests. p<0.05 means that less than 5% random differences are 

accepted and that at least 95% are true differences, indicating 

statistical significance. 

Fisher"s exact test (Fisher, 1922) was used to assess: (i) if there 

was Significant deviation from HW proportions (p<0.05), the null 

hypothesis being that here is no difference between observed and 

expected genotype frequencies (ii) and if population differentiation 

(allele 'frequency differences among populations) was statistically 

significant (p<0.05), the null hypothesis being that the allelic 

distribution is identical across populations. The population 

differentiation p value was determined for frequency data of the re-
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sequencing, HapMap SNP and commonly known alleles analyses, 

generating matrices of p values. 

Re-sequencing data was assessed for genetic differentiation using 

Wright's F statistic (Wright, 1965), calculated according to (Weir and 

Cockerham, 1984). The fixation index Fst is a measure of variation 

among ethnic groups relative to the amount of variation expected 

under panmixia (where all populations are equally likely to mate with 

each other). Fst values range from 0 (no population subdivision, 

random mating occurrence, no genetic divergence within the 

population) to 1 (complete isolation or extreme division). For example, 

an Fst value of 0.02 shows that 2% of the total variation exists among 

populations, with the remainder, 98% of the variation occurring within 

populations. Negative Fst indicates no role of the respective loci in the 

genetic differentiation of populations. For each gene re-sequenced 

(CYP2C9, CYP2C19, CYP2D6, NAT2) pairwise Fst values of population 

pairs were used to generate an Fst matrix as estimates of genetic 

distance according to (Reynolds et al., 1983; Slatkin, 1995). Weighted 

Fst values obtained from the matrix give the average amount of 

genetic differentiation among populations. 

3.6.5.2. Genetic and geographic distances 

Assuming an isolation by distance model, the correlation between 

genetic and geographic distances was analysed. Genetic distance Fst 

values were converted to (Slatkin, 1993) measure of similarity and 

(Rousset, 1997) distance Fst/(l-Fst). A geographical distance matrix 

was then generated for population locations and converted to 

logarithmic (In) distance. Reduced major axis (RMA) regression (Sokal 

and Rohlf, 1981) was used for plotting In(dist) as x against Fst/1-Fst 

as y to determine the correlation coefficient (r) as the slope of the 
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equation (y=a+bx). Mantel's test (Mantel, 1967) was applied to 

assess whether the association between genetic similarity and 

geographic distance is statistically significant. Null hypothesis is that 

there is no relationship between geographic distance and genetic 

diversity, i.e. the slope of the best fit line from RMA is zero. If null 

hypothesis is rejected, conclusion would be that geographical distance 

affects genetic diversity. In order to assess the significance of this 

correlation (departure from slope=zero), random permutations are 

carried out, with correlation being calculated after each permutation. 

The reasoning is that if the null hypothesis of there being no relation 

between the two matrices is true, then permuting the rows and 

columns of the matrix should be equally likely to produce a larger or a 

smaller regression coefficient. The significance of the observed 

correlation is the proportion of such permutations that lead to a higher 

correlation coefficient, as represented by the probability value (p) at 

950/0 confidence intervals. The coefficient of determination (r2) is 

derived by regression from the x and y values of the equation 

(y=a+bx), minimising the distances between the squared vertical 

distances from the best fit line, and describes the proportion of genetic 

variation that can be explained by geographic distance. 

Geographic coordinates were based on estimates of settlements or 

cities in recent settlement history as follows: Hausa (12:00:00N 

8:31:00E); Yoruba (7:23:47N 3:55:00E); Igbo (5:23:00N 7:55:00E), 

Maasai (0:22:005 36:05:00E), Luo (1:00:005 33:00:00E); 5hona, 

(170 51'50"5 31:01:47E); Kikuyu (0:09:005 37:18:00E); Tanzanian 

Bantu (6:48:005 39": 17:00E); 5an (20:28:605 27:49:0E); Venda, 

(24:0:05 29:30:0E). Great circle distances measuring the shortest, 
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most direct route between two locations were determined to generate 

distance matrices. 

3.6.5.3. Principal Component Analysis (PCA) 

Principal Component Analysis (SIMCA-P+, www.umetrics.com) was 

applied to explore population relatedness using allele frequency 

variations of commonly known alleles. Only the first two principal 

components were determined, capturing the greatest variance among 

main world population clusters (Africans, Asians, Caucasians). 

3.6.5.4. Phylogenetic analysis 

Phylogeny Inference Package PHYLIP v3.65 

(http://evolution.gs.washington.edu/phylip.html) was used for 

phylogenetic analysis of populations based on SNP frequency data. 

Pair-wise genetic distances were plotted with the gendist algorithm, 

while neighbour/UPGMA was used for plotting phylogenetic trees. 

The UPGMA method is according to Mary Kuhner and Jon Yamato and 

constructs a tree by successive clustering of lineages, setting branch 

lengths as the lineages join. The tree does not assume an evolutionary 

clock, so that it is in effect an un-rooted tree. 

3.6.5.5. Analysis of Molecular Variance (AMOVA) 

A hierarchical analysis of molecular variance (AMOVA) , starting from 

the main world population clusters (Africans, Asians, Caucasians) and 

based on data sets from PCA and UPGMA, was performed using 

Arlequin v3.11 (Excoffier et aI., 1992). AMOVA enables partition of 

genetic variance into components based on the following hierarchical 

subdivision: a=diversity among world population clusters; b=diversity 

among ethnic groups within population clusters; c=diversity within 

ethnic groups of all population clusters. Squared Euclidean distances 
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(distances between all pairs of populations based on a simple count of 

the number of differences in allele frequencies) are calculated, 

arranged into a matrix, and partitioned into submatrices corresponding 

to subdivisions of the population clusters. Squared distances from the 

Euclidean matrix are added up to give a total sum of squares. The 

same is repeated on the next level, to obtain for each population the 

within population cluster sum of squares. The among population 

cluster sum of squares is obtained from the squared distances 

amongst the population clusters. African population clusters were 

fllrther analysed based on country, geographical region and ethno

linguistic family. Nested ANOVA (Analysis of Variance) was used to 

calculate how far individual squared distances are from the respective 

mean. 

The variance components Va, Vb, Vc can be used to calculate a series 

of statistics called phi-statistics, which summarise the degree of 

differentiation between population divisions and are analogous to F

statistics. In this case, Fst values were determined to indicate the 

degree of differentiation amongst ethnic groups. The significance of 

the variance components and F-statistics was tested using 1,000 

permutations with a significance value p<O.OS. 

3.7. Data records 

3.7.1. Sample and genotype management 

A sample and genotype recording system was designed specifically for 

this study, comprising a rich client interface (Borland Delphi 6 

Enterprise Edition, Borland, Austin, TX) that accesses information 

stored in a Microsoft (MS) Access database (Microsoft, Redmond, WA). 
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Information is updated either via the rich client interface or through 

MS Access, subject to user authentication. 

Samples are identified based on country of origin, ethnic group and a 

number (e.g. KNK76 is a sample from Kenya, of the Kikuyu ethnic 

group, number 76) and are annotated with the date of collection 

and/or DNA extraction as well as storage location. 

RFLP genotyping data was entered manually into the MS Access 

database, while recording of data from re-sequencing, Taqman and 

Sequenom analyses was done through these technologies' inbuilt data 

management systems. 

Sample and genotype information can be queried individually. Allele 

frequency calculations are generated upon request, exported into MS 

Excel (Microsoft, Redmond, WA) and used to build a catalogue. 

3.7.2. Cataloguing and rarlking of polymorphisms 

A catalogue of African DME polymorph isms was established, detailing 

their impact on enzyme function and allele frequencies. A ranking 

system for SNPs was created, based on their frequency of occurrence 

in African populations as: <O.Ol=rare; 0.01-0.10=low; 0.10-

0.30=medium; >0.30=high. If frequencies in different populations fell 

into several categories, hybrid ran kings were made as rare/low, 

low/medium or medium/high. 
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4. RESULTS 
Drug metabolising enzyme (DME) genes such as CYPS, NATs, GSTs 

and FMOs are highly polymorphic, and numerous SNPs and CNVs have 

been reported. The main theme of this study was to characterise DME 

gene variants in African populations by searching for unknown 

mutations as well as analyse HapMap SNPs and determine the 

prevalence of commonly known alleles. 

Re-sequencing was used to detect novel variants of CYP2C9, CYP2C19, 

CYP2D6 and NAT2. Polymorphisms were ascertained for each locus, 

and allele frequencies were calculated. The impact of SNPs on mRNA 

processing and protein function was estimated using bioinformatic 

applications. 

HapMap SNPs were selected for major haplotypes of CYP2B6, CYP2C9, 

CYP2C19 and NAT2 gene regions. MALDI-TOF high-throughput 

multiplex genotyping (Sequenom) was employed for an analysis of 

three genes (CYP2C9 was omitted due to difficulties in primer design) 

in four populations comparative to Yoruba from Ibadan (YRI), who 

were the only African representatives of the HapMap project. 

The prevalence of several common alleles of CYP2B6, CYP2C9, 

CYP2C19, CYP2D6, GSTM1, GSTTl and NAT2, was determined by 

RFLP, while FM03 mutations were studied using Taqman genotyping 

Population differentiation and evolutionary relatedness were assessed 

based on DME allele frequencies, applying statistical methods such as 

Fischer's exact test, F-statistic, Mantel's test, Principal Component 

(PCA)/Phylogenetic (UPGMA) Analysis and AMOVA. 
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In summary, genotype data was generated for populations from three 

of the five main regions of Africa, representing four major ethno

linguistic classes (Table 1). Based on this diverse sample collection, a 

catalogue of African DME polymorph isms was created, marking a first 

step towards the development of a Pharmacogenetics Database of 

African Populations, and a pharmacodiagnostic kit was proposed as a 

contribution to the future determination of ADMET profiles in Africans. 

4.1. Re-sequencing analysis of DME genes 

Drug metabolising enzyme genes CYP2C9, CYP2C19, CYP2D6 and 

NAT2 were re-sequenced in selected populations (see Tables 8-11). 

The sequencing covered all nine exons of each of the CYP genes and 

exon 2 of NAT2. Forward and reverse traces were produced for each 

SNP detected, except for NAT2, due to problems with the NAT2 

reverse sequencing primers. Hence only the NAT2 forward sequencing 

reactions were successful and verified using a different set of forward 

primers. 

Novel non-synonymous (Figure 3), synonymous and intronic SNPs 

were found in all four genes and their 'frequencies were determined 

(Tables 8-11). The potential impact of these polymorphisms on gene 

expression and/or enzyme function was assessed using bioinformatic 

applications. 
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Figure 3 : Sequence traces of novel non-synonymous SNPs A. 
CYP2C9; B. CYP2C19; C. CYP2D6; D. NAT2. Only forward sequence 
traces are available for NAT2. 
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Table 8 : CYPlC9 SNP frequencies 
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Table 8 : CYP2C9 SNP frequencies (continued) 
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Table 9 : CYP2C19 SNP freQuendes 
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Table 9 : CYP2C19 SNP frequencies (continued) 
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Table 10: CYP2D6 SNP rrequencies 
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Table 10: CYP2D6 SNP frequencies (continued) 
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Table 11: NAT2 SNP frequencies 
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4.1.1. Characterisation of non-synonymous SNPs 

In CYP2C9 (Table 8), three out of six non-synonymous SNPs were 

novel: 42519 T>C (I327T), 50294 A>G (N474S) and 50341 G>T 

(V490F), of which I327T and V490F are predicted to have a functional 

effect (Table 12). However, further inference of these amino acid 

changes with crystal structure information (Williams et aI., 2003b) and 

sequence alignments (Gotoh, 1992; Mestres, 2005) indicates that they 

may not influence substrate recognition and binding. 

The two novel non-synonymous SNPs discovered in CYP2C19 (Table 

9), 12690 G>A (Vl13I) in exon 3 and 17869 G>C (R186P) in exon 4, 

seem to cause very different effects on enzyme function, according to 

the physicochemical character of their amino acid changes (Table 12). 

Whereas the effect of Vl13I may be negligible, the change from the 

basic arginine to proline at position 186 was predicted as functionally 

damaging (PSIC score=3.159). 

Three novel non-synonymous SI\JPs were found in CYP2D6: 1608 G>A 

(Vl19M), 1621 G>T (R123L) and 4057 G>A (G445E) (Table 10), of 

which Vl19M and R123L were predicted to have no effect on enzyme 

function (Table 12), although they are located in the substrate 

recognition site SRS1. The G445E substitution may be functionally 

important (PSIC score=3.063), owing to its close proximity to the 443 

site, which is critical for heme ligand binding in this enzyme, according 

to the crystal structure (Rowland et aI., 2006a). Consistent with other 

African data (Masimirembwa et al., 1996; Wennerholm et al., 2001), 

the most common non-synonymous SNPs that contribute to variation 

in drug response were 2850 C>T; 4180 G>C (R296C; S486T), 1023 

C>T (Tl07I) and 1659 G>A; 3183 G>A (V136M; V338M), 
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corresponding to the commonly known alleles CYP2D6*2, CYP2D6*17 

and CYP2D6*29, respectively. 

Four novel amino acid-changing SNPs were detected in NAT2: 472 

A>C (I158L), 589 C> T (R197X), 641 C> T (T214I) and 809 T>C 

(I270T) (Table 11). The 641 C>T (T214I) variant was predicted to 

have an effect on enzyme function (Table 12), because the amino acid 

at this position would be involved in coenzyme A ligand binding as part 

of the acetylation process. The 589 C> T (R197X) mutation results in a 

stop codon being introduced and hence no protein expressed. The 

most common alleles of NAT2 in this study were NAT2*5 (341 T>C, 

I114T) and NAT2*6 (590 G>A, R197Q) (Table 11), which contribute 

largely to the slow acetylator phenotype in African populations. 

4.1.2. Determination of splice variants 

In addition to non-synonymous SNPs, numerous novel synonymous 

SNPs, SNPs in introns and at splice site junctions, were identified 

(Tables 8-11). Novel SNPs in splice site junctions were investigated, 

but none of those were located within the most critical 0 to -2 

positions of the acceptor sites or the -2 to +4 positions of the donor 

sites. Known SNPs affecting splicing include CYP2D6*4 1846 G>A at 

position 0 of exon 4 and the synonymous SNP CYP2C19*2 19154 G>A 

located 40 base pairs from the start of exon 5, resulting in a cryptic 

splice site. 

4.1.3. Haplotype determination 

Novel SNPs for CYP2C9, CYP2C19 and CYP2D6 were grouped and 

assigned to haplotypes or groups of other known mutations if possible 
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(Table 12). New allele names are based on non-synonymous SNPs, or 

those well validated to affect enzyme expression and function (e.g. 

mRNA processing or in promoter regions). 

CYP2C9 42519 T>C (I327T) and 50341 G>T (V490F) were assigned 

new allele names as CYP2C9*31 and CYP2C9*32, respectively. For 

CYP2C19, the 17869 G>C/80161 A>G (R186P/I331V) combination 

was assigned the new allele CYP2C19*22. It was not possible to assign 

new haplotypes/alleles for CYP2C9 50294 A>G (N474S) and CYP2C19 

12690 G>A (Vl13I), because their linkage with other alleles such as 

CYP2C9*9 10535 A>G (H251R) and CYP2C19*2 19154 G>A, 

respectively, could not be excluded. Some synonymous SNPs, as well 

as non-coding SNPs, were grouped to known mutations such as 

CYP2C9*9, CYP2C19*12 and CYP2C19*13 (Table 12). It appears that 

the novel CYP2D6 1608 G>A (Vl19M) is found on the known 

CYP2D6*29 allele, which is defined by 1659 G>A (V136M) and 3183 

G>A (V338M). This haplotype group was therefore assigned the new 

name CYP2D6*70. New alleles were not assigned for CYP2D6 1621 

G>T (R123L) and 4057 G>A (G445E), pending an expanded haplotype 

analysis. 

The novel NAT2 SNPs did not appear to be linked to any other SNPs. 

Haploview-determined tagSNPs for NAT2 were used to determine the 

major haplotype frequencies (Figure 4). The most common sub

haplotypes were NAT2*6A and NAT2*5B, which affect enzyme 

function, followed by the wild type NAT2*4 and NAT2*12A, which do 

not impair acetylation. 
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Table 12: Grouping of noyel SNPs and funct ional effect prediction 
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4.2. Analysis of HapMap SNPs 

As the Yoruba from Ibadan (YR I ) were the only population 

representing AFricans in the HapMap project, this study aimed at 

assessing the applicability to other Africans of Yoruba SNPs 10 major 

haplotype blocks of CYP2B6, CYP2C9, CYP2C19 and NAT2. Four 

populations (Maasai, HauSil, San and Shona) were studied, 

representing eastern, western and southern Africa. 

Selection criteria of tagSNPs were based on their Significance in 

tagging major haptotypes . Usin9 the Haplovlew Tagger tool (see 

3.6.2), stringency was set at pair-wise regression of SNPs giving 

r2>0.B. SNPs within some blocks were selected after setting naplotype 

frequencies at 0.01 and above. Throughout the course of the analySiS, 

primer design and experimental conditions were checked for 

consistency. This resulted in the removal of several SNPs due to some 

regions being non-specific or including repeat sequences, causing 

difficulties In primer design. In conclUSion, 30 SNPs were ana lysed 

successfully: 10 for CYP2B6, 9 for CYP2C19, and 11 for NAT2 (Table 

13) but none for CYP2C9. It should be noted that some of these SNPs 

were also analysed by other methods (re-sequencing, RFLP) . 
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Table 13: Genotype frequencies of HapMap·based SNPs 
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4 ,3 , Baseline prevalence of common alleles 

Common variants of CYP2B6, CYP2C9, CYP2C19, CYP2D6, FM03 and 

NAn are well characterised with functional and resultant clinical 

associations extensively explored. Such SNPs were analysed, using 

RFLP or Taqman genotyping, to compare their baseline prevalence in 

Africans with literature data for Caucasian and ASian populations 

(Table 14). 

For GSTMI and GSTTl, only homozygous deletion genotypes were 

determined. Using the PCR method, it was not possible to determine 

the heterozygous condition. However, i t is well established that the 

homozygous deletion is responsible for adverse clinical characteristics. 

CYP2B6 ' 6 is h!ghly prevalent in the African populations of this study. 

with frequencies ranging from 0.34-0.42. This data is consistent with 

the prevalence of CYP2B6 i 6 in other African populations, with 

frequencies of 0.49 and 0.47 reported in Ghanaians and African 

Americans, respectively. Overall, African figures were considerably 

higher than the frequencies of CYP2B6 ' 6 reported in Caucasian and 

ASian populations (Cho et al., 2004; Hlratsuka et al., 2002; Lang et 

aI., 2004). 

CYP2C9'2 and CYP2C9 ' 3 were not found In the African populations of 

thiS study, in agreement with theIr absence or low frequencies In other 

Africans and African Americans. Although the prevalence of CYP2C9~ 2 

and CYP2C9 ' 3 is also low in Asians and Caucasians, they are the main 

alleles associated with reduced enzyme function in these populat!ons. 

89 



Table 14: Frequem:lcs of commonly kl'lOWn alleles In Atncan populauons from this study and In Caucasians ancr Asians trom 
literature sources 
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CYP2C19*2 frequencies ranged from 0.10 to 0.29 and were highest in 

Igbos. This data falls within the range (0.13 to 0.25) reported for other 

Africans and African Americans (Xie et al., 1999a). CYP2C19*3 was 

detected at low frequencies in Maasai and Tanzanian Bantu 

populations (fr=<O.Ol), is absent from other Africans and Caucasians 

and only slightly more prevalent in Asian populations. 

CYP2D6*17 and CYP2D6*29 are the most relevant functionally 

important alleles in African populations. CYP2D6*17 frequencies 

ranged from 0.14 to 0.34, whereas CYP2D6*29 was surprisingly lower 

in San, Maasai and Venda (fr<0.10). The study further confirmed that 

CYP2D6*4, which is Caucasian-specific, is generally low in African 

populations, with intermediate frequencies of 0.08, 0.08 and 0.09, in 

Maasai, Igbo and San, respectively. 

The duplication allele CYP2D6*2/2 was not determined here, due to 

difficulties in optimising the experimental conditions. Similar 

challenges were faced with CYP2D6*5, and only the San were 

genotyped for this allele, giving a frequency of 0.01. However, 

literature analysis indicated generally low frequencies of the 

duplication across all populations (Table 14), except Ethiopians (0.29). 

This study marked the first time that FM03 variants were assessed in 

African populations. Three commonly known FM03 SNPs, affecting 

enzyme function, g.15167 G>A (E158K), g.18281 G>A (V257M) and 

g.21443 A>G (E308G), were analysed together with two other non

synonymous SNPs found in studies on African Americans, g.21599 T>C 

(L360P) and g.15089 G>C (D132H) (Lattard et aL, 2003). The minor 

allele frequencies are shown in Table 14. 
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The K158 mutation was the most common variant allele in all 

populations. The San showed the lowest frequency of this allele 

(fr=0.33), whereas the frequency in the other African groups ranged 

from 0.42 to 0.52, similar to African Americans (fr=0.48) (Hao et aI., 

2007). The allele was found at similar frequencies in Caucasians 

(fr=0.43-0.44), while prevalent in Asians at only half that level 

(fr=0.19-0.23) (Cashman et aI., 2001; Hao et aI., 2007). 

The prevalence of the M257 variant ranged from 0.01 to 0.05 in 

African populations. In an African American study, it was found at a 

frequency of 0.07, comparable with Caucasian data. In Asians 

however, this allele is twice as prevalent, with frequencies of 0.15 in 

Japanese and 0.20 in Chinese populations. 

The G308 variant was not detected in Luo and Maasai, whilst its 

frequency ranged from 0.01 to 0.02 in the other African ethnic groups. 

This is significantly lower than the prevalence of this allele in 

Caucasians (fr=0.22-0.23) and Asians (fr=0.15-0.21). 

The H132 variant is obviously African-specific and was not reported in 

Caucasians or Asians. It was found at significantly higher frequencies 

(0.05-0.08) amongst ethnic groups from west Africa (Hausa, Igbo, 

Yoruba) than in the groups from eastern (Kikuyu, Luo, Maasai) and 

southern (San, Shona, Venda) Africa (0.01-0.04) (p<O.Ol in both 

cases), with no difference between the latter two regions. The P360 

variant was not detected in any population. 
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Linkage disequilibrium was investigated for all five FM03 variants. The 

H132 mutation did not appear concurrently with any other variant in 

the inferred haplotypes, and the P360 variant was not found in any 

haplotype. It appears that the G308 mutation was detected in 

combination with the Kls8 variant at frequencies of 0.005-0.016 in 

Africans. This is much lower than in Caucasians and Asians, where 

frequencies as high as 0.22 were found in North Europeans and 0.2 in 

Japanese (Mao et aI., 2009). 

GSTMl and GSTTl were genotyped for the presence or absence of the 

gene, and it was found that the frequency of both homozygous 

deletions is generally lower in Africans (fr=0.16-0.4s) than in 

Caucasians or Asians, whose prevalence is mostly above 0.5. Only 

Caucasian frequencies of homozygous GSTTl deletions (fr=0.20-0.21) 

were in line with Africans and significantly lower than in Asian 

populations (fr=0.44-0.60). 

The most common NAT2 alleles in this study were NAT2*5 (fr=0.20-

0.42) and NAT2*6 (fr=0.08-0.33), in line with Caucasian studies, but 

contrasting ASians, where only NAT2*6 has a similar prevalence 

(fr=0.19-0.31), while NAT2*5 is much rarer (fr=0.02-0.06). 

The frequencies of NAT2*7 and NAT2*14 were obtained from the re

sequencing data and ranged from 0.01 to 0.06 and 0.03 to 0.14, 

respectively. These NAT2*7 frequencies are in agreement with other 

African (fr=0.02-0.04) and Caucasian (fr=0.02-0.04) populations, 

whereas this allele appears more prevalent in Asian populations 

C'fr=0.10-0.16). NAT2*14 seems to be African-specific and was so far 

not found in Caucasians or Asians. 
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4 .4 . Population differentiation and relatedness 

Population differences In SNP and al lele frequencies were discovered 

as described above. The Importance of these differences was analysed 

with the aim of determining their contribution to population 

differentiation and relatedness. Datasets from the above analyses 

were subjected to variOUS statistic models as shown In Figure 5. 

OME variants and population differentiation 
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Rgure 5: Data analySis for population differentiation and relatedness 

4 .4.1. Population variation in SNPs from re-sequencing 

ana lysis 

Frequencies of SNPs detected by re-sequencing of CYPs and NATZ are 

shown In Tables 8- 11. All of these SNPs were In HW equilibnum 

(p>O.05) (data not shown). Fischer's exact test Indicated that there 

was significant inter-population variation for CYP2C19 ( p=O.0097), 
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CYP2D6 (p<O.OOOI) and NAn (p",O.00469), whereas CYP2C9 

frequencies did not differ significantly (p"'O.94). Weighted (average) 

Fst values revealed that the overall SNP variation In these gene loci 

plays a rote In population differentiation for all genes except CYP2D5, 

displaying a negative value (-0.048; Table 10) . 

The fixation index Fst informs on the degree of differentiation but does 

not indicate the pattern or variation. Mantel's test for isolation by 

distance was applied to see if geographical distance between 

populations Is correlated with SNP frequency diversity of the four re

sequenced genes. Converted pair-wise Fst distances (Fst/l -Fst) were 

plotted against pair-wise In of geographical distances, and the 

summary statistics are show n in Table 15. CYP2C9 showed some 

correlatlonbetween genetic differentiation and geographical distance 

(r",0.0220), which proved statis tically significant (p=O.Oll). CYP2C19 

and NAT2 showed modest correlations ( r=0.0040 and r=0.0089, 

respectively), while negligible correlation was observed for CYP2D6 

(r=0.00019). As none of these correlations were statist ically significant 

(p>0.05 ), only in case of CYP2C9 geographical distance could explain 

genetic differentiation (r2 .. 0.235) . CYP2CJ9 and NAT2 mdicate much 

less determination of genetic differentiation by geographic distance, 

and the r2 <0.001 for CYP2D5 suggests that this gene's pattern of 

variation cannot be explained by geography at aU (Table 15). 
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Table 15: Genetic diversity in CYPand NAT2 locl 

A. Genetic differentiation (Fst) 

Yoruba 
Igbo 

"" M~as;tl 

0.0233 
·0.0315 

TZB_la''' ..... n 8&ntll: HepI~"e Fit 1""",-,,,, "" ~@ dIM Iod In til. gen«k d<ff~""nUat"" 0' two 
""""lations; .. a .... wlst F$I .... "- .~ ,hown 'or e __ lOCus. 

B. Geographic distances (kilometres) 

1384 2550 

rz6 _Ta"za""n Bantu; D .. tlHlC~ obt/>,oe(I by IISbrnot' '''l i"!" co,,"' """.n,oo; ("'" Mot.rIa .. an<! 
Me!."'l<Is). 
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Table 15: Genetic diversity in CYP and NATl gene loci (continued) 

C. Isolation by distance statistics (~lantel's tcst) 

Gene 
CYP2C9 
CYP2CJ9 
CYP206 

4.4 .2 . Popu lation variation in Ha pMap SNPs 

[n Table 13, frequencies of HapMap SNPs in the YOn.Jba (YRIl 

population were shown for companson. All SNPs were In HW 

equilibrium (p::.O.OS), except for rs1801279 (p<0.0097), likely 

attributable to experimental erro r (data not shown). 

Five of the NAT2 variants (bold In Table 13: rs1801280, rs721399, 

rs7832071, r54646246, rs 1799929) showed significant allele frequency 

differences between the Hausa, Maasal, San and Shona (Table 13) . 

Population pair-wise comparisons amon9 the four populations revealed 

that Maasai allele frequencies were significantly different from the 

other populations (Table 16A). However, when NAT2 SNPs were 

removed from the comparison, the difference In frequencies was no 

longer significant between population pai rs (Table 168). 

Pair-wise genetiC distances were p lotted from SNP frequencies of the 

different populations, and a phylogenetic tree was constructed (Figu re 

6). Yoruba (YRI ) appears dista nt from Hausa, San and Shona, while 

Maasai shows the largest separation from all the other populations. 
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differentIation test of four ethnh,: groups based on 

San YRI 

Shona _)-.... 

Hausa 

Maasai 

Figure 6: UPGMA tree calculated based on freqencies of 32 HapMap SNPs 
from CYP2B6, CYP2C9, CYP2C19 and NAT21n four African populations, 
compare<! to HapMap yoruba from Ibadan (YRl). 
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4.4.3. Population variation in common alleles 

Population differentiation was assessed, based on frequencies of 

commonly known alleles (see Table 14). p-values of pair-wise 

comparisons of populations are given in Table 17, showing statistically 

significant differences (p<O.OS) of all African populations versus 

Caucasians (Swedes, Germans) and Asians (Chinese, Japanese, 

Koreans) as well as of Caucasians and Asians versus each other. Based 

on the same frequency data in Table 14, the possibi lity of populat ion 

clustering was explored. As this and downstream phylogenetic analysis 

require complete data sets, cases of lacking frequency data in 

literature were substituted with estimates based on average values of 

closest related populations. For example, CYP2D6"'3 was found absent 

In all African populations and therefore, regarded absent in African 

Americans . Average values for NAT2 alleles were obtained from 

comparisons of various published African population data. 

Principal Component Ana lysis (PCA) revealed distinct clustering of 

African, CaucaSian and Asian populations (Figure 7A). The African 

cluster was mainly determined by the frequencies of CYP2B6~6, 

CYP2D6 ' 17, CYP2D6 ~ 29 and NAT2 ' 14, which are significant ly more 

prevalent In Africans than In the other two world populations (Figure 

7B). The Caucasian cluster was largely defined by CYP2D6 *3, 

CYP2D6 ' 4 and CYP2D6 ' 9, which are almost exclusive to this 

population, In addi t ion, CYP2C9*2 and CYP2C9"3 would be 

determ inants of the Caucasian cluster (see Table 14), but these alleles 

were not included in the PCA analysis. The Asian cluster was mostly 

based on the frequencies of CYP2C19 *2, CYP2C19~3 and CYP2D6-10. 

Alleles located close to the zero cross section had little effect on 

clustering of populations. 
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UPGMA phylogenetic analysis was based on all populations in Table 14. 

As expected, three distinct clusters were observed, clearly separating 

Africans from Asians and Caucasians (Figure BA). Further analysis of 

African populations showed clear separation of Ethiopians and San 

from a single sub-cluster formed by all other Africans (Figure B6). 

The hierarchy of variation among and within the three main world 

population clusters (Africans, Asians and Caucasians) was estimated 

using Analysis of Molecular Variance (AMOVA) , based on allele 

frequencies in Table 14. Four levels were analysed: the world 

popu lation clusters and various combinations of Afncan ethnic groups 

represented for by A: countries, B: geographic regions, and C: ethno

linguistic classifications (Table 1B). 

AMOVA showed that variation mostly occurs within populations 

(>:97%). In contrast, variance was only 2.87% among world 

population clusters and negligible among ethnic groups wi t hin 

population clusters (0 . 11% ). 

Assessing African populations, among country variance was very low 

(0.03% ), whereas the variation among ethnic groups with in countries 

was slightly higher (0.22%) . Inter-geographical regions had very low 

... ariance (0 .01) while ethnic groups within geographical regions 

showed slightly higher ... ariance (0,17%). Flnally, ethno-li ngUistic 

families showed no ... ariance amongst each other, but margina l 

... ariance was observed among ethnic groups within ethno- linguist ic 

classes (O.9% ). 

Assessment s of the fixation index Fst confirmed this hierarchy of 

... ariation, showing that only 2.971% of the total "'ariat ion exists 
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among world populations, and even lower values were obtained for 

African populations when split by count ries (0.249%), geographical 

regions (0. 180%) or ethno-Ilnguistic fami lies (0.104%). AU Fst values 

were shown to be statistically significant (P«O.OOOO l). 

A 

,-_. 

Figure 8 : Un·rooteo Uf>(:,MA tree snowing POPulation Clusters oaseo on 
frequencies of commonly known alleles A: All popula tions B : Africans; 
Tanzania_Tanzanian Bantu; Ethiop=Ethloplans, Afn Am_ African Americans. 
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Table 18: AMOVA analysis on allele frequencies from Table 14 

, , 
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" 1 j II 

"WOtla pOl"'iabOn cl""erS: Afna~" ("' ,~uyu, LUO, Ma ... " Hau .. , l~, Yorut>o, San, ShorII, Wn<la, n 
II<Intu, Gnln.tiln, EtIllopo"", MriCII<1 Amencln); AWn< (01,...,.., Japonse, ~oreln"): C"""''''ns 
IS .. -., ~rmaMJ; 

""exclu<le> M""." "'menun" "': MrIcAn country g",""IIO;OS '" To'*' 1. plus Ethlolli"'" (Ethl:>plo) , 
GMn .. ans (Gllln.): &: ,otr.,.,n lI"09'apot>lcal '""'!lion as In To"" I, piU" Et.I>lo",,,,, In<I Gh."",.nsl<> 
" •• ...", ana west,.", MriCI, ..... ~;'e""; c: AfriCln oMJ\M- li ngufSt'" doH.os .. m Table I; .... ~..,.,. or 
rroedom (n-1 X"o:ordlng to ...no,.quln v3.11); Var_Vononce <<>mp.:>n.erlt)i. 
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4.5. Building pharmacogenetics resources in Africa 

In ord er to achieve a widespread analysis of pharmacogenetic markers 

on the continent, samples were collected from geographically varied 

African ethniclties. The results were analysed and recorded towards 

establishing a data resource for pharmacogenetics studies in African 

populations (Figure 9). 

Popul.llon 
dlfferentl.tion 
and relatedn",s 

AI,lun populAtions ...... 3> _-0 .... _,_ 

! 
Characterisation 01 OMEs S.mpl'ilnd +- __ ~ I q. ~ g,nofYP' Ir,qu,no;y --.ml-":'-" ct.1tne 

Catlllo9u, 01 AI,; .... n polymorphism. : 
and ph;ilrmacog,ne'un studies : 

" Ph.I.macod;.gnoslff; m"'''en 
for personMj$ed m~jn", <c:: ......... : ' .......... ) 

Ph;tnYYo;ooen",,:s d,r,b,se 
of Aft;c," popu~r/Ons 

Figure 9: Resource bunding for phannacogenetlcs In Africa. 

4 .5 . 1. Demographics of sample collection 

Samples were collected from three main African regions, Le. north

western (Nigeria), central-eastern (Kenya, Tanzania) and southern 

Africa (South Africa, Zimbabwe), thereby creating the most diverse 

collection of samples for pharmacogenetic studies in Africa so fa r. The 

population demographics of these ethnic groups was anal ysed in order 

to estimate the level of representation by the samples. 

Hausa (Afro-Asiat ic), Igbo and Yoruba (Niger Congo) represent 69% of 

the Nigerian population, hence data in this study would be 

representative of over 90 mill ion Nigerians. Kikuyu (Niger Congo), Luo 
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(Ni lotic), Maasai (Ni lotlC) and Mixed Tanzanian Bantu (Niger Congo) 

data would be representative of apprOXimately 50 mU llon people in 

Kenya and Tanzania of east Africa. In addition, Luo and Maasal ethnic 

groups are also found in Uganda, Sudan and Rwanda. 

Both Shona and Venda belong to the Southern Bantu group. Samples 

collected from Zimbabwe were mainly of the Shona ethnicity, which is 

the main ethnic group representing 90% (10 million) of the Zimbabwe 

populat ion. 

The San popu lation belongs to a sma!! settlement in the Southern part 

of Zimbabwe bordering Botswana . DNA samples f rom the Venda of 

South Africa were from an old co!!ectlon gathe red from Umpopo 

province of the northern part of South Africa bordering Zimbabwe. 

Venda const itu te a mInority of the South African population (1 million 

people). 

Therefore, based on population demographics, and for determining the 

general pharmacogenetic landscape, th is collection and the data 

generated in t he various analyses should be representat ive for at least 

150 mIllion people In Africa. 

4.5.2 . Sample i'lnd genotype database 

A database was created to record genotype results of each sample 

analysed in thiS study. The database can be queried for sample 

location and genotypes defined by a pa rticula r test (Figures 10). 

Functions for basic statistical calculations such as minor allele 

frequencies or testing for HW consistence are included (Figure 11). 

Results can be uploaded to other prog rams for further analysis and 

presentation. 

106 



, .. 

l_ ...... av 

7,-~~IIoIo"i"-

-'-'- ., ., 

-., ... -

-
., ., 

, .... 

~, .. , 
Figure 10: Sample and genotype database : Master table and general search 
optIons. A : Output of sample 10 and genot'f~ InfOf"matlon, e.g . BFO means 
that the SClmpJe is available as blood, filter spots and DNA; B : Output of 
sample IOCiltion Informiltlon. 

L T_ -"""51 fih_ ."" .,... 
~t~fQ<_""'" 
"-""- .... ..., -..1aI1III *' 
..." :0$ _ s .. ",'C"' tloIlS 

107 

--
" ,. 
' . ,. '. 



4 .5.3 . Catalogue of African polymorph isms 

The newly established catalogue of African polymorphlsms features a 

total of 180 genetic variants (169 SNPs, 2 CNVs, 9 Indels). analysed In 

this study, as shown in Table 19A and summarised in Table 20. 

Whereas the highest number of polymorphlsms is In CYP2D6, both 

GSTMI and GSTTI were only analysed for their deletion allele. As the 

catalogue also contains polymorphisms found in African popUlat ions 

before, it gives a full account of all polymorphisms of the eight DME 

genes that were characterised in Africans to date . 

A ranking system (Table 19B) was employed to categorise the levels of 

occurrence of these polymorphlsms In African populations, deducing 

t heir Importance for pharmacogenetic epidemiological studies. 

Whereas only three SNPs were confirmed to be rare. more than 50% 

of polymorphisms were found in the low or rare/low categories (Table 

19C). Generally, most SNPs were located in Introns. Non+synonymous 

SNPs were mostly in the low and low/ rare categories. 

4 .5 .4 . Pharmacodlagnostic kit 

The analysIs was narrowed down to SNPs and CNVs that may affect 

protein expresSIOn and activity, hence be Important for phenotypic 

outcome In individuals carrying them (Table 21). Where Impact on 

enzyme expression and function Is characterised, subst ra te drugs and 

the availability of phenotype data for Africans are Indicated. Although 

some non+synonymous SNPs are shown to have no impact on enzyme 

funct ion, these ma y be Important In the context of funct ionally 

Important haplotypes. In total, 60 polymorphisms from the eight DME 

genes are recommended to be included In a pharmacodiagnostic kit for 

the future determination of AOMET profiles in Africans. 
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Table 19: Cata!ogue of SNPs analvsed in this study. A. Alle!e f requency ranking 
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Table 19: CCitatogue of SNPs analysP.d In this study. A. Allele frequency ranking (contirwed) 
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Table 19: Catalogue of SNPs anat'(SOO In this study. A. Allele frequency ranking (continued) 
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Table 19: Catalogue of SNPs analysed In this study. A. Allele frequency ranking (continued) 
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Table 19: Ca talogue of SNPs anal ysed In this study. A. Allele frequency rankmg (continued) 
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Table 19: Catalogue ofSNPs analysed In this study. A. Allele frequency ranking (continued) 

I , I • i • 
obtilmed from • Taqm"n Dr Sequenom gellotYPlng; <not analysed in this I frequenc ies 
from Ilt"'-<llure sources; al l bo ld' SNPs proposed far phumacmllagnoS(IC kit for ; nO\le l ~fallml in th is study; 
ors~ no reference number ilSSigned: del~deJetlo n: 9"'9"0,,; multlp",mult lple cop<es 0' (Jeoe; Yo :Yorut)a; [g:lgOO; Lu : 
L~IO ; Ma : Ma~s.ai ; KI: Kikuyu; Sil: SilO; SI1 :Shooa ; Ve'Venda; TZB: TZ B""lu; n5=non~synonymous. s3synonymous; 
lITP' '' uotr<lnslated reg ion; CN V=copy number vari<ltlo" 
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B. Ranking key for Table 19A 

c. Summary of frequency ran king fot Table l<JA 

Table 20: Summary of catalogue (from Table 19A) 
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Table 21 : Polymorphlsms proposed for ph!lrmacodlagMOstlc kit based on geoes In this study 
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Table 2 1: Polymorphlsms proposed for phllrmacodlagnostic kit for genes in this study (continued) 

" 
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5. DISCUSSION 

Drug metabollslng enzymes (DME) cytochrome P4S0 CYP2B6, CVP2C9, 

CYP2C19 and CVP2D6, as well as FM03, GSTMl, G5TTI and NAT2 are 

Involved in t he metabolism of pharmaceutical drugs and have been 

Implicated in cancers due to their role in deto)(ificatlon of carcinogenic 

agents and oxygen radicals. Polymorphlsms in their genes account for 

variat ion of plasma drug concentrations In patients and their diagnostic 

use is rapidly finding clinical applications globally (see Table 3). 

Characterising such genetic variants and mapping out their distribution 

In representative African populations of various ethno-linguistic classes 

(see Table 1) was t he main aim of this study. 

The re-sequencing and genotyplng analysis of DME genes In Africans 

done here is the most extensive effort of its kind to date. Nove! 

variants' oossible effects on enzyme express/on and function were 

predicted by blolnformatlcs, contributing to understand phenotypes in 

drug metabolism. Applying statistical models, the variants' prevalence 

was used to explore diversity and evolutionary relatedness of African 

populations. In order to help translating these results into personalised 

medicine in Africa, bloresource building and the advancemen t towards 

pharmacodlagnostic applications are discussed. 

S.1. Discovery of novel SNPs in DME genes 

5NDs account for much of the genetic variation in drug metabolism. 50 

far, over 30 such variants have been reported for Cytochrome P450 

CYP2C9, approximately 20 for CYP2C19, over 60 for CYP2D6 

(http://www.cypalleles.kl.sel). (Sim and Ingelman-Sundberg, 2006) 

and 19 for N-acetyltransferase NA T2 (Hein et aI., 2008 ). Whereas 
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CaucaSian and ASian populations have been studied extensively, very 

little data exists on Africans. Here, novel SNPs were discovered by re

sequencing of OME genes in various African ethnicities. 

The experimental strategy was based on the specifics of the CYP and 

NAT gene structures as well as cost efficiency considerations. Whereas 

CYP2D6 is contained within a 5kb region, CYPlC9 and CYPlC19 span 

over 50kb and 91kb, respectively, and all three genes have nine exons 

eaCh . Priority was placed on analysing exonlc sequences due to the 

higher likelihood of linking amino acid changes with functional 

importance. The NATl gene IS about 13kb In size, of which the 100bp 

exon 1 is non-cod ing . Therefore, only the coding exon 2 of 900bp was 

analysed. SpHce site junctions spanmng at least 50bp from each side 

of the exons as well as UTR sequences were included in the analysis. 

Gene-specific primers enable the Isolation of speCific gene regions or 

whole genes by peR amplification. This is the method of choice in the 

context of gene families such as the eyp genes that are highly 

homologous: more than 90% for CYP2C9 and CYPlC19, and 95% for 

CYP2D6 and the pseudogenes CYP2D7 and CYP2D8 (Kimura et aI., 

1989). 

Isolating whole genes by long~range peR Is highly deSirable and has 

been used to separate CYPlD6 before (Gaedigk et ai, 1999). However, 

due to difficulties In optimising this method, here the gene was fully 

covered by amplifying shorter CYPlD6 fragments (up to 1.2kb), using 

primers and experimental cond itions described previously 

(Masimirembwa et a!., 1996). In addition, a modified nucleot ide 

(deaza-GTP, see MaterialS and Methods) was used, owing to the high 
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GC content of CYP2D6, cauSlllg strong base-base interactions, which 

lead to superstructures and consequently to regions wi th higher 

melting temperatures lowering amplification efficiency by DNA 

polymerases (Jung et aI., 2002). 

Long-range PCR also proved problemat ic when tested for genotyplng 

of common CYP2D6 alleles (see 3.4.1). In most cases, the method was 

Inconsistent and non-reproducible, amplification products were scarce, 

yielding faint bands on agarose gels. Only for genotyplng CYP2D6*S in 

the San population, long-range PCR could be used. This indicates that 

the quality of DNA samples, together with the optimisat ion of 

experimental conditions, such as calibratIon of PCR machines and use 

of hIgh-fidelity, thermostable DNA polymerases (e.9. Pfu DNA 

polymerase), (Cline et aI., 1996; Lundberg et aI., 1991), seems to be 

a highly critical parameter for long-range PCR. 

The Sanger sequencing method (Sanger et aI., 1977) was optimised to 

read sequences of up to 600 bp in one dIrection. Due to economic 

limItations on re-sequencing of whole genes, the strategy used here 

did not allow for identIficatIon of copy number variants or SNPs in 

Introns and other upstream and downstream regulatory regions. 

Variation screening by re-sequencing, covering whole genes at higher 

throughput and lower cost, will become available with new-generation 

sequenCing technology in the near future (see 1.3.2.1). 

5 . 1.1. Functional characterisation of mutations 

Non-synonymous SNPs III coding regions (exons), causing an amino 

acid change In the enzyme protein, are of pnmary interest in 

pharmacogenomic studies. However, only a few amino acid changes 

may directly affect the funct ion of the enzyme. Others may be 

120 



involved in expression mechanisms or be in linkage with other causal 

mutations. Predict ions of funct ional effects are based on various levels 

of protein structure. First, amino acid chemistry, such as a change 

from glycine to tryptophan, may have an impact due to the different 

sizes and cha rges of these amino acids. Second, the substitution of/by 

proline may affect the secondary and tertiary structure of the protein. 

Third, predictions are based on conservation in the alignment of known 

sequences from the same protein families. For example, CYP substrate 

recognItion regions are based on Gotoh's alignment (Gotoh, 1992). 

Recently, several human CYP proteins have been crystallised, Including 

CYP2C9 and CYP2D6 (Rowland et aI., 2006b; Williams et al , 2003a), 

and the crystal st ructure of NAT2 Is now also available (Wu et aI., 

2007). In cases where crystal structures are not available (e.g. 

CYP2CI9), homology modelling is used. It is assumed that such 

approxi mat ion is sufflc.iently accurate to predict functional effect s on 

substrate recoonltlon, blndlno and catalysis of readinn'> (de Graaf et 

al., 2007; Wang et aI., 2007). 

Pol yphen (http: //genet ics.bwh.harva rd.edu/pph; Ramensky et aI., 

2002) and SIFT (Ng and Heni koff, 2003) are current ly the most 

popular prediction algorithms, deriving structural data from protein 

databases such as Protein Data Bank (POB; www.rcsb.org) and SWALL 

(http://srs.ebLac.uk). Here, Polyphen was used for predicting 

funct ional effects of novel non-synonymous SNPs represented as PS1C 

scores (Table 12). 

Amino acid changes wi th a PSIC score of less than 1, such as N474S In 

CYP2C9, Vl131 In CYP2C1 9, VI 19M in CYP206, 1158L and I270T In 

NAT2, are assumed not to be Involved in any funct ional Sites and 
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predicted not to affect enzyme function . Although Vl19M in CVP2D6 is 

located close to the substrate recognition site, t he change from vaHne 

to methionine may have little impact In terms of hydrophobicity. On 

the other hand, a PSIC score can be < I and yet have an impact on 

enzyme function. For example, the known amino aCid change R144H in 

CYP2C19"9 has a PSIC score of 0.503, yet Is predicted to damage the 

enzyme. The replacement of arg inine by histidine might change the 

hydrophobicity at a burled site and decrease enzyme act ivity in vitro 

(BlalsdeU et aI., 2002). Functional Impact is of course position 

dependent. For example, it would be predicted that R410C In 

CYP2C19~ 13 has no Impact on the enzyme (PSIC score=O.336), 

although the change is dramatic, from large size, basic (R) t o medium 

size, uncharged (C). However, structural analysis suggests that t he 

residue is on the surface and hence less likely to be involved in 

substrate recognition. This does of course not rule out the possibili ty of 

surface amino acid changes affecting the maintenan ce of the protein's 

globular structure. 

Some changes with PSIC scores slightly above 1 may stili have modest 

effects on enzyme function. For example, R123L In CYP2D6 (PS IC 

score=1.236), when al igned with Gotoh's sequences (Gotoh, 1992), 

was shown to be involved in the substrate recognition si t e SRSI 

(Bapiro et aI., 2002). The T2141 change in NAT2 ( PS IC score'" 1.257) 

seems to interfere with enzyme function because this residue is 

important for interaction with the co-enzyme A liga nd , according to 

st ructural prediction (Wu et a!., 2007). The amino acid change D360E 

in CYP2C9~ 5 appears to have a modest Impact on enzyme function 

(PSIC= 1.475) because both residues have similar phySico-chemica l 

properties, being medium Size and acidic. But since thiS posi tion Is at 
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the core of the protein, the slight difference may result In a significant 

structural effect, hence the observed decrease In enzyme activity as 

found In vitro and in individuals carrying this SNP (Allabl et aI., 2004; 

Dickmann et aI., 2001). 

The effect of the R186P change in CYP2C19 leads to a change in 

electrostatic charge and possibly geometry; hence, it is predicted to 

affect the protein dramatically, giving a high PSlC score (3.159). An 

equally high score (3.063) Is obtained for G445E in CYP2D6 due to the 

change from small, uncharged glycine to acidic glutamic aCid. This may 

Impact thiS residue's possible interaction with close position 443, which 

is Important for heme-ligand binding and therefore has a high 

probability of affecting enzyme function. 

In conclusion. these predictions must be interpreted with caution and 

do not always correlate with in vitrO/in vivo studies or clinical 

phenotype. Based on validated phenotypes. a full analYSIS of all CYP 

genes, using Polyphen and SIFT for predicting functional effects of 

non'synonymous SNPs. showed 70% prediction accuracy for these 

algorithms, yet there were some dlscrepancics (Wang et aI., 2009). 

For example, TI071 and V136M;V338M In CYP2D6"17 and 

CYP2D6~29, respectlvcly, were predicted to have no Impact on 

enzyme function by Polyphen and SIFT, yet have been shown to result 

in reduced enzyme activity in Individuals carrying these alleles 

(Maslmlrembwa et al ., 1996; Wennerholm et aI., 2001). To overcome 

these !Imitations, more recent developments Include theoretical 

measures to Identify the residues that are critical for maintaining 

structural stability by assessing the consequences on the Interaction 

network of single point mutations (Cheng et aI., 2008). 

123 



5.1.2. SNPs affect mRNA processing 

Although most past analyses focused on non-synonymous, coding 

SNPs, non-coding SNPs and coding synonymous SNPs can play 

important roles in gene expression . Cis-acting elements, such as 

promoter as well as 5' and 3' UTRs, exon/intron junctions and splice 

recognition si tes contain Important regulatory and other funct ional 

information. Intronlc and UTR SNPs may be involved in disrupting 

sequences recognised by trans-acting factors that affect splicing, 

transcription or other mRNA processing events. 

Therefore, exon/intron junctions and some UTRs were Included in the 

analysIs here. Information-based theory (see 3.6.4) was used to 

analyse novel synonymous SNPs. as well as inl ronic SNPs within the 

splice sites (- 25 to + 2 for exon acceptor sites and - 3 to +6 for exon 

donor sites) of CYP2C9, CYP2C19 and CYP]D6. but no significant 

effect s on splice Site recognition were found . 

Such effects were studied in CYPS before. Whereas some defective 

splice sit e variants are well understood, for example CYP2D6'4 ( 1846 

G>A), which occurs at the zero acceptor position of exon 4 (Hanioka et 

aI., 1990). functional indIcations are less clear If mutations lie further 

away from splice site junctions. Information theory analysis has been 

used to show how other inlronic and synonymous mutations may 

cont ribute to splice site effects In CYP genes (Rogan et al.. 2003). For 

example, t he defect ive allele CYP2CJ9 ' ] (19154 G>A) results In a 

synonymous mutat ion (P227P), yet it has been assOCiated with poor 

metabolism of CYP2C19 drugs (de Morals et aI. , 1994 ; lbeanu et aI., 

1998). Further Investigat ions showed that this mutation introduces a 
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cryptic splice site forty nucleotides downstream, resulting in a 

truncated non-functional protein. 

Recent molecular advances have revealed tha t microRNA recognition 

sequences (pre-miRNA) are involved in regulation of protein 

expression and may be important in pharmacogenomic variation 

(Passetti el aI., 2009). Mutations In these sequences, as well as 

Insertions of new pre-mlRNA sequences, could affect enzyme 

expression. However, CYP1B} Is the only CYP that has been found to 

be miRNA-regulated so far (Tsuchiya et aI., 2006). In the present 

study, none of the SNPs Introduced pre-miRNA sequences In the 3' 

UTRs, yet In CYP1C19, 18818 T>C In mtron 4 and 19332 G>A in intron 

5 Introduced miRNA binding si tes for has·mir-139 and has-mtr-448, 

respecttvely (Table 9). However, since mlRNA binding sites mostly act 

within 3' UTRs (Rajewsky, 2006), these mutations would not be 

expected to have functiona l effects. 

5.1.3 . Validation of functional effects of SNPs 

DME gene polymorphisms, that cause changes in amtno acid sequence, 

gene regulation or mRNA processing, affect amounts and/or structures 

of proteins, thereby shaping metabolic phenotype variability (Sadee 

and Dal, 2005). To validate functional effects of these polymorphlsms, 

production and stabitity of mRNA and protein are measured, and 

catalytic activity of enzymes is assessed, using probe substrates. This 

data IS then correlated with clinical studies. 

5tte directed mutagenesis and expreSSion in E.coli has been widely 

used for CYP enzymes such as CYP2C9, CVP2C19, CYP2D6 (Blaisdell et 

al" 2002; Deeni et aI., 2001; DeLozier et ai. , 2005; Vun et aI., 2006). 

The CVP protein is often targeted to the plasma membrane using an N-
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terminal membrane anchor (Yun et aI., 2006a), However, as heme 

incorporation or protein folding can be problemat ic in E.co/i, 

Baculovirus-mediated expression in insect cells has been used for 

functional characterisation of CYP SNPs (Zhang et ai.. 2009). NAT2 

variants have been expressed in mammalian cells (zang et aI., 2007). 

Expressed recombinant proteins are characterised by in vitro enzyme 

kinetics in combination with high performance liquid chromatography 

(HPLC). For example, S-mephenytoin hydroxyla tion by CYP2C19 

(Blaisdell et aI., 2002) or dextromethorphan O-demethylation by 

CYP2D6 (Yu et aI., 2001; Zhang et aI., 2009) serve as enzyme 

function markers, allowIng comparison of catalytic activities of 

recombinant mutant proteins. 

In add ition to limitations of in silico predictions and in vitro assays, it 

has been found that some amino acid changes In drug metabolising 

enzymes affect different substrates in different ways. Such substrate

dependent impact of polymorphisms has been observed for CYP2D6 

(Bognl et a l., 2005; Zhang et aI., 2009), Hence, in addition to overa ll 

protein function, substrate affinity and binding properties should be 

assessed for functiona l relevance of polymorphisms. Drug substrates, 

such as anti -depressants metabolised by CYP2D6 and warfarin 

metabolised by CYP2C9, have been used to determine metabolic ra t ios 

and/or plasma concentrations for evaluating pharmacoklnetic profiles 

in individuals (Kirchheiner and Rodrlguez-Antona, 2009; Klein et aI., 

2009) . 

In summary, novel SNPs predIcted In sillco to have a high impact on 

proleln structure and funct ion are the ma in candidates for in vitro 

characterisation studies. Here, the following novel, non-synonymous 
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SNPs are proposed for further characterisat ion CYP2C9~31 (1327T), 

CYP2C9 - 32 (V490F); CYP2C19"22 (R186P) and CYP2D6 4057 G>A 

(G44SE), 

5.2. Complex haplotype networks 

5 .2 . 1. Allele nomenclature and new alleles 

Assigning SNPs to haplotypes allows to determine whether an SNP IS 

likely to have an Indirect impact on gene eKpresslon and enzyme 

function based on other SNPs In the same haplotype. Allele 

nomenclature of CYPs and NATs Is built on determining the major 

detrimental SNP In a haplotype. In other words, only SNPs predicted 

with high probability to affect gene expression and/or enzyme function 

are assigned an allele name. Novel SNPs found In introns or 

representing synonymous changes are not assigned new allele names. 

For example, CYP2D6'J7Is defined as 1023 C>T; 1661 G>C; 2850 

C:>T; 4180 G>C, causing amino acid changes Tl07!; R296C; 5486T, 

whereas CYP2D6-64 is described by -1426 C>T; · 1235 A>G; · 1000 

G>A; 100 C>T; 310 G>T; 843 T>G; 1023 C>T; 1661 G>C; 2097 

A>G; 2850 C>T; 3384 A>C; 3582 A>G; 4180 G>C; 4401 C>T; 4722 

T>G, causing amino acid changes P345; T1071; 5486T. It appears that 

the 5NPs 1023 C>T; 1661 G>C; 2850 C>T; 4180 G>C are present In 

both alleles, and this would have been determined by the haplotype 

prediction programme Haptovlcw (Barrett et al., 200Sb). The defining 

SNPs would be 1023 C>T for CYP2D6"17 and both 100 C>T and 1023 

C>T for CYP2D6"64. This shows that SNPs In one haplotype may be 

present in the context of other SNPs in another haplotype, crea ting 

complex haplotype networks. 
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Haplotypes were estimated for the novel non-synonymous SNPs in 

linkage with other known mutations. Whereas it was possible to assign 

allele names to CYP2C9"']1, CYP2C9~32, CYP2C19"22 and CYP2D6*70 

(Table 12), the prevalence of CYP2C9 50294 A>G (N474S), CYP2C19 

12690 G>A (VII3!). CYP2D6 1621 G>T (R123L) and CYP2D6 4057 

G>A (G445:) was too low to confirm the haplotypes predicted for 

them. In add it ion, none of the novel NAT2 SNPs seemed to be in 

linkage with other known polymorphisms. 

5 . 2 . 2 . HapMap SNPs 

The complex haplotype network was further highlighted in an attempt 

to determ ine the extent to which haplotype blocks based on HapMap 

Yoruba of Ibadan (YRI) data can be transferred t o other African 

populations. Due to the extensive linkage disequilibrium (LD) between 

neighbouring loci in the human genome, it is believed that a subset of 

the SNPs in a region (tagSNPs) can be selected to capture nost of t he 

remaining SNP variants (Service et aI., 2007). It was shown that 

HapMap tagSNPs selected with ,-2 >-= 0.8 can capture more than 85% 

of the SNPs in populations from the same continenlal group (Xing et 

aL , 2008). This would estimate the rate at which certain SNPs are in 

LD when analysed in different populations. 

SNPs of CYP2B6, CYP2C19 and NAT2 presented in the haplotypes of 

HapMap YRI were genotyped In four populations (Hausa. Maasa l, San 

and Shona), fo llowed by haplotype reconstruction. However, due to 

limitations in t he design of the experiment, it proved impossible to 

capture all SNPs defining the major haplotype blocks In these genes. 

Problems were caused by primer speci fici t y in multiplex peR reactions 

and the presence of extended regions of nucleotide repeats. In 
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addition, differences were found in SNP density and nature of 

haplotypes spanning them, based on diverse recombination and 

evolutionary events . Whereas the CYP2C19 region is captured in a 

single block covering the whole coding region, this is not the ca,e for 

CYP2B6 and NAT1, for which much of the SNPs are carned in variOUS 

haplotype blocks (Figure 12). This made it difficult to create the critical 

combinations of SNPs for analysis, hence t he selection of SNPs does 

not renect the true and complete picture of haplotype tagSNPs as 

would have been preferred . 

C,,(P2C 19 .. , ...... ~ .. --,..~--... 
:c:::::!;.: ,:,:: ';:!.: =: .:.': . ... 

•• .. _. , .. , ,"" , ... , .. , .. .",', "'''; .... . 
• • " .. , ... t- " .. .,,, .. "'-,,, .... .. 

CYP286 

, ,." .. " " ... 
'" . 

NAn 

.. 
• 

... ... ... 

_t' ... , ... . -
• 

" 
~ 

... 
•• .. . .. 

.. 
• . _ . .. _ . -.. ._. • 

Figure 12: Complex pattern of haplotypes in CYP2C19, CYP2B6 and NAT2 
gene regions; boxes Indicate the haplotype blocks containing each gene. 
F1gures were generated from Haplovlew using SNPs downloaded from 
HapMap {www.hapmap.org, frequency:>5% In YRl}. Gene regions In boxes : 
CYP2C19: Chromosome 10, positions 96,512,453 to 96,602,660; CYP2B6: 
Chromosome 19, posit ions 46,189,044 to 46,216,141 ; NAT2: Chromosome 
8, positions 18,293,035 to 18,303,003. 
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These dIfficulties should be eaSIer to overcome In the future, with 

more African populatIOns, such as Maasai and Luhya of Webuye, and 

Maasai of Kinyawa, Kenya, having recent ly been added to the HapMap 

project (Manofio et aI., 2008). As the African genome is complex, 

featuring lower levels of LD than other world populations (Campbell 

and Tishkoff, 200B), this Is an important step towards better 

understanding of African haplotype characteristics. 

5.3. Prevalence and clinical impact of OME 

polymorphisms 

The low numbers of novel non-synonymous SNPs discovered here 

suggest that the most prevalent polymorphisms of functional 

importance had already been found in African populations. However, 

functionally important alleles can be of low prevalence and hence more 

difficult to find. Some view these as less important in realising their 

effects at a population level and therefore, less relevant in large 

clinical trials, where a general baseline prevalence is needed. However, 

on an Individual level of diagnosis, rare mutations are most relevant 

and should definitely be considered for genotyping applications 

towards personalised medicine, including all mutations that have been 

validated for functional effects and annotated for phenotypical 

outcome. As the prevalence of variants varies between populations, 

certam SNPs or haplotypes that have been reported as prevalent and 

functionally important in other populations are rare or have not yet 

been detected in Afr icans. Here, genetic polymorphisms of CYP2B6, 

CYP2C9, CYP2C19, CYP2D6, NAT2, GSTM1, GSTTl and FM03 are 

discussed with respect to their potential clinical applications for drug 
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dosage and environmental exposure most relevant In African 

populations. 

5. 3 .1. CYP2B6 

CYP2B6 ' 6 (516 G>T) is the most commonly studied allele that has an 

impact on the pharmacokinetics of CYP2B6 substrate drugs. It is more 

prevalent in Africans (35-50%) than in Asians and Caucasians (15-

25%). Functional studies showed that this aUele displays remarkably 

lower catalytic activity and a signi f icant decrease In protein expression 

(Hofmann et aI., 2008). 

Studies of efavirenz exposure levels In HJV{TB co-infected patients 

indicate that patients homozygous for the 516 G> T variant had higher 

plasma concentrations, over the minimum safe level of 4~g/ml. 

Pharmacokinetic modelling Indicated that such patients might require 

as low as 300mg/day efavirenz, half the standard dose of 600mg/day. 

The data from the Zimbabwean patients also showed that irrespective 

of genotype, women had consistently higher eravlrenz plasma levels 

than men (Nyakutira et aI., 200S). 

Another example Is CYP2B6~5, which Is detected In 14-25% of 

CaucasIans and 8% of Africans and causes a significant decrease In 

protein expression and catalytic activi ty, but only in females (Lamba et 

aI., 2003). Another $NP which has been aSSOCiated with elevated 

plasma concentrations of efavirenz and nevirapine In Africans Is 983 

T>C (Wang et aI., 2006), wh ich can be found either alone as 

CYP2B6 '"1 6 or In combination (785 G>A, 983 T>C) as CYP2B6 T 18. 

This 5NP has a frequency of 4-7% in Africans and Is absent in 

Caucasians and Asians (Wyen el aI., 2008). In conclusion, this data 

emphasises the importance of ethnicity and gender In drug dosing. 
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5 ,3 ,2. CYP2C9 

A':. UII~ ur 1I1~ fir':.l ufriLidl ~lu.Jur':.~([j~lll ur IJlh:H([jdcug~llorllic':. (u r 

personalised medicine, the FDA has recommended genot yping of 

CYP2C9"'2 ," CYP2C9 *3 in combinat ion with VKORCJ 

polymorphisms, Intending a more targeted use of t he anticoagulant 

warfarin (Thompson, 2007) and the prevention of excessive bleeding 

episodes (Higashi et aI. , 2002). In general, the effects of CYP2C9 

alleles have been studied exte nsively In Caucasians, including 

popul a tlon-based pha rmacoki netics- pharmacod yna m j cs model Ii ng , 

highlighting t he importance of pharmacogenetics III drug use 

(Dickinson et aI., 2007; Lindh et aI., 2009; Stehle et ai., 2008). 

CYP2C9 variants CYP2C9 *2 (R144C) and CYP2C9*3 (1359L) are the 

most common and occur at frequencies of 0. 11 and 0.08, respectively, 

in Caucasians (Yasar et aI., 1999). However , these alleles were not 

found in the African popu lations of this study, confi rming their rare 

occurrence and low Impact fo rmerly reported in African Americans 

(frequency ..... O.Ol) (Kealey et aI., 2007) . 

whe reas t he CYP2C9 genotype has been used to estimate some dose 

adj ustments In the use of warfarin and phenytoin In Caucausians and 

Asians (Ohno et al . , 2009; Stehle et aI., 2008), the apparent absence 

or low frequency of these variants In African populations means that 

t heir plasma concent ration variabili t y of warfarin should be due to 

other genetic and/or environmental factors. This highlights the need to 

ta ilor pharmacodiagnostic tools for specific populations, based on 

baseline frequency of the variants of interest . 
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The most common non-synonymous CYP2C9 allele detected by re

sequencing in this study was CYP2C9.>-9 (H25 1 R) (frequency=0.11). 

This vanant is predicted to be damaging to enzyme function, yet 

phenotypic studies in African Individuals have shown no effect on the 

metabolism of the anti-epileptic drug phenytoin. However, genotype

phenotype discrepancies of drug effects are common in African 

populations, probably due to unknown mutations or other genomic 

variations (Gaedijk et aI., 2005). The overall distribution of slow 

metabolisers of phenytoin in Africans remains unclear due to limited 

dala (Allabl et aI., 2004). The prevalence of several low frequency 

alleles such as CYP2C9 ' 5 (D360E) and CYP2C9*6 (K273fs) may 

explain such varia t ion in African populations. CYP2C9'5 causes 

impaired enzyme activity and CYP2C9~6, first fou nd in African 

Americans, has been associated with phenytoin toxiCity (Kidd et al. , 

2001). Other low frequency alleles such as CYP2C9*8 (RI50H) and 

CYP2C9* 11 (R335W) were also found to result in decrease in 

phenytOin metabolism (Allabi, 2005). 

5.3.3 . CYP2C19 

CYP2CI9"2 (splicing defect) and CYP2C19'3 (W212X) have been 

recommended as biomarkers for the administration of certain CYP2C19 

substrates, Including proton pump inhibitors and antidepressants 

(Furuta et aI., 2007). The CYP2C19 slow metaboliser phenotype is 

detected in 2·4% of Caucasians and In about 20% of Asians, and these 

1;\.,.0 variants account for 99% of slow metabohser phenotypes If1 

Asians (Goldstein ct aI. , 1997; lbeanu et al., 1998). [n general. the 

clinical relevance of CYP2C19 polymorphism seems to be more 

Important for Asian populations compared to Caucasians and Africans. 
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CYP2C19 ' 21s the most prevalent known defective CYP2C19 variant in 

Africans, featuring an average f requency ra nge of 0.1 to 0.3, highest 

In Igbo (Table 14), but conSiderably lower than In Asians (fr;0.5I). 

CYP2C19*3 Is rare In African populations, consistent with earlier 

studies (Xie et al., 1999b), whereas It occurs at fr=0.08~0.12 in 

Asians Here, this allele was observed at low frequency in Maasa i and 

Hausa samples (Table 14), and one Individual was Identified as 

heterozygous In the Tanzanian population, in agreement with previous 

reports (Herrlln et aI., 1998). 

An earlier report shows that CYP2C19 "2 accounts for over 70% of slow 

metabollsers of S' mephenytoln In Africans (Maslmirembwa et aI., 

1995). The missing 30% might be made up by CYP2C19 "3 and other 

low frequency variants such as CYP2C19 '1 2, CYP2CI9 ' I3 and 

CYP2CJ9 "" 15, which would make these SNPs Important contenders to 

include in genotyping panels for diagnostic purposes in African 

populations. Recently, CYP2C19 ' 17 has been discovered at a 

frequency of 0.18 in Ethiopians and Swedes, associated with increased 

enzyme activity (Allabi et aI., 2004; Rudberg et aI., 2008; Sim et ai, 

2006). Individuals carrying this variant may require a higher dosage in 

order to achieve the therapeutic effect of the drug omeprazole, due to 

estimations of 35% to 40% lower omeprazole plasma concentrations 

in CYP2C19*17 homozygotes (Slm et al., 2006). 

5 .3 .4 . CYP2D6 

Drugs affected by CYP2D6 polymorphisms include debrisoqulne, 

nortriptyline, metoprolol, fiuoxetine and amitriptyline. In case of pro

drugs, metabolism leads to the pharmacologically active substance, as 

for codeine, which IS O-demethylated to morphine by CYP2D6. For 

breast cancer treatment with tamoxifen, CYP2D6 status has been 
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reported to be an Independent outcome predictor (Goetz et al., 2007; 

Tan et aI., 2008). 

The analysis of diverse African populations confirmed that the African 

specific alleles CYP2D6~ 17 (Tl 071) and CYP206 ' 29 (V 136M, V338M) 

remam the most Important functlonal SNPs for Africans' metabolism of 

CYP2D6 substrate drugs. Together with other less prevalent 

haplotypes, they explain why Afr ican populat ions generally have a 

larger number of intermediate metabolisers ( .... 40%) compared with 

Caucasian populations (~lS%) (Gaedigk et al.. 2008). 

Other defective CYP206 alleles occuring in Africans include CYP2D6 ~4 

and CYP2D6 ' 10. CYP2D6 '4 Is a null allele, which Is most common in 

Caucasians (frequency",0.2), responsible for over 70-90% of slow 

metabolisers. while CYP206 ' 1 0 produces an enzyme wi th reduced 

activi ty and is most common in Asians (frequency =0.43-0.S1). 

Clinically, the high frequency of Interm ediate metabollsers due to high 

prevalence of CYP2D6 ' 17 and '29 could require that some narrow 

therapeut ic Index CYP2D6 substrate drugs need to be dosed at lower 

levels compared to Caucasians. ASians, who also have a higher 

prevalence of Intermediate metabollsers due to the high frequency of 

CYP2D6~1 0, may administer lower doses of CYP2D6 substrate drugs 

compared to Caucasians (Kit ada, 2003). 

Other SNPs With significant impact on genotype-phenotype corre lation, 

found in Africans, are CYP2D6 "36, CYP206 ' 40, CYP200 '45 and 

CYP2D6'56. The Importance of these low-prevalence alleles IS sti li 

difficul t to ascertain due to Isolated case studies. 
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Copy number variant s (CNVs) of CYP2D6, which result in ultra-rapid or 

slow mctabolisers, are wel l known . Multiplication of CYP2D6 has been 

reported In southern European populations (Bernal et aI., 1999; 

Scordo et ai., 2004), and most significantly in Ethiopians, reaching 

frequencies as high as 0.29 (Aklil lu et aI., 1996). This is In contrast 

with generally lower frequencies «(r=0.02) in the rest of Africans. 

Whole gene deletions, causing slow metaboliser phenotypes, have 

been detected at more uniform frequencies across all populations 

(fr=0.03-0.06). In general, CYP2D6 CNVs have significant 

consequences on toxicity and effectiveness of pharmaceutical 

treatment. Ind ividuals heterozygous for a deletion polymorphism, such 

as CYP2D6*5, or a reduced -function allele, such as CYP2D6*lO or 

CYP2D6 ~ 17, may become slow metabolisers for CYP2D6 substrates. 

Extensive studies focusing on the complex polymorph isms of CYP2D6 

have produced algorithms to predict the phenotypic response of 

patients on anti-depressant treatment (Gaedigk et aI., 2008; 

Kirchheiner, 2008). 

5.3.5 . FM03 

Reports on the distribution of FM03 polymorph isms among populations 

are mainly confined to North America (Hao et al., 2007; Lattard et aI., 

2003) . Due to the long immigration history and large admixture, the 

genetic backgrounds of the socially defined ethn ic groups on that 

continent are not always as clear as they appear to be. It may 

therefore be misleading to extrapolate the results to corresponding 

ethn lci t les on other continents. 

Here, the most d iverse sample of African populations was analysed for 

variants in the FM03 gene. Only SNPs that are predicted to affect 

enzyme function were selected. The 9.15167 G>A (E158K) variant was 
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detected at higher frequencies in Africans, comparable to CaucasIans 

(Table 14), but all other SNPs were either found at low frequencies -

g.18281 G>A (V257M), g.21443 A>G (E308G) and g.15089 G>C 

(DI32H) - or absent - 9.21599 T",C (L360P) - in the African 

populatIons. The Gl08/KIS8 compound variant also occurs at low 

frequencies, and Its relevance in Afr icans Is not clear, although it has 

implications in response to FMOl substrates such as trimethylamme 

(Zschocke et aI., 1999). 

In summary, lhls data strongly confirms the rationale of the re

sequencing strategy of this study and indicates that this strategy 

should be equally applied to the FM03 gene In the future. As it appears 

that FM03 features a relatively low number of non-synonymous 5NPs 

(Koukourltaki et aI., 2007), genotyping and functional characterisation 

of variants might turn out to be easier than in other genes. 

Variation In FM03-dependenl metabolic activity appears to be 

primarily associated With genetic variation (Koukouritakl and Hines, 

2005) . Pharmacogenetic applications based on FMOs are not yet 

realised, although there is much mterest m determining the level of 

phenotypiC variation across world populations (Mao et aI., 2008). The 

ability of this enzyme to bypass the production of reactive oxygen 

species (as done by CVPs) makes it a favourable target for metabolism 

of drug substrates (Krueger and WilUams, 2005), as many CYP 

substrates can also be metabolised by FMOs. Therefore, FMO) may 

provide an Important alternative route for drug elimination if the 

respective CVPs are inhibited or functional ly Impaired. 
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5.3.6 . GST 

The frequencies of GST homozygous deletions found here are 

comparable with previous studies (Cotton et aI., 2000) . Both GSTMI 

and G5TT1 deletions are mostly less prevalent In Africans than In 

Asians (Table 14). Whereas GSTMI occurs as frequently in Caucasians 

as in Asians, the prevalence of GSTT1 in Caucasians is only half of the 

Asian figures. 

Individuals most seriously affected arc those with a homozygous 

deletion of an entire gene. For example, GSTMI and/or GSTTI null 

alleles have been associated with colorectal cancer predisposition (Ates 

et aI., 2005; Pande et aI., 2008; Smits et al., 2003). In addition, these 

polymorph isms are risk factors for coronary artery disease In type 2 

diabetiC patients, particularly among smokers (Manfredi et al., 2009) . 

Another disease risk associated with smoking and homozygous 

deletion of G5TM1 and/or GSTT1 is the development of asthma In 

adul t s (Saadat and Ansari·Lan, 2007). Therefore, mdlvldual 

genotypmg for GSTM1 and G5TT1 could be informative for risk 

assessment If a person is exposed to certain environmental conditions 

such as smoking. 

5.3 .7 . NAT2 

Nineteen NAT2 alleles have been discovered so far (Hein et aI., 2008). 

The major defective alleles are NAT2"S, NAT2~6, NAT2"7 and the 

Afrlcan ·speclnc NAT2°14. Individuals homozygous for those alleles, or 

being compound heterozygotes, can be predicted as slow acetylators. 

It has been speculated that the vanatlon in acetylator status across 

major world populations reflects differences In dietary habit s or the 

environment. There Is a high prevalence of slow and intermediate 

acetylators in African populations, due to the NAT2"S (1114T), NAT2°6 
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(R197Q) and NAT2 ~14 (R64Q) alleles. This is conSistent with the NAT2 

allele frequency data of this study. Haplotype determination also 

concurs with NAT2"S8 and NAT2~6A (Figure 4), being the most 

common in Africans, and with recent studies of NAT2"'4 In sub· 

Saharan populations (Sabbagh et aI., 2008; Sabbagh and Oarlu, 

2006). 

The influence of NAT2 genotype on dosage and pharmacokinetics of 

isoniazid has been demonst rated in patients suffenng from pulmonary 

tuberculosis, whereby slow acetylators require half the dose compared 

to fast acetylators to achieve satisfactory bactericidal activity (Donald 

et aI., 2007). Cotrimoxazole remains the drug of choice In the 

prophylaxis and treatment of Pneumocystls carini! pneumonia In 

patients infected with HJV. This drug is metabolised by NAT2, and 

individuals carrying reduced function al leles may be exposed to higher 

amounts, which would be available for oxidative metabolism by 

CYP2C9, making them more susceptible to hypersensItIvIty reactions 

(Carr et aI., 1994). In conjunction with environmental toxins and 

polymorphlsms In other genes, such as GSTMI and GSTT1, NAT] may 

contribute to bladder and breast cancer risk (Lee et al., 2003; McGrath 

et aI., 2006). There fore. NAT2 genotypes are of clinical relevance In 

Africans for dosing of drugs used widely In treatment of T6 and HIV 

patients as well as for determining susceptlbillty to disease. 
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5.4. Population 

relatedness 

differentiation and evolutionary 

Allele frequency dat a of DME genes has been used to examine the 

extent of differentiation and relatedness of African ethnic groups 

compared to other world populations (Figure 5). Stat istical signi ficance 

of allele frequency differences was gauged with Fischer"s exact test 

and F statistic. Correlations of genetic and geographic distance were 

evaluated under an Isolation by distance model. PCA and phylogenetic 

UPGMA analysis were applied to determine population relatedness. 

Eventually, the hierarchical structure of population ."ariance was 

assessed by AMOVA. 

Earlier studies of population re latedness ha."e usually focused on 

microsatelll te, mitochondri al and Y chromosome markers, beside gene 

families such as HLA (Agrawal et a l., 2007; Li et aI., 2008). 

illustrations of genetic di."ersity in the geog raphical space, with allele 

frequency distributions and concordant clustering of populations, were 

generated, showing geographical/continental structures (No."embre et 

aI., 2008; Reich et al., 2008). Howe."er, pharmacogenetic markers are 

still underrepresented in such studies (S istonen et aI., 2009), and t he 

extent to which ethno- linguist ic classifications may re flect 

pha rmacogenomic di."ersi ty is not clear. 

5 .4 .1. Differentiation of African populations 

World sample collections such as the Human Genome Di."ersity Panel 

from the Centre d'Etude du Polymorphlsme Humain (Cann et aI., 

2002) only contain small sets of African populations. In some cases, 

ethnic groups a." ailable in public data bases such as Yoruba of Ibadan 

(YRI) (www.hapmap.org) or African Americans are supposed to 
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represent all Africans, an assumption that is largely insufficient, 

conSidering the high level of genetic diverSity In African populations. 

Consequently , in this study, African populations were selected to 

represent at least four of the major ethno- lingulst lc groups and to 

cover three of the five maIn geographic parts of Afnca (Table 1). It IS 

assumed that such a selection should be SUitable for IfIvestigating 

populat ion differentiation and evolut ionary relatedness of sub-Saharan 

African populations. 

Re-sequenClflg data was analysed for genetic dlfferenUatlon at each 

gene locus. Genotype frequency differences amongst populations were 

statistically sigmficant at CYP2C19, CYP2D6 and NAT2, but not at 

CYP2C9 (Tables 8-11). This could be due to a more homogenous 

nature of the CYP2C9 locus, compounded by the relatively low 

frequency of SNPs detected In this gene. However. average Fst values 

show low levels of population differentiation for aU genes, as would be 

expected when analysing populations from the same continental 

region. A study on world populations of over 1,000 microsateilite 

markers suggested that geographiC distances may be a better 

predictor of genetic diversity than ethno-tingulstic claSSificatIOns (Belle 

and Barbujani. 2007). With this in mind, the relevance of geographical 

distance for diversity of African genes was assessed using an isolation 

by distance model (see Table 15). Low values of correlation were 

obtained for all genes. with only CYP2C9 proving statistically 

significa nt and CYP2D6 showi ng no corre lation at all. Whereas the 

CYP2C9 result might be innuenced by the low frequency of SNPs (see 

above), the CYP2D6 data, compounded by the negative weighted Fst 

value, would be consistent with this gene's highly pol ymorphic 

character, featuring several altered activi ty variants that are not 
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showing a conduSlve geographical paltem either (Sistonen et aI., 

2007). 

Frequency data from the HapMap SNP analysis was used to determine 

the extent of population differentiation among Hausa, Maasal, San and 

Shona, compared to Yoruba (YRI). It appears that NAT2 SNPs present 

the highest significance for differentiation of these populations, 

suggesting a comparatively more helerogeneous nature of this gene In 

Africans. 

Only NAT2 SNP frequencies appear to significantly vary among the 

four populations (P<O.OS), with rsl801280, rs4646246, rs7832071 

showing the highest fst values (see Table 13). Such variability of fst 

values for SNPs across the NAT2 gene region has been attributed to 

population-specific selective pressures acting on the various DME loci 

(Sabbagh et aI., 2008). When NAT2 data were removed from the 

analysis, less differentiation between population pairs was found (see 

Table 16B). 

Phylogenetic analysis of populations, using UPGMA and taking the 

frequencies of all thirty SNPs into account, showed clearly that Maasai 

separates from the rest of the populations and to some extent, the YRI 

forms its own branch (see Figure 6). These findings further indicate 

the limitations of the use of HapMap data for inferring SNP frequencies 

for supposedly closely related populations, Since some gene regions 

may be more heterogeneous than others and variable In some 

populations more than in others . 
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5 ,4 . 2 . Evolutionary relatedness based on common alleles 

Allele frequencies of DME genes in African, Asian and Caucasian 

populations were used to explore evolutionary rela tedness by Principal 

Component Analysis (PCA, see Fig 7). The resul ts clearly show distinct 

clustering of the main world population clusters, in agreement with 

studies on other genes (CavallI-Sforza, 2005). Projecting genetic 

variation onto an evolut ionary tree, it was proposed that certain alleles 

are very old and may pre-date the splitting of t he three major world 

populations (Aklillu et al., 2007). For example, CYP2D6 - S is found at 

similar ( low) frequencies in all populations (see Tilble 14). In contrilst, 

alleles such as CYP2D6 ~ 17, CYP2D6*29 and NAT2~14 ilre African

specific and seem to hilVe occurred ilfter the departure of populations 

that later formed the Caucasian and Asian groups. However, alleles 

such as CYP2D6 .... 4 and CYP2D6*10, most prevalent in CauCilsians and 

Asians, respectively, are both present at low frequenCies in other 

populat ions too, indicating that they occurred before the departure of 

those populations but were selected on differently under different 

environmental conditions, as opposed to earlier suggestions. It could 

also be that their presence in the other populations is due to 

population admixture. For example, African Americans are said to have 

up to 20% of their genetiC make-up derived from Europeans (Halder el 

aI., 2008; Parra et aI., 1998; Shriver et aI., 2003), hence the 

occurrence of CYP2C9-2 In African Americans at a frequency of 3%, 

compared to its absence in sub-Saharan African populations, where 

lower levels of admixture might have occurred. 

UPGMA results show the same separation of the major world 

population groups (see Figure 8A). Analysing Africans alone reveals a 

pattern that Is difficult to explain in terms of geography or ethnicity 
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(see Figure 8B) . Howe.-er, it shows all the groups of the Bantu sub· 

family clustered on one branch side. Surprisingly, Tanzanian Bantu 

cluster with Luo, who are Nllotic, al though they would be expect ed to 

be closer to the Maasal. The west African populations appear on the 

other side of the cluster, whereas African Americans and Ghanaians 

are in the m iddle. This is in agreement with African Americans being 

an admixture of most ly western and southern African populations 

(71%), belonging to the Niger Congo family from the south (Tishkoff 

et aI., 2009). 

Interestingly, San and Ethiopians are distinctly separated from the rest 

of the African populations. The San separation Is not surprising, since 

microsateilite and mitochondrial analyses have re.-ealed the same 

pattern (TIshkoff el at, 2009). Ethiopians are from the Afro·Asiatic 

ethno-linguistrc family, however mostly Semitic and Cushltic subfamity, 

which is separate from the Hausa, who belong to the same family but 

are Chadic. The Eth iopian separation may also be exaggerated by the 

high pre.-alence of the multiplication alleles CYP2D6' 2XN, compared to 

other African populations. 

Building upon the significant differences In allele frequencies (se€ 

Table 17), the peA (see Figure 7) and UPGMA analyses (see Figure 8), 

AMOVA was used to distinguish how different le.-els of population 

groups contribute to the total .-ariation observed (sec Table 18). The 

AMOVA analysis showed clearly that most of the global .-ariance occurs 

within populations or ethnic groups, (>=97%). In other words, 

variance is pretty c.-enly spread oul o.-er world popu lations, with the 

differences among them being smal l by comparison. The effect 

becomes e.-en more pronounced within African ethnic groups arranged 
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by country, geographical region or ethno-linguistic family, with 

variation running up to 99.75%, 99.82% and 99.91%, respectively. 

This confirms earlier reports, finding 97-98% variance of microsate1li te 

markers within Afncan ethnic groups (Chen et aI. , 200S). In summary, 

this data indicates that genetic d iversi ty within rather than among 

population groups Is t he m ain driver of personalisation. 

5.4.3. Pharmacogenetic variants as population markers 

The results of this study support the concept of using genetic markers 

for inferring evolutionary relations between populations, particularly at 

the world and continenta l level (Belie and Barbuj an i, 2007 ; Tish koff et 

aI. , 2009 ). However, very few earller studies have used gene markers 

d irectly associated with phenoty pic variation (Sabbagh et al. , 2008; 

Sistonen et aI. , 2009). Instead, microsatell i te markers have been 

deemed more reliab le for assessing genetic diverSity (Belle and 

Barbuja ni, 2007), due to their neutral nature, in contrast to SNPs in 

cod ing genes that may be under different selective pressures, suffer 

from ascertainment bias and hence may not have enough power to 

furnish a detailed popu lation structure. In addition, it was suggested 

that mitochondrial markers provide clearer and more conclUSive 

patterns for refin ing ethno-Ilnguistic sub-fa milieS (Behar et aI., 2007; 

Behar et aI., 2008) . However, the genome Is a heterogenous 

landscape, and variation is not restricted to microsatellTte and 

mitochond ria l markers, which are both equally insufficient in explaining 

phenotypic diversity. 

Although microsateliite markers seem sufficient for anthropological 

purposes, scanning geographical distances and ethno-ling uistic history, 

they do not offer informat ion on phenotypic variation re levant to 

medica l applications . Therefore, this study ma kes a t imely contribution 
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as it follows up on prellious suggestions to characterise functional 

lIariants in Africans associated with disease and drug response 

(TIshkoff et aI., 2009), in particular towards understanding 

pharmacogenetic dillersity. Here, it was confirmed that functional 

lIariants can be used as markers to separate the world populations 

(Africans, Asians and Caucasians) and Infer some degree of 

differentiation between more closely related ethnic groups. In fact. the 

pattern obtained with pharmacogenetic markers did not differ 

considerably from earlier reports with larger marker sets and more 

diverse population samples (Tlshkoff et al., 2009). 

Nevertheless, the observation that the highest level of variation is 

found between individuals within populations suggests that a larger 

number of markers could enable refined separations, producing a more 

detailed population sub-structure of African ethnic groups. Such 

endeavour would require localised sampling approaches With well 

ascertained variants. based on future expansion of African population 

resources (see below). However, neither a larger number of samples 

nor Increasing the set of markers guarantee a better deSCription of 

genome diversity, compounded by the high prevalence of low 

frequency and rare alleles. With th iS in mind, the current use of high 

frequency alleles is regarded a start towards building phenotype 

clusters II'l Africans With a determinant set of pharmacogenetic 

markers. 
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5 .5. Africa : Bioresource building 

Africa displays vast geographic, linguistic and cultural diversity (Sirugo 

et aI., 2008). I n addition, African genetic history supports a high level 

of variat ion in the genes of African people (Tishkoff et al., 2009). Yet 

this diversity IS stili totally detached from medical practice In Africa. 

Pharmacogenet ics is an Important tool to change this and translate 

genetic information into improved disease diagnosis and treatment, 

targeted specifically at African populations. Unfortunate ly, due to 

limited funding, technical capaCIty and resources, African 

pharmacogenetics Is still in its Infancy. The establishment of 

bioresources, such as biobanks and genetic databases, Is an essential 

part of the effort to t ranslate this research Into clinica l practice 

(Mati mba et aI., 2008). 

The impact of pharmacogenetics on targeted therapy is well 

demonst ra ted and starting to be Implemented In the developed world 

(Rahemtulla and Bhopal, 2005) (see Table 3). Yet pharmacoqenel1c 

studies in African populations are stili few and scattered, with little 

cllntcal use so far (Table 22). It was the aim of this study to contribute 

to this growing field by building pharmacogenetic resources In Africa 

and thereby Improving tile representation of Africans In drug discovery 

and development, facilitating personalised medicine In Africa (see 

Figure 9). 

5.5.1. Af rican populations 

The sample collection of this study spans three geographic regions in 

sub-Saharan Africa. Based on demographic informat ion, this diverse 

collect ion would be representative of at least 150 million Africans. 

Ethnicities of the Bantu subfamily (Niger Congo B) const itute the 
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largest group in sub-Saharan Africa, stretching from west, central, 

across to east and largely populating southern Africa (Vansina, \995). 

Here, Kikuyu, Shona, Tanzanian Bantu and Venda represented this 

subfamily. Yoruba and Igbo also belong to the Niger-Congo A 

subfamily and would represent popu lations in west Africa, including 

Benin, Ghana. Ivory Coast , Nigeria and Senegal. In addition. most 

African Americans originated from west Africa and therefore, should 

also be represented by these populations. Hausa belong to the Afro

Asiatic family group, mainly found in the northern part of Africa. Nilo

Saharan LuO and Maasai represent ethnic groups in eastern African 

countries such as Kenya and Tanzania, including Sudan and Uganda_ 

Ethno-linguiStlc classifications according to Ethnologue classifications 

(Gordon, 2005) were used to assign population groups (see Table 1). 

However, most ethnic groups are variants or dialects of the four major 

African language classes, thus e)[aggerating the number of population 

clusters as seen In some countries, such as Nigeria or Tanzania, where 

there are over 200-300 ethnic groups. EthniC groups In close proximity 

are likely to have less differences and belong to the same ethno

linguistic subfamily. On the other hand, clustering subjects by country 

does not accurately reflect ethntcity either. Due to the economically

driven partition of Africa In the 1800's, people of different 'ethnlcity' 

were lumped together or those of the same group spltt between two or 

three nations. Therefore, there is a tendency to overesttmate the 

variation among ethnicitles of the same subfamily. Accordingly, 

AMOVA analysis (see Table 18) shows that little variation OCCurs 

among ethnic groups, suggesting that individual vanatlon plays the 

most Important role In e)[plainlng phenotypic diversity based on 

pharmacogenetics markers. 
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Here, samples from five African countries (Kenya, Nigeria, South 

Africa, Tanzania and Zimbabwe) were collected, using self-proc laimed 

ancestry. However, admbc:ture cannot be ruled out, since claims were 

based on parents' and grandparents' belief of which ethnic group they 

belonged to. To ascertain the true ancest ry of samples, parallel 

analysis of mitochondrial and V-chromosome markers would be 

advisable. In cases were university students were chosen as 

repre<;entll t ive for ethnic groups, bias of area of origin cannot be ruled 

out. However, with challenges of sample collection using ' random' 

methods, university students represent Individuals from different 

areas/villages in the particular country and therefore may well 

represent sufficient geographical background diversity. 

Medical research and ethics review boards are at different levels of 

development in African countries, ranging from non-existent to those 

reviewing old guidelines to integrate recent advances in genomics 

research. This situation had implications for the criteria of this study, 

limiting them to pharmacogenetics of drug metaboltSing enzymes. To 

comply with minimum requirements, a sample repository was set up, 

to ensure that enough genetic material was available. All samples were 

anonymised, redUCing the sensitivity of sample/result confidentiality. 

This was conSidered suffiCient, while more rigorous laws about sample 

collection activities are being drawn out and permanently revised to fit 

regional and International recommendations currently under review In 

Africa. 

5 ,5.2, African pharmacogenetics 

The status of pharmacogenetics research in Africa was assessed by a 

literature scan via NCBI PubMed (www.pubmed.gov), producing a total 

of 52 publications focused on drug metabohsing enzyme genes in 
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Afncan populations over the last 15 years (Table 22). Information was 

recorded according to the following criteria: Population or ethnic 

group, country of study, city or location in the respective country, 

genes and alleles included, type of study (genotyplng and/or 

phenotyping), drugs or substrates under investigation, on either 

healthy volunteers or disease patients, and finally methods employed 

such as RFLP, re-sequencing and others. 

Overall, the number of publications on African pharmacogenetics 

Increased In recent years, but remained largely restricted to drug 

metabolising enzymes. The most studied genes m African populatIons 

are CYPs, followed by GST, NAT and TPMT. Since most analyses were 

based on find ings In CaucaSians, many of the analysed polymorphisms 

may not be relevant in Africans, adding to the already critical Question 

of ascertainment bias. 

It appears that pharmacogenetics studies have been reported on 

populations of at least 17 African countries (Table 22 ), mostly in 

eastern and southem Africa (Figure 13), leaving a gap for the 

extension of such work to other parts of tile continent . 

Methods employed for characterisation of polymorphisms were mainly 

PCR-RFLP at lower throughput, with most sample sizes limited to a 

maximum of a few hundred. Genotype- phenotype correlations are 

Included in a minority of reports, mostly focused on healthy 

volunteers. The most common clinical associations Include H]V patients 

on anti-retroviral treatment such as efavirenz and nevi rapine, linked to 

the respectively most re levant polymorphism CYP2B6»6. Most studies 

involve CYP2C19 and CYPZ06, including some clinically Important 

drugs that are already on the market. There are no pharmacogenetic 

150 



reports on drug substrates In development or as part of a retrospective 

African clinical trial. Considering the advances on pharmacogenetic 

markers as shown in Table 3, it appears that African studies are small 

scale and less focused on progress towards personalised solutions. In 

summary, more extensive analyses are required, wi th larger samples 

sizes, to ascertain for as many polymorphisms as pOSSible, which may 

contribute to phenotypic variation . 
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Table 22: Pharmacogenetics studies In African populations 
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Table 22: f>l'1armacogcnetlcs studies In African populations (continued) 
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Figure 13: Arrican map showing regions where pharmacogenetics studies 
(PG) have been carried out. Highffghted are the countries from where ethnic 
groups have been sampled for characterisation of NAT2 genes. This figure 
was generated from Geographical InformatIOn Systems and Arrica Genetics 
project (Matimba et aI., unpubll!".hed data). 

5.5 .3. African biorepositories 

Global advances in biobanking are synonymous with progress towards 

personalised healthcare. Whereas this concept is taking root in many 

places now (see 1.3.2.2), fostering focused, local solutions of 

translational medicine, Afnca lags behind wi t h only a few biobanks 

established so far . Sample collections of African people include a DNA 
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bank in the Gambia (Sirugo et aI., 2004), a proposed African Biobank 

in Cameroon (Jackson, 2006) and the African American Population 

Biobank in the USA (Kaiser, 2003). These and other small-scale 

collections in research Institutions are restricted to specific regions or 

countries and may not capture the whole range of ethnic diversity in 

Africans. 

Therefore, coordinated efforts are required to build facilities and 

establish collaborative programmes in the region. A more focused 

approach is necessary to harvest the benefits of the latest advances in 

genetiCS, disease diagnostics, drug discovery and development. To 

increase statistical power of pharmacogenetics studies, more large 

scale sample collections, socio-demographic data and clinical 

information from volunteers and patients must be enabled, while 

facilitating access to these resources for researchers and 

pharmaceutical companies. 

As more than one thousand samples were collected for this study, It 

may be appropriate that this material be extended to efforts of 

building such a bioresource. Consequently, the establishment of a 

Biobank of African Populations has been proposed (Matimba et al., 

2008). 

5.5.4. African Databases 

5.5.4.1. Sample and genotype database 

A database recording individual sample information and genotype data 

was set up, thereby emulating an information management system for 

centralised control of sample analysis and experimental procedures 

(see Figure 10). This enabled the development of additional search 
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criteria to call up genotype frequencies and graphical comparisons 

among populations (see Figure 11). The resource is of primary 

importance for routine use in handling large sample collections for 

genetic and diagnostic analysis and should be incorporated into an 

integrated pharmacogenetics database system. 

5.5.4.2. Pharmacogenetics database 

Based on the catalogue of African polymorphisms in drug metabolising 

enzyme genes, together with the extensive sample collection from this 

study, an allele frequency database has been proposed, following 

earlier efforts towards the establishment of a pharmacogenetics 

database of African populations (Matimba et aI., 2008). 50 far, allele 

frequency data of a total of 180 polymorphisms in 10 populations have 

been recorded (see Tables 19 and 20). In addition, polymorphisms 

from other African populations were included in this catalogue, 

creating baseline information on the prevalence of polymorph isms in 

these populations. The immediate use of this information for 

determining variation among Africans and other world population 

groups is illustrated in Table 17, Figures 7 and 8. 

On a global scale, research networks, such as NIH Pharmacogenetics 

Research Network (PGRN), and associated databases, such as the 

Pharmacogenetics and Pharmacogenomics Knowledge Base 

(PharmGKB), became valuable resources in the field (Giacomini et aI., 

2007; Gong et al., 2008). Using them, pharmacogenes of importance 

for the metabolism of prescribed drugs and detoxification of 

xenobiotics have been selected (5angkuhl et aI., 2008). Now referred 

to as VIP (very important pharmacogenes), these include thirty drug 

receptors, transporters and drug metabolising enzymes, about a 

quarter of which are CYPs. Four CYP genes were characterised here, 
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encompassing most of the polymorphisms in coding regions reported 

in Africans to date. To complement this dataset, other polymorphic 

genes of importance for the metabolism of pharmaceutical drugs and 

environmental toxins were included: FM03, GSTM1, GSTT1 and NAT2 

(see Table 4). So far, most African studies had been confined to 

genotyping, with few re-sequencing analyses, hence limiting the 

ascertainment of African polymorphisms and haplotypes. Therefore, 

this study adds considerably to the ever growing record of variants 

and the global pharmacogenetic knowledge base. 

Summary information on pharmacogenetic studies in Africa has been 

collected, focusing on major drug metabolising enzymes (Table 22). 

This resource can be used for mapping pharmacogenetic knowledge 

(Figure 13) and gauging the level of understanding, in order to find out 

where critical information is lacking. For example, in contrast to 

extensive studies on the effects of CYP2D6 on metabolism of drugs 

such as debrisoquine and dextromethorphan in Africans (Table 21), 

comparable analyses on the impact of CYP2C9 polymorphisms on 

warfarin metabolism are scarce in Africans. With the help of a 

pharmacogenetics database of African populations, the prevalence of 

altered activity variants, associated with a known clinical phenotype in 

other populations, could be quickly established during therapy or 

clinical trials. 

In conclusion, this study represents the first successful consolidation of 

polymorphisms in drug metabolising enzyme genes in African ethnic 

groups towards the curation of a knowledge base and development of 

an information portal of African pharmacogenetics. 
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5.6. PGxA Pharmacogenetics for Personalised 

Medicine in Africa 

Pharmacogenetics is firmly on its way into the doctor's office in order 

to find safer and more effective drug regimens (Grossman, 2007; 

Roses et aI., 2007). Based on patient clinical data as well as population 

variation, the FDA has started to modify labels of some medicines to 

include pharmacogenetic information (see Table 3). 

Africa, with its specific disease and genetic landscape, needs to 

develop pharmacogenetic research and its clinical applications in order 

to reap their benefits for its medical practice. 

5.6.1. Benefits for treatment and exposLire 

Polymorphisms in drug metabolising enzyme genes affect the 

pharmacokinetics of their drug substrates, causing toxicity and 

resistance due to suboptimal therapeutic levels (Nolan et aI., 2006; 

Rotger et aI., 2005). Due to the disease burden bias, anti-infectives 

such as anti-HIV, anti-malaria and anti-tuberculosis drugs are widely 

used in Africa. Most of these drugs induce adverse reactions related to 

their pharmacokinetics, have narrow therapeutic indices, dose-limiting 

toxicity and large inter-Individual variation in plasma concentration. 

Therefore, the clinical use of such drugs should benefit from 

pharmacogenetic information. 

5.6.1.1. Minimising ADRs 

Drugs optimised for use in Europe may need to undergo specialised 

assessments for use in Africans. For example, it has been observed 

that Africans suffer more severe side effects due to anti-retroviral 

drugs such as efavirenz and nevirapine, which are metabolised by 
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CYP2B6. This is due to the CYP2B6*6 allele, which causes impaired 

metabolism of these drugs (Rotger et aI., 2005d) and, as shown in this 

study, occurs at high frequencies in Africans. Hence it was proposed 

that there may be a need for dosage adjustment in adults on efavirenz 

treatment (Nyakutira et aI., 2008). Furthermore, other alleles such as 

CYP2B6*18, which was recently reported in Africans (Mehlotra et al., 

2007; Wang et aI., 2006), may contribute to inter-individual 

variability, but studies are still limited to a few African populations. 

5.6.1.2. Improving drug economy 

In situations where it can be demonstrated that individuals carrying 

reduced activity variants would be effectively treated by using half the 

dose (Nyakutira et aI., 2008), as in the above case of efavirenz, such 

treatment can be made available to more patients at a lower cost. 

Since drug therapy is expensive in Africa, this would go a long way in 

addressing economic limitations in countries where governments are 

offering large scale treatment schemes. 

5.6.1.3. Monitoring patient compliance 

Side effects from drug regimes such as HAART (highly active anti

retroviral treatment) may cause patients to discontinue their 

treatment schedule or skip doses due to feeling poorly (personal 

communication). This poses a danger of sub-therapeutic levels 

triggering the selection of resistant viral populations. Pharmacogenetic 

testing in conjunction with therapeutic drug monitoring may help to 

monitor patient compliance and design alternative treatment follow-up 

procedures. 
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5.6.1.4. Responding to environmental toxins 

In most parts of Africa, poor storage of grain has caused food 

contamination by fungus, producing toxins such as Aflatoxin B1, which 

has been implicated in increased susceptibility to cancer (Slone et aI., 

1995; Wojnowski et al., 2004). The role of DMEs and drug 

transporters in bio-actlvation, detoxification, and disposition of these 

xenobiotics is a major point for determining how Individuals or ethnic 

groups are going to respond upon exposure. Genetic association 

between DMEs and the development of cancer has been suggested in a 

few studies on African populations (Chen et aI., 1996; Dandara et aI., 

2005; London et al., 1995). The level of genetic variation, as detected 

in this study, makes these genes useful tools for assessing the impact 

of genetic polymorphism on Africans' response to environmental 

toxins. 

5.6.2. Pharmacogenetics for personalised therapy 

Inter-ethnic differences in drug disposition have been shown to 

warrant population-specific prescription. For example, after finding 

that African Americans responded better to the drug Bidil, with less 

side effects than in Caucasians, this medicine is now being marketed 

specl'fically for African Americans (Kahn, 2008), suggesting that 

ethnicity may play an important role in drug prescription. Although the 

genetic contribution is not clear, this is the first and most successful 

example of this role in African pharmacogenetics so far, due to 

advanced applications of clinical studies in the USA (see 1.4.5). 

In order to advance medical application of pharmacogenetics in Africa, 

an assessment of the status quo was initiated here (see Table 22). It 

turns out that there is still little research, concentrated in a few places. 
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Most studies are based on small sample sizes of patients or volunteers 

and lack phenotype information. This has kept the number of 

pharmacogenetic markers small, mainly confined to the usual CYP 

genes. 

To overcome these limitations, a more localised approach is needed, 

whereby specific populations are sampled to validate pharmacogenetic 

markers relevant to them. Such information will ultimately be used to 

target sub-populations for which a drug may be more effective and 

have less ADRs and help to understand why some drugs fail in early 

clinical trials. Drugs tested on Caucasian populations may require 

efficacy/safety assessment and/or dosage adjustment in Africans. In 

reverse, some drugs that fail in Caucasians may be useful in Africans 

(Kahn, 2008). 

In order to realise sampling of specific populations for personalised 

therapy in Africa, coordinated efforts in bioresource building and 

technical capacity development are required (see 1.5). In this study, 

the development of a biobank network of African populations is 

proposed as a follow-up to a previous study (Matimba et al., 2008). 

Based on existing pharmacogenetics research networks (Gong et aI., 

2008), additional sample collections should be added to create 

centralised virtual resources. Furthermore, a pharmacogenetics 

database (see 5.5.4.2) is proposed as an information portal, recording 

data from on-going pharmacogenetics studies in Africa. As an essential 

prerequisite for the clinical use of these resources and their associated 

genotype data, phenotype information needs to be collected (Snyder, 

2009). For example, information on ADRs should be documented in a 

controlled manner, allowing researchers, clinicians and patients to 
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understand issues related to their treatment. By building these 

bioresources and networks, linking research and clinical applications, 

pharmacogenetics-informed personalised medicine may be on its way 

to becoming a reality in Africa. 

The polymorphic genes of drug metabolising enzymes are the most 

important pharmacogenomic markers to date. Their potential impact 

on drug therapy is most clearly demonstrated for oral anticoagulants, 

such as warfarin and aceunocoumarol, which are so far the most 

successful examples of pharmacogenetic applications. One of the 

genes implicated in slow metabolism of these drugs is CYP2C9, with 

the most commonly associated polymorphisms being CYP2C9*2 and 

CYP2C9*3. Interestingly, these alleles are rare in Africans, suggesting 

that other markers such as CYP2C9*5, CYP2C9*6 and CYP2C9*8 may 

be involved in inter-individual variation of these drugs' metabolism, as 

proposed previously (Matimba et al., 2009). In conclusion, genotype 

assessment is advised, including SNPs newly identified here, for 

optimising clinical drug use in African populations. This should enable 

correct dosage adjustment for individuals who are likely to experience 

ADRs owing to slow metabolism or an inadequate therapeutic effect 

caused by ultra-rapid metabolism. 

5.6.3. A pharmacodiagnostic kit for African populations 

Pharmacodiagnostic products for world populations are already on the 

market. The first FDA-cleared microarray for in vitro diagnostic use in 

the USA, the AmpliChip CYP4S0 Test (Roche Diagnostics, Indianapolis, 

IN, www.amplichip.us) detects variations in CYP2D6 (27 alleles) and 

CYP2C19 (3 alleles) (de Leon et aI., 2006). Affymetrix (Santa Clara, 

CA) is the AmpliChip technology provider and market their own system 

as DMETTM Plus Premier Pack, claiming it 'features markers in all FDA-
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validated genes and covers more than 90 percent of the current ADME 

Core markers as defined by the PharmaADME group' 

(www.affymetrix.com/products_services/arrays/specific/ d met. affx). 

However, these products are generally based on variants of higher 

prevalence. Average minor allele frequencies of interrogated markers 

are usually 20 percent, with some below 9 percent in the DMET Plus 

Panel, according to Affymetrix marketing material. Including variants 

in the low, rare/low and rare categories, focusing on individual 

variability in drug response, would therefore be a main distinction of 

the pharmacodiagnostic kit for African populations proposed here. 

Technologically, this should be feasible, as the number of markers on 

the microarrays mentioned above is still three orders of magnitude 

lower than the currently most advanced whole-genome systems by 

Affymetrix and IIIumina (San Diego, CA). 

On the way from bench to bedside, 'point-of-care' technology for 

pharmacogenetic testing is being developed. Nanoshere's (Northbrook, 

IL) Verigene Warfarin Metabolism Nucleic Acid Test is an in vitro 

diagnostic for the detection and genotyping of the CYP2C9*2 and 

CYP2C9*3 alleles and an SNP of the VKORCl gene, from EDTA-anti

coagulated whole blood samples, as an aid in the identification of 

patients at risk for increased warfarin sensitivity, intended to be used 

on the company's Verigene System (www.nanosphere

inc.com/VerigeneWarfarinMetabolismNucieicAcidTest_ 4472.aspx). DNA 

Electronics (London, U.K.) is developing its silicon-based Genalysis™ 

platform for pharmacogenomics amongst other applications 

(www.dnae.co.uk/application.htm). 
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As conventional genotyping methods are based on known sequence 

information, they do not capture unknown variants. This is particularly 

unfortunate in African populations of high genetic diversity, featuring 

high numbers of low frequency or rare polymorphisms. Therefore, re

sequencing approaches offer the highest probability of their detection. 

As these methods become more affordable (see 1.3.2.1), chances of 

capturing individual-based SNPs and haplotypes will be enhanced. 

However, there will be another challenge in gauging the phenotypic 

impact of low frequency variants, since it would be more difficult to 

find individuals carrying these polymorphisms in a clinical 

environment. 

Most novel SNPs found here, and predicted to affect enzyme 

expression and function, were of low prevalence, suggesting that the 

most frequent polymorphisms had been captured before and that any 

new variants found are likely to be rare and largely reflect individual 

variability. All variants were ranked according to prevalence (see Table 

19), in order to decide on their inclusion in a pharmacodiagnostic kit 

for African populations, focusing specifically on drug metabolising 

genes and ADMET properties in Africans. While such a kit would 

initially be microarray-based, cheaper, easy-to-use-and-interpret 

versions are envisaged as 'point-of-care' technology is advancing. 
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CONCLUSIONS 

Pharmacogenetics drives personalisation of medicine, providing highly 

polymorphic biomarkers. Here, the variation of drug metabolising 

enzyme (DME) genes was studied in the largest sample so far of 

representative populations from eastern, western and southern Africa. 

Discovery, prevalence and functionality of DME gene variants 

Novel variants were discovered in CYP2C9, CYP2C19, CYP2D6, NAT2, 

while the baseline prevalence of all known variants was established in 

eight DME genes across ten African populations. The predominance of 

low frequency variants, detected by re-sequencing, indicates that most 

common polymorph isms in DME genes are already known. Projecting 

on future diagnostic use, this strongly emphasises a more personalised 

approach to pharmacogenetics, based on individual profiling of DME 

gene variants. The effects of these markers on enzyme expression and 

function, as well as their correlation with phenotypic variation, will 

eventually determine their clinical significance. 

Differentiation and relatedness of African populations 

For the first time, frequencies of known DME alleles were used as 

markers for estimating population differentiation and evolutionary 

relatedness in a representative sample of African ethnic groups. The 

statistical analysis of this data revealed a clear predominance of 

variation within over variation among populations, emphasising again 

an individual-based view of African pharmacogenetic diversity. 

Pharmacogenetics resources for Africa 

The first pharmacogenetics database of African populations was 

started by systematically cataloguing DME gene variants and 
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pharmacogenetic studies. By ranking DME polymorphisms, a kit of 

African pharmacodiagnostic markers was proposed. Based on these 

results, pharmacogenetics resources need to be expanded in Africa, in 

order to facilitate the translation of pharmacogenetic research into 

clinical practice and to enable tailoring therapeutics to Africans. 
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