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Abstract_______________________________________________________________________

Cytochrome P450 2D6 {CYP2D6) is the gene that encodes the drug metabolising enzyme (DME) 

that is responsible for the debrisoquine/sparteine oxidation polymorphism in humans. CYP2D6 

has been characterised both genetically and phenotypically in a wide variety of ethnic groups and 

has been demonstrated to be involved in the metabolism of more than 30 clinically important 

drugs.

Microsatellites are short tandemly repeated nucleotide motifs of 2-5 bases that are found 

throughout the genomes of eukaryotes e.g. (CA)^. Many of these loci have been found to be 

highly polymorphic and so they have proved useful in many types of modern genetic analysis.

This thesis describes the construction and optimisation of two multiplex polymerase chain 

reaction (PGR) ‘kits’ that leverage the ABI GeneScan® platform to rapidly assay a number of 

single nucleotide polymorphisms (SNPs) to discriminate common CYP2D6  variants and five 

closely linked dinucleotide microsatellite markers. Data generated with these kits has been used 

to address five different research areas: investigating intra-ethnic variation in CYP2D6\ 

examining the effectiveness of statistical techniques to reconstruct haplotypes; establishing the 

age of common CYP2D6  variants; assessing whether common CYP2D 6  variants are under 

positive selection; and examining the role of CYP2D6 variation in a disease group.

Evidence of significant genetic structure in CYP2D6 variation is found within both Armenia and 

Ethiopia. The effectiveness of statistical techniques to predict haplotypes is consistent with 

estimates of simulation studies that reconstruction is only effective on markers spaced up to 

O.lcM intervals. Dating analysis suggests that the origin of CYP2D6*4 dates to a time frame 

consistent with the Neolithic expansion. Selection tests suggest that either CYP2D6*4 or an as of 

yet unidentified locus in linkage disequilibrium may be under positive selection. Finally, 

CYP2D6 variation in patients suffering from autoimmune hepatitis suggests that individuals with 

defective alleles are less susceptible to this disease.
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Chapter 1 -  Introduction

What is pharmacogenetics?______________________________________________________

Pharmacogenetics is the study of the hereditary basis for interindividual differences in drug 

response. With the advent of molecular genetics it is now clear that each person has an 

‘individual fingerprint’ of alleles encoding the drug metabolism enzymes (DMEs) and receptors 

that are involved in the regulation of these enzymes. There are two distinct classes of DMEs 

(Table 1.1): Phase I DMEs are involved in the conversion of substrates to highly reactive 

electrophilic intermediates; Phase II DMEs conjugate these intermediates to innocuous water- 

soluble derivatives, thus completing detoxification. Therefore, one would expect genetic 

differences in the regulation, expression and activity of DMEs to affect cancer susceptibility as 

well as determining the toxicity or carcinogenic potential of drugs, food and environmental 

pollutants (Figure 1.1).

Mutations in a gene encoding a DME can give rise to enzyme variants with higher, lower, or no 

activity (Masimirembwa and Easier 1997). Extreme variation in the activity of DMEs can cause 

a lack of response to drug therapies in two ways: firstly, when individuals with exceptionally 

high levels of DME activity (ultra-rapid metabolisers, URMs) are administered normal clinical 

doses of drugs they clear them too quickly. Consequently, the drug is either absent from blood 

serum or present at sub-therapeutic quantities and so these individuals require correspondingly 

higher doses of drugs to receive therapeutic benefit (Bertilsson et al. 1993). Secondly, in the case 

of individuals with exceptionally low levels of DME activity (poor metabolisers, PMs), prodrugs 

may not be converted to the active form in sufficient quantity to be therapeutic or may build up 

and induce an adverse drug reaction (Coutts and Urichuk 1999). Individuals who demonstrate 

normal levels of DME activity are referred to as extensive metabolisers (EMs).

The Drug Metabolism Enzymes (DMEs)__________________________________________

Phase I reactions (activation/functionalisation) modify xenobiotics to undergo Phase II 

conjugation reactions. Phase I DMEs introduce polar groups into the substrate including: 

carboxyl, epoxide, hydroxyl, sulfhydryl, amine, hydroxyl amine and imine.

Phase II reactions (conjugation) result in the introduction of polar, acidic endogenous functional 

groups that usually render the resulting products less lipid soluble: as conjugated products are 

more acidic they are more readily excreted via biliary or urinary routes.



Table 1.1 Examples of Phase I & II drug metabolism enzymes.

Phase Types of reaction Example enzymes
Phase I -  Activation Oxidation Cytochrome P450s:

Reduction Aryl hydrocarbon hydroxylase (CYPlA l)

Hydrolysis Arylamine hydroxylase (CYP1A2)

Isomérisation Mephenytoin hydroxylase (CYP2C19) 

Debrisoquine/sparteine oxidation (CYP2D6) 

Dimethylnitrosamine A/-demethylase (CYP2E1) 

Nifedipine oxidation (CYP3A4)

Others:

Alcohol dehydrogenase (ADH)

Aldehyde dehydrogenase (ALDH) 

Dihydroprimidine dehydrogenase (DPD) 

Flavin-containing Monooxygenase (FMO)

Phase II - Functionalisation Glucuronidation Arylamine A-acetyltransferase (NAT2)

Glucosidation Glucose 6-phosphate dehydrogenase (G6PD)

Ethereal sulfation Glutathione transferase Mu (GSTMl)

Méthylation Sulfotransferase

Acétylation Thiopurine methyl transferase (TPMT)

Amino acid conjugation UDP-glucuronosyl transferase (UDPGT)

Glutathione conjugation 

Fatty acid conjugation 

Condensation

UDP-glycosyltransferase

Compiled from Nebert et al. 1995; Nebert et al. 1996.



Figure 1.1 - Relationship between Phase I & Phase II DMEs with cancer, mutation and toxicity.
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Notes Figure adapted from Nebert et al (1996). Phase I DMEs ‘activate’ substrates to make them more reactive so that they can then be 
conjugated by Phase II DMEs in order to make the products more soluble to facilitate excretion. The substrates may be toxic before or as a direct 
result of DME processing. Likewise, their utilisation in other metabolic processes may result in free radical production (causing oxidative stress). 
If an individual has defects in DME genes leading to an excessive level of Phase I activity relative to Phase II, then this will result in high levels of 
oxygenated intermediates causing oxidative stress. Oxidative stress can damage cellular components (i.e. is toxic) and if the DNA is damaged can 
cause cancer through the impairment of tumour supressor genes and the conversion of proto-oncogenes to oncogenes.___________________________



The debrisoquine-sparteine polymorphism (CYP2D6)

Discovery and clinical relevance

The debrisoquine/sparteine oxidation polymorphism is arguably the most highly studied 

pharm acogenetic trait. In 1977, physicians at St. M ary’s Hospital, London made the 

serendipitous observation that a volunteer’s hypotensive response to debrisoquine (an 

antihypertensive drug) was m arkedly increased because of im paired m etabolism . 

Simultaneously, a group of physicians in Bonn, Germany, independently observed increased side 

effects associated with decreased oxidative metabolism of sparteine (an antiarrhythmic). 

Individuals were phenotyped by a simple urine test after administration of the probe drug 

(debrisoquine/sparteine) - from this the metabolic ratio (MR) could be calculated, permitting the 

identification of EMs and PMs (Meyer and Zanger 1997). Family studies revealed that both of 

these phase I oxidative metabolic reactions are under monogenic control and that PMs are 

homozygous for a recessive allele. Linkage studies revealed that the genetic locus for this 

polymorphism was located in the vicinity of the PI blood group on chromosome 22 (Eichelbaum 

et al. 1987) (Figure 1.2). Subsequently, the gene encoding the debrisoquine 4-hydroxylase 

enzyme was pinpointed to the cytochrome P450 (CYP) 2D cluster.

Medical interest in this polymorphism arises because the CYP2D6 enzyme has been found to 

process more than 30 prescribed and over-the-counter drugs including antiarrhythmics, 

antihypertensives, ^-b lockers, m onoam ine oxidase inhibitors, m orphine derivatives, 

antipsychotics, and tricyclic antidepressants (Nebert 1997). This can be further complicated by 

pharmacodynamic or pharmacokinetic drug-drug interactions. In a pharmacodynamic 

interaction, one drug directly affects the mechanism of action of another; in pharmacokinetic 

interactions a drug affects the metabolism of another drug. Many new serotonin-selective 

reuptake inhibitor (SSRI) based antidepressants (e.g. Fluoxetine/Prozac) have been found to be 

potent pharmacokinetic inhibitors of CYP enzymes, including CYP2D6 (Table 1.2). An increased 

incidence of defective alleles has been found in individuals reporting adverse effects from use of 

multiple medications (Chen et al. 1997). This suggests that clinical screening of C YP 2D 6  

variants in order to predict metaboliser status is most relevant to psychiatric drug therapy given 

that antidepressant and antipsychotic therapeutic responses are not easily quantified and can 

exhibit a range of adverse effects.

11



Figure 1.2 - Sanger Centre Status Map of Chromosome 22q
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Table 1.2 Substrates and inhibitors of CYP2D6.

Type Class Examples

Substrates Analgesics Codiene, Dihydrocodeine, 

Oxycodone.

Antidepressants Clomipramine, Desipramine, 

Imipramine, Maprotiline, 

Nortriptyline, Paroxetine 

Venlafaxine (0-demethylation).

Antipsychotics Chlorpromazine, Haloperidol, 

Thioridazine, Perphenazine, Reduced 

haloperidol.

Cardiovascular drugs Captopril, Flecainide, Labertalol, 

Metoprolol, Mexiletine, Papaverine, 

Penbutolol, Propafenone, 

Propranolol, Timolol, Yohimbine.

Miscellaneous Amphetamine,

Methylenedioxymethamphetamine 

(MDMA -  ‘Ecstacy’), 

Dextromethorphan (0- 

demethylation). Diphenhydramine, 

Ondansetron.

Inhibitors Quinidine

Paroxetine

Fluroxetine

Table taken from Richelson (1997).
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Sequencing o f the CYP2D gene cluster: CYP2D8P, CYP2D7P and CYP2D6

In humans, the debrisoquine 4-hydroxylase enzyme is encoded by CYP2D6, a nine-exon gene 

spanning 4.3kb on chromosome 22ql3.1. The CYP2D  gene cluster also contains a related 

defective gene, CYP2D7P  and a pseudogene, CYP2D8P\ these genes share 90% sequence 

similarity with CYP2D6. CYP2D8P contains several gene-disrupting insertions, deletions and 

termination codons within its exons, whereas CYP2D7P possesses a single insertion that disrupts 

the reading frame in the first exon. The debrisoquine/sparteine oxidation polymorphism is 

caused by defects in CYP2D6 and follows a recessive pattern of inheritance: possessing two 

defective alleles confers the poor metabolism (PM) phenotype (Kimura et al. 1989). The vast 

majority of defects in CYP2D6 are caused by point mutations that result in inactive, truncated 

protein or a failure to express protein. A standardised nomenclature for CYP2D6 alleles has been 

published, conforming to international human gene nomenclature guidelines (Daly et al. 1996). 

Three allelic variants, CYP2D6*3, CYP2D6*4 and CYP2D6*5, account for over 95% defective 

alleles in Caucasians (Gaedigk et al. 1991; Gough et al. 1990; Kagimoto et al. 1990). Notably, 

individuals with the CYP2D6*2 allele duplication and no other defective alleles exhibit the ultra

rapid metabolism (URM) phenotype (Masimirembwa and Hasler 1997). C Y P 2D 6  is highly 

polymorphic (Table 1.3) - to date more than 48 mutations and 53 alleles of CYP2D6 have been 

characterised from European populations (Marez et al. 1997).

Considerable interethnic variation has been found in the frequency of CYP2D6  alleles (Table 

1.4). For example, while CYP2D 6*10  occurs at a frequency of 0.01 in Western Europeans 

(Sachse et al. 1997), in Chinese subjects it has been reported to occur with a frequency as high as 

0.70 (Wang et al. 1993). Likewise, C YP2D 6*17  alleles have only been observed at high 

frequency in African populations with a frequency of 0.34 in Zimbabwean Shona and 0.09 in 

Ethiopians (Masimirembwa et al. 1996). Both CYP2D6*10  and CYP2D6*17 possess multiple 

mutations causing amino acid substitutions that result in enzymes with reduced activity relative 

to the product of the wildtype CYP2D6*! (Masimirembwa and Hasler 1997). A network 

showing the genealogical relationship between these alleles is shown in Figure 1.3.

CYP2D6 & cancer susceptibility

Intuitively, given the central role of DMEs in oxidative metabolism, one would expect that they 

act as modulators of susceptibility to cancer and neurological disease. Several early studies of 

C YP 2D 6  polymorphism using phenotyping methods have inconsistently linked the EM 

phenotype to lung, bladder and breast cancer. More recent studies suggest that this inconsistency 

is due to the limitations of phenotyping assays, such as drug-drug interactions, hormonal effects 

and the inability to identify heterozygotes - an extensive study of more than 2,500 individuals 

using PGR based genotyping found no significant association between specific C YP2D 6  

genotypes and susceptibility to lung cancer (Smith et al. 1992). Likewise, studies have failed to

14



Table 1.3 Alleles OÎCYP2D6.

CYP2D6 allele 
New name

Trivial name Nucleotide change Enzyme Activity 
In vivo

Enzyme Activity 
In vitro

CYP2D6*1A Wild-type None Normal Normal
CYP2D6*1B G3 9 1 6A Normal (s)
CYP2D6*2 CYP2D6L G,749C;C293RT;G42(i8C Decreased (dx, d) Decreased (?)
CYP2D6*2xN 
N=2, 3, 4, 5 or 13

Gn4,C;C293,T;G426,C Increased (d)

CYP2D6*3 CYP2D6A deletion None (d, s) None (b)
CYP2D6*4A CYP2D6B Gi88T;C|062A;A,072G;

Gi085GîG|749C;G,934A;G4268C
None (d, s) None (b)

CYP2D6*4B CYP2D6B Gi88T;Cio62A|Aio72G;
Gin8sG;G|934A;G42(;8C

None (d, s) None (b)

CYP2D6*4C K29-1 Gi88T;Gi749C;
Gi934A;T3975C;G4268C

CYP2D6*4D Gi8sT îC| 127T ;G|249C;
Gi934A;G4268C

CYP2D6*5 CYP2D6D CYP2D6 deleted None (d, s)
CYP2D6*6A CYP2D6T T,7 , 9  deleted None (d, dx)
CYP2D6*6B T1795 deleted,G2 0fi4 A None (d, s)
CYP2D6*7 CYP2D6E A3 0 2 3G None (s)
CYP2D6*8 CYP2D6G Gi749C;G]g4̂ T;C2938T;

G4268C
None (d, s)

CYP2D6*9 CYP2D6C A2701"'̂ 2703
G2 7 0 2*A2 7 0 4 deleted

Decreased (b, s, 
d)

Decreased (b, s, 
d)

CYP2D6*10A CYP2D6J Gis8T;G,749C;G42fi8C Decreased (s)
CYP2D6*10B CYP2D6Chl C,8gT;C„27T;G,749C;

G4 2 6 8G
Decreased (d) Decreased (b)

CYP2D6*I0C CYP2D6Ch2 C]ggT;Ci,27T;G|749C;
G4 2 6 8C and gene conversion 
to CYP2D7 in ex9

Decreased (d) Decreased (b)

CYP2D6*11 CYP2D6F G97iC;G|749C;C2938T;
G4 2 6 8C

None (d, s)

CYP2D6*12 G2I2A;G|749C;C2938T;
G4 2 6 8G

None (s)

CYP2D6*13 CYP2D7P/CYP2D6 hybrid, 
exl CYP2D7, 
ex2-9 CYP2D6

None (dx)

CYP2D6*14 G|8gT ;Gig4gA;C293gT;
G4 2 6 8C

None (d)

CYP2D6*15 T2 2 5 insertion None (d, dx)
CYP2D6*I6 CYP2D6D2 CYP2D7P/CYP2D6 hybrid, 

ex 1-7 ClT2D7-related 
ex8-9 CYP2D6

None (d)

CYP2D6*17 CYP2D6Z Gill iT;G 1726G1C2 9 3 8T ; 
G4 2 6 8G

Decreased (d) Decreased (d)

s, sparteine; dx dextromethorphan; d, debrisoquine; b, bufuralol.

Table adapted from  Daly et al (1996). In this thesis, the following alleles are tested for; 

CYP2D6*2, CYP2D6*3, CYP2D6*4, CYP2D6*10 and CYP2D6*17. Global frequencies fo r  

these alleles can be found in Table 1.4
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Table 1.4 Frequency of Alleles of CYP2D6 in different populations.

Allele Western
Europe

Canada
Inuit

Japan Hongkong
Chinese

Talwain
Chinese

Saudi
Arabs

Turkish African
American

Ethiopia Tanzania Ghana Zimbabwe

CYP2D6*I (0.3600) (0.894) (0.423) (0.227) ND ND (0.371) ND ND (0.278) (0.437) ND
(CYP2D6*l)n>l (0.0020) ND ND ND ND ND (0.036) ND ND ND ND ND
CYP2D6*2 (0.3300) ND (0.092) (0.080) ND ND (0.353) ND ND (0.400) (0.109) ND
(CYP2D6*2)n>l (0.0070) ND ND ND ND (0.104) (0.019) ND (0.160) (0.034) (0.016) (0.010)
CYP2D6*3 (0.0200) (0.000) ND ND ND ND (0.000) 0.024 (0.000) (0.000) (0.000) (0.000)
CYP2D6*4 (0.2000) (0.083) (0.005) (0.000) (0.008) (0.035) (0.113) 0.085 (0.012) (0.010) (0.070) (0.020)
(CYP2D6*4)n>l (0.0020) ND ND ND ND ND (0.002) ND ND (0.090) ND ND
CYP2D6*5 (0.0500) ND (0.061) (0.046) ND (0.010) (0.015) 0.060 (0.033) (0.063) (0.060) (0.040)
CYP2D6*6 (0.0100) (0.000) ND (0.000) ND ND (0.007) ND ND (0.000) (0.000) ND
CYP2D6*7 (0.0009) ND ND ND ND ND (0.005) ND ND ND (0.000) ND
CYP2D6*8 (0.0006) ND ND ND (0.014) ND (0.000) ND ND ND (0.000) ND
CYP2D6*9 (0.0200) ND ND ND ND ND (0.006) ND ND ND (0.000) ND
CYP2D6*10 (0.0200) (0.022) (0.408) (0.647) (0.700) (0.030) (0.061) ND (0.086) (0.038) (0.031) (0.050)
CYP2D6*I1 (0.0003) ND ND ND ND ND (0.000) ND ND ND ND ND
CYP2D6*12 (0.0003) ND ND ND ND ND (0.000) ND ND ND ND ND
CYP2D6*13 (0.0000) ND ND ND ND ND ND ND ND ND ND ND
CYP2D6*14 (0.0000) ND ND (0.000) ND ND (0.000) ND ND ND (0.000) ND
CYP2D6*15 (0.0003) ND ND (0.000) ND ND (0.000) ND ND ND ND ND
CYP2D6*16 (0.0020) ND ND (0.000) ND ND ND ND ND ND (0.000) ND
CYP2D6*17 (0.0010) ND ND ND ND (0.030) (0.011) ND (0.090) (0.170) (0.277) (0.340)
CYP2D6*18 (0.0000) ND ND ND ND ND ND ND ND ND ND ND
CYP2D6*21 ND ND (0.010) ND ND ND ND ND ND ND ND ND
n 3,292 180 196 238 248 202 808 127 115 212 192 114
PM incidence 0.05-0.10 ND 0.00-0.01 0.00-0.01 0.00-0.01 0.01-

0.02
0.003-
0.037*

0.019 0.020 0.07 ND 0.020

Reference(s) (Gaedigk et 
al. 1999) 

(Masimire 
mbwa and 

Hasler 
1997)

(Jurima- 
Romet et 
al. 1997)

(Tateishi 
et al. 

1999) 
(Johansso 

n et al. 
1991)

(Garcia- 
Barcelo et al. 

2000) 
(Johansson 
et al. 1991)

(Garcia- 
Barcelo et 

al. 2000) 
(Johansson 
etal. 1991)

(McLell 
an et al. 

1997)

(Aynaciogl 
u et al. 
1999)

(Evans et 
al. 1993)

(Aklillu et 
al. 1996)

(Wennerhol 
m et al. 

1999)

(Griese et 
al. 1999)

(Masimirem 
bwa et al. 

1993)

os



Figure 1.3 - Genealogical network for CYP2D6 alleles.

1846 G>A

2549 A>del 

2615del3bp

100 C>T

2587 del4bp 

2850 C>T

1023 C>T 1855 insQbp

Notes The network diagram indicates the evolutionary relationship between 
ancestral and derived allele types with the mutations that differentiate them. 
CYP2D6*1 is the wildtype and is often assumed to be the root - this has not been 
empirically established however (see Discussion in Chapter 5).
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find an association between polymorphisms in NAT2, GSTM l or CYP2D6 and longevity when 

comparing allelic variant frequencies, genotype distributions and predicted phenotypes in 

centenarians versus a control group aged 20-70 (Muiras et al. 1998). Despite numerous 

epidemiological and ethnic studies suggesting CYP2D6 allelic differences between cancer and 

control groups, the issue still remains to be resolved (Laforest et al. 2000; Nebert 1997; Nebert et 

al. 1996).

CYP2D6 & neurological disease

Parkinson’s disease (PD) is a chronic neurodegenerative disorder associated with the 

degeneration of neurones in the substantia nigra of the pars compacta and the formation of Lewy 

bodies. Although the phenotype is readily clinically identifiable in sufferers due to their 

characteristic ‘shuffling gait’ and ‘pill-rolling’ hand movement, diagnosis cannot be confirmed 

until post mortem examination is carried out. The link between CYP2D6 variation and PD was 

first suggested when it was discovered that debrisoquine 4-hydroxylase is responsible for the 

metabolism of various neurotoxic substances. This notion was substantiated by the discovery 

that the neurotoxin MTPT ( 1 -methy 1-4-phenyl-1, 2, 3, 6-tetrahydropyridine), which induces PD, 

is a potent inhibitor of debrisoquine 4-hydroxylase.

Phenotyping studies have suggested that CYP2D6 PM status can increase susceptibility to PD, 

decrease tolerance to chronic pain and predispose to opiate addiction (Nebert 1997). 

Furthermore, Tanaka et al (1998) examined the association of the CYP2D6 locus with the Lewy 

body variant (LBV) of Alzheimer’s disease (AD) and PD. The CYP2D  cluster contains a 

dinucleotide (GT)„ microsatellite repeat (n = 16 to 27) located between CYP2D8P  and CYP2D7. 

An overrepresentation of CYP2D microsatellite alleles longer than 21 repeats was found in 

subjects with LBV and PD, but not in subjects with pure AD. An association was then confirmed 

between these long microsatellite alleles and the CYP2D6*4 allele. This variant was found to be 

twice as common in the disease group as the control, suggesting that the CYP2D6*4 allele may 

be involved in the pathogenesis of LBV and PD in a dominant-negative manner, or that the 

CYP2D microsatellite is in linkage disequilibrium with another disease locus.

In a more recent study a significantly higher allele frequency of CYP2D6*4 was found in patients 

with PD (0.35) but not with parkinsonism (0.14) compared to control subjects (0.19). More 

strikingly the combined allele frequency of CYP2D6*3 and E4 (of the apoE4 gene) alleles in the 

PD group was 0.33, compared with 0.22 in the parkinsonism group and 0.02 the controls (Bon et 

al. 1999).
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CYP2D6 & Autoimmunity

Antibodies to liver-kidney microsomes (anti-LKM) were first found in a subgroup of patients 

with autoimmune hepatitis that primarily affects children (AIH type II). These antibodies were 

re-named ' anti-LKMT when it was found that anti-LKM antibodies are also found in patients 

with drug-induced hepatitis (anti-LKM2) as well as patients with hepatitis B/D (anti-LKM3). 

Subsequent studies found that sera from patients with anti-LKM-f- AIH recognize a 50-kD 

microsomal protein corresponding to CYP2D6. Anti-LKM  1 strongly inhibits CYP2D6 

enzymatic activity in vitro, but not in vivo (Manns et al. 1990). The main immunodominant 

epitope recognized by most anti-LKM 1 corresponds to amino acid sequence 257-269 of CYP2D6 

(Klein et al. 1999). Furthermore, there is some evidence that CYP2D6 variation effects anti- 

LKM activity: in Japanese Hepatitis C induced anti-LKM positive patients it has been observed 

that EM alleles (CYP2D6*1) were present at much greater frequency than in anti-LKM negative 

patients (Hijikata et al. 2000).

Ankylosing spondylitis (AS) is a common and highly familial rheumatic disorder characterised 

primarily by inflammation in the spine and joints. Although AS is strongly linked with the 

major histocompatibility (MHC) region and associated with the genes H LA-B27  and HLA-B60, 

studies of the contribution of these loci in families and twins can only explain about 20-50% of 

the familial reoccurrence risk of the disease. The pattern of reduction in the recurrence risk ratio 

in increasingly distant relatives of AS patients suggests that three to nine genes contribute 

multiplicatively to disease susceptibility (Brown et al. 2000b). Subsequent matched case-control 

studies showed that homozygosity for CYP2D6 poor metaboliser alleles was associated with AS 

(Brown et al. 2000a). The exact mechanism for the role CYP2D6 variation in AS has yet to be 

elucidated.

CYP2D6 variation and Dietary Evolution

An evolutionary important feature of the P450 enzymes is their overlapping substrate specificity; 

a single P450 can metabolise numerous structurally diverse chemicals and several different P450s 

may process the same chemical. This redundancy provides an organism with a tremendous 

capacity to metabolise and detoxify countless substances in the diet and environment. The term 

‘drug metabolism enzyme’ is something of a misnomer as it trivialises the fundamental reason 

why these enzyme systems have evolved, namely to protect against environmental toxins (e.g. 

plant toxins in the diet); their role in the clearance of clinical drugs is only a recent novelty. 

Unsurprisingly, most drugs metabolised by CYP2D6 are derivatives of naturally occurring plant 

alkaloids, e.g. opiods from certain poppies.

There are two conflicting selective hypotheses as to why DMEs are so polymorphic with large 

differences in allele frequencies amongst different ethnic groups. The first hypothesis is that the
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polymorphism has arisen because DMEs are no longer essential for survival -  since the 

introduction of farming and food processing techniques (such as cooking), diet has become 

increasingly homogenous leading to a relaxation of the negative (or ‘purifying’) selection that 

would have removed defective DME variants in human evolution. Alternatively, the high level 

of polymorphism may be of critical importance to survival - microenvironmental heterogeneity in 

diet could provide the disruptive selection that would favor different levels of DME activity in 

populations with different dietary histories. The problem with this latter hypothesis is that it does 

not adequately explain the high incidence of different types of null allele (Wolf and Smith 1999). 

It may be possible to address such evolutionary issues by making a comparison of the distribution 

of DME variants in populations with different dietary histories. For example, the highest 

incidence of CYP2D6*2 duplicated alleles (which confer ultrarapid metabolism) have been 

reported amongst Ethiopians (29%) and Saudi Arabs (20%). Researchers have hypothesised that 

the high incidence of duplicated alleles in these populations might be due to dietary selection 

favouring an enhanced capability to metabolise plant toxins such as alkaloids (McLellan et al. 

1997). Interestingly, it has been noted that the frequency of active CYP2D6*2 duplicated alleles 

appears to show a European north-south gradient, with an incidence of 1-2% in Sweden, 3.6% in 

Germany and 7-10% in Spain. These findings have lead to the suggestion that the high frequency 

of CYP2D6*2 duplicated alleles in Spain relative to the rest of Europe may be a signature of the 

Arabian conquest of the Mediterranean in the 8'*’ Century CE (Bernal et al. 1999).

CYP2D6 variation and Tobacco dependence

Nicotine psychopharmacology is thought to be a key factor in determining tobacco dependence. 

It has been hypothesised that CYP2D6 might modify tobacco dependence by catalysing the 

oxidation of nicotine to cotinine (Cholerton et al. 1994). However, more recent studies have only 

found a relatively minor role for CYP2D6 in nicotine catabolism (Cholerton et al. 1996; Messina 

et al. 1997). Interestingly studies in rats suggest that CYP2D6 is involved in the catabolism and 

processing of neurotransmitters subsequent to their reuptake into target cells (Niznik et al. 1990). 

The binding of dopamine transporters has been previously shown to play a significant role in 

reinforcing the effects of addictive drugs, such as cocaine (Johanson and Fischman 1989) and 

human CYP2D6 has been found to convert tyramine to dopamine (Hiroi et al. 1998). Thus the 

involvement of CYP2D6 in signal transduction in the dopaminergic pathway offers an alternative 

mechanism by which it may modify smoking behavior. The most recent study of CYP2D6 allele 

frequencies in smokers (Saarikoski et al. 2000) found a twofold frequency of ultra-rapid 

metabolisers in heavy smokers (0.079) compared to individuals with variable smoking habits 

(0.039), and fourfold compared with a group of never-smokers (0.020). By contrast, the 

frequency of poor metabolisers was low (0.020) in each of the smoking groups -  both results are 

consistent with the notion that increased CYP2D6 activity may contribute to the probability of an 

individual becoming addicted to smoking. This also suggests why particular CYP2D6 variants 

may be correlated with cancer susceptibility while not being the causative agents of the disease.
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Methods employed in the detection o f CYP2D6 polymorphisms

Early approaches to assaying CYP2D6 polymorphism concentrated on using an extra-long (XL) 

PCR of the entire CYP2D gene cluster followed by Xbal restriction enzyme digestion to identify 

haplotypes associated with poor metaboliser phenotype. Using this methodology 25% of poor 

metabolisers in West European populations could be predicted by identifying individuals with 

44/44kb, 44/11.5kb or 11.5/11.5kb genotypes. All extensive metabolisers and the remaining 75% 

of PMs possessed 29kb genotypes. Subsequent cloning and sequencing of the 29kb fragments 

allowed for allele-specific PCR assays to be developed to detect the most common Western 

European defective allele, CYP2D6*4 (Heim and Meyer 1990). Further refinements of the XL 

assay allowed for the specific detection of duplicated (Johansson et al. 1996) and gross deletion 

alleles (Steen et al. 1995) with much smaller (lOkb) fragments. More recently, CYP2D6 specific 

PCRs have been developed which amplify smaller products containing the whole gene (~5kb), 

which can then be used to assay for further key polymorphisms by serial reamplification/RFLP 

detection (Gaedigk et al. 1999; Sachse et al. 1997). This has lead the way for the development of 

amplification refractory mutation system (ARMS) that permit high throughput genotyping 

(Roberts et al. 2000). Unfortunately, most of the methods developed to date (especially ARMS) 

are only reliable when samples from high yield DNA sources were available (i.e. whole blood or 

tissue).

Utility of microsatellites in genetics_______________________________________________

In the 1980s genetic linkage analysis was carried out by discriminating single nucleotide 

polymorphisms (SNPs) detected by using restriction enzymes and scoring for the presence or 

absence of cut sites from the resulting fragment length variation (hence the phrase restriction 

fragment length polymorphisms or “RFLPs” was more commonly used at this time). However, 

by the 1990s this approach was replaced by simple tandem repeats (STR) or ‘microsatellites’ as 

the marker of choice for linkage studies. Microsatellites are short tandemly repeated nucleotide 

motifs of 2-5 bases that are found throughout the genomes of eukaryotes e.g. (CA)^. Many of 

these loci have been found to be highly polymorphic, with variation occurring in the number of 

repeat units in different alleles (Messier et al. 1996). Consequently, microsatellites are useful in 

many types of modern genetic study including forensics (Lindqvist et al. 1996), phylogenetic 

reconstruction (Bowcock et al. 1994), dating mutational events (Stephens et al. 1998), 

demographic history (Di Rienzo et al. 1998), linkage analysis (Nelen et al. 1996), mapping 

complex genetic diseases (Feakes et al. 1999) and identifying quantitative trait loci (Fisher et al.

1999).

Early genetics studies concentrated on linkage analysis in pedigrees to identify a gene responsible 

for a monogenic disorder. Microsatellites are ideal for this form of analysis as they are highly 

polymorphic and were amenable to rapid typing technology, which led to the development of

21



high-throughput semi-automated systems such as the Applied Biosystems (ABI) GeneScan® 

platform (Figure 1.4). For example, the ABI PRISM® Linkage Mapping Set v2.5 consists of 

three different microsatellite panels from high to low resolution coverage of the human genome; 

HD-5 (5cM), MD-10 (lOcM) and LD-20 (20cM). By contrast the publicly generated Généthon 

human linkage map consists of 5,264 micro satellite loci with an average interval size of 1.6cM; 

59% of the map is covered by intervals of 2cM at most and only 1% remain in intervals above 

lOcM (Dib et al. 1996). Typically 300 highly informative microsatellite markers evenly 

distributed throughout the human genome (~l/10cM ) is sufficient to localise the gene responsible 

for a monogenic disorder e.g. the localisation of Cowden disease to chromosome 10q22-23 

(Nelen et al. 1996). The broad utility of microsatellites in modern genetics is well illustrated by 

several recent studies:

Differentiating populations

A study of 30 autosomal microsatellite polymorphisms in 148 individuals found that 130 (87%) 

fell into discrete clusters that coincided with the continental origin of the subject; 7 individuals 

(4.7%) were not clearly defined in the tree and 11 (7.4%) fell into a continental cluster that did 

not correspond to their geographic origin (Bowcock et al. 1994). A similar study typed 121 

individuals from 13 populations around the world for five polymorphic Y chromosome markers, 

including microsatellites (Ruiz Linares et al. 1996). Even with this comparatively small sample 

size and number of markers, the reconstruction of haplotype phylogeny indicated significant 

geographic structure in the data, with clustering of haplotypes by continental origin. This 

suggests that the high level of variation in microsatellites permits the phylogenetic analysis of 

closely related populations, migrational processes and other demographic events that are more 

difficult to examine using SNPs alone.

Identifying quantitative trait loci

Microsatellites have also been used in whole genome scans for identifying quantitative trait loci 

(QTLs) involved in complex polygenic traits and diseases. For example, QTLs on chromosome 4 

for general cognitive ability (g) were identified by screening 147 microsatellite markers in two 

DNA pools -  a high g group and a control group. Subsequently, 11 significant microsatellite 

associations emerged. Upon replication in independent DNA pools of high g and control 

subjects, 3 of these 11 microsatellite associations were confirmed (Fisher et al. 1999).

Detecting population stratification

Finally, it has been suggested that microsatellite markers are more effective than SNPs in 

detecting population stratification that may lead to spurious results in association mapping studies 

(Pritchard and Rosenberg 1999). They recommend that case-control studies should be designed 

to include >15-20 unlinked microsatellite markers to test for stratification so that the chance of 

false positive results is reduced.
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Figure 1.4 - Example of GeneScan chromatograph of microsatellite PCR products
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Notes Fluorescently dyed labelled PCR products are run through an ABI-377 Genetic Analyser (essentially an acrylamide gel tank combined 
with a laser detection system linked to a computer) - the height of a peak indicates the strength of signal at that wavelength (more PCR product = 
more signal). FAM labelled products produce blue peaks; TFT - green peaks; HEX -black peaks; TAMRA - red peaks. The TAMRA products are 
an interval standard of known size fragments, from which the size of the other products are extrapolated. The lefthand scale indicates the intensity 
of the signal (height of the peak); the top scale indicates the extrapolated size of the fragement in base pairs.



SNPs versus microsatellites

Monogenic genetic diseases arise due to rare defects at a single genetic locus of major effect. 

However, many of the more common diseases such as osteoporosis, diabetes, cardiovascular and 

inflammatory diseases, psychiatric disorders and cancer are polygenic (or ‘multifactorial’), 

resulting from the interaction of multiple genetic loci each contributing a small effect. This 

genetic complexity is further compounded when different combinations of gene variants give rise 

to similar phenotypes. Linkage analysis studies of families has had limited power to detect genes 

with such a small effect on phenotype (Risch and Merikangas 1996).

Modern genotyping technologies now allow SNPs to be detected that could not previously be 

discriminated by crude RFLP analysis. In contrast to microsatellites, SNPs are both more stable 

and abundant, with a frequency in the human genome of ~ l/k b  (versus ~1/Mb for 

microsatellites). Furthermore, microsatellites are rarely the causative agents of disease -  instead 

they are used to locate disease loci by virtue of their close physical proximity on a particular 

chromosome. Although SNPs can be used as surrogate markers, they can also have functional 

consequences if they occur in the coding or regulatory sequences of genes, allowing for a direct 

association between a particular functional variant and phenotype to be examined. For these 

reasons, SNPs are now becoming the polymorphism of choice for population-based case-control 

studies (Gray et al. 2000).

Linkage disequilibrium (LD, also termed "allelic association”) is when alleles at two distinct loci 

co-segregate more frequently than one would expect given their known allele frequencies. 

Evidence for linkage disequilibrium can be helpful in mapping disease genes since it suggests 

that the two loci may be in close physical proximity to one another on a chromosome. In 

association studies surrogate markers are used to identify genetic regions associated with disease, 

subsequently allowing the causative loci to be localised. In principle, LD mapping of population 

samples has increased power in to detect loci involved in complex polygenic disorders over 

family linkage analysis (Risch and Merikangas 1996), but is limited by allelic heterogeneity 

(Krugly ak 1997).

The genetic location of a disease is inferred by the identification of identical-by-descent (IBD) 

chromosomal regions within affected and control populations. A high-density genetic map 

ensures that there are markers sufficiently closely linked to the susceptibility gene that they form 

identifiable haplotypes. In theory the increasing availability of high-density SNP maps should 

facilitate the identification of small IDE regions associated with founder mutations of ancient 

disease loci (Wright et al. 1999).

The problem with the LD mapping approach is that it requires low genetic and environmental 

heterogeneity. While linkage analysis approaches are relatively robust and unaffected by allelic
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heterogeneity, they lack the power to detect loci of such small effect. There are many factors that 

can influence approaches to mapping because of their effect on LD and genetic heterogeneity 

(Gray et al. 2000): the age of disease and marker alleles, natural selection, population admixture, 

recombination and gene conversion, disease and marker allele mutation rate, effective population 

size and demographic structure.

SNP haplotvpes_________________________________________________________________

Recent research has suggested that the grouping of several SNPs within a gene into haplotypes 

may be important in accurately identifying drug response and disease susceptibility (Davidson

2000). For example, a recent study correlated an individual’s genetic response to salbutamol 

with the interaction of multiple SNPs within a haplotype, but not with the individual SNPs 

(Drysdale et al. 2000). They identified 13 SNPs in the beta-2 adrenergic receptor (the target for 

salbutamol) that corresponded to 12 distinct haplotypes found in both normal and asthmatic 

groups. Of these 12 haplotypes, only 4 occurred in the majority of asthmatic patients analysed. 

A subsequent clinical trial showed that possessing a particular haplotype rather than a particular 

SNP determined response to salbutamol in asthmatic subjects.

Similarly, haplotypes have been identified for the mu opioid receptor gene (OPRM l) associated 

with heroin and cocaine dependence (Hoehe et al. 2000). Sequence analysis of the OPRM l gene 

in all regions of functional relevence (both coding and regulatory elements) in a group of 

substance-dependent individuals and controls identified a number of SNPs. From this 43 variants 

were identified and 52 haplotypes predicted, five of which were found to be significantly more 

frequent in the substance-dependent group than the controls.

Compound haplotvpes__________________________________________________________

Recently compound haplotypes made up of combinations of microsatellites and SNPs have been 

used extensively to differentiate populations (Mathias et al. 1994), study human migration in 

prehistory (Zerjal et al. 1997), date events in prehistory (Thomas et al. 1998), estimate the age of 

mutations (Goldstein et al. 1999; Stephens et al. 1998), detect selection and estimate population 

growth rate (Slatkin and Bertorelle 2001):

Population differentiation

A relatively low level of microsatellite diversity has been found to be associated with a distinct 

pattern of Y chromosome SNPs (UEP Haplogroup 3*) that is in high incidence in European and 

Asian populations (Zerjal et al. 1997). These characteristics suggest a recent spread over a wide

Y chromosome SNPs are often referred to in the literature as ‘unique event polymorphisms’ 
(UEPs) if they are known to have occurred only once in human history.
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geographical area. Given that Haplogroup 3 must have been derived from a Haplogroup 1 

chromosome, that are also spread throughout Europe and Asia, it is not possible to pin down a 

specific geographic region with UEP information alone. However, given the low level of 

microsatellite diversity within Haplogroup 3, it was possible to deduce the signature of ancestral 

microsatellite haplotypes and then look for the incidence of this signature within Haplogroup 1 

chromosomes. By constructing a network of stepwise differences between the microsatellite 

haplotypes associated with Haplogroup 1 and 3 chromosomes, they concluded that the Asian 

Haplogroup 1 chromosomes could be directly linked to the Haplogroup 3 chromosomes, but not 

the European Haplogroup 3 chromosomes -  this suggests that Haplogroup 3 arose in Asia and 

spread to Europe. However, since the putative ancestral Haplogroup 3 haplotypes are equally 

distributed in Europe and Asia, it was not possible to identify a specific geographical location 

within Asia for the origin of Haplogroup 3.

Dating events in prehistory

The Cohenim are a patrilineal hereditary priesthood that according to Jewish tradition are the 

male descendents of Aaron, the brother of Moses. Presumed to have originated roughly 2,000- 

3,000 years before present, the Y chromosomes of Cohenim and Levites (a lesser priestly caste) 

should be both distinguishable from those of other Jews, but also derived from a common 

ancestral type no earlier than the Temple period. Using a combination of slowly evolving UEPs 

and rapidly evolving microsatellite markers on the Y chromosome a modal compound haplotypes 

was identified that is strikingly frequent in both Ashkenazic and Sephardic Cohenim Jews 

(Thomas et al. 1998). This homogeneity may be a signature of recent patrilineal descent from a 

single individual. By contrast, heterogeneity in Levite Jews is demonstrated by the relatively 

high frequency of three different UEP defined groups of Y chromosome suggesting a more 

heterogeneous origin.

Estimating the age o f mutations

The origin of the C C R 5-A 32  AIDS-resistance allele has been dated by utilising linked 

microsatellite markers (Stephens et al. 1998). By using coalescence theory to interpret the 

modem haplotype genealogy, it was estimated that the CC/?5-A52-containing ancestral haplotype 

originated ~700 years ago: mutation and recombination were assumed to occur at a combined 

rate, allowing the age of origin to be estimated from the proportion of unchanged haplotypes 

associated with the derived allele. Using similar heuristics, the age of the type II and III 

mutations at the FXI locus were estimated using the flanking microsatellite marker D4S171 

(Goldstein et al. 1999) - a recent original was inferred for the type III mutation and the type II 

was estimated to be -3,000 years old.
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Detecting selection and estimating population growth rates

Intraallelic variability is the joint distribution of the frequency of a neutral allele and the extent of 

variability at closely linked marker loci. It can be modelled in three ways: firstly, as the number 

of nonrecombinants at a linked marker locus; secondly, as the length of a conserved haplotypes; 

and thirdly as the number of mutations at a linked marker locus. This has two applications: if the 

population growth rate is known then intraallelic variability allows for a test of neutrality by 

examining whether the observed level of intraallelic variability is consistent with the observed 

allele frequency. Conversely, if the growth rate is not known, but neutrality is assumed, the 

intraallelic variability provides the likelihood of growth rate and leads to a maximum-likelihood 

estimate for selective coefficients (Slatkin and Bertorelle 2001). Using these heuristics on the 

data of Stephens et al (1998) the selective coefficient reached the greatest likelihood at ~0.2 for 

the CCR5-A32 AIDS-resistance allele (Slatkin 2001).

Determining haplotvpes unambiguously__________________________________________

Why study families? Assigning linkage haplotypes from  parent and progeny genotypes

Establishing haplotypes for autosomal loci is problematic: unlike the paternally inherited Y 

chromosome, the hemizygous X chromosome, or the maternally inherited mitochondrial DNA 

(mtDNA), all individuals will inherit two sets of autosomes (one maternal and one paternal). 

Furthermore, recombination breaks down haplotypes over generations. Consequently, if one 

types an individual for a group of linked autosomal markers, then it is usually not possible to 

deduce which allele type belongs to each haplotype (except when a subject is homozygous for all, 

or all but one locus). However, given that the genotypes of both parents and progeny are known, 

haplotypes over several or many linked loci can be easily assigned by listing the allele type at 

each locus along the haplotype known to be inherited from each parent (Figure 1.5).

Inferring Haplotypes Statistically

Frequently it is not possible for samples to be collected from complete families, due to 

combination of logistical, ethical and cost issues. Although it is possible to determine haplotypes 

in diploid individuals using chromosomal isolation or long-range PCR (Michalatos-Beloin et al. 

1996), these approaches are both expensive and technologically demanding. Consequently, these 

laboratory methods have not been used widely on samples of unrelated diploid individuals, such 

as those typically used as part of human case-control, genetic epidemiologic, and population 

genetic studies.

When samples are only available from unrelated individuals, then it is still possible to predict 

haplotypes for autosomal loci by using statistical methods to reconstruct haplotypes. One
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Figure 1.5 - An Example of haplotype assignment

Father Haplotypes Mother Haplotypes
Genotype Locus a b Genotype Locus c d
18-19 D22S279 18 19 19 D22S279 19 19
19 D22S423 19 19 25 D22S423 25 25
18-22 D22S284 18 22 23 D22S284 23 23
21-27 CYP2D 21 27 20-21 CYP2D 20 21
17-18 D22S276 17 18 18-21 D22S276 21 18

t.Childl 1 Haplotypes---------- - " Child 2 —' Haplotypes
Genotype Locus a c Genotype Locus b d
18-19 D22S279 18 19 19 D22S279 19 19
19-25 D22S423 19 25 19-25 D22S423 19 25
18-23 D22S284 18 23 22-23 D22S284 22 23
20-21 CYP2D 21 20 21-27 CYP2D 27 21
17-21 D22S276 17 21 18 D22S276 18 18

Numbers shown indicate the repeats of the microsatellite motif. Given that the genotypes of both parents and progeny are known, haplotypes over 
several linked loci can be easily assigned by listing the allele type at each locus along the haplotype known to be inherited from each parent: at 
locus D22S279 the 18 allele present in Child 1 can only be transmitted paternally, along with the 19 (D22S423), 18 (D22S284) and 17 (D22S276) 
alleles. Although the 21 allele (CYP2D) in Child 1 could be maternally derived, the presence of the 20 (CYP2D) which could only come from the 
mother confirms that the 21 allele is paternally derived. These observations are independently confirmed by assigning Child 2’s haplotypes.

oc



example of this approach is the expectation-maximisation (EM) algorithm, which produces 

maximum-likelihood estimates of molecular haplotype frequencies under the assumption of 

Hardy-Weinberg proportions (Excoffier and Slatkin 1995). Most studies utilising EM methods 

have not provided information on the validity of the estimates or the effect on estimation 

accuracy of population genetic factors.

Human demographic history - implications for genetic studies______________________

The low genetic diversity in humans compared with other primates suggests that the small 

founding population size resulted in strong genetic drift effects. Most human genetic variation 

occurs within, rather than between major continental populations (Barbujani et al. 1997). 

Common population variants tend to be of ancient origin and are distributed in all ethnic groups - 

a considerably greater diversity of rare variants appears to have arisen in recent times (<300 

generations) coinciding with major population expansions (Thompson and Neel 1997). Recent 

mutation combined with population admixture and strong genetic drift effects on a large pool of 

ancient alleles could account for most human population diversity. The rate of LD decay is 

slowed by factors that reduce effective population size (e.g. prolonged inbreeding due to 

stratification into tribal populations), but once population expansion occurs LD is relatively 

stable. Genetic data suggests that there have been at least three major human population 

expansions:

The first major human expansion is believed to have occurred around 200,000 years ago from a 

small population of ~10,000 in Africa (Harpending et al. 1998). Secondly, at different times 

throughout the last 50,000-60,000 years population expansions and other factors led to the 

occupation of new geographic regions, such as the Americas, Australasia, Europe and South East 

Asia (Cavalli-Sforza et al. 1994). The third expansion corresponds to the recent spread of 

efficient agricultural methods ~10,000-20,000 years ago, following the Last Glacial Maximum 

(Harpending et al. 1998).

The exact size of the founder population at the time of expansion is also an important factor in 

LD analysis. The use of LD mapping for the identification of disease genes has been successful 

in isolated populations such as the Finns because disease allele frequencies are low in most 

mendelian disorders. This allows a single founder haplotype to be found in a large number of 

descendants, such that high proportions of the disease population are IBD. For IBD mapping 

using LD the founder population must be very small (<100) if disease allele frequencies are high 

(>0.1) (Kruglyak 1999).

For evolutionarily ancient disease alleles that predate the divergence of ethnic groups ~200,000 

years ago, the intervals of regions of IBD (i.e. conserved haplotype length) will be very small. It 

has been estimated that useful levels of LD will rarely extend beyond 3kb, although this is

29



dependent on the particular genomic region and population history (Kruglyak 1999). The decay 

of a haplotype over time is related to both the number of recombination events (i.e. generations) 

since the most recent common ancestor (MRCA) and the effective population size. 

Recombination restores linkage equilibrium, whereas a small sized population is susceptible to 

drift that leads to the generation of new allelic disequilibrium. Stratification of populations into 

small endogamous communities reduces effective population size, and may have been the norm 

for most of human history (Thompson and Neel 1997).

The time (in generations) to the MRCA in a sample population is a key demographic factor in the 

design of a mapping study. Since recombination is a major determinant in LD decay, individuals 

from a recently expanded population have a lower average time to the MRCA compared with 

individuals from a more stable population -  because the youngest branches are more closely 

related than the older ones (Graham and Thompson 1998). Consequently, disease alleles that are 

IBD are more likely to be detected in a recently expanded population. The classic example of 

this is the Icelandic population, which has expanded almost six fold in the last 200 years.

Background of populations under study__________________________________________

The populations selected for study represent a compromise between providing a global cross- 

section of humanity balanced against sample availability. Samples were obtained from subjects 

in Africa (Cameroon, Ethiopia, Senegal and South Africa), Europe (Britain), the Middle 

East/Western Asia (Armenia) and Oriental Asia (Mongolia):

A Brief History o f Armenia

Armenia is located in the southern Caucasus and is the smallest of the former Soviet republics; 

Georgia borders it on the north, Azerbaijan on the east, Iran on the south, and Turkey on the west 

(Figure 1.6). Modem Armenia is a fraction of the size of Ancient Armenia. The region and 

former kingdom of Asia Minor that was Greater Armenia lay east of the Euphrates River; Lesser 

Armenia was west of the river. Ancient Armenia is generally understood to have included north

eastern Turkey, the area covered by the modern republic of Armenia and parts of Iranian 

Azerbaijan. Table 1.5 shows an overview of modem Armenia’s demographics and culture.

One of the world’s oldest civilisations, Armenia once included Mount Ararat, which biblical 

tradition identified as the mountain that Noah’s ark rested on after the flood. Modem scholars 

believe that the Armenians crossed the Euphrates to enter Asia Minor in the 9“' century BCE 

where they settled in the kingdom of Urartu (the Assyrian name for Ararat), which was in decline 

(Lang 1980; Truhart 1996). Armenia was conquered by Alexander the Great in 330 BCE and 

after his death became part of the Syrian kingdom of Seleucus I and his descendants. After the
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Figure 1.6 - Europe > Armenia
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< CAOA!^ \̂ s i
/  /  ITALY

SMftTZERLANO.

FRANCE

f  ANDORRA" 
PORTUGAL r  M ONACO

aiBFtALTAR ■ 

©1999 mopt.com n

G E O R G I A

<N >A rm enia>
1. LITHUANIA 
2 LUXEM9CLRC
3. LIECHTENST
4. CZECH REPLi 
5 BOSNIA &

H ER2EGOV 
6 . YUGOSLAV:

SVALBARD

Mingàçevir
Reservoir

/ 4  b n l a n  
swajÉN A Z E R B A I J A N

Hrazrfan
T U R K E Y  A/pa

A R M E N I A  Sevana 
r ' Lich

p  $ Yerevan

UKRAINE
Fee!

10000
5000
2000
1000
SOOT"

Meters 
3050 
.1525 
610 
305 
153 
Sea Level

Aff, Araraf +

AZERBAIJAN '

0 20 40 mi

0 20 40 km
/ I R A N

©1999

E SW N IA (

BiackSea
> L G ^  -  ARMENIA

-

Meditananean Sea albaniA ''

OJ



Table 1.5 -  Overview of demographics and culture for countries under study.

Country Armenia British Isles Cameroon Ethiopia Mongolia Senegal South
Africa

Area (sq. km) 29,800 244,820 475,440 1,127,127 1,565,000 196,190 1,219,912
Population 3.3 Million 59 Million 15 Million 64 Million 2.6 Million 10 Million 43 Milliom
Languages Armenian English English and French are Amharic Mongolian (90%) French is the Zulu, Xhosa, Tswana,

Welsh the official languages. English Turkic country's official Sotho, Swazi, Venda,
Scots Gaelic but there are also 24 Orominga Russian language, and each Ndebele, Pedi, and

major African Tigrigna Chinese ethnic group speaks Tsonga.
language groups. > 70 others its own language.

Ethnicity Armenian English (81.5%) With more than 200 Oromo (40%) Mongol (90%) The chief ethnic African (75%)
(93%) Scottish (9.6%) ethnic groups. Amhara & Tigrean Kazak (4%) groups are the Wolof, Europeam (13%)
Azeri (3%)* Irish (2.4%) Cameroon has one of (32%) Chinese (2%) Fulani, Serer, Mixed (9%)
Russian Welsh (1.9%) the most diverse Sidamo (9%) Russian (2%) Tukolor, Soninke, Indian Asian (3%)
(2 %) Ulster (1.8%) populations in Africa. Shankella (6 %) Others (1%) Malinke, and Diola.
Other West Indian, Somali (6 %) There are small
(mostly Pakistani, and Afar (4%) numbers of Berbers,
Yezidi Other (2.8%) Gurage (2 %) Europeans (mostly
Kurds) 2% Other (2%) French), and

Lebanese.
Religions Armenian Church of England About half of the Ethiopian Orthadox (35- Predominately More than 90% of the Christian (6 8 %)

Orthadox Church of Wales people follow 40%) Tibetan Buddhist people are Muslim, Includes Dutch
(94%) (disestablished) traditional beliefs. Islam (40-45%) Islam (~4%) belonging to either Reformed, Anglican,

Church of Scotland while one third are Animist (15-20%) the Tijaniyya or the Methodist, Roman
(established -  Presbyterian) Christian and the rest Other (5%) Qadiriyya Sufi Catholic, and Zionist
Church of Ireland are Muslim; Islam is brotherhoods. Most churches.
(disestablished) the dominant religion of the rest follow Over 28% of the
Roman Catholic of the northern traditional religious population follows
Methodist regions. beliefs. traditional African
Congregational religions, and there are
Baptist small minorities of
Jewish Muslims, Hindus, and

Jews.

Source : http ://www. infoplease.com



Roman victory over the Seleucids at Magnesia (190 BCE), the Armenians declared independence 

in 189 BCE under the native dynasty of the Artashesids.

Under the leadership of King Tigranes (95-55 BCE) the Armenian empire reached its pinnacle, 

stretching from the Caspian to the Mediterranean Seas (Manandian 1963). However, subsequent 

wars against Rome ultimately led to defeat with Armenia becoming a tributary to the republic 

after the campaigns of Lucullus (69 BCE) and Pompey (67 BCE). Over the following centuries 

Armenia was conquered by Greeks, Romans, Persians, Byzantines, Mongols, Arabs, Ottoman 

Turks and Russians.

With the Mongol invasion of the mid-1 century CE, a number of Armenians were pushed 

westward. Subsequently, in 1080 CE they established in Cilicia the kingdom of Lesser Armenia 

(Bedoukian 1962), which lasted until its conquest by the Mamluks in 1375 CE. By 1386-94 CE 

the Mongol conqueror Timur seized Greater Armenia and decimated the population. After 

Timur’s death in 1405 CE the Ottoman Turks invaded Armenia and by the 16^ century they held 

it all (Sanjian 1965).

The Indo-European linguistic family and the Armenian language

The Indo-European family of languages includes those that first spread throughout Europe and 

many parts of southern Asia. The parent language, generally referred to as ‘Proto-Indo- 

European’, is thought to have been spoken before 3000 BCE, and to have diverged into different 

languages during the subsequent millennium. The differences were well established between 

2000 and 1000 BCE, when the Greek, Anatolian, and Indo-Iranian languages were first 

established (Crystal 1987). Archaeological evidence shows that a semi-nomadic people living in 

the steppe region of southern Russia around 4000 BCE, began to spread into the Danube of 

Europe and beyond from around 3500 BCE. The Kurgan people seem to have arrived in the 

Adriatic region prior to 2000 BCE, and this corresponds well with the time scale linguists 

hypothesise is necessary for large amounts of linguistic change. Their ancestors are not known, 

but there are several similarities between Proto-Indo-European and the Uralic family of 

languages, suggesting that they share a common parent several thousand years before (Crystal 

1987).

Armenian forms a single distinct branch of the Indo-European language group and is spoken by 

around 6 million people in Armenia and Turkey. The spoken language is believed to have 

established just after 1000 BCE, but there is no written form prior to the introduction of 

Christianity. Classical Armenian (Grabar) is the language of older literature, and the liturgical 

language of the Armenian Church today.
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Genetic studies o f the Armenians

Relatively little work has been carried out to characterise the people of Armenia genetically, 

despite the country being situated in an important area with regard to ancient Middle Eastern 

population expansions and the spread of the Indo-European languages. An early genetic analysis 

comparing allele frequencies at 54 autosomal loci in 18 Western Asian populations (Cavalli- 

Sforza et al. 1994) supports genetic distances in which the Armenians are more closely related to 

North Caucasians (Fst= 135), Hazara Tajiki (Fst= 182) and Pathan (Fst= 146) than to Caspians 

(Fst= 237), K uw aitis (F sj= 423), Saudis (/^st= 928) and Y em enites (F  3^=1148)'. 

A more recent study of population genetic structure using 39 unlinked microsatellite loci found 

that 90% of the Armenian subjects (n=48) sampled belonged to a genetic cluster broadly 

corresponding to Western Eurasia that also included 96% of the Ashkenazi (n=48) and 

Norwegian subjects (n=47) sampled (Wilson et al. 2001).

The most comprehensive genetic study of the Armenians is of Y chromosome variation (Weale et 

al. 2001): 11 biallelic and 6 microsatellite polymorphism were typed in 734 males that were 

taken from five distinct geographic regions within and neighbouring Armenia, as well as a 

diasporan sample for comparison. Significant regional genetic stratification was found on a 

greater level than has been found in some comparisons between ethno-national groups. The 

observed haplotype frequencies and pattern of genetic distances between these groups suggested 

that a high degree of genetic isolation occurs in the mountainous southern and eastern regions, 

while in the central, northern and western regions there has been greater admixture with 

neighbouring Middle Eastern countries. Finally, the diasporan sample (of Armenians currently 

living in the UK) was not sufficient to describe the stratified haplotype distribution adequately, 

suggesting that great caution should be applied when using such diasporan samples in future 

genetic epidemiological studies.

A Brief History o f Britain

The United Kingdom consists of England, Wales, Scotland, and Northern Ireland (Figure 1.7). 

Relatively little is known about the earliest inhabitants of Britain, but the remnant dolmens, 

barrows and stone circles at Stonehenge and Avebury are evidence of the presence of prehistoric 

Britons dating from the end of the 5“’ millennium BCE until 1000 BCE (Renfrew 1987). There is 

evidence that prehistoric Britons had developed a Bronze Age culture in the early century 

BCE (Mallory 1989). Table 1.5 shows an overview of modem Britain’s demographics and 

culture.

In 43 CE the Roman conquest of Britain began, establishing bases at the sites that would become 

present-day London and Colchester. By 85 CE Rome controlled Britain south of the Clyde

Fst values are quoted x 10,000 to improve legibility.
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Figure 1.7 - Europe > Great Britain
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River. In the 2"̂ * century CE, Hadrian’s Wall was constructed as a northern defensive line from 

Newcastle to Carlisle, protecting Roman Britain from the northern Celtic tribes (Chambers et al. 

1991a). Under Roman occupation towns developed and roads were built to ensure the success of 

the military occupation and became the basic arteries of overland transport in England. Since the 

Roman garrisons were the main consumers of the products of local artisans and imports, as they 

disbanded the towns decayed. Consequently barbarian incursions became frequent and as Rome 

finally withdrew its legions from Britain, the Germanic peoples (Anglo-Saxons and Jutes) began 

the raids that resulted in the invasion and settlement in the later S'*" century CE (Potter 1980). The 

indigenous Celtic peoples fell back into Wales, Cornwall and across the English Channel to 

Brittany.

Late in the 8th century, and with increasing severity until the middle of the 9th century, raiding 

Vikings (Danes) harassed coastal England and finally in 865 CE, launched a full-scale invasion 

(Kidd 1980) and by 1016 CE Canute ruled all of England. As the Scandinavian line expired in 

1042, the Wessex dynasty regained the throne. However, the conquest of England by William, 

duke of Normandy ended the Anglo-Saxon period.

After the death of W illiam’s second son, the country fell into a period of civil war that ended one 

year before the accession of Henry II in 1154 CE. In 1171 CE Henry began the English conquest 

of Ireland. Successive English kings engaged in the enlargement of the French territories of 

Anjou, Normandy and Aquitaine. Edward I began the conquest of Wales and Scotland. The 

Hundred Years War with France began in 1337 under the reign of Edward III. The Black Death 

arrived in 1348 and devastated the population (Chambers et al. 1991b).

The Languages o f Britain - English

English belongs to the Germanic family of Indo-European languages. The Germanic family of 

languages is derived from the migrations of Germanic tribes who lived in northern Europe during 

the millennium BCE. Some Latin and Scandinavian (runic) inscriptions include Germanic 

words from the 3"̂  century CE. Anglo-Saxon and Old High German are recorded from the 8^ 

century CE. Over 500 million people speak Germanic languages, mainly because of the 

worldwide use of English as their first language. The Germanic family is usually classified into 

three groups (Crystal 1987): East Germanic languages, that are all extinct; North Germanic, 

which includes the Scandinavian languages of Swedish, Danish, Norwegian, Icelandic and 

Faeroese; West Germanic languages include English, Frisian, German, Yiddish, Netherlandic, 

Dutch and Afrikaans.

The Languages o f Britain -  Gaelic and Welsh

Both Gaelic and Welsh belong to the Celtic family of Indo-European languages. The Celtic 

family encompasses two main groups -  continental (including Celtiberian, Gaulish and Galatian)
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and insular (Goidelic and Brythonic). Celtiberian and Gaulish were spoken in Europe, and 

Galatian was spoken in Asia Minor. Goidelic and Brythonic were spoken in the British Isles and 

Brittany. The Goidelic group is then further subdivided into Scots Gaelic, Manx Gaelic and Irish 

Gaelic; Brythonic is similarly subdivided into Cumbrian, Welsh, Cornish and Breton. The Celts 

were the first Indo-Europeans to spread across Europe, emerging in south-central Europe around 

5^ century BCE (Crystal 1987). In a series of waves they spread throughout most of Europe, 

including the Black Sea and Asia Minor, south-west Spain, central Italy and Britain. The Anglo- 

Saxon incursions of the 5“’ century CE forced the British Celts into western and northern Britain, 

quickly leading to distinct dialects forming.

Genetic studies o f the British

An analysis of the allele frequencies of 88 autosomal genes in European populations supports 

genetic distances in which the English are more closely related to the Belgians (Fst= 15), Danish 

(Fst=21), Dutch (Fsf=17) and Germans (Fsj=22), than to Scots (Fsj=27) or the Irish (Fst=30) 

(Cavalli-Sforza et al. 1994)*.

Perhaps the most comprehensive genetic study of Britain is of Y chromosome haplotype 

variation across 313 subjects taken from seven towns forming an east-west transect of running 

from East Anglia to North Wales revealed that the Central English towns were genetically 

similar, but the two Welsh towns differed significantly from both one another and the Central 

English towns (Weale et al. 2002). Furthermore, sample from the Central English towns were 

compared with samples from Friesland and Norway, they were found to be statistically 

indistinguishable from the Frisians. Using novel population genetic models incorporating mass 

migration and continuous gene flow, Weale et al propose that these observations are best 

explained by a substantial migration of Anglo-Saxon Y chromosomes into Central England 

(contributing 50-100% of the gene pool at that time), but not into North Wales.

Although C YP 2D 6  allele frequencies have not been reported in the British, several other 

populations of European origin have been extensively characterised (Gaedigk et al. 1999). 

Notably, the highest levels of the defective allele CYP2D6*A  have been reported in European 

populations at a frequency of -0.20.

A Brief History o f Africa - Ethiopia

Originally called Abyssinia, Ethiopia is sub-Saharan Africa’s oldest state. Located on the Horn 

of Africa, it is bordered by Eritrea to the north, Djibouti to the northeast, Somalia to the east, 

Kenya to the south, and Sudan to the west and northwest (Figure 1.8). Its modem capital, Addis 

Ababa ( ‘New Flower’) is located almost at the centre of the country. Table 1.5 shows an

Fgy values are quoted x 10,000 to improve legibility.
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overview of modern Ethiopia’s demographics and culture. Archaeologists have found the oldest 

known human ancestors in Ethiopia (White et al. 2000), including Ardipithecus ramidus (~4.4 

million years old) and Australopithecus afarensis (-3 .4  million years old). Little is known about 

Ethiopia’s early peoples and material culture. However, it is known that sometime between the 

8^ and 6'*’ millennia BCE, pastoralism and then agriculture developed in northern Africa and 

southwestern Asia (Harlan 1971). During this time of population growth the ancient tongue 

spoken in this region fragmented into the languages of the modem Afro-Asiatic family: Berber, 

Chadic, Omotic, Cushitic and Semitic (Cavalli-Sforza et al. 1994).

During the 2"*̂  millennium BCE cereal grains and the use of ploughs were introduced into 

Ethiopia from Sudan (Curtin et al. 1978c). As Middle Eastern grains and pottery spread from 

Sudan, the Semitic-speaking northerners came to dominate the plateaus (Shinnie 1978). The pre- 

Axumites forged the Kingdom of Da’amat, which dominated the highlands of western Tigray 

from its capital, Yeha. Between 300-100 BCE, rivals diverted trade to new towns on the central 

and eastern Tigrayan and Eritrean plateaus with easy access to the Red Sea, precipitating the 

collapse of D a’amat. The smaller successor states continued the exposure of Ethiopia to South 

Arabian culture and so they shared in the evolving mercantile life of the eastern Mediterranean- 

Red Sea economy (Newman 1995).

The starting point of Ethiopian civilisation is often taken as the founding of the Empire of Axum 

(Aksum) in the T‘ century BCE (Truhart 1996). Axum is located in the northern part of the 

modern state, around 100 miles (160 kilometers) from the Red Sea coast. The Kingdom 

maintained trading relations both with the Greco-Roman world, as well as India and China. At 

the height of its power, Axum’s influence extended northward into southern Egypt, westward to 

the Cushite Kingdom of Meroe, southward to the Omo River, and east to the Gulf of Aden.

According to tradition, ancient Ethiopians were Jews -  in Gondar a community of Ethiopian Jews 

(the Falashas) lived until the late 1980s when they were transported to Israel. However, the 

Greco-Roman merchants who had established settlements in the main port of Adulis brought 

Christianity to Ethiopia. Monophysite Christianity was adopted as the official religion of 

Ethiopia in 4̂ ’’ century CE during the reign of Emperor Ezranas (Curtin et al. 1978b).

By the 11th century CE Axum had overextended itself and continual conflict lead to the loss of 

control of the trade routes into the interior. The government survived only by enlisting the Agew 

people, leading to their assimilation into the Semitic culture. Subsequently, Ethiopia expanded 

southward, confirming Amharic and Christianity as integral components of the imperial tradition 

that would dominate government until the 20'*’ century. Around 1200 CE the Muslim principality 

of Shoa emerged as a rival to the Christian monarchy of Abyssinia.
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By the early 16“’ century a Muslim jihad broke Christian Ethiopia’s power and by the mid-16“’ 

century CE, it was weakened sufficiently that it began to become pressured on the south and 

southeast by migrations of the Oromo people. Due to their war-like tendencies and expanding 

population the Oromo led to a long-term predatory expansion at the expense of neighbouring 

territories and these incursions penetrated much of the southern and northern highlands as well as 

the lowlands to the east, driving out both Christians and Muslims (Newman 1995). In 1554 CE 

Portuguese Roman Catholic missionaries arrived to convert Ethiopia’s Monophysite Christians to 

Roman Catholicism (Curtin et al. 1978a).

From 1769 until 1855 CE, Ethiopia was divided into three independent states that lacked central 

government: Tegre, Amhara and Shoa. This period of feudal anarchy was known as the Zamana 

Masafent ( ‘age of the princes’). The Oromo-inhabited Gibe region began a phase of state 

building brought about by the development of agriculture and commerce. Muslim traders brought 

the Islamic faith to Gibe, allowing the Oromo to share in the prosperity of the trading network 

spread throughout Ethiopia and the world. The modern capital, Addis Ababa, was founded in the 

last quarter of the 19“’ Century CE by Emperor Menelik II -  since the abandonment of Axum, 

Ethiopian capitals have had little permanence until modern times (Pankhurst 1961).

A Brief History o f Africa - Cameroon and Senegal

Senegal is located on the north-western African coast (Figure 1.9). Actual documentary evidence 

on the Senegal region is sparse until the period of Arab expansion in North Africa, particularly 

during the expansion of the Almoravids in the late 11“’ century CE. The Almoravids, expanding 

across the Sahara from the North Atlantic coastline, came into contact with the sub-Saharan 

empire of Ghana in 1062 CE (Ilife 1995). By the 1080 CE the empire had reached the river 

Senegal and had begun to assimilate the Tukulor population into Islam. The 15“’ Century CE saw 

the first contact between the local Senegalese and Europeans as the Portuguese reached Cape 

Verde around 1444-45 CE. Portuguese interest was limited to begin with, being primarily 

concerned with the sailing routes around Africa (Ilife 1995). Far less is known about the early 

history of Cameroon (Figure 1.10) - although archaeological and linguistic evidence suggests that 

it may have been the homeland of the Bantu peoples (De M aret 1985), most historical 

information about the region comes second-hand through Arab sources. The north of the country 

was part of the Sao state which, centred on Lake Chad, endured from approximately the 5“’ 

century CE to the 15“’ century CE. Table 1.5 shows an overview of Cameroon and Senegal’s 

demographics and culture.

Knowledge of Africa history increases during the 16“’ century, when Portuguese and Dutch 

seafaring brought Europeans into frequent contact with the various peoples of the African coast. 

Senegal was the one of the first regions to be settled by European populations, with the Dutch 

arriving at the coastal trading post of Goreé in 1617 CE and the French colonising Saint Louis in
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Figure 1.9 - Africa > Senegal
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Figure 1.10 - Africa > Cameroon
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1626 CE (Truhart 1996). To a great extent this settlement relates to the geography of West 

Africa, as the Senegal River was an ideal trading highway for the Sahel region. Though the native 

Tukulor and W olof populations have maintained a stable presence, the area was an important 

area for population movements; it was an early centre of the slave trade, as organised by the 

Dutch and the site of some of the earliest inland explorations by the Europeans. Later, in the 

nineteenth century, the Senegal River was the mostly westerly point reached by the Islamic jihad 

movement that had begun in Hausaland in 1804 CE. Clearly, the gentle grasslands of the Sudan 

allowed ease of travel and the wide range of minority populations within the country today -  the 

Fulani, Mandingue and Moors -  are a testament to the widespread population movements that 

have spread through the region.

Increasingly, the influence of the French came to be a dominating factor in the Senegal. 

Although French coastal settlement dates to the first part of the 17“’ century, widespread conquest 

did not occur till the m id-19“’ century, following from the appointment by France of governor 

Faideherbe in 1854 CE. His appointment led to the overthrowing of the Cayor and DJolof 

kingdoms and an organised political structure emerging in the region. The first organised 

rebellion in French Senegal occurred under Mamadou Lamine between 1885 CE and 1887 CE, 

an indication of how fleeting the local experience of Colonial rule was (Boahen 1990); not 

wholly pacified till the early years of the twentieth century, the country saw its independence a 

generation later in 1960 CE. Nevertheless, the experience of French rule was deeply influential 

during the 19“’ century CE. The long presence of the French in Senegal’s coastal towns led to the 

creation of a syncretistic Creole culture (Boahen 1990; Crowder 1984).

Cameroon’s experiences with the population shifts of central Africa show many similarities to 

the events occurring in Senegal. The region was at the south-eastern fringe of the early 

nineteenth century jihad movement, which intruded on the grassland areas of northern Cameroon. 

Similarly, the southern coast was first visited by Europeans in the era of exploration and, like 

Senegal, was a region actively involved in the slave-trade. Despite this contact, Cameroon was 

much less influenced by these external forces than the coastal states of west Africa. The 

mountainous terrain of central Cameroon precluded any large-scale spread of migrant 

populations from the north and colonial settlement of the country did not begin till the German 

annexation of the Douala coast in 1884 CE (Ilife 1995).

The contrast between the states of Cameroon and Senegal is a useful one. It is clear that the 

location of both states on the western coast of Africa subjected them to many similar influences. 

Both were influenced by the spread of Islam, particularly in the Jihad movement of the early 19“’ 

century and, like other parts of Africa, Senegal and Cameroon were incorporated into European 

colonial structures in the 19“’ century. Nevertheless, the geography of the two countries is very 

different. The convergence of the Senegal river and the steady plains of the Sahel meant that 

Senegal was a site of constant population interchange, a fact influenced by its role in geopolitical

43



struggles of early Islam and, later, the European powers in the Atlantic. In contrast, the narrow 

coastline and high mountains of Cameroon allowed the region to escape the conflicts and 

population movements that have affected much of the rest of western Africa.

A Brief History o f Africa - South Africa

South Africa, on the continent’s southern edge, is bordered by the Atlantic Ocean on the west and 

by the Indian Ocean on the east and south. It borders Namibia in the northwest, Botswana and 

Zimbabwe in the north, Mozambique and Swaziland in the northeast. A map of South Africa is 

shown in Figure 1.11. Table 1.5 shows an overview of modem South Africa’s demographics and 

culture.

The San (Bushmen) are among the oldest indigenous peoples of South Africa. Around 2,000 

years ago the pastoral Khoikhoi settled primarily in the southern coastal region. Bantu speakers 

moving southward from eastern central Africa settled in what is now the northern region of 

present-day South Africa ~2,000 years ago (Phillipson 1980). As with Cameroon and Senegal, 

historical information about South Africa is sparse until the Colonial period. After 1650 CE the 

Dutch East India Company established itself at Table Bay on the Cape of Good Hope: the Dutch 

began trading with the local Khoikhoi and brought in other Africans (western and eastern) as well 

as Malays as slaves (Crowder 1984). By 1707 CE there were ~2,000 land owners of European 

descent and ~ 1,000 slaves in South Africa.

By the 18̂ *’ century CE, the majority of the San had migrated into the more inaccessible parts of 

the country to avoid European influence (Ilife 1995). A smallpox outbreak in 1713 CE killed 

many of the Europeans and Khoikhoi living near the cape. Intermarriage between the Khoikhoi 

and Europeans during this time began to create the admixed “coloured” population (that 

comprises of 8% of the population of modem South Africa).

The languages o f Africa

Africa contains more languages than any other continent with around 1,300 languages spoken by 

over 400 million people. Four main language families are generally recognised: Afro-Asiatic, 

Khosian, Niger-Congo and Nilo-Saharan.

The Afro-Asiatic linguistic family and Ethiopia

The Afro-Asiatic (also known as the Hamito-Semitic) family is the major group to be found in 

North Africa, the eastern horn of Africa and south-west Asia. It comprises more than 200 

languages spoken by nearly 200 million people, which six major divisions that are thought to 

have derived from a parent language that existed around the 7‘*’ millennium BCE: Semitic,
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Figure 1.11 - Africa > South Africa
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Arabie, Egyptian, Berber, Cushitic and Chadic (Crystal 1987). There are over 70 languages 

spoken in Ethiopia today. Several are Semitic, such as Amharic (used by around 13 million 

people), Tigrinya (used by ~3 million people, mainly in the northern areas) and Gurage (around 1 

million). Oromo (Galla) is a most widely used Cushitic language, several dialects of which are 

spoken in both Ethiopia and Kenya by over 10 million people. This is closely followed by 

Somali, which is spoken by nearly 5 million people spread over Ethiopia, Kenya and Somalia. 

Finally, Omotic, which is sometimes classified as a western branch of Cushitic, is spoken by 

almost 2 million people in western Ethiopia and northern Kenya. Amharic, Tigrinya and 

Orominya all use the same script, which is related to ancient Phoenician.

During the Axumite period from -  8*’’ century BCE, the old G e’ez became the official 

language and is still used in the Ethiopian Church today. The G e’ez language originally was 

brought to the region before the Axumite period by South-Arabic people who came from Yemen 

(Newman 1995).

The Niger-Congo linguistic family in Cameroon, Senegal and South Africa

Two hundred and seventy nine languages are in usage in Cameroon; 36 are used in Senegal and 

31 are used in South Africa. Few generalisations are possible given this level of linguistic 

diversity, but the vast majority of these languages belong to the Niger-Congo linguistic family, 

which is usually divided into six groups that are estimated to have diverged over 5,000 years ago 

(Crystal 1987). The largest group of the Niger-Congo linguistic family is Benue-Congo, 

consisting of ~700 languages, over 500 of which belong to the Bantu subgroup. The major split 

within the Bantoid languages is between the two main subgroups (Grimes 2000): Northern 

(including Dakoid, Fam and Mambiloid language groups) and Southern (including Beboid, 

Ekoid, Jarawan, Mamfe, Mbam, Mbe and Narrow Bantu language groups). Swahili is the most 

widely spoken Bantu language and is considered the lingua franca of around 50 million people 

living in the countries along the east coast of Africa.

The widespread use of Bantu type languages is probably due to a massive population expansion 

(Vansina 1995) around 1,000 BCE originating from an area north of the equator, possibly 

Cameroon or Nigeria based on linguistic data (Gutherie 1967), into all of central and southern 

Africa (with the exception of the extreme south western desert that is still occupied by Khoisanid 

speakers). The migration is thought to have continued until around 3"‘*-5  ̂century CE (Phillipson 

1980). Anthropologists, historians and linguists have yet to agree on a single explanation for the 

migration (Needham et al. 1984). It may have been due to a growing population, which 

increased the need for more food. Also the time frame for the expansion coincides well with the 

timeframe for the introduction to southern Africa of the banana (Oliver 1966), which is native to 

Asia, or the development of iron smelting technologies. However, some genetic and
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archaeological evidence suggest that the expansion may have preceded the Iron Age (Thomas et 

al. 2000; Vansina 1984).

Genetic studies o f Africans

The genetic diversity exhibited by modern human populations is consistent with a major 

population expansion primarily from Africa between 50,000-100,000 years ago (Cann 2002). 

Studies of mtDNA variation in east Africa and Eurasia have identified a group of related 

haplotypes that are at high frequency in Ethiopia and India (Haplogroup M). The variation and 

geographic distribution of Haplogroup M is consistent with an African origin, with separation 

between the eastern African Haplogroup M and Asian Haplogroup M more than 50,000 years 

ago. These findings are consistent with eastern Africa/western India being the major route of 

out-of-Africa human dispersal, rather than through via north Africa through the Levant 

(Quintana-Murci et al. 1999).

An analysis of the allele frequencies of 79 autosomal genes in the Ethiopians compared with 

other African and non-African populations suggests that they are an admixed population with 

genetic contribution from both Sub-Saharan African and Asian populations occurring -3,000 

years ago (Cavalli-Sforza et al. 1994). Furthermore, a recent study of population genetic 

structure using 39 unlinked microsatellite loci found that 62% of the Ethiopia subjects sampled 

(n=48) belonged to a genetic subcluster broadly corresponding to Western Eurasia and 24% 

belonged to genetic subcluster broadly corresponding to Sub-Saharan Africa (Wilson et al. 2001). 

By contrast, 93% of the South Africa Bantu subjects (n=46) in the same study belonged to the 

Sub-Saharan Africa cluster; only 4% belonged to the Western Eurasia cluster.

Y chromosome compound haplotype analysis based upon 7 biallelic markers and 4 

microsatellites has been reported in 25 African populations, 762 Y chromosomes in total 

(Scozzari et al. 1999). The identified ancestral haplotype (haplotype lA) was observed among 

Ethiopians, Khosians (!Kung and Khwe), and populations from northern Cameroon. Populations 

from northern Africa and Cameroon share a common haplotype (1C) that is not found in other 

African populations, but represents a major Eurasian cluster. The 1C haplotypes of northern 

Cameroon were distinct from those of Europe, but the 1C of northern Africans were well 

dispersed throughout those of the two other groups. Notably the Khosians show a Y 

chromosome haplotype repertoire that is almost as differentiated as the whole African continent, 

with relatively high frequencies of haplotype 5 (in common with western Africans), haplotype 4 

(found in northern and eastern Africans), and the ancestral haplotype 1 A.

C YP2D 6  allele frequencies have been reported in several African populations, including 

Ethiopians (Aklillu et al. 1996), Ghanans (Griese et al. 1999), Tanzanians (Wennerholm et al. 

1999) and Zimbabweans (Masimirembwa et al. 1993). Allele frequencies range widely in
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African populations e.g. the reduced activity CYP2D6* 17  is found at a frequency of 0.09 in 

Ethiopians; 0.17 in Tanzanians; 0.28 in Ghanans; and 0.34 in Zimbabweans. In contrast to 

European populations, defective alleles are found at lower frequencies in African population e.g. 

CYP2D6*4 is found at a frequency of 0.01 in Ethiopians and Tanzanians; 0.02 in Zimbabweans; 

and 0.07 in Ghanans.

A Brief History o f Mongolia

The modern state of Mongolia was formerly known as Outer M ongolia (Figure 1.12). It 

encapsulates the original homeland of the historic Mongols, whose power reached its zenith 

during the 13“’ century under Kublai Khan. Table 1.5 shows an overview of modem Mongolia’s 

demographics and culture.

The existence of nomadic steppe dwellers in central Asia goes back as far as recorded history and 

the first nomads on the fringe of the Caucasus and Transoxiana can be dated back to the 7“’ 

century BCE. Though these people -  the Scythians (or Sakas) -  were an Iranian tribe, they set up 

the basic pattern for European contact with Asian nomads of both trade and conflict. This 

lifestyle was made possible by Eurasian geography, with plains running from the far eastern edge 

of Asia to southern Europe on the shores of the Black Sea. The culture of the steppe nomads 

created a highly eclectic society; their existence on the silk route forced them into contact with 

many cultures and religions (Grousset 1970). By the middle of the 2"“ millennium CE most 

nomads would convert to Islam, although a wide variety of religious practices existed amongst 

them before this time. Most notable are the Turkic Khazars, who converted en masse to Judaism 

and the communities of Nestorian Christians that existed among the Turks and Mongols.

Until the late 12“’ century, the Mongols were merely one of a group of nomadic tribes living on 

the eastern Asian steppe on the fringe of the Chinese Jin Empire. Traditionally they were a 

pastoral people, herding horses, cattle, camels and sheep on a seasonal round of pasturage, living 

in felt-covered yurts when encamped. Though Islam and Christianity existed within their society, 

the Mongols were principally followers of an indigenous shamanism (Heissig 1980).

The most significant events around this time were a series of conflicts amongst the steppe 

dwellers (typically internecine warfare) that resulted in the election of a Mongol tribesman, 

Temujin, as ruler of the Mongols in 1206 CE. It is by his title, Genghis Khan, that Temujin has 

become known to history. The Mongols under tribal confederation of Temujin were unusually 

successful, subduing the weak Xixia and Chinese Jin Empires. In 1218 CE the acquisition of the 

Qara-Khitai territory marks arguably the most significant step in the establishment on the Mongol 

Empire (Barthold 1977).
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Figure 1.12 - Asia > Mongolia
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At this point military momentum accelerate and each conquest of the Mongols adds significantly 

to their power and the aggressive style of warfare -  a necessity based on their existence as 

nomads -  drove them to conquests throughout Europe and Asia. During the IS*** century the 

Mongols were rarely defeated and created the largest land empire in world history. The heart of 

this empire was the Great Khanate, based around China and Mongolia. In the east the lands 

conquered by the Mongols were ruled by three smaller khanates; the Jagatai or Chagatai Khanate 

centred around Turkistan; the Ilkhanate dominating Persia and south-west Asia; and the Khanate 

of the Golden Horde in Russia and western Asia. These states were succeeded in turn by native 

civil states based around Mongol rulers, such as the Chinese Yuan dynasty, created by Kublai 

Khan and the Mughal Empire in northern India, which existed in one form or another till the mid

nineteenth century (Dardess 1972).

The power of the Mongols was comparatively short lived as their aggressive military policies had 

allowed them to conquer more territory than they could practically administer. After the middle 

of the 14*̂  century CE Mongol power had entered into a progressive decline, connected to styles 

of warfare; cavalry was no longer an invincible weapon, particularly with the rise of the firearm. 

The Chinese Ming dynasty overthrew the Mongols in China in 1368 CE and destroyed their 

capital of Karakorum in 1388 CE. With the defeat of the Golden Horde in Russia in 1502 CE the 

last remnant of Mongol power outside of central Asia ebbed away and the Mongols retreated to 

the area defined by modem day Mongolia (Morgan 1990).
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The Altaic linguistic family and Mongolia

The Altaic family of languages covers a vast area from the Balkan Peninsula to north-east of 

Asia. It is composed of 40 languages that are classified into 3 groups: Turkic, Mongolian and 

Manchu-Tungus. The principal Mongolian language is Mongol (or Khalka) which is spoken by 

around 4 million people in the Mongolian People’s Republic and neighbouring China. There are 

several related languages also found in this region: Buryat (~300,000); Santa (200,000); Dagur 

and Monguor (both <100,000). On the west of Mongolia, the Altaic group is represented by the 

Oirat (Oyrat),and Kalmyk (Kalmuk) both with 140,000 speakers, and Mogol with around 50,000 

speakers.

There is little evidence documenting the early development of the Altaic linguistic family. 

Although written remains of Turkic are found in runic script dating from the 8^ century CE, there 

is no evidence of Mongolian script prior to 13* century CE; and the earliest Manchu records are 

even more recent -  mid 17* century CE.

Genetic studies o f the Mongolians

An analysis of the allele frequencies of 68 autosomal genes in 39 Asian populations (including 

Mongolians), suggests that two major genetic clusters exist in Asia (Cavalli-Sforza et al. 1994): 

the first consists of a small cluster including seven south-eastern populations (Malaysians, 

Balinese, Viet Muong, Thai, South Chinese, Indonesian and Philipine); the second cluster is 

much larger, including all other Asian populations, such as Armenians, Turks, Iranians, Indians, 

Koreans, Japanese, Northern Chinese and the Mongols. The populations that the Mongolians 

tend to group most closely with tend to come from north-eastern and east Asia, such as the Ainu, 

Bhutanese, Japanese, Korean, and Uralic Siberian populations.

Y chromosome haplotype variation using biallelic markers shows a similar relationship (Zerjal et 

al. 2002): the M130 lineage (M l30 4- M48, also known as hglO + hg36) is found at the highest 

frequency in Northeast Asian populations at 0.73 in the Kazaks (0.11 and 0.63 respectively) and

0.54 in the Mongolians (0.34 and 0.20 respectively). The frequency of the M l30 lineage 

haplotypes decreases sharply westward toward Uzbekistan and Turkmenistan: 0.19 in Krygyz 

(0.07 and 0.12); 0.18 in Uyghurs (0.15 and 0.03); 0.11 in Uzbeks (M l30 only); and 0.00 in 

Turkmenistan.

Although CYP2D6 allele frequencies have not been reported in Mongolians, several other south

eastern Asia populations have been studied including Japanese (Tateishi et al. 1999), Hongkong 

Chinese and Taiwan Chinese (Garcia-Barcelo et al. 2000a; Johansson et al. 1991). A high 

incidence of the defective C YP 2D 6* 10 has been found in all of these Southeast Asian 

populations with a frequency of 0.41 in the Japanese; 0.65 in Hongkong Chinese; and 0.70 in
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Taiwan Chinese. In most African and European populations CYP2D6*10 is usually found at low 

frequency (-0.02-0.03), with the exceptions being the Turkish at 0.06 (Aynacioglu et al. 1999) 

and Ethiopians at 0.09 (Aklillu et al. 1996).

Experimental rationale__________________________________________________________

Public interest in the phenomenon of adverse drug reactions (ADRs) was stimulated by the 

thalidomide tragedy in the 1960s (D'Arcy and Griffin 1994). Current estimates suggest that in 

the United States approximately 2 million hospitalised patients have serious ADRs each year and 

-100,000 have fatal ADRs, making it the fourth leading cause of death after heart disease, cancer 

and strokes (Lazarou et al. 1998). Conversely, many clinical drugs are prescribed to individuals 

to whom they will have no therapeutic benefit. It is now clear that much of the observed variation 

in drug response has a hereditary basis, arising from genetically determined differences in drug 

absorption, disposition, metabolism or excretion (W olf and Smith 1999). Ultimately, the 

identification of the molecular basis of pharmacogenetic polymorphisms and the technology to 

screen individuals for the presence of specific alleles allows for the prediction of drug response 

and individualises treatment in healthcare. Commercial interest from the pharmaceutical industry 

stems in part from the potential that pharmacogenetics offers to resuscitate orphaned drugs that 

have been failed during Phase III clinical trials due to high levels of ADR or low efficacy.

The potential for genetic variation to effect drug response in terms of both ADR and efficacy is 

well illustrated by interindividual phenotypic differences in CYP2D6 activity. Codeine is 

converted from the pro-drug state to morphine by the CYP2D6 enzyme -  a poor metaboliser 

(PM) whom possesses two defective alleles will not express functional enzyme and so 

consequently such an individual cannot convert codeine to morphine. Therefore, codeine is both 

completely ineffective as a painkiller for a CYP2D6 PM, but also they are at risk of developing 

an ADR as the inactivated codeine may reach toxic levels (Sindrup and Brosen 1995).

The primary objective of this project is to establish how compound haplotypes comprised of 

microsatellite loci closely linked to DME genes differ between diverse ethnic populations. 

Consequently, an assessment can then be made as to how linked microsatellite variation may be 

indicative of variation at DME loci that may have consequences for drug metabolism. The study 

of haplotypes now seems increasingly relevant to genetics as new studies now suggest that 

linkage disequilibrium is highly structured into discrete ‘blocks’ separated by recombination hot 

spots (Daly et al. 2001; Goldstein 2001; Jeffreys et al. 2001).

CYP2D6 is a good candidate for compound haplotypes analysis: the complete coding sequence 

is known (Kimura et al. 1989); there are many closely linked microsatellites (Wilhelmsen et al. 

1997); it is already known that there is strong LD between some CYP2D6  variations and these 

microsatellite loci (Tanaka et al. 1998); many allelic variants have been characterised (Marez et
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al. 1997); there is considerable ethnic variation in the frequency of these variants (Evans et al.

1993; Masimirembwa et al. 1996; Tateishi et al. 1999) and several variants have been implicated

as modulators of disease susceptibility (Atkinson et al. 1999; Idle and Daly 1993; Ohmori et al.

1998; Tanaka et al. 1998).

Specific aims of thesis___________________________________________________________

1. Construct multiplex PGR kits employing ABI GeneScan™ technology for the high 

throughput typing of single nucleotide polymorphisms (SNFs) in the CYP2D6 gene and 

closely linked microsatellite (MS) markers.

2. Establish how microsatellite haplotypes associated with CYP2D6 differ between diverse

ethnic populations and assess how these differences may be indicative of genetic 

variation that may have consequences for drug metabolism.

3. Compare the results of both real haplotypes (assigned from family samples) and

reconstructed haplotypes (predicted by statistical methods) for a diverse range of ethnic 

groups in order to carry out a systematic assessment of the power, validity and cost 

effectiveness of these two approaches.

4. Examine the pattern of ethnic variation in compound haplotypes to address questions

related to the evolution of CYP2D6, such as:

a) Dating the origin of common CYP2D6 mutations.

b) Determine whether common CYP2D6 mutations have undergone positive selection.

c) Assessing what the findings of a) and b) tell us about Human dietary evolution

5. Examine the role of CYP2D6 variation in determining disease susceptibility.
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Abstract_______________________________________________________________________

We describe a high throughput protocol for detecting key polymorphisms in the Drug 

Metabolising Enzyme (DME) gene CYP2D6 and a number of linked microsatellites that is both 

fast and relatively inexpensive to perform. This approach employs GeneScan® technology to 

enable a researcher to rapidly determine the status of seven simple nucleotide polymorphisms 

(SNPs) in CYP2D6 and also to assay repeat number variation at five closely linked dinucleotide 

microsatellite loci. The method requires only three PCRs and two GeneScan® runs per sample. 

We anticipate that this will be of value to researchers in three different ways: 1) Rapid 

discrimination of common CYP2D 6  alleles, 2) High resolution haplotyping for association 

studies involving chromosome 22ql3.1 using microsatellite variation, and 3) Generation of 

compound haplotypes for investigating the evolution of CYP2D 6  variation. We also report 

compound haplotype frequencies for an Ashkenazi Jewish sample.

Keywords: CYP2D6\ pharmacogenetics; high throughput genotyping; simple nucleotide 

polymorphisms; Ashkenazi Jews.
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Introduction

It is now clear that much of the observed variation in drug efficacy and safety has a hereditary 

basis, arising from polymorphisms in genes coding for Drug Metabolising Enzymes (DMEs). The 

frequency of DME alleles can vary greatly between different human populations and this has 

implications for both medical and evolutionary studies. Consequently, there has been growing 

academic and commercial interest in the extent, nature and causes of DME variation. However, it 

is currently unknown to what extent inter population variability is due to selection, drift or other 

processes. Studies seeking to elucidate this have been held back by the absence of efficient low 

cost high throughput procedures for characterising variability at the molecular level in and around 

DME loci. Ultimately, the identification of the molecular basis of pharmacogenetically relevant 

variation combined with the technology to screen individuals for the presence of specific alleles 

allows for the prediction of drug response and individualises treatment.

Polymorphism in debrisoquine/sparteine oxidation is arguably the most highly studied 

pharmacogenetic trait. The DNA sequence encoding the enzyme has been localised to the 4.3 kb, 

nine-exon cytochrome P450 2D6 (CYP2D6) gene found at chromosome 22ql3.1. To date more 

than 48 mutations and 53 alleles of CYP2D6 have been characterised in European populations

[1]. The poor metaboliser (PM) phenotype follows an autosomal recessive pattern of inheritance

[2]. An allele duplication consisting of multiple functional copies of CYP2D6 confers the ultra

rapid metaboliser (URM) phenotype [3]. Individuals who demonstrate normal levels of CYP2D6 

activity are referred to as extensive metabolisers (EMs). M edical interest in CYP2D6 

polymorphism arises because the CYP2D6 enzyme has been found to process more than 30 

prescribed and over-the-counter drugs including antiarrhythmics, antihypertensives, ^-blockers, 

monoamine oxidase inhibitors, morphine derivatives, antipsychotics, and tricyclic antidepressants 

[4]. The extreme variation in the activity of CYP2D6 caused by these polymorphisms can 

produce a lack of response to drug therapies in two ways: firstly, in the case of individuals with 

the PM phenotype, prodrugs may not be converted to the active form in sufficient quantity to be 

therapeutic or may accumulate and induce an adverse drug reaction, e.g. absence of the analgesic 

effect of codeine as it is not converted to morphine [5]. Secondly, when individuals with the 

URM phenotype are administered normal clinical doses of drugs they clear them too quickly. 

Consequently, the drug is either absent from blood serum or present at sub-therapeutic quantities 

and so these subjects require correspondingly higher doses of drugs to receive therapeutic benefit, 

e.g. therapeutic failure of normal antidepressant doses [6]. Several studies have suggested that 

variation in CYP2D6 can effect neurological disease susceptibility [7] as well as being a potential 

modulator of cancer risk [8]. Evolutionary interest in CYP2D6 arises because of the primary role 

that DMEs have in the metabolism of dietary toxins such as alkaloids [9].

Microsatellites are short tandemly repeated nucleotide motifs of 2-5 bases that are found 

throughout the genomes of eukaryotes e.g. (CAj^. Many of these loci have been found to be
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highly polymorphic, with variation occurring in the number of repeat units in different alleles 

[10]. Consequently, microsatellites are useful in many types of modem genetic study, including 

forensics [11], phylogenetic reconstruction [12], dating mutational events [13], demographic 

history [14], linkage analysis [15], testing for selection [16], mapping complex genetic diseases 

[17] and identifying quantitative trait loci [18]. More recently, compound haplotypes made up of 

combinations of microsatellites and simple nucleotide polymorphisms (SNPs) have been used 

extensively to differentiate populations [19], study human migration in prehistory [20], date 

events in prehistory [21] and estimate the age of mutations [22]. We use the above definition of 

SNPs, in preference to the more commonly used ‘single nucleotide polymorphism’, as it is 

inclusive of indel mutations. The study of compound haplotypes is likely to assume increasing 

importance given that recent studies suggest linkage disequilibrium is highly structured into 

discrete ‘blocks’ separated by recombination hot spots [23].

The construction of multiplex PCR systems or ‘kits’ have been widely used to increase the 

throughput and decrease the cost of typing large numbers of SNPs and microsatellite loci [24-26]. 

Here we describe a method for typing seven previously reported SNPs in CYP2D 6  and five 

closely linked microsatellite loci. Selection of polymorphisms for inclusion in the CYP2D6 SNP 

kit was based on: 1) identification of key mutations that result in altered CYP2D6 activity, and 2) 

mutual compatibility of markers within the multiplex system. The SNP kit was designed to 

ensure that 5 distinct loci could be amplified by multiplex PCR, digested with a cocktail of 

restriction enzymes and then typed by the presence or absence of DNA fragments of specific size 

and dye label on an ABI-377 automated sequencer or equivalent for GeneScan® analysis. 

GeneScan® is an integrated genotyping technology platform developed by Applied Biosystems 

(http://home.appliedbiosystems.com/) consisting of an electrophoretic gel tank (either slab or 

capillary based) combined with a laser detection system and analysis and laboratory information 

management software. Several primers were modified to incorporate mismatches at a single 

position to create a restriction enzyme recognition site when the naturally occurring 

polymorphism alone did not result in the presence/absence of a restriction site.

The SNPs detected are numbered as indicated in the standardised C YP 2D 6  nomenclature 

(http://www.im m .ki.se/CYPalleles/cyp2d6.htm ): CIOOT (Pro34Ser), C1023T (Thrl07Ile), 

G1846A (splicing defect), 1863+9 bp repeat (172-174FRP rep), A2549del (frameshift), 2613- 

2615AGAdel (Lys281del) and C2850T (Arg296Cys). These polymorphisms can be used to 

distinguish between CYP2D6*2 [3], CYP2D6*3 [27], CYP2D6*4 [28], CYP2D6*9 [29], 

CYP2D6*10 [30], CYP2D6*17 [31] and CYP2D6*30 [1]. CYP2D6*3 and *4 alleles either fail to 

produce enzymes or produce defective ones with no activity. CYP2D6*9, *10, *17 produce 

enzymes with reduced activity relative to the wildtype, C YP 2D 6* 1. C YP2D 6*2  is often 

associated with an allele duplication that confers the URM phenotype. The phenotypic effect of 

CYP2D6*30 has not yet been fully characterised.
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Fig. 1 Positions of loci on Chromosome 22ql3 relative to CYP2D6

Marker Relative location (cM) 

D22S272 -2.0

PDGF-Beta -1.7

D22S428 -1.3

D22S279* -0.9 

D22S423* -0.6

D22S284* -0.3

CYP2D8*, 0 
CYP2D6*

*  D22S276* +0.4

W D22S418 +1.4

D22S282 +2.3

CYP2D8P
pseudogene

CYP2D8P
G/T dinucleotide À

repeat^

CYP2D7
pseudogene

CYP2D6

3kb region 
containing 
SNPs*

^15kb
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The five previously reported dinucleotide microsatellites, D 22S276, D22S279, D22S284, 

D22S423, and CYP2D8P are all less than IcM from the CYP2D  gene cluster (Fig. 1) and have 

been used in association studies to explore the role of CYP2D6 in neurological disease [32]. The 

typing of these markers in families should be useful in creating high-resolution haplotypes for 

linkage disequilibrium (LD) mapping studies to explore variation in CYP2D6  or other genes 

localised to 22ql3.1 -  this approach has already been successfully employed for numerous 

genetic disorders including Batten disease [33], Huntington’s disease [34] and cystic fibrosis 

[35]. Furthermore, the CYP2D6*4 allele has already been shown to be associated with long-type 

(repeat length => 22) CYP2D8P alleles [36].

Multiplex PCR kits require considerable optimization. Primers for all loci had to be designed to 

ensure that all products fell within a limited size range (75-400 bp) that was suitable for 

GeneScan® analysis and that the different amplicons and their associated restriction enzyme 

digestion products, could be discriminated using a combination of fragment size and fluorescent 

ABI dye label (HEX, TET and F AM). The method requires only three PCRs and two runs per 

sample on an ABI-377 automated sequencer or equivalent. The resulting amplicons in these 

multiplex kits are analysed in the presence of GS-350 or GS-500 molecular weight standards 

labelled with the fluorescent dye TAMRA (PE-Applied Biosystems). Due to the high degree of 

sequence similarity between CYP2D6 and its two related pseudogenes, CYP2D7 and CYP2D8P, 

a specific preamplification PCR is required to provide a CYP2D6 only template for subsequent 

amplification reactions. We also report frequencies of compound haplotypes, consisting of all the 

markers described above, for a sample of Ashkenazi Jews.
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Results and Discussion

Both kits have been employed successfully to amplify DNA from samples taken as blood or 

buccal swabs and extracted with standard phenol / chloroform procedures, silica / guanidinium 

thiocyanate methods and commercial kits (Qiagen Inc, Valencia, California). To date we have 

determined over 2,500 compound genotypes and haplotypes comprising all 12 polymorphic 

markers. The SNP kit was recently used to assay CYP2D6 variation as part of a study into how 

human population genetic structure affects the evaluation of drug safety, efficacy, and response 

[37].

The kits were designed to ensure as far as possible similar signal intensities following 

GeneScan® analysis of all observed products. Optimising kit performance required modification 

of prim er sequences, prim er concentrations, PCR annealing tem peratures and MgCl2  

concentration. In our experience, the use of TaqStart MAb increases the specificity of the PCR. 

As specificity is an important factor in optimising multiplex amplification, we used this reagent 

in all reactions. Some variation was observed in intensity of signal peaks between different DNA 

samples. However, absence of clear peaks for one or more loci was only observed in samples 

containing DNA that was either severely degraded or present at very low concentrations. Prudent 

design and dye labelling of the primers to detect the 1846 G>A (CYP2D6*4) and 2549 A>del 

{CYP2D6*3) mutations combined with the superior resolution of GeneScan analysis also allowed 

for the detection of two further indel mutations in their amplicons: the 1855-1863 +9 bp insertion 

{CYP2D6*30) and the 2615 3bp deletion {CYP2D6*9). Subjects with these mutations produce 

digestion products with slightly different sizes than those observed in wildtype: a 301bp rather 

than 292bp F AM labelled product for CYP2D6*30 and a 218bp rather than 221 bp HEX labelled 

product for CYP2D6*9.

The sizing of DNA fragments using GeneScan technology is not absolute (Dr. L. Tagg, PE- 

Applied Biosystems, personal communication). The actual observed product sizes assigned to 

PCR products using GeneScan analysis software, although consistent across runs, can differ from 

the predicted product size by up to six nucleotides. Therefore, accurate scoring of SNPs and 

microsatellite repeat lengths using the kits required calibration against DNA samples of known 

microsatellite repeat number and CYP2D6 genotype. Observed product sizes for the SNPs were 

generally in good agreement with the predicted sizes (within +/-0.5 bp), the exception being the 

1023 C>T containing product used to detect CYP2D6*17  appearing 2bp larger than expected 

(Table 1 & 2). Observed microsatellite repeat lengths for the CEPH (http://www.cephb.fr/) 

sample 1347-02 are provided in Table 3 as a standard. Comparable results should be attainable 

using other slab gel or capillary based systems. DNA standards are also available from the 

authors. Sample data generated by the kits to produce compound haplotypes is presented in 

Table 4 -  the subjects were families of Ashkenazi Jews consisting of both parents and one or 

more children. Phase was assigned by simply listing the allele type at each locus along the 

haplotype known to be inherited from each parent. C YP 2D 6*4, the primary cause of PM
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Table 1 SNP kit: expected and observed product sizes after multiplex enzyme digestion

Polymorphism 
in CYP2D6

Allele(s) Discriminating
Enzyme

Cut
Size (bp) 
Expected Observed*

Uncut 
Size (bp) 
Expected Observed®

Dye
Label

100 C>T *4,*10 Nhel 79 (C) 79.5 94 (T) 94.5 TET
1023 C>T *17 Xbal 89 (T) 92.0 108 (C) 110.0 HEX
1846 G>A *4 Avril 292 (G) 291.5 307 (A) 306.5 FAM
2549 A>del *3 Tati 221 (A) 221.5 243 (del) 243.5 HEX
2850 C>T *2, *17

- _____________________
79 (C) 78.5 211 (T) 211.5 FAM

Using ABI377 / TAMRA-350

Table 2 SNP kit: additional indels detected.

Polymorphism 
in CYP2D6

Allele Size (bp) 
Expected Observed^

Dye
Label

1855-1863 
4-9 bp insertion

*30 301 300.5 FAM

2615 AGA 
deletion

*9 218 218.5 HEX

Table 3 Microsatellite kit: observed microsatellite repeat scores for CEPH standard sample 1347-02.

Locus Repeat lengths of Alleles
D22S276 220-226
D22S279 124-126
D22S284 116-116
D22S423 252-252
CYP2D 340-342
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Table 4 Compound haplotypes generated by the kits found in Ashkenazi Jews.

CYP2D6 D22S279 D22S423 D22S284 CYP2D8P D22S276 Frequency
*} 15 25 22 27 18 1

17 19 18 19 17 1
17 19 23 19 17 1
17 19 25 26 17 1
17 20 18 19 18 1
17 20 19 19 17 1
17 20 23 19 21 1
17 20 23 20 18 1
17 21 26 19 18 1
17 21 26 21 22 1
17 22 20 19 17 1
17 23 23 19 17
17 23 23 20 21 1
17 25 23 19 18 1
17 25 23 19 21 1
17 25 23 25 17 1
17 26 23 20 21 1
17 29 23 19 17 1
18 19 23 19 16 1
18 19 23 19 21 1
18 19 23 27 18 1
18 20 18 19 17 1
18 20 20 20 18 1
18 20 23 19 21 1
18 20 23 20 21
18 21 21 19 21 1
18 21 23 19 21 1
18 25 24 19 17 1
19 19 22 20 18 1
19 19 23 19 18 1
19 20 18 25 17 1
19 20 23 19 17
19 20 23 19 21 1
19 20 23 20 21 1
19 20 24 19 18 1
19 21 21 26 17 1
19 24 21 19 17 1
19 25 18 19 18 1
19 25 22 19 17 1
19 25 23 19 17
19 25 23 19 18 1
19 25 23 20 18
19 25 23 25 17 1
19 26 23 19 18 1
19 26 25 19 17 1
20 17 18 19 21 1
20 25 23 19 17 1
20 25 23 19 21 1
21 17 23 19 17 1
21 17 23 19 21 1
21 23 18 19 21 1
21 26 25 21 20 4

*2 17 18 24 20 17 2
17 18 24 24 17 1
17 19 18 19 17 2
17 19 23 19 17 2
17 19 23 20 17 2
17 20 21 20 18 3
17 21 22 20 17 1
17 21 26 21 22 2
17 24 28 22 17 1
17 25 22 19 17 1
17 25 23 18 24 1
17 29 23 19 17 1
18 19 23 20 21 1
18 20 22 21 17 1
18 20 23 20 21 1
18 25 23 26 20 1
19 17 18 21 21
19 19 19 20 19 I
19 20 23 19 16 1
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*4

*5‘

*17

Total

19 20 23 21 17
19 20 23 23 17
19 24 23 20 21
19 24 23 20 25
19 24 24 20 21
19 25 23 20 18
19 25 23 20 21
19 25 23 24 17
19 26 23 19 17
19 26 23 20 21
21 17 23 19 21
21 19 18 20 21
21 26 25 21 20
17 19 20 27 18
17 20 24 26 19
17 25 22 27 18
18 19 23 21 18
18 19 23 27 18
18 20 18 27 18
18 20 21 27 18
18 20 22 19 18
18 20 22 27 17
18 20 22 27 18
19 19 23 27 18
19 20 19 23 17
19 20 23 27 17
19 23 23 26 18
19 25 23 25 17
21 26 25 27 18
17 25 23 27 18
18 19 23 27 18
17 22 19 24 18
17 23 21 24 18

126

“ CYP2D6*5 alleles are not detected in the SNP kit but were inferred from the pedigrees. 
Phase was assigned manually using the method outlined in Nejati-Javaremi and Smith (1996).
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phenotype, was found at a frequency of 0.159 (20/126) in the Ashkenazi - slightly below levels 

reported for Western Europeans (0.200, n=3292) [38] but considerably in excess of levels in 

Saudi Arabians (0.035 n=202) [9]. A comparison of the frequency of CYP2D6 alleles that could 

be discriminated in all 3 datasets was made using the exact test of population differentiation. 

Ashkenazi Jews typed in this study were found to be significantly different (P<0.004) from both 

western Europeans and Saudi Arabs, with the Ashkenazi Jews being more similar to the western 

Europeans (F jt = 0.00223, P=0.203) than the Saudi Arabs (Fst = 0.04317, P<0.0001). The 

greater similarity of Ashkenazi Jews to western Europeans may be due to inward gene flow into 

the Ashkenazi Jewish community from surrounding population [39].

The protocol described here has advantages over previous typing methods in 1) being more cost 

effective, less labour intensive and producing a higher throughput than simplex PCR/RFLP 

methods, 2) amplifying from low yield DNA sources such as buccal swab samples as well as high 

yield DNA sources such as blood and tissue, 3) requiring less investment of time and financial 

resources than other high throughput typing technologies such as GeneChip® CYP450 Assay 

Arrays (Affymetix Inc, Santa Clara, California), and 4) that there are no licensing issues.

We anticipate several uses for these kits. On its own the CYP2D6 SNP kit enables a researcher to 

quickly and cheaply characterise individuals for the most common CYP2D 6  alleles. When 

combined with previously published methods to detect C Y P 2D 6*5  alleles (that are not 

compatible with multiplexing), this approach can identify ~90% of individuals in Western 

European populations with PM phenotype [38]. CYP2D 6*4  is also found at relatively high 

frequencies in several Non-European populations: 8.3% in Canadian Inuit [40]; 8.5% in African 

Americans [41]; 11.3% in Turkey [42]. Due to the low incidence of defective alleles in Africans 

and Oriental Asians, PM phenotypes are rare in these populations compared with Western 

Europeans [43]. However, the remaining two alleles that are detected by the kit and confer 

reduced levels of metabolism are common in African and Oriental Asian populations. In 

published datasets for Asian populations CYP2D6*10 ranges from 40% in Japanese [44] to 70% 

in Taiwanese Chinese [45]; CYP2D6*17 ranges in published datasets for African populations 

from 9% in Ethiopians [46] to 34% in Zimbabweans [47]. The genotypic information that the kit 

provides can be used in conjunction with known CYP2D6 allele frequencies in different ethnic 

groups as a guide as to deciding which other polymorphisms should be characterised depending 

on whether a study is concerned with identifying URM or intermediate metaboliser (IM) 

phenotypes. For example, CYP2D6*2  alleles can be further characterised into three distinct 

haplotypes that confer different enzyme activities: the multiduplicated CYP2D6*2^^) [3], 

CYP2D6*2 [-14960], and CYP2D6*2 [-1496C] [48]. The multiduplicated CYP2D6*2 variants 

cause the over expression of CYP2D6 enzyme that results in the URM phenotype: CYP2D6*2 

[-1496G] has several amino acid differences from the wild type (CYP2D6*1), but comparable 

enzyme activity; the variant with the 5 ’ flanking sequence -1496C mutation in the presumed 

transcription initiation site causes the gene to be transcribed less efficiently and the CYP2D6*2
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[-1496C]/*0 (null) genotype is believed to be responsible for at least 50-60% of IM phenotypes 

in Europeans.

In standalone use the CYP2D microsatellite kit provides a cost effective way of providing high- 

resolution haplotypes for association studies of the 22ql3.1 region. Genes that have been found 

to be within a few centimorgans of this region include: somatosatin receptor, interleukin-2 

receptor b, platelet-derived growth factor-^ polypeptide,adenylosuccinate lyase, N - 

acetylgalactosaminidase, thyroid autoantigen-ku, aconitase hydroxylase, diaphorase-cytochrome- 

^ 5  reductase and peripheral benzodiazepine receptor [49]. In order for phase/haplotypes to be 

assigned, samples are required from families or alternatively they can be inferred by statistical 

techniques.

Using the two kits in concert to generate compound haplotypes provides researchers with a new 

way to explore evolutionary and clinical questions arising from CYP2D6 variation. It has been 

proposed that the high degree of variation in C YP 2D 6  may arise from microenvironmental 

heterogeneity in diet causing diversifying selection that would favour different levels of CYP2D6 

activity in populations with different dietary histories [50]. The compound haplotype data that 

can be generated by the kits permits researchers to address this question through estimating the 

age of mutations effecting enzyme function using coalescence theory [22] and testing for 

selection acting on the different alleles using an intraallelic variability based approach [16].

In clinical studies, it should be possible to use the kits to find new C Y P 2 D 6  variants by 

identifying distinct genealogical clades of microsatellite haplotypes that are associated with poor 

metabolism, but not with known defective alleles. An association between specific alleles of the 

CYP2D8P microsatellite locus and the CYP2D6*A allele has been shown previously [36] and we 

would expect compound haplotypes consisting of two or more closely linked microsatellites to 

show an even greater association with CYP2D6 alleles. For example, microsatellites CYP2D8P 

and D22S276  are both located within approximately 200 kb of the CYP2D6 gene, and we note 

that haplotypes composed of these two markers define different high frequency modal clusters 

(the modal haplotype and its one mutation step neighbours): in the three major CYP2D6 alleles 

identified in Ashkenazi Jews - all modal cluster frequencies are well in excess of what would be 

expected assuming no linkage and taking into account the observed microsatellite allele 

frequencies {CYP2D6* 1=A5% observed versus 26% expected, n=60, p<0.0032; CYP2D6*2=29% 

observed versus 16% expected, n=42, p<0.043; CYP2D6*4=15% observed versus 11% expected, 

n=20, p<9.4 X 10 ’®). Given the apparent block like recombination recently identified in the 

autosomal genome [23] assemblages of well-characterised blocks comprising both SNPs and 

microsatellites may add considerable power to such studies in the future.
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Materials and Methods

Multiplex PCR amplification o f microsatellite sequences in the CYP2D MS kit

Amplification reactions were performed in a BioMetra (Uno II) thermal cycler using a 10 p\ 

reaction volume. Reaction conditions were: 200 pM  of dNTPs, lOmM Tris-HCl (pH 9.0), 0.1% 

Triton-X-100, 0.01% gelatin, 50mM KCl, 2.2 mM MgCl;, 0.13 units Taq polymerase enzyme 

(HT Biotech, Cambridge), 9.3 nM TaqStart Monoclonal Antibody (Mab) (Clontech) and primers 

to the concentrations given in Table 5. Cycling parameters were: 5 min at 95°C, followed by 20 

cycles of 1 min at 94°C, 1 min at 52°C, 1 min at 72°C; 15 cycles of 1 min at 94°C, 1 min at 

51.5°C, 1 min at 72°C; 10 cycles of 1 min at 94°C, 1 min at 51°C, 1 min at 72°C; and then a final 

incubation step of 72°C for 10 min.

PCR preamplification o f CYP2D6 specific fragment

Amplification reactions were performed in a BioMetra (Uno II) thermal cycler using a 10 p \ 

reaction volume. Reaction conditions were: 5% DMSO, 200 pM  of dNTPs, 10 mM Tris-HCl 

(pH 9.0), 0.1% Triton-X-100, 0.01% gelatin, 50 mM KCl, 2.2 mM MgCl2 , 0.13 units Taq 

polymerase enzyme (HT Biotech, Cambridge), 9.3nM TaqStart Monoclonal Antibody (Mab) 

(Clontech) and primers to the concentrations given in Table 6. Cycling parameters were: 5 min at 

95°C, followed by 35 cycles of 10 sec at 94 °C, 1 min at 63 °C, 1 min at 72 °C, and then a final 

incubation step of 72 °C for 10 min.

Multiplex PCR amplification from  XL template with the CYP2D6 SNP kit

Amplification reactions were performed in a BioMetra (Uno II) thermal cycler using a 10 p \ 

reaction volume. Reaction conditions were: 200 pM. of dNTPs, 10 mM Tris-HCl (pH 9.0), 0.1% 

Triton-X-100, 0.01% gelatin, 50 mM KCl, 2.2 mM MgCl%, 0.13 units Taq polymerase enzyme 

(HT Biotech, Cambridge), 9.3nM TaqStart Monoclonal Antibody (Mab) (Clontech), primers to 

the concentrations given in Table 6, and 1 p\ of 1/100 dilution of XL PCR product as template. 

Cycling parameters were: 5 min at 95°C, followed by 35 cycles of 10 sec at 94 °C, 1 min at 62°C, 

4 min at 72 °C, and then a final incubation step of 72 °C for 10 min.

Multiplex restriction enzyme digestion o f SNP PCR products with CYP2D6 kit

Digestions were carried out in 384 well microtiter plates in a final volume of 8 p\. Each reaction 

consisted of 2 p\ of SNP PCR product, x l concentration Tango/Y-k buffer (Fermentas Inc. 

Hanover, New Hampshire), 0.33u Nhel, l.OOu Xbal, 0.22u Avril, 0.2u Tati and 0.33u Fspl. 

Plates were incubated at 37°C overnight. Predicted sizes and associated polymorphism status for 

each dye-labelled PCR digestion product is given in Tables 1 & 2.
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Table 5 Primer sequences and concentrations for CYP2D Microsatellite kit.

Primer name Sequence (5’-3’) Dye Label Final Cone. (p,M)

D22S279-U GAT CCA GCC TGT GTA TCA GAA T - 0.43

D22S279-1 TTT TGG TGT TAG AGT GGT GTT ATC FAM 0.43

D22S423-U CAA GAG CAT CTG TGA GAC AAC TT - 0.60

D22S423A GAG TGA GTG ACT GAG TAA ATG TAG TG TET 0.60

D22S284-W CGC TCC TGA AGT CAG ATG GA - 0.35

D22S284-1 GAG CAA GAC CCT GTC TCA AGA HEX 0.35

CYP2D-U CGC TCC TGA AGT CAG ATG GA FAM 0.65

CYP2D-X GAG CAA GAC CCT GTC TCA AGA - 0.65

D22S276-U AAA TGG GCT TGT AAA G AA AAA T A - 0.20

D22S276-\ AGT GTC CTT CAG TTC CTC CTC T FAM 0.20

Table 6 Primer sequences and concentrations for XL PCR and CYP2D6 SNP kit.

Primer name Sequence (5’-3’) Dye Label Final Cone. (pM)

CYP2D6-Xh-u TGC TCC TGG TGG ACC TGA TGC - 0.50

CYP2D6-XL-1 GTC CGG CCC TGA CAC TCC TT - 0.50

CYP2D6*2-u CCG TTC TGT CCC GAG TAT GCT C FAM 0.13

CYP2D6*2-\ TCG GCC CCT GCA CTG TTT - 0.13

CYP2D6*3/9-u AGC TGG ATG AGC TGC TAA CTG AGT - 0.12

CYP2D6*3/9-\ CCC CAA ATG ACC TCC AAT TCT G HEX 0.12

CYP2D6*4/30-u CCG CAT CTC CCA CCC CT - 0.65

CYP2D6*4/30-\ TGG GGT CTC CTG GAA TGT CCT T FAM 0.65

CYP2D6*10-u ACG CTG GGC TGC AcG CTA G - 0.18

CYP2D6*10-\ GAA GCA GTA TGG TGT GTT CTG GAA GT TET 0.09

CYP2D6*17-u GTG GTC GTG CTC AAT GGG CT HEX 0.05

CYP2D6*17-\ CCC GAA ACC CAG GAT CTA G - 0.08

Note. Bold indicates mismatches designed into primer.

78



GeneScan® analysis o f microsatellite and SNPs

The microsatellite PCR products and SNP digestion products were run on an ABI-377 automated 

sequencer; 1.0 jil aliquots of the microsatellite PCR products or the SNP digestion products were 

mixed with 2.0 ji\ of loading buffer (formamide: dextran blue: TAMRA-labelled size standard, in 

the ratio 12:2:1). Samples from both kits required electrophoresis on a 36 cm, 5% gel, with a 2 h 

run time for the SNP kit products (GS-350) and a 2 h 30 min runtime for the microsatellite kit 

products (GS-500).

Notes on preparation o f PCR and digestion mixes

All PCR reagents except the Taq polymerase and TaqStart Mab were pre-mixed in batches 

sufficient for 96 reactions and stored at -20°C. The Taq and TaqStart Mab were mixed as 

follows: 2 parts of 5n/p\ Taq: 1 part 7 pM  TaqStart Mab and stored at -20°C  in 20 p \ aliquots. 

Primers were also mixed and stored as a xlO stock in order to save time and reduce errors 

associated with pipetting small volumes. To minimise the time that the Taq enzyme was in 

contact with primers and other reagents, 1 p\ of DNA template was first placed at the bottom of 

each sample’s 0.2ml PCR tube. Only then was the PCR pre-mix, containing all primers and 

buffer reagents, thawed out. The To^/TaqStart mix was added to the other PCR components just 

prior to amplification and the mixture vortexed thoroughly. Nine p\ of the PCR mix was 

pipetted into the lid of each PCR tube. Finally, the reaction tubes were centrifuged briefly before 

being placed in a thermal cycler.

For convenience and to minimise freeze thawing, digestion buffer and water were pre-mixed in 

batches sufficient for 96 digests and stored at -20°C. Separately, restriction enzymes were pre

mixed and stored at -20°C. Two p\ of PCR product were aliquoted into the bottom of each 

microtiter well. The diluted buffer was then thawed out, the restriction enzyme mix added and 

then mixed thoroughly before use. Eight p \ of the digestion mix was pipetted into each microtiter 

well.
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Chapter 3 -Ethnic and geographic variation in CYP2D6

Introduction

Considerable ethnic variation in the frequency CYP2D6 alleles is observed when subjects are 

grouped crudely by country or continent of origin (Masimirembwa and Hasler 1997). In Western 

Europeans the incidence of the poor metaboliser (PM) phenotype ranges from 5-10%, of which 

~90% can be predicted by genotyping CYP2D6*3, CYP2D6*4 and CYP2D6*5 (Dahl et al. 1992; 

Gaedigk et al. 1999). At a frequency of ~0.20, CYP2D6*4  is the most commonly occurring 

European defective allele and it is also found at relatively high frequencies in several Non- 

European populations: 0.083 in Canadian Inuit (Jurima-Romet et al. 1997); 0.085 in African 

Americans (Evans et al. 1993); 0.113 in Turkey (Aynacioglu et al. 1999). Due to the low 

incidence of defective alleles in Africans and Oriental Asians, poor metabolisers are rare in these 

populations compared with Western Europeans (Masimirembwa and Hasler 1997). CYP2D6*10 

ranges in published datasets for Asian populations from 0.40 in Japanese (Tateishi et al. 1999) to 

0.70 in Taiwanese Chinese (Garcia-Barcelo et al. 2000). C YP 2D 6*17  ranges in published 

datasets for African populations from 0.09 in Ethiopians (Aklillu et al. 1996) to 0.34 in 

Zimbabweans (Masimirembwa et al. 1993). However, no studies to date have investigated intra

group variation of CYP2D6 at the level of castes, towns, tribes or ethno-linguistic groups in order 

to identify fine scale genetic structure within a country. In this chapter we investigate intra-group 

CYP2D 6  variation using samples from a number of geographic regions in Africa, Armenia, 

Britain and Mongolia.

An attractive approach to sampling relatively inaccessible populations in both genetic 

anthropological and genetic epidemiological studies is to select ethnically self-identifying 

individuals living in major conurbations. However, great care must be taken in identifying 

appropriate sampling procedures, as it cannot be assumed that the target group is appropriately 

represented by its displaced subset, nor is it safe to assume that the target group is genetically 

homogenous (i.e. that there is no genetic structure). For example, a recent genetic study of 

variation in Armenians suggests that for at least Y chromosome haplotypes there is significant 

regional stratification occurring on a level greater than that found in some between-country 

comparisons (Weale et al. 2001). The Y chromosome haplotype distribution suggests a high 

degree of genetic isolation in the mountainous southern and eastern regions, while in the 

northern, western and central regions there has been greater admixture with neighbouring Middle 

Eastern populations. Furthermore, a diasporan Armenian sub-sample (collected in London) was 

not sufficient to describe the stratification in haplotype distribution adequately. Therefore 

caution seems necessary when using such diasporan samples as surrogates for non-diasporan 

populations in future human genetic studies.
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Similarly, a study in the UK of Y chromosome haplotype variation along an east-west transect 

running from East Anglia to North Wales found that the towns in central England had similar 

haplotype frequencies, while two North Welsh towns differed significantly from both each other 

and the central England towns (Weale et al. 2002).

Is the observed stratification of Y chromosome haplotype variation mirrored in the autosomes? If 

this is the case then the frequency of autosomal alleles, such as CYP2D6, may differ markedly 

between subgroups (identified either geographically or ethnically) within a single country. The 

clinical implications of genetic heterogeneity in C YP2D 6  within a population are just as 

important as interethnic variation: a dosage regime for a therapeutic drug which is assumed to be 

both safe and effective for the population as a whole could be either much less effective or might 

have much higher levels of adverse drug reaction (ADR) in a particular subgroup. Alternatively, 

the reverse may be true - it may be that a drug has a much higher efficacy or lower level of ADR 

in a particular subgroup. For example, codeine has no analgesic effect for CYP2D6  poor 

metabolisers (PMs) as it is not converted to morphine which can lead to acute reactions (Sindrup 

and Brosen 1995); when CYP2D 6  ultrarapid metabolisers (URMs) are administered normal 

clinical doses of antidepressants they receive no therapeutic benefit as they clear the drug too 

quickly (Bertilsson et al. 1993).

To effectively explore intra-ethnic variation requires large sample sets, collected in a manner that 

ensures that representative numbers of all of the subgroups that are found in the population (i.e. 

taking samples from distinct ethno-linguistic groups, tribes, towns or castes). In this project 

DNA samples were collected and genotyped from 2,065 males from four different continental 

regions (Africa, Europe, Middle East and Oriental Asia), for seven simple nucleotide 

polymorphisms (SNPs) in CYP2D6 and compared with allele frequencies in previously published 

studies of related populations. Sufficiently large datasets were produced to address the following 

questions: 1) Does ethnic or regional stratification occur within these large continental groupings 

and if so to what extent? 2) What are the implications of stratification for rational prescription of 

CYP2D6 mediated drugs? 3) How do CYP2D6 allele frequencies in these populations compare 

with each other and with neighbouring populations, and what historical inferences can be made 

as a consequence? 4) Can a sample from a diasporan community be used to accurately predict 

the safety of a drug in the source population?
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Methods_______________________________________________________________ ________

Sample collection

Samples were collected from four different continental populations: Africa (Cameroon, Ethiopia, 

Senegal and South Africa), the Middle East/Western Asia (Armenia), Europe (Britain) and 

Oriental Asia (Mongolia). A summary of the population demographics can be found in Table 1.5 

(Chapter 1). All samples were collected from unrelated males as others originally used them in 

the study of Y chromosome genetic variation. A subject’s ethnicity was self-identified and noted. 

Samples were obtained in the form of buccal cells by rubbing a sterile applicator gently along the 

inner surface of both cheeks of the subject for ~30 seconds -  the exception being the Mongolians 

where whole blood was available. A volume of 1 ml of 0.05M EDTA/0.5% SDS preservative is 

then added before storage at -20°C  until extraction. The breakdown of the 2,065 samples 

genotyped is as follows:

629 Africans -  from the following countries/ethno-linguistic groups: 28 Cameroon/Somie, 32 

Cameroon/Songkolong, 293 Ethiopian/Amhara, 1 Ethiopian/Gamo Gofa, 56 Ethiopian/Gurage, 2 

Ethiopian/H adiya, 1 Ethiopian/Kam bata, 1 E thiopian/K ullo, 73 Ethiopian/O rom o, 8 

Ethiopian/Tigrian, 2 Ethiopian/Wolaiyta, Ethiopian/Yemi, 26 Senegal/Manj, 31 Senegal/Wolof, 

and 74 South African/Sotho-Tswana.

South African subjects in this study were collected from various chieftainships in the Pretoria 

area of South Africa who spoke the closely related Southern Bantoid languages Sotho and 

Tswana. The “Bantu” consist of an ethno-linguistic group of Africa that inhabit most of the 

continent south of the Congo River except the extreme southwest (a map of South Africa is 

shown in Figure 3.1). The classification is primarily linguistic, and there are almost five hundred 

Bantu languages (including Luganda, Zulu, and Swahili) and 100 million speakers (Cavalli- 

Sforza et al. 1994). Few cultural generalizations concerning the Bantu can be made, but the 

widespread use of the language is probably due to a population expansion from an area north of 

the equator (possibly Cameroon or Nigeria based on linguistic data) into all of central and 

southern Africa, with the exception of the extreme south western desert that is still occupied by 

Khoisanid speakers (Holden 2001; Phillipson 1980).

The Manj are an ethno-linguistic group found in Gambia, southern Senegal, and north Guinea 

Bissau that speak the Manjak language. The Wolof are an African ethnic group numbering over 

3 million, along the Atlantic coast of Western Africa; most live in Senegal, but there is also a 

significant minority in Gambia. By the 14th century the Wolof had established a separate state (a 

map of Senegal is shown in Figure 3.2). The subjects identified as “Somie” and “Songkolong” 

are both residents of villages within the Mambila plain of Cameroon about 20 km apart -  the 

villages are located ~40 km southwest of Banyo near the Nigeria-Cameroon border (indicated on
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the map of Cameroon shown in Figure 3.3). The Songkolong are the dominant culture of the 

region and the Somie claim a recent origin in the Mabila plain over the last 150-200 years - there 

is a history of enmity between the Somie and Songkolong (Dr. David Zeitlyn, University of Kent, 

personal communication). The majority of Somie and Songkolong subjects sampled identified 

themselves as belonging to the Northern Bantoid Mambila ethno-linguistic group.

Ethiopians can be mainly divided into three distinct ethno-linguistic groups: “Amhara”, consist of 

an agricultural, Amharic-speaking Christian people of central Ethiopia believed to be descended 

from Semites who began conquering the land in the sixth century BCE. The Amhara inhabit a 

former kingdom of East Africa that is now a province in North West Ethiopia. “Gurage”, refers to 

the ethno-linguistic group found -150km  South West of Addis Ababa -  linguistically they belong 

to the Western Semitic group along with Tigre, Tigrinya, Geez and Amharic. However, the 

Gurage are culturally heterogenous with significant numbers of Christians, Muslims and 

followers of traditional belief systems. “Oromo”, (aka Galla) refers to the Hamitic pastoral tribes 

who live in Western and Southern Ethiopia and part of Kenya. They number about 20 million and 

are largely Muslim. Originally from Northern Somalia, they later migrated to the region of Lake 

Turkana (Lake Rudolf). In the mid-16th century they began to move into the Ethiopian highlands 

(Dr. Ayele Tarekegn, The Centre for Genetic Anthropology, UCL, personal communication) - a 

map of Ethiopia is shown in Figure 3.4. Ethiopian samples used in this study were collected 

mainly from Addis Ababa, Boren a, Dese and Jima.

671 Armenians -  samples were divided into six regions according to place of origin: 35 Ararat, 

198 Karabakh, 86 London, 177 North, 134 South, 41 West. “Ararat” consisted of the valley 

region surrounding the capital, Yerevan, east of the Aras river; “North”, northern Armenia plus 

three districts in southern Georgia (Bolnisi, Akhalkalaski and Akhaltsikhe), and one in north 

western Azerbaijan (around Gyanja) ; “South”, the mountainous Synik region of Southern 

Armenia; “Karabakh”, a mountainous enclave within Azerbaijan; “W est”, the area of eastern 

Turkey historically part of Greater Armenia. All regions are or were historically areas with large 

ethnic Armenian populations (a map of Armenia is shown in Figure 3.5). This is the sample set 

that was used by Weale et al (2001).

401 British -  divided into three regions according to place of origin: 136 East Anglia, 145 

Midlands, 120 Wales. “East Anglia”, consisted of samples from the towns of Bourne, Fakenham 

and North Walsham in Eastern England; “Midlands” consisted of samples from the towns of 

Ashbourne and Southwell; “Wales”, consisted of samples from Abergele and Langefni. The 

towns were selected because they lie within approximately 30 miles apart on an east-west 

transect, and are long established Market Towns (mentioned in the Doomsday Book of 1086 AD, 

current populations 5-10,000) that are less likely to be influenced by recent migration than large 

cities (a map of the United Kingdom and the transect is shown in Figure 3.6). This is the sample 

set that was used by Weale et al (2002).
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Figure 3.4 - Ethiopia
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Figure 3.5 - Armenia and subregions
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364 Mongolians, divided into the following ethno-linguistic groups: 1 Barga, 9 Bay ad, 32 Buriad,

1 Dariganga, 4 Darkhad, 29 Durvud, 257 Khalkh, 7 Khasag, 4 Myangad, 3 Torgud, 4 Uriankhia,

2 Uuld, 2 Uzmechin, 8 Zhakchin and 1 Unidentified. The Khalkh form the majority of the 

population (-79% ) and are found throughout Mongolia. The Durvud come from the north 

eastern Uvs region; the Buriad come from the north eastern Khenti and Domod regions (a map of 

Mongolia is shown in Figure 3.7).

Figure 3.8 illustrates the classification and relationship of languages spoken by populations under 

study.

DNA extraction

A mix of 0.8ml sterile distilled HjO and 0.016mg Proteinase K was added to each swab tube. 

Tubes were then incubated at 60°C for 30 min. An aliquot of 0.8ml of this solution was then 

added to 0.6ml phenol/chloroform (1:1) to a 1.5ml tube, mixed thoroughly and centrifuged at 

13,000 RPM for 10 min (the remainder of sample was stored at -20°C  as a backup). The upper 

aqueous layer was then transferred to a fresh 1.5ml tube containing chloroform (0.6 ml) and 5 M 

NaCl (30/^1), mixed and centrifuged. Again the aqueous layer was transferred to a fresh 1.5ml 

tube containing 0.7ml chloroform, mixed and centrifuged. DNA was precipitated by adding the 

aqueous layer to a screw-top microfuge tube containing 0.7ml isopropanol, mixed and then left at 

-20°C for at least 2 hours. The microfuge tubes were then centrifuged at 13,000 RPM for 15 min 

to pellet the DNA. Supernatant was poured off and the pellet allowed was allowed to dry for 1 

min. After drying, pellet was washed with 0.8ml 70 % ethanol and centrifuged at 13,000 RPM 

for 15 min. Ethanol was poured off and 20 minutes were allowed for the pellet to dry. Finally, 

200//1 TE buffer (pH 9.0) was added before incubation for 10 minutes at 56 °C, with occasional 

mixing. The samples were then stored at -20°C until used.

Genotyping

All samples were typed for the following polymorphisms using the protocol outlined in Chapter 

2: CIOOT (Pro34Ser), C1023T (Thrl07Ile), G 1846A (splicing defect), 1863-n9bp repeat (172- 

174FRP rep), A2549del (frameshift), 2613-2615AGAdel (Lys281del) and C2850T (Arg296Cys). 

These polymorphisms can be used to distinguish between CYP2D6*2 (Johansson et al. 1993), 

CYP2D6*3 (Kagimoto et al. 1990), CYP2D6*4 (Gough et al. 1990), CYP2D6*9 (Tyndale et al. 

1991), CYP2D6*10 (Yokota et al. 1993), CYP2D6*17 (Masimirembwa et al. 1996) and 

CYP2D6*30 (Maxez et al. 1997). CYP2D6*3 and *4 alleles either fail to produce enzymes or 

produce defective ones with no activity. CYP2D6*9, *10, *17 produce enzymes with reduced 

activity relative to the wildtype, CYP2D 6* 1. CYP2D6*2  is often associated with an allele 

duplication that confers ultra rapid metabolism (URM). The phenotypic effect of CYP2D6*30

95



Figure 3.7 - Mongolia
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Figure 3.8 - Classification of languages used by populations under study.
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has not yet been fully characterised. Samples which repeatedly failed to amplify for the CYP2D6 

kit markers, but which were know to have been typed successfully for a range of other loci were 

assigned as suspected *5/*5 homozygote i.e. individuals whom are CYP2D6*5 deletion 

homozygotes do not possess CYP2D6 sequences and so amplification fails at the XL PCR 

reaction stage and subsequently there is no template for the second stage SNP PCR reaction to 

amplify.

Statistical analysis

Analysis was carried out using the Arlequin program (Schneider et al. 2000) to calculate the 

following: exact test of population differentiation (Goudet et al. 1996; Rousset and Raymond 

1995); genetic distance F^j was estimated from analysis of molecular variance (AMOVA) 4>st 

values based on CYP2D6 allele frequencies (Cockerham and Weir 1984; Excoffier et al. 1992; 

Weir 1996); and genetic diversity, h (Nei 1987).

Tests for significant difference in h values between groups was carried out by standardisation 

(assuming that h is normally distributed and converting to one standard normal distribution). 

Once the z value (the number of standard deviations difference that there are between the h 

estimates) is obtained the probability is calculated that the observed difference in h is beyond that 

which could be accounted for in a 95% confidence interval:

ih \- h 2 )
z =

' \ l s e f '  - s e l ^

P = 2 X (1 - norm distribution of z)

Where h \ is the heterozygosity of population 1, /i2 is the heterozygosity of population 2; sel is 

the standard error of the heterozygosity of population 1 and se2 is the standard error of the 

heterozygosity of population 2.

Principal Coordinates Plots

Principal Coordinate vectors were calculated based on using GenStat for Windows (v3.2) and 

then plotted in MS Excel. A sample GenStat script can be found in the Appendix.
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Results

Differences in CYP2D6frequency at the continental level

As would be expected from previous studies, CYP2D6  showed considerable intercontinental 

variation (Table 3.1; Figure 3.9). The most common defective allele in Europe, CYP2D6*4 was 

found at high frequencies in Britain (0.140) and Armenia (0.099), but a low frequencies in Africa 

(0.016) and Mongolia (0.018). CYP2D6*3 is also defective and was present at low frequency in 

Britain (0.026) and exceptionally low levels in Armenia (0.004). CYP2D 6*10  which has a 

reduced activity and is found worldwide, was present in all populations but only at high 

frequency in the Mongolians (0.257). CYP2D6*17 which also has reduced activity was found at 

high frequency in the Africans (0.129) and was also present in two of the Armenian subjects. 

The observed genetic diversity {h) for CYP2D6 was high in all of the populations (Table 3.1): the 

lowest being observed in Armenia (0.5911) and in contrast the highest is observed in Britain 

(0.6854). Genetic diversity was significantly different in the Armenians compared with the 

Africans, British and Mongolians (P<0.001 in all cases).

Table 3.1 Frequency ofCYP2D6 alleles for all populations at the continental level

Allele Africa Armenia Britain Mongolia
CYP2D6*1 428 (0.340) 716(0.534) 369 (0.460) 288 (0.396)

CYP2D6*2 560 (0.445) 454 (0.338) 228 (0.284) 230 (0.316)

CYP2D6*3 0 (0.000) 6 (0.004) 21 (0.026) 0 (0.000)

CYP2D6*4 20 (0.016) 133 (0.099) 112(0.140) 13(0.018)

CYP2D6*5? 34 (0.027) 0 (0.000) 30 (0.037) 6 (0.008)

CYP2D6*9 1 (0.001) 3 (0.002) 23 (0.029) 3 (0.004)

CYP2D6*I0 54 (0.043) 27 (0.020) 19 (0.024) 187(0.257)

CYP2D6*17 161 (0.128) 2(0.001) 0 (0.000) 0 (0.000)

CYP2D6*30 0 (0.000) 1 (0.001) 0 (0.000) 1 (0.001)

n 1,258(1.000) 1,342(1.000) 802(1.000) 728 (1.000)

h 0.6674 +/- 0.0078 0.5911 +/-0.0085 0.6854+/-0.0109 0.6782 +/- 0.0059

The exact test of population differentiation (Table 3.2) showed highly significant differences in 

the frequency of CYP2D6 alleles between all of the populations under analysis at the continental 

level (P<0.00001). Likewise significant differences were also found in Fg-j- values for all pair 

wise comparisons (Table 3.3): the smallest distance being between Armenia versus Britain 

(Fst=0.00893) and the greatest being between Armenia versus Mongolia (Fsy=0.06112). The 

pairwise relationships based on Fg-r are summarised in Figure 3.10 as Principal Coordinates 

(PCO) Plots: the Armenian and British populations group closely together while the African and 

Mongolian populations are distantly related to them and to one another. These findings are 

reiterated by examining the results of the AMO VA (Table 3.4): the observed variation due to 

differences between populations is significant (P<0.0001) and so there is evidence for genetic 

structure at the continental level. However, the majority of the differences in CYP2D6 allele 

frequency observed are due to within population variation (95.27%), rather than differences
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Figure 3.9 - CYP2D6 allele frequencies by continental origin.
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Figure 3.10 - Principal Coordinate Plots
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betw een populations (4.73% ). O f the variation w ithin populations 16.40%  is am ongst individuals 

within the populations and 78.87%  is in within individuals.

Figure 3.11 illustrates tw o PCO plots for all populations at the low est group leve l and sh ow s a 

pattern consistent w ith the continental com parison: in the upper graph (P C O l versus P C 0 2 )  three 

distinct clusters are su ggested : A frican s on the upper left; M on go lian s on the lo w er  centre; 

A rm enians and British together on the upper right. In the low er graph (P C 0 2  versus P C 0 3 )  the 

differentiation  betw een  the A fricans is more pronounced w ith the Senegal M anj being found in 

the upper right ex trem e, the C am eroon  S o n g k o lo n g  on the lo w er  central extrem e and the 

interm ingling o f  rem aining Africans, Arm enians, and British around the centre.

Table 3.2 E.xact Test o f Population Differentiation (Continental) 

Non-differentiation exact P values

Population Armenia Africa Britain Mongolia
Armenia *
Africa >0.00001+-

0.0000
*

Britain >0.00001+.
0.0000

*

Mongolia >0.00001+-
0.0000

MI.00001+-
Æoooo

>0.00001+- 
%.0000 ' ■

*

C om parisons that are significant are in bold with shaded backgrounds. 

S ign ifican ce level =  0 .05

Table 3.3 Comparisons o f  Pairs o f Populations (Continental)

Pairwise P values

Population Armenia Africa Britain Mongolia
Armenia * 0.05423 0,00893 0.06112
Africa >0.00001+. - 

0.0000
* 0.05236 0.05707

Britain >0.00001+-
0.0000

>0.00001+-
0.0000

* 0.05194 ’ „ '
' 3' I'm»..

Mongolia >0.00001+-[f 
0.0000 1

>0.00001+- 
0.0000 %

>0.00001+.. % 
0.0000

P values on low er left / F^j values on upper right.

Com parisons that are significant are in bold with shaded backgrounds. 

S ign ifican ce level =  0 .05
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Figure 3.11 - Principal Coordinate Plots
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Table 3.4 Summary ofAM OVA (Analysis o f Molecular Variance) results

Major group Intercontinental Africans Cameroon Ethiopia Senegal Armenians British Mongolians
Subgroups Africans,

Armenians,
British,

Mongolians

Cameroon,
Ethiopia,
Senegal,

South
African
Bantu

Somie,
Songkolon

g

Amhara,
Gurage,
Oromo

Manj,
Wolof

Ararat, 
Karabakh, 
London, 
North, 

South, West

East Anglia, 
Midlands, 

Wales

Buriad,
Durvud,
Khaikh

Among populations (Va) 4.73% 0.94% 0.63% 0.32% 1.44% -0.09% -0.12% -0.65%
Among individuals within
populations
(Vb)

16.40% 26.30% 29.75% 17.50% 32.93% 7.04% 20.06% 12.76%

Within individuals 
(V ^

78.87% 72.76% 69.62% 82.18% 65.63% 93.05% 80.06% 87.89%

V aP
(random value >= observed 
value)

<0.00001+-
0.00000

<0.00001+-
0.00000

0.00027+-
0.00005

<0.00001+-
0.00000

0.00015+
-0.00004

0.00872+-
0.00029

<0.00001+-
0.00000

0.00065+-
0.00008

V bP
(random value >= observed 
value)

<0.00001+-
0.00000

0.04684+-
0.00066

0.47340+-
0.00150

0.37393+-
0.00163

0.32400+
-0.00161

0.97936+-
0.00043

0.98164+-
0.00044

1.00000+-
0.00000

V cP
(random value <= observed 
value)

<0.00001+-
0.00000

<0.00001+-
0.00000

0.00021+- 
0.00004

<0.00001+-
0.00000

0.00012+
-0.00004

0.00888+-
0.00031

<0.00001+-
0.00000

0.00071+- 
0.00009

g



Africans

As one would expect the African populations seem more heterogeneous than the non-Africans: 

C YP 2D 6*17  allele frequencies varied considerably, ranging from 0.04 in Senegal, 0.11 in 

Ethiopia, 0.19 in South Africa and 0.20 in Cameroon (Table 3.5). By contrast, previously 

reported studies of CTP2D<5*77 had found it at frequencies of 0.03 (n=202) in Saudi Arabia, 0.17 

(n=212) in Tanzania, 0.28 (n=192) in Ghana and 0.34 (n=114) in Zimbabwe (Griese et al. 1999; 

Masimirembwa et al. 1993; McLellan et al. 1997; Wennerholm et al. 1999). Similarly, 

CYP2D 6*10  allele frequencies differed across the African samples: less than 0.01 in South 

Africa , 0.03 in Senegal, 0.05 in Ethiopia and 0.06 in Cameroon (Table 3.5). Previously reported 

frequencies of CYP2D6*10  in Africans include: 0.03 in Ghana, 0.04 in Tanzania and 0.05 in 

Zimbabwe (Griese et al. 1999; Masimirembwa et al. 1993; Wennerholm et al. 1999). CYP2D6*4 

was absent from the Cameroon and South African subjects, but found at 0.02 in Senegal and 

Ethiopia. Previously reported frequencies of CYP2D6*4 in Africans include: 0.01 in Tanzania, 

0.02 in Zimbabwe and 0.07 in Ghana (Griese et al. 1999; M asimirembwa et al. 1993; 

Wennerholm et al. 1999). Genetic diversity (h) was highest in Cameroon (h=0.7141) and was 

significantly different (P<0.009) from Ethiopia which had the lowest (h=0.6560).

Table 3.5 Frequency ofCYP2D6 alleles fo r  each African country

Allele Cameroon Ethiopia Senegal South Africa
CYP2D6*1 46 (0.383) 293 (0.334) 45 (0.395) 44 (0.297)
CYP2D6*2 38(0.317) 407 (0.465) 48 (0.421) 67 (0.453)

CYP2D6*3 0 (0.000) 0 (0.000) 0 (0.000) 0 (0.000)
CYP2D6*4 0 (0.000) 18(0.021) 2(0.018) 0 (0.000)

CYP2D6*5? 4 (0.033) 12(0.014) 10 (0.088) 8 (0.054)

CYP2D6*9 1 (0.008) 0 (0.000) 0 (0.000) 0 (0.000)

CYP2D6*10 7 (0.058) 42 (0.048) 4 (0.035) 1 (0.007)

CYP2D6*17 24 (0.200) 104 (0.119) 5 (0.044) 28 (0.189)
CYP2D6*30 0 (0.000) 0 (0.000) 0 (0.000) 0 (0.000)

n 120(1.000) 876(1.000) 114 (1.000) 148(1.000)

h 0.7141 
+/- 0.0200

0.6560 
+/- 0.0097

0.6615 
+/- 0.0260

0.6725 
+/- 0.0210

The ETPD (Table 3.6) showed significant differences in the frequency of C YP2D 6  alleles 

between all of the African groups at the national level (P<0.05). The Fgj values show significant 

differences in genetic distance between all pair-wise comparisons, save Ethiopia versus Senegal 

and Ethiopia versus South Africa (Table 3.7). The pairwise relationships based on Fgj are 

illustrated in Figure 3.10 as Principal Coordinates (PCO) Plots: Cameroons, Senegals and South 

Africans all appear roughly equally distantly related, while the Ethiopians fall between the South 

Africans and Senegal. The greatest difference in genetic distance within the Africans is between 

Cameroon and Senegal (Fsj=0.01958); the smallest genetic distance is observed between the 

Ethiopians and the South Africans (Fsj=0.00381). The AMO VA results (Table 3.4) reiterate the 

findings of the ETPD: the observed variation due to differences between populations is
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sign ifica n t (P = 0 .0 4 6 8 4 )  and so  there is ev id en ce  for g en etic  structure at the national leve l. 

H ow ever, the vast m ajority o f  the d ifferences in CYP2D6  a lle le  frequency observed  are due to 

w ithin population variation (99.06% ), rather than d ifferences betw een populations (0.94% ) -  this 

is m uch low er than the A M O V A  for com parisons at the continental lev e l (4 .73% ), but much  

greater than the results for the other non-A frican groups under analysis at the subgroup level (see  

b elow ). O f the w ithin population variation in the A frican groups, 26 .30%  w as attributable to 

d ifferences am ong individuals w ithin the populations and 72.76%  was due to d ifferences within  

individuals.

Table 3.6 Exact Test o f  Population Dijferentiation (Africa)

N on-differentiation exact P values

Population Cameroon Ethiopia Senegal South Africa
Cameroon *

Ethiopia -0,00311+-
0.0013

*

Senegal 0.00200+-: 
0.0008 r *

0.00026+-
0.0002

*

South Africa 0.01572+-
0.0023

0.00063+r i 
0.0005%P

0,00240 
+ 0.0017

*

C om parisons that are significant are in bold with shaded backgrounds. 
Sign ifican ce level =  0 .05

Table 3.7 Comparisons o f  Pairs o f  Populations (Africa)

Pairwise P values

Population Cameroon Ethiopia Senegal South Africa
Cameroon * 0.01893 * 0.01958 0.01339
Ethiopia 0.00525+-

0.0008
* 0.00776 0.00381

Senegal 0.02594+-
0 .0 0 1 4 ,^

0.06128+- 
0.0025

* 0.01729
«  j c .

South Africa 0.04742+-.
0.0021

0.12623+-
0.0037

0.03069 
+ 0.0019

*

P values on left / F^j values on right.

C om parisons that are signifieant are in bold with shaded backgrounds.

S ign ifican ce level =  0 .05

N otab ly  the observed  C YP2D 6  a lle le  freq uencies in E th iop ia  d iffer  from  those observed  in 

previous studies (A k lillu  et al. 1996). H ow ever, looking at the distribution o f  CYP2D6 across the 

different Ethiopian subgroups su ggests an explanation  - there appears to be structure w ithin the 

E thiopians (Table 3 .8). CYP2D6*4 a lle les range in frequency from  -0 .0 1  in Am hara and O rom o 

E thiopians to 0 .0 7  in the Gurage. Sim ilarly , CYP2D6* 10 is found at - 0 .0 8  in the G urage and 

O rom o, but 0 .03  in Amhara. F inally, CYP2D6* 17 a lle les are found at different frequencies in all 

o f  the subgroups: 0 .0 4  in G urage, 0 .11 in Am hara and 0 .1 7  in O rom o. In the E thiop ians, the 

E TPD sh o w s a sign ifican t difference in CYP2D6 alle le  frequencies betw een  the Am hara versus 

G urage and G urage versus O rom o, but not betw een  the O rom o versus Am hara (T able 3.9). P 

values for Pairw ise do not strongly support this d istinction  (T able 3 .1 0 ), but the observed
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genetic distances mirror the trend with the observed genetic distance between the Oromo and 

Gurage being greater (0.00793) than that between the Amhara and Oromo (0.00271).

Similarly, the CYP2D 6  allele frequencies of the Cameroon and Senegal subgroups suggest 

structure may exist within these populations (Table 3.8). In the Cameroon subgroups, 

CYP2D6*10 is twice as frequent in the Songkolong (0.08) as in the Somie (0.04). Conversely, 

CYP2D6*17 is more frequent in the Somie (23%) than the Songkolong (17%). A comparable 

difference exists in the Senegal subgroups: CYP2D6*10  is more than twice as frequent in the 

Wolof (0.05) as in the Manj (0.02). The reverse is true for CYP2D6*17  with it being twice as 

frequent in the Manj (0.06) as the Wolof (0.03). However, the number of subjects typed from 

Cameroon and Senegal is relatively small (n=120 and n=114 respectively) compared to the other 

populations under analysis therefore this may simply be a sampling effect rather than an actual 

genetic difference: ETPD and pairwise Fgy in the Cameroon (Songkolong versus Somie) and 

Sengal (Manj versus Wolof) subgroups show no significant differences in CYP2D6 frequency 

(Tables 3.9 & 3.10). The highest level of genetic diversity {h) of all the groups studied is found in 

the Cameroon Somie (/i=0.72), which was significantly higher than the Ethiopian Amhara 

(/i=0.64, P=0.0060) and Senegal Manj (h=0.62, P=0.0476). Genetic diversity was also 

significantly higher (P=0.0392) in the Ethiopian Oromo (h=0.69) compared with the Ethiopian 

Amhara (/i=0.64).

Table 3.8 Frequency ofCYP2D6 alleles fo r  each African subgroup

Allele Cameroon
/Songkolong

Cameroon
/Somie

Ethiopia
/Amhara

Ethiopia
/Gurage

Ethiopia
/Oromo

Senegal
/Manj

Senegal
/Wolof

CYP2D6*! 29 (0.453) 17(0.304) 201 (0.343) 37 (0.330) 43 (0.295) 18(0.346) 27 (0.435)

CYP2D6*2 17(0.266) 21 (0.375) 280 (0.478) 49 (0.438) 64 (0.438) 27 (0.519) 21 (0.339)

CYP2D6*3 0 (0.000) 0 (0.000) 0 (0.000) 0 (0.000) 0 (0.000) 0 (0.000) 0 (0.000)

CYP2D6*4 0 (0.000) 0 (0.000) 7(0.012) 8(0.071) 2 (0.014) 1 (0.019) 1 (0.016)

CYP2D6*5? 2(0.031) 2 (0.036) 8 (0.014) 4 (0.036) 0 (0.000) 2 (0.038) 8 (0.129)

CYP2D6*9 0 (0.000) 1 (0.018) 0 (0.000) 0 (0.000) 0 (0.000) 0 (0.000) 0 (0.000)

CYP2D6*I0 5 (0.078) 2 (0.036) 20 (0.034) 9 (0.080) 12(0.082) 1 (0.019) 3 (0.048)

CYP2D6*17 11 (0.172) 13 (0.232) 70 (0.119) 5 (0.045) 25 (0.171) 3 (0.058) 2 (0.032)

CYP2D6*30 0 (0.000) 0 (0.000) 0 (0.000) 0 (0.000) 0 (0.000) 0 (0.000) 0 (0.000)

n 64(1.000) 56(1.000) 586(1.000) 112(1.000) 146(1.000) 52(1.000) 62(1.000)

h 0.6984 
+/- 0.0363

0.7234 
+/- 0.0283

0.6394 
+/0.0118

0.6908 
+/- 0.0281

0.6896 
+/- 0.0214

0.6169 
+/- 0.0460

0.6864 
+/- 0.0358

Note -  Frequencies only shown where n >50.

Comparing all of the subgroups individually, in nearly all cases it is still possible to discern 

differences in C YP 2D 6  frequency with an ETPD. However, it is interesting to note the 

exceptions that do not come out as being significantly different from one another and yet 

originate from different countries: the Cameroon Somie versus Ethiopian Oromo; Senegal Manj 

versus Amhara and Gurage Ethiopians; Senegal Wolof versus Ethiopian Gurage; South African 

Bantu versus Cameroon Somie and Senegal Manj (Table 3.9). The pairwise F j t  P values are
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generally  h igher than this (T able 3 .1 0 ). T he results o f  the A M O V A  do not find sign ifican t  

ev id en ce o f  genetic structure within Cam eroon, Ethiopia or Senegal (Table 3.4).

Table 3.9 Exact Test o f Population Dijferentiation (Africa)

N on-differentiation exact P values

Population Ethiopia
Amhara

Ethiopia
Curage

Ethiopia
Oromo

Cameroon
Songkolong

Cameroon
Somie

Senegal
Manj

Senegal
W olof

South
African
Bantu

Ethiopia
Amhara

Ethiopia
Gurage

>0.00001
+.0.0000

*

Ethiopia
Oromo

0 ONiSS 
+-().() 1XV

0.00005
+.0,0001

*

Cameroon
Songkolong

0.00980
+.0.0021

0.00110 . 
+ 0.0009

0.03780
+•0.0105

Cameroon
Somie

0.02205
+4).00S2

0.00150
+.0.0008

0 10:45 
+-Ü.G127

0.33380 
+-0 0120

*

Senegal
Manj

0.39125
+-(){) l‘)0

0 19S55 
+-0(12^4

0.02010 ■ 0.03205
+.0.0080

0.07715 
+-0.0111

*

Senegal
W olof

>0.00001
+4).0000

0i)7r05 
+-() 0097

>0.00001
+.0.0000

0.01450 
+ 0.0030

0.00520
+.0.0021

0.22250
+-0.0163

*

South
African
Bantu

0.00540
+4).0020

>0.00001
+.0.0000 +-0.0002

0.00580 
+ 0.0032

0.29885
+-0.0166

0.07120
+-0.0072

>0.00001
+.0.0000,

C om parisons that are significant are in bold with shaded backgrounds. 
S ign ifican ce level =  0 .05

Table 3.10 Comparisons o f Pairs o f Populations (Africa)

Pairwise P values

Population Ethiopia
Amhara

Ethiopia
Curage

Ethiopia
Oromo

Cameroon
Songkolong

Cameroon
Somie

Senegal
Manj

Senegal
W olof

South
African
Bantu

Ethiopia
Amhara

* 0.00511 0.00271 0.03810 0.01005 -0.00546 0.02834 0.00358

Ethiopia
Curage

0.11719 
+-0.0101

0.00793 0.03405 0.01984 -0.00393 0.01182 0.01620

Ethiopia
Oromo

0.16309
+-0.0115

0.09961
+-0.0082

* 0.02850 -0.00396 0.00746 0.03577 0.00005

Cameroon
Songkolong

0.00293 
+ 0.0016

0.01270
+.0.0042

0.02051
+•0.0038

* 0.01136 0.04996 0.00991 0.03543

Cameroon
Somie

0.11914
+-0.0111

0.05273
+-0.0058

0.57129
+-0.015

0.15527
+-0.0113

0.02118 0.03044 -0 00548

Senegal
Manj

0.64160 
+-0 0156

0.50977
+-0.0108

0.20020
+-0.0139

0.01758 
+ 0.0034

0.08984
+-0.0091

0.02029 0.00587

Senegal
Wolof

0.02148
+-0.0038

0.09863
+-0.0094

0.01367
+-0.0031

0.16406
+-0.0123

0.03906 
+ 0.0060

0.11426
+-0.0097

* 0.03484

South
African
Bantu

0.12793
+-0.0114

0.02832 
+ 0.0054

0.38672
+-0.0118

0.00781
+-0.0028

0.61133 
+-0.0132

0.20117
+-0.0127

0.00977 
+ 0.0029

P values on low er left / F^j values on upper right.

C om parisons that are significant are in bold with shaded backgrounds. 

S ign ifican ce level =  0 .05
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Armenians

Broadly the Armeniani' showed a pattern of CYP2D6  alleles frequencies falling somewhere 

between those previously reported for European and Middle Eastern populations (see Table 1.4, 

Chapter 1 for overview): CYP2D6*2 was found at a frequency of 0.34 which is comparable to the 

previously reported frequency in Western Europeans of 0.33 and Middle Eastern populations 

such as Turkey with 0.35 (Aynacioglu et al. 1999; Gaedigk et al. 1999). CYP2D6*3 and 

CYP2D6*9 were found at levels less than half what would typically be found in Europe (-0.02). 

CYP2D6*4 was present at levels comparable to those found in Turkey (-0.10), which is around 

half that typically reported in Western Europeans (-0.20). CYP2D6*10  was present at 0.02 

which is identical to that in Western Europeans, but lower than the incidence in Turkey (0.06). 

CYP2D6*17  and CYP2D6*30 were present at exceptionally low frequency (<0.001). Genetic 

diversity (h) was significantly lower (P=0.0089) in Karabakh (h=0.51) compared with Southern 

Armenia (h=0.63).

Table 3.11 Frequency ofCYP2D6 alleles fo r  each Armenian subgroup

Allele Ararat
(Yerevan)

Karabakh London North South West

CYP2D6*] 34 (0.486) 221 (0.558) 94 (0.547) 185 (0.523) 137 (0.511) 45 (0.549)

CYP2D6*2 24 (0.343) 132(0.333) 51 (0.297) 123 (0.347) 101 (0.377) 23 (0.280)

CYP2D6*3 0 (0.000) 1 (0.003) 1 (0.006) 0 (0.000) 3(0.011) 1 (0.012)

CYP2D6*4 8(0.114) 36(0.091) 25 (0.145) 34 (0.096) 19 (0.071) 11 (0.134)

CYP2D6*5? 0 (0.000) 0 (0.000) 0 (0.000) 0 (0.000) 0 (0.000) 0 (0.000)

CYP2D6*9 1 (0.014) 1 (0.003) 0 (0.000) 1 (0.003) 0 (0.000) 0 (0.000)

CYP2D6*10 3 (0.043) 5 (0.013) 0 (0.000) 10 (0.028) 8 (0.030) 1 (0.012)

CYP2D6*17 0 (0.000) 0 (0.000) 1 (0.006) 0 (0.000) 0 (0.000) 1 (0.012)

CYP2D6*30 0 (0.000) 0 (0.000) 0 (0.000) 1 (0.003) 0 (0.000) 0 (0.000)

n 70(1.000) 396(1.000) 172(1.000) 354(1.000) 268(1.000) 82(1.000)

h 0.6406 
+/- 0.0355

0.5704 
+/- 0.0162

0.5957 
+/- 0.0249

0.5978 
+/- 0.0160

0.6266 
+/- 0.0142

0.6092 
+/- 0.0397

Examining the simple allele frequency differences, there seems to be little intra-ethnic variation 

within the Armenian subpopulations, although the frequency of CYP2D6*4 alleles does seem to 

vary from a low of 0.07 in the South to a high of 0.13 in the West (Table 3.11). However, the 

ETPD showed significant differences in the frequency of CYP2D6  alleles between Karabakh 

versus Southern Armenia, as well as between the London diasporans compared with Southern 

and Northern Armenia (Table 3.12). Pairwise P values (Table 3.13) are signficant between 

Karabakh versus Southern Armenia (fgy=0.01185) and Southern Armenia versus the London 

diasporans (Fsx=0.01411). Interestingly, examining the P values for the ETPD, two population 

comparisons bordered on being significant: Ararat versus London (P=0.07120) and South versus 

West (P=0.05345). The results of the AMOVA do not find significant evidence of genetic 

structure within the Armenians (Table 3.4).
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Table 3.12 Exact Test o f Population Differentiation (Armenia)

N o n -d iffe ren tia tio n  ex ac t P values

Population Ararat
(Yerevan)

Karabakh London North South West

Ararat
(Y'van)

*

Karabakh 0.20595+-
0.0234

*

London 0.07120+- 
0.0238

0.12635+-
0.0415

*

North 0.57685+-
0.0253

0.60945+-
0.0380

0.02050
+-0.0114

*

South 0.66395+-
0.0312

0.00905+-
0.0037

0.00115
•k O.0013

0.53355 
+40 0399

*

West 0.57740+-
0.0246

0.27290+-
0.0271

0.67765
+-0.0281

0.14155
+-0.0195

0.05345+-
0.0096

*

Comparisons that are signifieant are in bold with shaded backgrounds. 
Significance level = 0.05

Table 3. 13 Comparisons o f  Pairs o f Populations (Armenia)

Pairwise f ’sT P values

Population Ararat
(Y'van)

Karabakh London North South West

Ararat
(Y'van)

-0.00244 -0.00273 -0.00689 -0.00468 -0.00549

Karabakh 0.50781+- 
0.0165

* -0.00014 -0.00118 0.01185 -0.00304

London 0.46484+-
0.0132

0.33984+-
0.0164

* 0.00111 -0.00856

North 0.84766+-
0.0131

0.56152+-
0.0131

0.26562
+-0.0140

* 0.00416 -0.00152

South 0.64062+-
0.0158 : : r

0.09375
+-0.0096

* 0.01315

West 0.57520+-
0.0169

0.53906+-
0.0101

0.97266
+-0.0039

0.46191
+-0.0176

0.06934+-
0.0087

*

P values on lower left / values on upper right.

Comparisons that are signifieant are in bold with shaded backgrounds. 

Significance level = 0.05
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British

The British CYP2D6 allele frequency distribution fairly closely mirrored that previously reported 

for Western Europeans (Table 3.1): CYP2D6*2 and CYP2D6*4 were found at levels slightly 

lower than might be expected (0.28 versus 0.33 CYP2D 6*2\ 0.14 versus 0.20 C YP2D6*4). 

CYP2D6*3, CYP2D6*9 and CYP2D6*10 were each found at -0 .02 frequency -  consistent with 

levels reported in previous studies (Gaedigk et al. 1999). CYP2D6*17 and CYP2D6*30 were 

completely absent. Genetic diversity (h) was not significantly different amongst the British 

subgroups (Table 3.14).

Table 3.14 Frequency ofCYP2D6 alleles for each British subgroup

Allele East Anglia Midlands Wales
CYP2D6*1 131 (0.482) 136 (0.469) 102 (0.425)

CYP2D6*2 73 (0.268) 82 (0.283) 73 (0.304)

CYP2D6*3 5 (0.018) 7 (0.024) 9 (0.038)

CYP2D6*4 36 (0.132) 45 (0.155) 31 (0.129)
CYP2D6*5? 12 (0.044) 4(0.014) 14 (0.058)
CYP2D6*9 12 (0.044) 6 (0.021) 5 (0.021)

CYP2D6*I0 3(0.011) 10 (0.034) 6 (0.025)
CYP2D6*17 0 (0.000) 0 (0.000) 0 (0.000)
CYP2D6*30 0 (0.000) 0 (0.000) 0 (0.000)

n 272(1.000) 290(1.000) 240 (1.000)

h 0.6766 
+/- 0.0202

0.6760 
+/- 0.0179

0.7073 
+/- 0.0184

There seem to be only minor differences between the subjects when grouped into the locales of 

East Anglia, the Midlands and Wales -  no large discrepancy between the English (East Anglia 

and Midlands) and Welsh are apparent. The distribution of CYP2D6*3, CYP2D6*4, CYP2D6*9 

and CYP2D6*10 within all three populations seem comparable (Table 3.14).

The ETPD showed no significant difference in the frequency of CYP2D6  alleles between the 

different British subgroups (Table 3.15). Similarly pairwise F^j scores were low and non

significant (Table 3.16), and AMOVA does not find significant evidence of genetic structure 

within Britain (Table 3.4). Reanalysis of the data was carried out at the town level and was also 

non-significant for ETPD and pairwise scores (data not shown).
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Table 3.15 Exact Test o f Population Dijferentiation (Britain)

Non-differentiation exact P values

Population East Anglia Midlands Wales
East Anglia *

Midlands 0.09860-t--
0.0222

*

Wales 0.299504--
0.0279

0.09270-h-
0.0166

*

Comparisons that are signifieant are in bold with shaded backgrounds. 
Significance level = 0.05

Table 3.16 Comparisons o f Pairs o f Populations 

Pairwise Fct P values

Population East Anglia Midlands Wales
East Anglia * -0.00139 0.00028

Midlands 0.589844--
0.0134

* 0.00005

Wales 0.329104--
0.0178

0.35156-h-
0.0160

*

P values on lower left / F^j values on upper right.

Comparisons that are significant are in bold with shaded backgrounds. 

Significance level = 0.05
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Mongolians

CYP2D6 variation looks quite different in the Mongolians compared with previously reported 

East Oriental Asian populations (Garcia-Barcelo et al. 2000; Johansson et al. 1991; Tateishi et al. 

1999). Firstly, CYP2D6*10 is at a relatively low frequency in Mongolians (0.26), much lower 

than Japanese (0.40, n=196) or Chinese from Hongkong (0.65, n=238) or Taiwan (0.70, n=248). 

At a frequency of 0.02, CYP2D6*4 is more than twice as frequent in Mongolians than in other 

Eastern Oriental Asians (0.005 in Japanese; 0.000 in Hongkong Chinese; 0.008 Taiwanese 

Chinese). At a frequency of 0.316, CYP2D6*2 is present in the Mongolians at a level comparable 

to Europeans, which is more than three times that of Japanese (0.092) or Hongkong Chinese 

(0.080). CYP2D6*3 and CYP2D6*17 appear to be completely absent from Mongolians (Table 

3.17). Genetic diversity (h) is not significantly different amongst the three Mongolian subgroups.

Table 3.17 Frequency ofCYP2D6 alleles fo r each Mongolian subgroup

Allele Buriad Durvud Khaikh
CYP2D6*! 22 (0.344) 24 (0.414) 202 (0.393)

CYP2D6*2 20(0.313) 20 (0.345) 165 (0.321)

CYP2D6*3 0 (0.000) 0 (0.000) 0 (0.000)

CYP2D6*4 2(0.031) 2 (0.034) 6(0.012)

CYP2D6*5? 0 (0.000) 0 (0.000) 6(0.012)

CYP2D6*9 0 (0.000) 0 (0.000) 3 (0.006)
CYP2D6*10 20 (0.313) 12(0.207) 131 (0.255)

CYP2D6*17 0 (0.000) 0 (0.000) 0 (0.000)
CYP2D6*30 0 (0.000) 0 (0.000) 1 (0.002)

n 64(1.000) 58 (1.000) 514(1.000)

h 0.6964 
+/- 0.0167

0.6776 
+/- 0.0274

0.6786 
+/- 0.0070

Note -  Frequencies only shown where n >50.

The AMOVA analysis (Table 3.29) confirms that effectively none of the observed genetic 

variation is attributable to among population variation, whereas ~12% is attributable to variation 

among individuals within the populations and ~87% is due to differences between individuals.

Interestingly the frequency of CYP2D6*10 in the different Mongolian subgroups does suggest a 

west to east d ine, ranging from 0.20 in the Durvud, 0.25 in the Khaikh to 0.31 in the Buriad. 

However, the ETPD showed no significant difference in the frequency of C YP2D 6  alleles 

between the different Mongolian subgroups (Table 3.18). Similarly pairwise Fsj values were 

also non-significant (Table 3.19), and AMOVA does not find significant evidence of genetic 

structure within Mongolia (Table 3.4).
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Table 3.27 Exact Test o f  Population Dijferentiation (Mongolia)

Non-differentiation exact P values

Population Buriad Durvud Khaikh
Buriad *

Durvud 0.56600
+-
0.0235

*

Khaikh 0.61745
+-
0.0210

0.67340
+-
0.0328

*

Comparisons that are signifieant are in bold with shaded backgrounds. 
Significance level = 0.05

Table 3.28 Comparisons o f Pairs o f Populations 

Pairwise F^j P values

Population Buriad Durvud Khaikh
Buriad * -0.00400 -0.00412

Durvud 0.45703
4--
0.0107

* -0.00669

Khaikh 0.63086
4--
0.0180

0.75879
4--
0.0121

*

P values on left / values on right.

Comparisons that are significant are in bold with shaded backgrounds. 

Significance level = 0.05

114



Discussion

Consistent with observations of previous studies, CYP2D 6  shows considerable geographic 

variation and in this study demonstrates significant differences in the frequency of variant alleles 

between Africans, Armenians, British and Mongolians. Therefore, we would predict that the 

efficacy of or adverse response to CYP2D6 mediated drugs would differ considerably for each of 

these groups: the Armenians and British have much higher levels of defective alleles (mainly 

CYP2D6*4) compared with the Africans and Mongolians, which by contrast have much higher 

levels of alleles with reduced activity {CYP2D6*10/*17). Furthermore, an examination of the 

intra-ethnic variation in these populations suggests that in some cases there is detectable genetic 

structure (see below).

The frequency of C YP2D 6  variants in the British is in line with previous reports of North 

Western European populations (Gaedigk et al. 1999). The Mongolians on the other hand appear 

to have an intermediate frequency of alleles between the European (high CYP2D6*4, low 

CYP2D6*10) and Oriental Asian (low CYP2D6*4, high CYP2D6*10) populations. Furthermore, 

it is interesting to note that there is some suggestion of an East to West d ine in the frequency of 

CYP2D6*10 within Mongolia: 0.207 in the Durvud (West Mongolia), 0.255 in the Khaikh, and 

0.313 in Buriad (Eastern Mongolia). The PCO plots also suggest that the Durvud are the 

Mongolian group most closely related to the Armenians and British (Figure 3.11). This is 

consistent with the distribution of the Y chromosome haplotype variation throughout Europe and 

Asia (Su et al. 1999; Weale et al. 2001; Weale et al. 2002; Zerjal et al. 2002). For example, the 

M9 C>G (also known as hg26) lineage of Y chromosomes is rare is Western Europe (UK, 

Friesland), at low frequency of -0.05 in Eastern Europe/Middle East (Armenia, Georgia, Greece, 

Syria and Turkey), at intermediate frequency in Mongolia at -0.26, and at high frequency (>0.50) 

in East Asia (China, Japan and China). In future studies it may be of interest to attempt to 

estimate the relative genetic contribution of Europeans and Oriental Asian populations to 

CYP2D6 diversity in the Mongolians. Between both the Mongolian and British subgroups there 

was no significant difference in allele frequencies. Therefore, as there was no evidence of fine 

genetic substructure we would predict a uniform rate of drug response and adverse reaction to 

CYP2D6 mediated drugs within these populations.

There was a slightly reduced frequency of defective CYP2D6 alleles in the Armenians compared 

with Western Europeans, but this in line with what has been previously observed in other Middle 

Eastern groups, such as Turkey (Aynacioglu et al. 1999). Some genetic structure was evident in 

the Armenians -  there was a significant difference in CYP2D6  allele frequency between the 

samples from Karabakh and Southern Armenia, suggesting that we might expect a slightly 

different profile of drug response and ADR to CYP2D6 mediated drugs in these subgroups: there 

is a slightly higher incidence of C YP2D 6*4  defective alleles in Karabakh than in Southern 

Armenia (0.091 versus 0.071); conversely there is a slightly higher frequency of CYP2D6*10
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reduced activity alleles in Southern Armenia compared with Karabakh (0.030 versus 0.013). 

Additionally, the diasporan London Armenians clearly are not representative of the genetic 

structure present in Armenia; the ETPD shows them to be significantly different from both the 

Northern and Southern Armenians, with twice as many defective CYP2D6*4  alleles and no 

CYP2D6*10  alleles. Although the degree of genetic structuring is not as pronounced as the 

findings for the Y chromosome haplotype variation (Weale et al. 2001), it does reiterate the same 

general conclusion: diasporan sub-samples do not necessarily represent the stratified genetic 

distribution found in the non-diasporan population adequately, and therefore inferences based on 

such sample sets in anthropological or epidemiological studies have questionable reliability. 

Weale et al (2001) propose that the differentiation of Southern Armenia and Karabakh are due to 

geographical isolation -  both regions are mountainous. By comparison, the other regions are less 

mountainous, resulting in lower barriers to migration. Additionally, several foreign powers 

exerting political influence over Armenia have resulted in periods of migration and relocation 

that would lead to greater mixing. For example, in recent times, violence from the Ottoman 

Empire directed against Armenians living in the Western region led to many migrating to Ararat 

and the North (Hovannisian 1997; Redgate 1998).

Finally, as one would expect since they are the most ancient population, the Africans appeared to 

be the most genetically diverse. The frequency of defective alleles (mainly CYP2D 6*4) is 

exceptionally low in all of the African groups relative to Europeans, with the exception of the 

Gurage Ethiopians that have a CYP2D6*4  frequency of 0.071. However, the frequency of 

alleles with reduced activity {CYP2D6* 10/* 17) is much higher in Africans compared with 

Europeans and varies considerably within the different African regions (Tables 3.5 and 3.8). For 

example, the frequency of CYP2D6*10 which ranges from 0.019 in the Senegal Manj, up to over 

four times as frequent in the Ethiopian Oromo at 0.082. Likewise, CYP2D6*17  ranges from a 

low of 0.032 in the Senegal Wolof, but up to 0.232 in the Cameroon Somie. The PCO plot for 

the Africa subjects by country, suggests somewhat surprisingly, that the Ethiopians fall between 

the Senegals and South Africans. One explanation of this would be that the Ethiopians are an 

admixture of ancient Central African and West African populations. This is contrary to the 

generally accepted view of linguists and archaeologists that the Bantu expansion (Niger-Congo 

speaking groups) did not involve Ethiopian (Afro-Asiatic speakers), but is consistent with 

previous genetic studies: PCO analysis based on 79 autosomal genes suggests that the Khoisans 

of southern Africa originated from an ancestral population located near modern Ethiopia 

(Cavalli-Sforza et al. 1994). Similarly surprisingly, Cameroon (Niger-Congo, Northern Bantoid 

speakers) is no closer genetically to the South Africans (Niger-Congo, Southern Bantoid 

speakers) than the Senegals (Niger-Congo, non-Bantoid speakers).

Some genetic structure is also evident in the Ethiopians: in the ETPD the Gurage significantly 

differ from the Amhara and Oromo Ethiopians. One possible explanation for this is that the 

Amhara and Oromo have a long history of intermarriage dating back to the 16*̂  Century (Dr.
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Ayele Tarekegn, Personal Communication) -  intermarriage between these groups and the Gurage 

has been comparatively rare. Although the other African groups do not show significant within 

country stratification (Cameroon Somie versus Songkolong; Senegal Manj versus Wolof), the 

complex pattern of relationships between all of the African subgroups does suggest that further 

investigation could prove rewarding (Table 3.9 and 3.10). For example, using the ETPD the 

South Africans (n=148) are significantly different from the Cameroon Songkolong (n=64) and 

Senegal W olof (n=62), but not from the Cameroon Somie (n=56) and Senegal Manj (n=52). 

Similarly, Cameroon Songkolong are significantly different from the both of the Senegal 

subgroups, but the Cameroon Somie are only significantly different from the Senegal Wolof. 

This suggests that there may be recent common ancestry between the Bantoid (Cameroon Somie 

and South Africans) and non-Bantoid (Senegal Manj) speakers belonging to the Niger-Congo 

linguistic group.

In summary, these findings suggest that it is of value to investigate fine scale genetic variation in 

the frequency of CYP2D6 alleles -  the absence of genetic structure cannot be simply be assumed 

within a national group without the empirical evaluation of samples from multiple subgroups. 

Significant stratification exists in both Armenians and Africans, suggesting that there is likely to 

be heterogeneity in the response to CYP2D6 mediated drugs within these groups. Therefore, 

crude ethnic labels based on country or continent of origin are not necessarily representative of 

the complexity of the underlying genetic variation and caution should be applied to overstating 

the relevance of datasets based on studies of diasporan populations for genetic epidemiological 

research.
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Chapter 4 -  Assessment of statistical techniques to reconstruct haplotypes

Introduction

The additional information provided by determining haplotypes is an essential component of 

fine-resolution molecular genetic studies, e.g. inferring population histories (Harding et al. 1997) 

or disease mapping (Hodge et al. 1999; Risch and Merikangas 1996). Unfortunately, establishing 

haplotypes for the autosomes of diploid organisms is problematic: unlike the paternally inherited 

Y chromosome, the hemizygous X chromosome, or the maternally inherited mtDNA, all 

individuals will inherit two sets of autosomes (one maternal and one paternal). Furthermore, 

recombination and mutation break down haplotypes over generations. Consequently, if one types 

an individual for a group of linked autosomal markers, then it is usually not possible to deduce 

which allele type belongs to each haplotype (except when a subject is homozygous at all loci or 

heterozygous at only a single locus). If the genotypes of both parents and progeny are known, 

haplotypes over several or many linked loci can usually be assigned by listing the allele type at 

each locus along the haplotype known to be inherited from each parent (Nejati-Javaremi and 

Smith 1996). However, nonassignment occurs when both parents and the individual progeny are 

all heterozygous for the same polymorphisms. With the frequency of alleles i and j  denoted by p, 

and Pj, the probability for a population of nonassignment at a locus with a alleles at the locus for 

a mating with n progeny is

(xrs 2
' j

i < j
which becomes very small even for a small number of progeny. Using a greater number of 

progeny and more markers increases the number of partially linked loci in the haplotype and 

consequently improves the efficacy of this procedure. If gene frequencies are extreme rather than 

intermediate, there are fewer heterozygotes and so the haplotyping procedure leaves less alleles 

unassigned. Furthermore, the efficacy of the haplotyping procedure will be greater when multiple 

alleles exist at each locus. Therefore, for highly polymorphic markers such as microsatellites a 

relatively small number progeny (1-2) need to be typed in order for haplotypes to be assigned.

Frequently it is not possible for samples to be collected from complete families, due to a 

combination of logistical, ethical and cost issues. Although it is possible to determine haplotypes 

in diploid individuals using chromosomal isolation or long-range PCR (Michalatos-Beloin et al. 

1996), these approaches are both expensive and technologically demanding. Until recently, these 

laboratory methods have not been used widely on samples of unrelated diploid individuals, such 

as those typically used as part of human case-control, genetic epidemiologic, and population 

genetic studies.
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When samples are only available from unrelated individuals, then it is still possible to predict 

haplotypes for autosomal loci by using statistical techniques. One example of this approach is 

the expectation-maximisation (EM) algorithm, which produces maximum-likelihood estimates of 

molecular haplotype frequencies under the assumption of Hardy-Weinberg proportions (Excoffier 

and Slatkin 1995). However, most studies utilising EM methods have not provided information 

on the validity of the estimates or the effect on estimation accuracy of population genetic factors. 

A recent simulation study of biallelic data investigated the effect of departures from Hardy- 

Weinberg equilibrium (HWE), haplotypes frequency, allele frequency, linkage disequilibrium, 

and the number of loci under analysis on the efficacy of haplotype prediction (Fallin and Schork

2000). They conclude that even the worst haplotype frequency estimates generated by the EM 

algorithm do not deviate much beyond 5% of their true value for sample sizes ^100.

A more recent method of haplotype construction is implemented in the PHASE program 

(Stephens et al. 2001a). This algorithm improves upon the EM methods by utilising ideas from 

population genetics (specifically coalescent theory) to make predictions about the patterns of 

haplotypes found in natural populations. In particular it incorporates the prior knowledge that 

unresolved haplotypes will tend to be the same as, or similar to, known haplotypes. Simulations 

carried out using this approach produce an error rate in haplotype reconstruction at least 50% 

lower than EM. Furthermore, analysis of real data seems to replicate these findings and also 

demonstrates that at worst PHASE is comparable to EM (Stephens et al. 2001b; Zhang et al.

2001).

However, few rigorous assessments using real data have been made comparing the effectiveness 

of haplotype construction algorithms to accurately reconstruct haplotypes over relatively large 

genetic distances (~lcM ), such as those routinely used in a fine scale genetic association study to 

hunt for a disease locus. A simple way to test this would be to unambiguously determine 

haplotypes using family trios (both parents and a single child) and then comparing this with the 

haplotypes statistically reconstructed using just the genotypic data. In “real world” genetic 

studies it would be of great interest to know 1) over what genetic distance can a representative 

statistical method robustly reconstruct haplotypes, 2) whether it is more cost effective to 

genotype families in order to determine haplotypes unambiguously or to type a third more 

samples of completely unrelated individuals and then infer phase statistically (representing an 

equivalent genotyping effort), 3) how the pattern of LD and efficiency of haplotype 

reconstruction changes between populations with different demographic histories (i.e. by 

studying several different ethnic groups).

We concentrate on PHASE -  other methods are available (Niu et al. 2002; Schaid et al. 2002), 

but we chose PHASE as one that is representative and appears to perform favourably in 

comparison to other methods that have been routinely used such as EM.
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Methods_______________________________________________________________________

Samples, DNA extraction, genotyping and haplotype assignment

Samples were collected as families from four different ethnic populations: Yerevan Armenians 

(Middle Eastern), Ashkenazi Jews (admixed Middle Eastern/Northern European), British 

(Northern European) and Amharic Ethiopians (East African). Samples consisted o f both parents 

and one or more children. A subject’s ethnicity was self-identified and noted. Samples were 

obtained in the form o f buccal cells by rubbing a sterile applicator gently along the inner surface 

of both cheeks of the subject for ~30 seconds. DNA was extracted from buccal swabs using 

standard phenol/chloroform methods, typed for both SNP and microsatellite kits as outlined in 

Chapter 2 and Chapter 3. Phase was assigned manually using standard procedures (Nejati- 

Javaremi and Smith 1996) to produce a total of 497 compound haplotypes (100 Armenian, 126 

Ashkenazi, 106 British, 165 Ethiopian). Data for samples where phase was irresolvable or 

inconsistencies in the pattern of inheritance suggested false paternity were discarded.

Haplotype reconstruction

Haplotypes from unrelated individuals were inferred by using the PHASE v0.21 program 

(Stephens et al. 2001a). The program is available as UNIX binaries (Linux or Solaris) and can be 

obtained along with documentation from Oxford University M athematical Genetics and 

Bioinformatics group (http://www.stats.ox.ac.uk/mathgen/software.html). The following four 

different groups of haplotypes were reconstructed: a) two-marker microsatellite haplotypes (for 

all pairwise combinations of the five microsatellites); b) compound haplotypes consisting of the 

CYP2D6 allele and one of the five microsatellites in turn; c) all five microsatellite markers; d) all 

five m icrosatellite  markers com bined with disease phenotype status (assigned as 

functional/' normal ’ or null/'diseased’ alleles based on the SNP haplotypes for a simulated 

genome scan -  see below for details).

Assessing the performance o f haplotype reconstruction

To compare the performance of the statistical methods used in haplotype reconstruction, two 

criteria were assessed on (Stephens et al. 2001a):

1) Reconstruction of the haplotypes of sampled individuals.

2) Estimation of sample haplotype frequencies.

Error Rate -  the proportion of individuals with ambiguous phase whose haplotypes are 

incorrectly inferred was used to measure the performance of 1).
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Discrepancy -  the difference between the true and estimated haplotype frequencies (/) was used 

to measure the performance of 2):

j
where j  is the number of different types of chromosome either estimated or known to be real. 

Each population was treated as a separate replicate for the purpose of calculating 95% confidence 

intervals.

Linkage Disequilibrium calculations

There are a number of different statistics for measuring linkage disequilibrium, and an extensive 

review and comparison of the effectiveness of these methods to detect LD is beyond the scope of 

this thesis. The study of non-random association of alleles at different loci (gametic 

disequilibrium) requires not only tests for significance, but also measurement of intensity. For 

the purposes of this analysis two different measures of LD were selected: pairwise Fisher’s Exact 

Tests (FETs) were used as a test of the significance of LD between loci and D 'coefficient was 

used to measure the extent of disequilibrium. D ' is based on allele frequency differences, but 

does not take into account sample size. Pairwise EFT (Slatkin 1994) LD calculations were 

performed using the Arlequin program (Schneider et al. 2000). Arlequin is available as 

Macintosh, Linux and Windows binaries from http://anthro.unige.ch/arlequin. The multiallelic D ’ 

coefficient calculation (Zapata 2000; Zapata et al. 2001) for LD was estimated using the 2LD 

program written by Dr. Jing Hua Zhao (j.zhao@iop.kcl.ac.uk) and is available for download in 

t h e  f o r m  o f  W i n d o w s  o n l y  b i n a r i e s  f r o m

http://www.iop.kcl.ac.uk/IoP/Departments/PsychMed/GepiBSt/software.stm.

Simulating a genome scan with the different datasets

CYP2D6 alleles that result in no activity due to failure to express functional enzyme (*3, *4, *5) 

were noted as null (“diseased”); all other fully functional or reduced activity loci were treated as 

normal. Therefore it was assumed that three broad phenotypic classes could be identified: 

Extensive metabolisers (normal homozygotes). Interm ediate M etabolisers (heterozygous 

normal/null) and Poor Metabolisers (null homozygotes). Linkage disequilibrium was then 

calculated (as outlined above) between the microsatellite loci and the “disease” status for the 

phenotype and the markers for four different conditions: 1) using all of the known real haplotypes 

(based on the family trios); 2) using the genotypic data of the parents only (phase unknown); 3) 

using the PHASE haplotypes reconstructed from the parental genotypic data; 4) using two thirds 

randomly selected from the known real haplotypes to simulate an equal genotyping effort 

compared with typing unrelated individuals (given a finite budget, if it isn’t necessary to type 

progeny then 1/3 extra unrelated samples could be genotyped instead), e.g. if one had sufficient
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funds to type 90 samples, then one could choose to genotype 90 unrelated subjects, or to 

genotype 30 family trios (each consisting of three members - both parents and one child) in order 

to obtain 60 haplotypes.

Although there are specific statistical tests designed for the analysis of family data, such as the 

Transmission Disequilibrium Test (Martin et al. 1997), the above approach was chosen since it 

allowed for the direct comparison of the information content of the family an d  non-family 

datasets.

Note that it was assumed that the phase between the “disease” status and each haplotype is 

known. This would not usually be the case and in other disease models there would an additional 

level of uncertainty. Therefore the findings are only applicable to a relatively restricted range of 

disease models. However, whatever uncertainties are introduced due to information loss related 

to disease model would affect both real and inferred haplotyping methods equally. The results 

for the genotype level are unaffected by these assumptions.
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Results

Linkage disequilibrium

U n su rp rising ly , lin kage d isequ ilibrium  (as m easured by pa irw ise  F E T s) is genera lly  h igh est 

betw een the m ost c lo se ly  linked m icrosatellite  markers and w eakest betw een  those found more 

distantly from  one another (Table 4.1; Figure 4 .1 ). It is interesting to note that there does seem  to 

be considerable d ifferences betw een the four ethnic groups in the m agnitude and distance o f  LD. 

In the case o f  the A shkenazi a contiguous block o f  -0 .8 7  cM  seem s to be in sign ifican t L D , by 

contrast contiguous blocks o f  LD  appear m uch sm aller in the other populations: - 0 .5 8  cM  in the 

E thiopians; - 0 .4 3  cM  in the British; and - 0 .1 7  cM  in the A rm enians. T he D ’ co effic ien ts  

gen era lly  sh ow  a sim ilar  trend. For ex am p le, with the ex cep tio n  o f  the 2D 8 P -D 2 2 S 2 7 9  

co m p a riso n  the A sh k en a zi have c o n s is te n tly  h igh er D ’ c o e f f ic ie n t s  b e tw e en  p a irw ise  

m icrosatellites than the Arm enians (Table 4.2; Figure 4.2).

To6/g 4 . / Linkage Disequilibrium fo r  pairs o f  microsatellites (FET P values)

Microsateiiile markers
used in
haplotype

Distance
(cM)

Armenians Ashkenazi British Ethiopians

D22S423-D22S284 0.025 0.00680829
+/-
0.00021023

<0.00000001
+/-
0.00000000

<0.00000001 
+/- :
0.00000000 K

<0.00000001
+/“
0.00000000

2D8P-D22S276 0.175 0.11737800
+/-
0.00073978

<0.00000001 
+/. ' 

^0.00000000

<0.00000001 ;
+/2 '  ;■ 
0.00000000

<0.00000001
+ / .  -
0.00000000

D22S276-D22S279 0.260 0.01069160 
'+ /- '
0.00026551

0.00183684

+/- ' • : 
0.00000000

' 0.02487721 
"+/.
0.00041079

0.00547059 #  
+/.
0.00019687

2D8P-D22S279 0.435 0.01179970

0.00028784

0.02881045.1

0.00012760

0.03544903

0.00056766

0.00658867

0.00020135
D22S279-D22S423 (1585 0.38352000

+/-
0.00150715

<0.00000001

0.00052323

0.18393363
+/-
0.00089683

0.01046201 
■+/- . 
0.00018608

D22S279-D22S284 0.610 0.29365500
+/-
0.00140144

0.01721040

0.00000000

0.01467476
+/"
0.00028027

0.25906441
+/-
0.00074811

D22S276-D22S423 0.845 0.43611000
+/-
0.00132703

0.00466198
+/-
0.00017169

0 62465560 
+/-
0.00115876

0.24668570
+/-
0.00078274

D22S276-D22S284 0.870 0.16968800
+/-
0.00074918 0.00013581#

0.18673880
+/-
0.00098586

0 24668570
+/-
0.00078274

2D8P-D22S423 1.020 0.92884200
+/-
0.00078117

0.05337819
+/-
0.00047185

0.59038454
+/-
0.00104182

0.00073873

0.00007527
2D8P-D22S284 1.045 0.18781700

+/-
0.00098081 0.00013581 ‘

0.25290501
+/-
0.00085023

<0.00000001  ̂

0.00000000 wr
Pairwise com parisons that show  significant LD are inbold with shaded backgrounds. 
P values are show n graphically in Figure 4.1
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Figure 4.1 - Linkage disequilibrium FET P values between microsatellites 
(all data)
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Notes LD measured as FET P values for haplotypes of increasing length are 
shown individually for all populations (top); the average F value and 95% confidence 
intervals of the populations is shown below. The general trend is that high LD (i.e. 
low P values) are associated with shorter distances between markers in the haplotype.
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Figure 4.2 - Linkage disequilibrium between microsatellites (all data)
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Notes LD measured as D' for haplotypes of increasing length are shown 
individually for all populations (top); the average P value and 95% confidence 
intervals of the populations is shown below. The general trend is that high LD (i.e. 
high D ' values) are associated with shorter distances between markers in the 
haplotype._________________________________________________________________
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Table 4.2 Linkage Disequilibrium {D’ coefficients)

Markers in 
haplotype

Distance
(cM)

Armenians Ashkenazi British Ethiopians Average 95% 
Cl +/-

D22S423-D22S284 0.025 0.493 0.499 0.552 0.467 0.503 0.035
2D8P-D22S276 0.175 0.249 0.487 0.455 0.400 0.398 0.104
D22S276-D22S279 0.260 0.301 0.322 0.259 0.291 0.293 0.026
2D8P-D22S279 0.435 0.299 0.282 0.337 0.353 0.318 0.032
D22S279-D22S423 0.585 0.266 0.467 0.362 0.337 0.358 0.082
D22S279-D22S284 0.610 0.236 0.337 0.371 0.316 0.315 0.056
D22S276-D22S423 0.845 0.253 0.331 0.291 0.313 0.297 0.033
D22S276-D22S284 0.870 0.296 0.368 0.287 0.312 0.316 0.036
2D8P-D22S423 1.020 0.322 0.346 0.300 0.393 0.340 0.039
2D8P-D22S284 1.045 0.270 0.395 0.304 0.422 0.348 0.071
D ’ coefficients are shown graphically in Figure 4.2 

Efficiency o f haplotype reconstruction

Examining the efficacy of PHASE in reconstructing two microsatellite marker haplotypes in 

terms of error rate (Table 4.3; Figure 4.3) and discrepancy (Table 4.4; Figure 4.4) suggests a 

surprisingly weak association between genetic distance and haplotype reconstruction efficiency. 

However when PHASE is used to reconstruct compound haplotypes consisting of all of the SNPs 

and a single microsatellite the association between the total distance between the markers and the 

reduction in the accuracy of the reconstruction is much more pronounced (Figures 4.5 & 4.6). 

The average error rate for all of the populations (Table 4.5) increases from 0.179 for the 

haplotype containing the closest microsatellite marker {CYP2D8PI~\5kb haplotype length) up to 

0.493 for the haplotype containing the furthest microsatellite {D22S284l>\Wo haplotype length). 

Average discrepancy scores (Table 4.6) mirror this relationship ranging from 0.083 {CYP2D8P) 

up to 0.203 (D22S284). The discrepancy and error rates are shown graphically in Figures 4.5 & 

4.6.

Table 4.3 Error rates for two marker microsatellite haplotype reconstruction

Markers in 
haplotype

Distance
(cM)

Armenians Ashkenazi British Ethiopians Average 95%
CI+/-

D22S423-D22S284 0.025 0.6552 0.7059 0.7143 0.6627 0.6845 0.0293
2D8P-D22S276 0.175 0.4444 0.1905 0.6552 0.6800 0.4925 0.2229
D22S276-D22S279 0.260 0.7857 0.7222 0.8235 0.8000 0.7829 0.0425
2D8P-D22S279 0.435 0.7222 0.7143 0.6333 0.7647 0.7086 0.0538
D22S279-D22S423 0.585 0.7188 0.5676 0.7436 0.6486 0.6696 0.0775
D22S279-D22S284 0.610 0.6957 0.6333 0.7465 0.5882 0.6659 0.0681
D22S276-D22S423 0.845 0.7931 0.8286 0.8235 0.6111 0.7641 0.1011
D22S276-D22S284 0.870 0.6087 0.6333 0.8065 0.8485 0.7242 0.1184
2D8P-D22S423 1.020 0.7500 0.7368 0.8125 0.7000 0.7498 0.0459
2D8P-D22S284 1.045 0.4375 0.7273 0.7143 0.7222 0.6503 0.1391
Error rates are shown graphically in Figure 4.3
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Figure 4.3 - Error rates for two marker microsat haplotypes (PHASE)
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Notes The top shows the efficiency of PHASE in reconstructing two 
microsatellite marker haplotypes of increasing distance for all of the populations 
expressed as Error Rate (the proportion of individuals with ambiguous phase whose 
haplotypes are incorrectly inferred by the algorithm). Below the average ER for all of 
the populations and 95% confidence interval is shown.___________________________
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Figure 4.4 - Discrepancy for two marker microsat haplotypes (PHASE)
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Figure 4.5 - Error Rates for compound haplotypes (PHASE)
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Figure 4.6 - Discrepancy for compound haplotypes (PHASE)
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Table 4.4 Discrepancy for two marker microsatellite haplotype reconstruction

Markers in 
haplotype

Distance
(cM)

Armenians Ashkenazi British Ethiopians Average 95% Cl 
+/-

D22S423-D22S284 0.025 0.165 0.155 0.240 0.203 0.191 0.038
2D8P-D22S276 0.175 0.120 0.129 0.110 0.150 0.127 0.017
D22S276-D22S279 0.260 0.130 0.138 0.140 0.166 0.144 0.015
2D8P-D22S279 0.435 0.120 0.267 0.130 0.203 0.180 0.068
D22S279-D22S423 0.585 0.230 0.082 0.225 0.175 0.178 0.067
D22S279-D22S284 0.610 0.130 0.125 0.200 0.201 0.164 0.041
D22S276-D22S423 0.845 0.270 0.190 0.300 0.189 0.237 0.055
D22S276-D22S284 0.870 0.185 0.129 0.170 0.250 0.184 0.049
2D8P-D22S423 1.020 0.110 0.198 0.255 0.264 0.207 0.069
2D8P-D22S284 1.045 0.100 0.181 0.150 0.201 0.158 0.043
Discrepancy is shown graphically in Figure 4.4

Table 4.5 Error rates fo r compound haplotype (SNPs + 1 microsatellite) reconstruction

Markers in 
haplotype

Distance
(cM)

Armenians Ashkenazi British Ethiopians Average 95% Cl 
+/-

SNPS + 2D8P 0.000 0.136 0.176 0.133 0.222 0.179 0.041
SNPS + 276 0.175 0.632 0.206 0.290 0.444 0.372 0.183
SNPS + 279 0.435 0.350 0.344 0.364 0.449 0.388 0.048
SNPS + 423 1.020 0.417 0.294 0.455 0.518 0.435 0.092
SNPS + 284 1.045 0.273 0.563 0.515 0.529 0.493 0.130
Error rates are shown graphically in Figure 4.5

Table 4.6 Discrepancy for compound haplotype (SNPs + 1 microsatellite) reconstruction

Markers in 
haplotype

Distance
(cM)

Armenians Ashkenazi British Ethiopians Average 95% Cl 
+/-

SNPS + 2D8P 0.000 0.050 0.086 0.080 0.114 0.083 0.026
SNPS + 276 0.175 0.150 0.086 0.110 0.203 0.137 0.050
SNPS + 279 0.435 0.090 0.155 0.190 0.171 0.152 0.043
SNPS + 423 1.020 0.150 0.112 0.240 0.234 0.184 0.062
SNPS + 284 1.045 0.110 0.250 0.200 0.250 0.203 0.065
Discrepancy is shown graphically in Figure 4.6

PHASE reconstruction of haplotypes consisting of all 5 microsatellites is poor: error rates in 

individual haplotype assignment ranged from 0.636 in the Ethiopians up to 0.870 in the 

Armenians (Table 4.7); discrepancy values (Table 4.8) ranged from 0.590 in the Armenians to 

0.780 in the British.

Table 4.7 Error rate fo r five microsatellite marker haplotype reconstruction

Markers in 
haplotype

Armenians Ashkenazi British Ethiopians Average 95% Cl 
+/-

All 5MS (~lcM) 0.870 0.684 0.860 0.636 0.743 0.117

Table 4.8 Discrepancy for five microsatellite haplotype reconstruction

Markers in 
haplotype

Armenians Ashkenazi British Ethiopians Average 95% Cl 
+/-

All 5MS (~lcM) 0.590 0.595 0.780 0.642 0.652 0.087

Looking at the pairwise FETs between the null SNP alleles (“disease” status) and the 

microsatellites using all of the haplotype data (Table 4.9) shows significant LD between the 

closest microsatellite (CYP2D8P) in Armenians, Ashkenazi and British, but not the Ethiopians. 

Furthermore, LD is still significant up to nearly half a centimorgan (0.435cM/D225279) in both
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the Ashkenazi and the British. The average LD excluding the Ethiopians shows a simple trend 

with the lowest P values associated with the closest microsatellites to CYP2D6 and the highest P 

values associated with the two most distant markers. However, no association is found between 

the microsatellites and “disease” in the Ethiopians due to the very low incidence of defective 

alleles in this population. These LD values, calculated by using all of the real haplotype data, are 

assumed to represent the ‘true’ underlying LD in the populations under analysis.

Pairwise FET P values using all known haplotypes

Marker Distance
(cM)

Armenians Ashkenazi British Ethiopians Average

CYP2D8P 0.000 <0.00000001
+/-
0.00000000 iO.00^0000

<0.00000001

0.00000000

0 96358263
+/-
0.00052513

0.24089566
+/-
0.00013128

D22S276 0.175 0.30908800
+/-
0.00140544

0.00034940"

0.00005578^^

0.00473186 . 
+ /. .

0.00022^91

0 76882762
+/-
0.00114579

0.27074922
+/-
0.00070748

Z)22S279 0.435 0.50516100
+/-
0.00169898

Q.01269816

0.OM313O1

.0.02828136^

0.00044923

0.43675879
+/-
0.00124540

0.24572483
+/-
0.00092681

/222S42j 1.020 0.68199700
+/-
0.00108840

0.49760413
+/-
0.00154862

0.09509643
+/-
0.00098157

0.82387292
+/-
0.00103727

0.52464262
+/-
0.00116397

/722S284 1.045 0.46461100
+/-
0.00152301

0.37818950
+/-
0.00152655

0.65821785
+/-
0.00148228

0.32810566
+/-
0.00170620

0.45728100
+/-
0.00155951

Pairwise comparisons that show significant LD are in bold with shaded backgrounds.

P values are shown graphically in Figure 4.7

When pairwise FETs between the null SNP alleles and the microsatellites are determined using a 

random sample of two thirds of the real haplotypes (Table 4.10) the same pattern of LD emerges 

with one exception: the distance over which LD can be detected in the Ashkenazi and British is 

reduced (0 .175cM/D225'279). This group has been selected for comparison with the genotype 

only LD data in order to simulate the additional genotyping of unrelated individuals that can be 

carried out when progeny do not have to be typed (to achieve the same total sample number).
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Figure 4.7 - Linkage disequilibrium FET P values between disease status
and the microsatellites (using all known haplotypes dataset)
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Notes The top shows the LD between microsatellites of increasing distance from 
CYP2D6 and disease status as FET P values. Below the average P value for all of the 
populations and 95% confidence intervals are shown. The general trend appears to be 
that higher LD (i.e. lower P values) are associated with the markers closest to
CyP2D6.
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Table 4.10 Pairwise FET P values using 213 known haplotypes

Marker Distance
(cM)

Armenians Ashkenazi British Ethiopians Average

CYP2D8P 0.000 0.00038933
+A5.846I5C-0S

<0.00000001
+/4).00000000

<0.00000001 
+/- 0.00003111

0.51424551 
+/-0.00115149

0.12868367 
+/- 0.00031027

D22S276 0.175 0.172683 
+/-0.0Ü 108929

0.03060736 _  
+/-0.00054875

0.63348043 
+/-0.00155549

0.21125415 
+/- 0.00087139

022.^279 0.435 0.789822 
+/-0.00136744

0.12947729 +/- 
0.00098523

0.06084535 
+/- 0.00070565

0.16171186 
+/-0.00135072

0.28546413 
+/- 0.00110226

022.9427 1.020 0.542437
+/-0.00122948

0.83622169 +/- 
0.00103677

0.21623807 
+/-0.00124900

0.83076108 
+/- 0.00101790

0.60641446 
+/- 0.00113329

D22S284 1.045 0.486873 
+/-0.00118933

0.70026553 +/- 
0.00161127

0.36538154 
+/-0.00136442

0.37276885 
+/-0.00107280

0.48132223 
+/-0.00130946

Pairwise comparisons that show significant LD arc in bold with shaded backgrounds.

P values arc shown graphically in Figure 4.8

With the PHASE reconstructed haplotypes several of the significant associations in the pairwise 

FETs between the null SNP alleles and the microsatellites are spurious (Table 4.11). The distance 

over which LD can be detected in the Ashkenazi is comparable to when only two thirds of real 

haplotypes are used, but ‘real’ significant LD in the British only occurs with the closest 

microsatellite {CYP2D8P).

Table 4.11 Pairwise FET P values using PHASE predicted haplotypes

Marker Distance
(cM)

Armenians Ashkenazi British Ethiopians Average

CYP2D8P 0.000 <0.00000001
fl-/.
0.00000000

<0.00000001 
"W" #  
0.00000000

<0.00000001
+/- ..4 
0.00000000

0.22057062
+/-
0.00108875

0 .0 5 5 1 4 2 6 6
+/-
0 .0 0 0 2 7 2 1 9

Z)22S276 0.175 0.02521660
+/-
0.00048779

r0.00433255

0.00022711

0.84177214
+/-
0.00109219

0.15558240
+/-
0.00127829

0.25672592
+/-
0 .0 0 0 7 7 1 3 4

D22S279 0.435 0.16046400
+/-
0.00120849

0.29370484
+1-
0.00126465

0.03175538
+/.
O.OOP40P69

0.31344089
+/-
0.00111245

0 .1 9 9 8 4 1 2 8
+/-
0 .0 0 1 0 2 1 3 2

Z)22S42J 1.020 0.49488900
+/-
0.00167153

0.03432097
+/-
0.00043162

0.13086492
+/-
0.00091152

0.01892745
+/-
0.00046770

0 .1 6 9 7 5 0 5 9
+/-
0 .0 0 0 8 7 0 5 9

Z)22S284 1.045 0.61857600
+/-
0.00143791

0.04115921
+/-
0.00056120

0.19358703
+/-
0.00130226

0.10876293
+/-
0.00083409

0 .2 4 0 5 2 1 2 9
+/-
0 .0 0 1 0 3 3 8 7

Pairwise comparisons that show genuine significant LD are in bold with shaded backgrounds; 

spurious significant LD generated by PHASE is indicated in bold only.

P values are shown graphically in Figure 4.9

Finally in the case when only the genotypic information is used, significant LD only extends to 

the closest microsatellite marker {~\5kh/C YP2D 8P) in the Armenians, Ashkenazi and British 

(Table 4.12).
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Figure 4.8 - Linkage disequilibrium FET P values between disease status 
and the microsatellites (using two thirds of known haplotypes dataset)
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Notes The top shows the LD between microsatellites of increasing distance from 
CYP2D6 and disease status as FET P values. Below the average P value for all of the 
populations and 95% confidence intervals are shown. The general trend appears to be 
that higher LD (i.e. lower P values) are associated with the markers closest to 
CyP2D6.
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Figure 4.9 - Linkage disequilibrium FET P values between disease status 
and the microsatellites (PHASE reconstructed haplotypes)
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Notes The top shows the LD between microsatellites of increasing distance from 
CYP2D6 and disease status as FET P values. Below the average P value for all of the 
populations and 95% confidence intervals are shown.
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Pairwise FET P values using genotypes

Marker Distance
(cM)

Armenians Ashkenazi British Ethiopians Average

CYP2D8P 0.000 <0.00000001
+/-“■ H ■ 
0.00000000

<0.00000001 
■+/-' 
0.00000000

<0.00000001
.+/r : ; . 
0.00000000

0.19355000
+/-
0.01524000

0.04838750 
+/- /  
0.00381000

Z)22S276 0.175 0.06843000
+/-
0.00673000

0.05181000
+/-
0.00772000

0.06843000
+/-
0.00769000

0.92473000
+/-
0.00842000

0.27835000
+/-
0.00764000

D22S279 0.435 0 53568000 
+/-
0.01436000

0.16618000
+1-
0.01240000

0.40567000
+/-
0.01293000

0.74096000
+!-
0.01620000

0.46212250
+/-
0.01397250

Z)22S423 1.020 0.20821000
+/-
0.01122000

0.19355000
+!-
0.01095000

0.45943000
-t-/-
0.01420000

0.05474000
+!-
0.00749000

0.22898250
+/-
0.01096500

/722S284 1.045 0.20332000
+/-
0.01320000

0.31965000
+/-
0.01519000

0.78788000
+!-
0.01217000

0.22581000
+!-
0.01638000

0.38416500
+/-
0.01423500

Pairwise comparisons that show significant LD arc in bold with shaded backgrounds 

P values arc shown graphically in Figure 4.10

Examining the multiallclic D ’ coefficients shows the same general trend as the FETs (Tables 

4.13-4.15). Examining the D ’ values, based on all of the known haplotypes, the greatest LD with 

the phenotype is found with CYP2D8P  in the Ashkenazi (0.831); weakest LD is found between 

the phenotype and D 22S279  in the Armenians (0.227). C Y P 2 D 8 P  (the marker closest to 

C YP 2D 6)  shows consistently the highest D ' values of all the markers for the Armenians, 

Ashkenazi and British in this dataset.

D ’ coefficient estimations using all known haplotypes

Marker Distance
(cM)

Armenians Ashkenazi British Ethiopians Average 95%
Cl
+/-

CYP2D8P 0.000 0.729 0.831 0.679 0.349 0.647 0.204
D22S276 0.175 0.430 0.692 0.632 0.736 0 622 0.132
17225279 0.435 0.227 0.401 0 329 0.265 0.305 0.075
17225423 1.020 0.464 0.397 0 392 0.537 0.448 0.067
D225254 1.045 0.231 0.228 0.267 0 639 0.341 0.195
D ’ coefficients are shown graphically in Figure 4.11

Table 4.14 D ’ coefficient estimations using two thirds known haplotypes

Marker Distance
(cM)

Armenians Ashkenazi British Ethiopians Average 95%
Cl
+/-

CXP2D5P 0.000 0.646 0.758 0.608 0.852 0.716 0.109
D225276 0.175 0.781 0.759 0.641 1.000 0.795 0.147
17225279 0.435 0.236 0.378 0.313 0.754 0.420 0.225
17225423 1.020 0.775 0 389 0 290 o.8œ 0.564 0.257
D225254 1.045 0.345 0.220 11387 0.747 0.425 0.222
D ’ coefficients are shown graphically in Figure 4.12
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Figure 4.10 - Linkage disequilibrium FET P values between disease status
and microsatellites (genotypes only dataset)
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Notes The top shows the LD between microsatellites of increasing distance from 
CYP2D6 and disease status as FET P values. Below the average P value for all of the 
populations and 95% confidence intervals are shown.
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Figure 4.11 - Linkage disequilibrium D ’ values between phenotype and 
microsatellites (all known haplotypes dataset)
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Notes The top shows the LD between microsatellites of increasing distance from 
CYP2D6 and disease status as D \  Below the average D ’ for all of the populations and 
95% confidence intervals are shown.
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Figure 4.12 - Linkage disequilibrium D ’ between phenotype and
microsateUites (using two thirds known haplotypes dataset)
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Notes The top shows the LD between microsatellites of increasing distance from 
CYP2D6 and disease status as D \  Below the average D ’ for all of the populations and 
95% confidence intervals are shown.
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Table 4.15 D ’ coefficient estimations using PHASE inferred haplotypes

Marker Distance
(cM)

Armenians Ashkenazi British Ethiopians Average 95%
Cl
+/-

CYP2D8P 0.000 0.886 0.831 0.679 0.445 0.710 0.193
D22S276 0.175 0.521 0.554 0.207 0.691 0.493 0.200
D22S279 0.435 0.298 0.262 0.359 0.499 0.354 0.102
D22S423 1.020 0.499 0.517 0.346 0.815 0.544 0.192
D22S284 1.045 0.196 0.318 0.305 0.831 0.413 0.279
D ’ coefficients are shown graphically in Figure 4.13

The D ’ coefficients averages for ail datasets are compared in Figure 4.14

Comparing the average D ’ values for ail of the real haplotypes, 2/3 of the real haplotype data and 

the PHASE inferred haplotypes suggests (as one would expect) an inverse relationship with 

genetic distance. The pattern of LD demonstrated between phenotype and genetic distance from 

the PHASE inferred haplotypes is comparable to that of the real haplotypes, while the random 

resample of only 2/3 of the real haplotypes appears to consistently overestimate the degree of LD 

(Figure 4.14). However, the 95% confidence intervals are quite broad with considerable overlap 

of the D ’ values (Tables 4.13-4.15).

As a crude comparison in order to determine which method most correctly estimates the ‘real’ D ’ 

value of the sample set, the sum of the absolute difference in D ’ estimates based on the all of the 

real haplotypes versus the 2/3 real sample and the PHASE reconstructed set was calculated 

(Table 4.16). Unsurprisingly, for the populations that demonstrated high levels of LD, using the 

smaller number of real haplotypes produced very small differences in D ’ estimate compared with 

the larger differences in D ’ estimate based on PHASE (0.180 versus 0.486 in the Ashkenazi; 

0.320 versus 0.540 in the British). By contrast for the Armenians and Ethiopians, which 

exhibited much lower levels of LD, the reverse was found: the difference in D ’ estimates was 

more than twice as high for the smaller sample of real haplotypes than the PHASE reconstructed 

haplotypes.
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Table 4.16 Sum o f the difference in D ’ coefficient estimations between all o f the known

haplotypes versus 213 real and PHASE inferred

Difference in D’ 

between real versus
Armenians Ashkenazi British Ethiopians Average 95% Cl

+/-

2/3 real haplotypes 0.868 0.180 0.320 1.627 0.749 0.643

PHASE haplotypes 0.389 0.486 0.540 0.845 0.753 0.193
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Figure 4.13 - Linkage disequilibrium between phenotype and 
microsatellites (PHASE reconstructed haplotypes dataset)
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Figure 4.14 - Average linkage disequilibrium between phenotype and microsatellites, comparing the following datasets: 
all known haplotypes, 2/3 known haplotypes and PHASE reconstructed haplotypes.
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Discussion

The PHASE documentation notes that simulations suggest that the algorithm performs reasonably 

up to a distance of -0.1 cM and that it may continue to perform adequately for larger regions. The 

results are consistent with this expectation, as error rates in assignment (Tables 4.5 and 4.6) jump 

abruptly between the closest microsatellite CYP2D8P  (~15kb) and the next closest D 22S276  

(~0.175cM). However, the breakdown in reconstruction efficacy could occur at any point 

between these markers. Interestingly, there do appear to be considerable differences in the 

efficiency of haplotype assignment between ethnic groups -  this is illustrated by the high error 

rate in haplotype reconstruction in the Armenians (0.632) which is more than three times that of 

the Ashkenazi (0.206) for D22S276 (Table 4.1). This error rate difference falls beyond that which 

can be accounted for by the 95% confidence interval for the values across the populations, 

suggesting that with supplementary datasets a significant difference in the efficiency of haplotype 

reconstruction could be found between the Armenians and Ashkenazi.

In the simulated association study there are several simple conclusions. Firstly, LD between the 

disease and the markers is detectable at a much greater distance (up to 0.175cM) using only 2/3 

of the known haplotypes, than the genotypic data alone. Secondly, when PHASE is used with 

markers that extend over such a large genetic distance, it generates a number of spurious 

associations that could be interpreted as false positive results during a genomic scan. PHASE 

may bias towards high LD when attempting to resolve ambiguity by making inferred haplotypes 

similar to those it assumes to be genuine. Finally, although genotypes seem to have less power 

than real haplotypes to detect association, they do not generate the spurious associations that 

might lead to false positive results (as PHASE does in this dataset). Therefore in this instance, 

using these methods for finding associations between markers and disease, haplotyping a smaller 

number of family members would seem to be more cost effective than genotyping a larger 

number of unrelated individuals. However, it is worth noting that in all scenarios the greatest 

degree of LD was correctly shown to exist between the ‘disease’ and the microsatellite marker 

that is closest to CYP2D6 (CYP2D8P) -  even when the genotype only (phase unknown) dataset is 

considered. Furthermore, even though the cost of genotyping 2/3 of n samples and then including 

additional family members is numerically the same as genotyping n unrelated individuals, there 

may be additional costs and extra time associated with the collection of family samples that may 

still make this approach uneconomical or impractical. One example of the problems associated 

with the collection of family samples is false paternity; a high rate of false paternity would erode 

the cost effectiveness of using family samples. Of the families used in this analysis no evidence 

of false paternity was found in the Armenians (31 families) or Ashkenazi (51 families), but two 

cases were found in the British (49 families) and six in the Ethiopians (50 families).

Given that there are only four replicates (i.e. populations), it is important not to overstate the 

validity of the results and so the conclusions should only be regarded tentatively. Further work is
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required in order to be able to carry out more rigorous statistical analysis: firstly, larger sample 

sets that include more replicates (either from the same populations and/or different populations) 

so that statistical error would be considerably reduced. It would be useful to contrast the extent 

of LD shown between the linked markers in this study with a number of completely unlinked 

markers (i.e. from other chromosomes) in order to be able to account for the degree of 

‘demographic noise’ in the sample (i.e. admixture, effective population size, time since most 

recent common ancestor, inbreeding, etc). Secondly, it might also be useful to add further 

microsatellite markers to increase knowledge about the pattern of LD and haplotype prediction 

accuracy with distance. PHASE would presumably perform equally well across large intervals of 

DNA provided that all of the markers under analysis are within a single LD block; conversely, it 

is likely that PHASE performance would be very poor over a relatively small distance if both of 

the markers happen to fall upon opposite sides of a recombination hotspot. This might explain 

some of the inconsistency in the relationship between marker distance and LD or PHASE 

efficacy observed in the datasets (Table 4.1, 4.2 and 4.3). Finally, it would be useful to repeat 

this work in other genomic regions -  CYP2D6  may not be representative of what is happening 

throughout the rest of the genome in general (e.g. CYP2D6  or a marker in LD with it may be 

under selection -  see Chapter 5).

Perhaps the most interesting observation is that when comparing the distance over which LD can 

be detected using all of the real haplotypes it is possible to detect significant association up to 

nearly 0.5cM in the Ashkenazi and the British (Table 4.9). Furthermore, when the extent of 

significant pairwise LD is examined between the populations, assuming that this finding is 

generally applicable throughout the genome, the relatively high levels of LD exhibited by the 

Ashkenazi suggests that they would be a more appropriate population to choose for low 

resolution whole genome scans, while the relatively low levels of LD exhibited in the Armenians 

suggests that they would be a more appropriate subject population for fine scale mapping. The 

Ashkenazi are believed to be the descendants of admixed Northern European and Middle Eastern 

groups (Wijsman 1984) and since admixture tends to increase LD (Huttley et al. 1999) this may 

account for relatively high levels of LD exhibited in the Ashkenazi relative to the other groups 

under analysis. Alternatively, the relative genetic homogeneity of Ashkenazi Jews may also 

contribute to elevated LD levels -  it has been claimed that the current population of 1.5 million 

Ashkenazi living in Israel are descended from a core group of just 1,500 families (IDgene 

Pharmaceuticals website, http://www.idgene.com). Interestingly, IDgene Pharmaceuticals was 

formed in 1998 with the goal of specifically exploiting these characteristics of the Ashkenazi 

population to provide a fast track to identifying the genes involved in common genetic disorders. 

The low levels of LD in the Armenians may be because the samples were taken from an 

urbanised and cosmopolitan area (Yerevan) and/or they have not undergone the same population 

bottlenecks that European founder populations have. In conclusion then it would appear that the 

initial population choice when conducting a genomic scan may be of much more critical 

importance than the decision to go to the expense of haplotyping samples -  comparing the FETs
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in Tables 4.10-4.12 it appears that haplotyping provides no more information than genotyping in 

the case of the Armenians or Ethiopians, although it would for the Ashkenazi and British.
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C hapter 5 -  Microsatellites as tools to explore CYP2D6 variation and evolution.

Introduction

An important feature of the P450 enzymes is their overlapping substrate specificity; a single P450 

can metabolise numerous structurally diverse chemicals or several different P450s may process 

the same chemical. This redundancy provides an organism with a considerable capacity to 

metabolise and detoxify numerous substances in the environment. In evolutionary terms the 

fundamental role of DMEs like CYP2D6 is to protect against environmental toxins (e.g. plant 

toxins in the diet); their role in the clearance of clinical drugs is only a recent novelty. 

Unsurprisingly, most drugs metabolised by CYP2D6 are derivatives of naturally occurring plant 

alkaloids.

Given the likely pivotal role of DMEs in dietary evolution, two different selection based 

hypotheses have been proposed to explain the high degree of variation in DME genes and the 

difference in the frequencies of these variants amongst different ethnic groups (Wolf and Smith 

1999). The first hypothesis is that variation has arisen because DMEs are no longer essential for 

survival -  since the introduction of farming and food processing techniques such as cooking, diet 

has become increasingly homogenous leading to a relaxation of the selective constraints that 

would have removed defective DME variants in human prehistory. The alternative hypothesis is 

that the high level of polym orphism  may be of critical im portance to survival - 

microenvironmental heterogeneity in diet could provide the disruptive (or ‘diversifying’) 

selection that would favour different levels of DME activity in populations with different diets. 

However, the problem with this latter hypothesis is that researchers have not yet adequately 

explained why there are such high incidences of different types of null alleles (Wolf and Smith 

1999).

One method typically employed to detect positive selection is to show that the rate of 

substitutions per nonsynonymous site is significantly greater than the rate of substitutions per 

synonymous site -  since advantageous mutations are likely to undergo fixation much more 

rapidly than neutral mutations, the rate of nonsynonymous substitution should exceed that of 

synonymous substitution if advantageous selection plays a major role in the evolution of the 

protein. For example, one simple test using this approach is to use the numbers of synonymous 

and nonsynonymous differences between the two protein-coding sequences. Mg and M^, and the 

average number of synonymous and nonsynonymous sites, and /^^(Zhang et al. 1997): under 

the null hypothesis of neutral evolution, i.e. no positive selection, we would expect M^/N^ = 

Unfortunately, this approach is of limited utility for exploring CYP2D6 variation: firstly, 

many of the polymorphisms known to influence enzyme activity are not base substitutions in the 

coding regions, but are indels, chimerical recombinants, or gross amplifications/deletions of the 

whole gene. Secondly, no widespread characterisation of synonymous mutations has been
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carried out -  mutations are usually discovered because of a subject’s phenotype and then the 

causative mutations are subsequently identified through sequencing, leading to an ascertainment 

bias in the published literature towards nonsynonymous mutations (Wakeley et al. 2001).

Another approach to examining the role of selection in general is to compare the allele 

frequencies in modem groups whose founders would have been recently subject to evolutionary 

pressures similar to those found at the earliest stages of human development. A comparative 

study of the evolutionary pharmacogenetics of the Ngawbe and Emerba Amerindians of Panama 

and Colombia showed a lack of significant difference in CYP2D6 allele frequency compared with 

Western Europeans -  suggesting that there has been no recent positive selection effecting allele 

frequencies since the colonisation of the Americans -15,000 years ago (Jorge et al. 1999).

Recently, more sophisticated approaches have been developed that employ allelic variation at 

closely linked loci in order to date the origin of mutations and infer selection coefficients, e.g. 

linked microsatellite markers were utilised to date the origin of the CCR5-A32 AIDS-resistance 

allele (Stephens et al. 1998). By using coalescence based models to interpret the modern 

haplotype genealogy, they estimated that the CC/?5-A52-containing ancestral haplotype 

originated -700  years ago: mutation and recombination were assumed to occur at a combined 

rate, allowing the age of origin to be estimated from the proportion of unchanged haplotypes 

associated with the derived allele. They conclude that the geographic d ine  and recent emergence 

are consistent with a strong recent selective event. Using similar heuristics, the age of the type II 

and III mutations at the FXI locus were estimated using the flanking microsatellite marker 

D4S171 (Goldstein et al. 1999).

These concepts form the basis for the third approach that can be used to infer selection by 

utilising intraallelic variability - the joint distribution of the frequency of a neutral allele and the 

extent of viability at closely linked marker loci. It can be modelled in three ways: I) as the 

number of chromosomes carrying the ancestral allele at a linked marker locus; 2) as the length of 

a conserved haplotype shared by all copies of the allele; and 3) as the number of mutations at one 

or more linked marker loci. Intraallelic variability has two applications: if the population growth 

rate is known then the model provides a statistical test of neutrality by examining whether the 

observed level of intraallelic variability is consistent with the observed allele frequency. 

Conversely, if the growth rate is not known, but neutrality is assumed, the theory provides a way 

to estimate the past growth rate (Slatkin and Bertorelle 2001). Using these heuristics on the data 

of Stephens et al (1998) the selective coefficient associated with the greatest likelihood is about 

0.2 for the CCR5-A32 AIDS-resistance allele (Slatkin 2001).

In order to investigate the evolution of variation in CYP2D6, DNA samples were obtained from a 

total of 119 families from four different ethnic groups (Armenians, Ashkenazi Jews, British and 

Ethiopians) and genotyped for 7 simple nucleotide polymorphisms (SNPs) known to vary in
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frequency between ethnic groups and 5 microsatellite markers in close proximity (<=lcM ) to the 

CYP2D  gene cluster. Phase was assigned manually using standard procedures (Nejati-Javaremi 

and Smith 1996).

The compound haplotypes generated were used to address the following questions: 1) What are 

the estimated ages of the common allele variants in CYP2D61 2) Do the age estimates for the 

common mutations in CYP2D6 differ between the ethnic groups under analysis? 3) Is there any 

evidence that any of the common mutations in CYP2D6  are under positive selection? 4) Are 

different CYP2D6 alleles under selection in different ethnic groups?
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Methods_______________________________________________________________________

Samples, DNA extraction, genotyping and haplotype assignment

The samples were collected, extracted, genotyped and assigned haplotypes as outlined in Chapter 

4 (i.e. the same sample set was used, only the analysis was different).

Statistical analysis

Analysis was carried out using the Arlequin program (Schneider et al. 2000) to calculate the 

following: exact test of population differentiation (Goudet et al. 1996; Rousset and Raymond 

1995); genetic distances Fgj and R^j were estimated from analysis of molecular variance 

(AMOVA) OsT values (Cockerham and Weir 1984; Excoffier et al. 1992; Weir 1996); genetic 

diversity, h (Nei 1987); and linkage disequilibrium as pairwise FETs (Slatkin 1994).

Network analysis o f haplotypes

Networks to graphically represent the relationship between the different microsatellite haplotypes 

were constructed in the Network 2.1 program and then colour coded according to which CYP2D6 

alleles they are associated with. Network 2.1 is available for free as DOS and Windows binaries 

from http://www.fluxus-engineering.com/sharenet.htm. The program employs two different 

algorithms: reduced median (RM) network method (Bandelt et al. 1995) and median-joining (MJ) 

network method (Bandelt et al. 1999). The two methods differ in the way that they postulate 

"missing" (i.e. unobserved) nodes in order to connect all microsatellite haplotypes in a minimum- 

spanning one-step network. The MJ method tries to find these so as to make the network look 

more star-like but doesn't use information on observed microsatellite haplotype frequencies. The 

RM method tries to favour connections that join up common microsatellite haplotypes rather than 

rarely observed microsatellite haplotypes.

Dating

For the dating of mutational events, a dinucleotide microsatellite mutation rate of 0.00056 was 

assumed (Weber and Wong 1993). Recombination rates were estimated from the information 

from  g e n e tic  d is ta n c e s  tak en  from  G en etic  L o ca tio n  D a tab ase  (G LD ) 

http://cedar.genetics.soton.ac.uk/public_html/22smap/smap.html (see Appendix Table A1 for 

details). Heuristics were based on those used in Goldstein et al (1999) and Risch et al (1995). In 

all cases the microsatellite with the highest frequency associated with the derived CYP2D6 allele 

in the modem population was assumed to be the ancestral microsatellite type associated with the 

mutation that created the derived C YP2D 6  allele in the ancestral population. Three script
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programs were written in Matlab to automate the algorithm (Dr. Mike Weale at Genostics Ltd, 

personal communication):

age_XI

Based on the Factor XI modelling method of transition matrix modelling (Goldstein et al. 1999), 

but improves on this method by modelling all microsatellite allele states, not just “ancestral” 

versus “derived”. This confers the advantages that the method is no longer dependent on c (per 

generation recombination rate estimate) »  u (per generation microsatellite mutation rate). 

Instead this method is valid for all c/u ratios, even if c=0 since it tracks the decline in ancestral 

allele frequency over time. However if the loci under analysis mutate in a manner that is 

inconsistent with the stepwise mutation model (SMM), we might expect the age_XI method to be 

less sensitive to these departures from SMM (Kimura and Ohta 1978) because it only takes into 

account back mutations to the ancestral type.

age_MEW

Based on the Factor XI modelling method of transition matrix modelling. The MEW method is 

designed for situations where u »  c. Instead of modelling the changes in allele frequency over 

time, it monitors changes in the variance of the microsatellite repeat number.

age_ME2

This is a modified version of the MEW method above. Instead of modelling the increase in 

variance, it models the increase in average square difference (ASD) from the putative ancestral 

type (Goldstein et al. 1995; Slatkin 1995). Assuming that the microsatellite does not depart from 

a strict stepwise mutation model (SMM) then this method would be much more accurate than 

age_XI and age_MEW.

The Matlab scripts implementing these heuristics can be found in the Appendix.

Selection tests and population growth estimation

Programs written in C were obtained that implemented these algorithms (Prof. Montgomery 

Slatkin at Berkeley, personal communication) and were compiled using the standard UNIX gee 

compiler:

NeutralityTest

This program conducts a neutrality test: if the population growth rate is known, the Joint 

distribution provides the basis for a test of neutrality by testing whether the observed level of 

intraallelic variability is consistent with the observed allele frequency (Slatkin and Bertorelle 

2001)
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EstimateGrowth

This program calculates the likelihood of the population growth rate as a function of the allele 

frequency and extent of intra-allelic variability (Slatkin and Bertorelle 2001).

Estimates

This program calculates the likelihood of the selection intensity, s, affecting a mutant allele A that 

arises as a single copy at a locus otherwise fixes for a (Slatkin 2001).

There are a number of assumptions that have been made for the parameters in the Estimates 

analysis:

Firstly, population growth (r) rate was assumed to be 0.002 (Slatkin 2001). Effective population 

size (neO) was assumed to be 10,000 (Jorde et al. 2001). Preliminary tests suggested that the 

method is relatively insensitive to population growth rate and effective population size (see 

Appendix A6, A7 & A8 for details): r values tested ranged from 0.001 to 0.05 and neO values 

tested ranged from 100 to 1,000,000. A dinucleotide microsatellite mutation rate of 0.00056 was 

assumed (Weber and Wong 1993). Recombination rates were based on the information from 

g e n e tic  d is ta n c e s  ta k e n  fro m  G e n e tic  L o c a tio n  D a ta b a s e  (G L D ) 

http://cedar.genetics.soton.ac.uk/public_html/22smap/smap.html (see Appendix Table A1 for 

details). The selection coefficient was varied incrementally and the likelihood of each value of s 

calculated using the software. Initially a wide incremental interval of selection coefficients was 

used in order to observe where the dataset suggested any positive selection: a minimum s of 0.01 

up to a maximum of 1.00 with interval increases of 0.05 was used. A second fine scale analysis 

was then carried out where positive selection was detected -  typically a minimum s of 0.001 up 

to a maximum of 0.200 with interval increments of 0.005 was used. The values at each point 

were based on 10,000 runs so that it was practical to carry out analysis on a computer workstation 

in an acceptable timeframe (with this number of replicates typically each analysis took between 

4-24 hours running on G3 class Power Macintosh or Intel Pentium II class machines). Support 

intervals were calculated by taking a reduction in log-likelihood of 1.92 from the maximum 

(Edwards 1992).
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Results

CYP2D6 Alleles

As would be expected from previous studies, CYP2D6 showed considerable interethnic variation 

(Table 5.1). The most common defective allele in Europe, C YP2D 6*4  was found at high 

frequencies in Britain (0.198), Ashkenazi (0.159) and Armenians (0.120), but absent in the 

Ethiopians. Therefore CYP2D6*4 was found at comparable frequencies in the British to those 

previously reported for other Western European populations (Gaedigk et al. 1999); likewise the 

Armenian C YP 2D 6*4  frequency is comparable to those of neighbouring Turkey (~0.10) 

(Aynacioglu et al. 1999). Interestingly the Ashkenazi, believed to be descended from an 

admixture of Northern European and Middle Eastern populations (Hammer et al. 2000), have a 

CYP2D6*4 frequency falling between those of the British (Europeans) and Armenians (Middle 

Eastern). Although typically referred to as an, ‘African polymorphism’, CYP2D6*17 was present 

in a few samples in both the Armenians and Ashkenazi, as well as at the expected high frequency 

in the Ethiopians (0.158). CYP2D6*3, the third most common European defective allele, was 

found only in the British at low frequency (0.019).

Table 5.1 No. o f chromosomes corresponding to each allele type fo r each population group

Allele Armenian Ashkenazi British Ethiopian
CYP2D6*1 47 (0.470) 60 (0.476) 46 (0.434) 52(0.315)

CYP2D6*2 33 (0.330) 42 (0.333) 35 (0.330) 74 (0.448)

CYP2D6*3 2 (0.019)
CYP2D6*4 12(0.120) 20 (0.159) 21 (0.198)
CYP2D6*5? 3 (0.030) 2 (0.016) 1 (0.009) 4 (0.024)
CYP2D6*9 2 (0.020) 1 (0.009)
CYP2D6*10 1 (0.010) 8 (0.048)
CYP2D6*17 2 (0.020) 2 (0.016) 26 (0.158)
CYP2D6*30 1 (0.006)
n 100 126 106 165
h 0.6606 

+/- 0.0302
0.6415 

+/- 0.0237
0.6692 

+/- 0.0220
0.6758 

+/- 0.0211

The exact test of population differentiation (ETPD) shows strong significant differences 

(P<0.00001) in C YP 2D 6  allele frequency between the Ethiopians and all the other three 

populations under analysis (Table 5.2). This is mirrored by the P values for the Pairwise Fgy test 

(P<0.001). The lowest significant was observed between the Armenians versus Ethiopians 

(Fsj =0.04458), and the greatest between the British and Ethiopians (Fgy =0.05925). This is 

consistent with the results of AMOVA (Table 5.4): significant genetic structure is detected 

(P=0.00028), with 3.11% of the genetic variation attributable to differences between the 

populations. The highest level of genetic diversity (/i) was observed in the Ethiopians (0.6758) 

and the lowest in the Ashkenazi (0.6415), but this difference was not significant.
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Table 5.2 Exact Test o f  Population Differentiation  -  SNPs only

N on-d if fe ren t ia t ion  exac t  P  values

Population Armenian Ashkenazi British Ethiopian
Armenian *

Ashkenazi 0.61660+-0.0034 *

British 0.29195+-0.0037 0.49214+-0.0035 *

Ethiopian <0.00001+4.0000 <0.00001+4.0000 <0.00001+.
0.0000

*

Comparisons that are significant are in bold with shaded backgrounds. 

Significance level = 0.05

Table 5.3 Comparisons o f Pairs o f Populations -  SNPs only 

Pairwise P values

Population Armenian Ashkenazi British Ethiopian
Armenian * -0.00728 -0.00872 0,04458 ;
Ashkenazi 0.89094+-0.0009 * -0.00860
British 0.51727+-0.0015 0.72504+-0.0013 *

Ethiopian 0.00100+4.0001 0.00010+4.0000 0.00010+4.0000 *

Comparisons that are significant are in bold with shaded backgrounds. 

P values on lower left / F^r values on upper right.

Significance level = 0.05

Table 5.4 AMOVA (Analysis o f Molecular Variance) -  SNPs only

Subgroups Armenians, Ashkenazi, British and Ethiopians
Source o f  variation Percentage o f variation P value
Among groups 3.11% 0.00028+-0.00005
Among individuals 
within groups

2.05% 0.338204-0.00147

Within individuals 94.84% 0.159274-0.00117
Comparisons that are significant are in bold with shaded backgrounds 

Significance level = 0.05

Microsatellites

As would be expected with microsatellites loci all the markers exhibited high levels of 

polymorphism (Table 5.6; Figure 5.1). Unsurprisingly the Ethiopians showed the highest levels 

of microsatellite repeat number variation (in terms of range and variance) for three of the five loci 

under analysis. By contrast the Armenians seem to be much more homogenous, showing the 

lowest levels of microsatellite repeat number variation (in terms of range and variance) for three 

of the five loci under analysis. Examining Figure 5.1 suggests that there is a distinct bimodal 

allele distribution for the microsatellites that seems to be consistent across all of the loci and 

populations.
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Figure 5.1 - Microsatellite allele frequencies of all populations under analysis.
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Table 5.6 Microsatellite range, mode, and variance fo r  each population group 

MS/Population Armenian Ashkenazi British EthiopiMS/Population Armenian 1 Ashkenazi 1 British 1 Ethiopian A ll 1
D22^279
High 20 21 21 24 24
Low 17 15 15 16 15
Range 3 6 6 9
Mode 17 17 17 17 17
Variance 0,990 1.571 1.282 1.555
022^423
High 27 29 28 27 29
Low 17 17 16 12 12
Range 10 12 12 17
Mode 19 20 19 19
Variance 7.788 8.775 8.462 9.757
D22^2g^
High 25 28 28 28 28
Low 18 18 17 16 16
Range 7 10 11 S H I E S 12
Mode 23 23 23 23
Variance 4.614 4.243 5.444 ’ 1. J 5,297
CYF2D
High 29 27 28 30 30
Low 16 18 19 14 14
Range 13 9 9 1 16
Mode 19 19 20 19
Variance 8.265 8.804 8.536 9.126
D22.^276
High 22 25 22 22 25
Low 16 16 16 14 14
Range 6 6 8 11
Mode 17 18 17 17
Variance 2.295 2.506 2.817 2.787

n 100 126 106 165 497
Note. “High” indicates the largest allele type for the locus found in the population; “low” 
indicates the smallest allele type for the locus found in the population. “Mode” indicates the most 
frequent allele size found in the population. “Variance” indicates the variance in allele size for 
the population. The population with the lowest scores for a microsatellite locus are marked in 
light grey; the population with the highest scores for a microsatellite locus are marked in dark 
grey.
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The exact test of population differentiation shows significant differences in microsatellite allele 

frequencies between all of the four populations (Table 5.7). This was reiterated in the P values 

for the Pairwise test (this is analogous to F^j but also takes into account stepwise mutational 

relationships of the microsatellites) -  all comparisons were significant (Table 5.8). Again, this is 

consistent with the results of AMOVA (Table 5.9): significant genetic structure is detected 

(P=<0.00001), with 1.64% of the genetic variation is attributable to differences among the 

populations. Genetic diversity {h) for the microsatellites (Table 5.10) was exceptionally high for 

all of the populations (>0.990).

Table 5.7 Exact Test o f  Population Differentiation -  Microsatellites only 

Non-differentiation exact P values

Population Armenian Ashkenazi British Ethiopian
Armenian *
Ashkenazi <0.00001+ 0.0000 * *
British 0.01287#0.0014 0.00004+ 0.0000 *
Ethiopian <0 00001+-0.0000 ^ <0.00001+-0.0000 0.00002+ 0.0000 *
Comparisons that are significant are in bold with shaded backgrounds. 

Significance level = 0.05

Table 5.8 Comparisons o f Pairs o f Populations -  Microsatellites only 

Pairwise R sjP  values

Population Armenian Ashkenazi British Ethiopian
Armenian * 0,00307i 0.00156 0.00221 . : rv?
Ashkenazi 0.00033+0.0001 * 0.00286 ■>%. 0.00342 \  •
British 0.01690+ 0.0004 ^ 0.00036+ 0.0001 ^ * 0.00179 ' '
Ethiopian 0.00003+-0.0000 . C0.00001+-0.0000 0.00024+0.0000 *
Comparisons that are significant are in bold with shaded backgrounds.

P values on lower left / R^j values on upper right.

Significance level = 0.05

Table 5.9 AMOVA (Analysis o f Molecular Variance) -  Microsatellites only

Subgroups Armenians, Ashkenazi, British and Ethiopians
Source o f  variation Percentage o f variation P value
Among groups 1.64% c; H« <0.OOOO1+-O.OOOO()
Among individuals 
within groups

-1.70% 0.88218+-0.00372

Within individuals 100.06% 0.68218+-0.00433
Comparisons that are significant are in bold with shaded backgrounds 

Significance level = 0.05

Table 5.10 Genetic diversity

Population Armenian Ashkenazi British Ethiopian
h 0.9964

+/- 0.0021
0.9934 

+/- 0.0022
0.9973

+/- 0.0019
0.9976

+/- 0.0010
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Compound haplotypes (CYP2D6 & microsatellites)

In tuitively , since com pound haplotype analysis uses all o f  the data availab le one w ou ld  presum e  

that it is m ore pow erfu l than usin g  the CYP2D 6  and m icrosa te llite  data independently  for  

differentiating betw een the populations. H ow ever, in practice this is not the case for tw o reasons:

1) there are a large number o f  singleton haplotypes that are found in on ly  a sing le  population, and

2) current statistical analysis m ethods and softw are does not perm it one to take into account 

step w ise  m icrosate llite  m utation in com pound haplotype data and so  the ana lysis is based on 

alle le  frequencies only must be used rather than R^j).

In contrast with the m icrosatellite on ly  data, the ET PD  fails to find a sign ifican t d ifference in the 

com pound haplotype frequencies betw een the Arm enians and the British (T able 5 .11 ). Sim ilarly, 

the P va lues for the Pairw ise F^j test are not sign ifican t betw een then A rm enians versus British  

and A sh k en azi versus British (T able 5 .12 ). A M O V A  (T able 5 .1 3 ) w as n on -sign ifican t. A s  

w ould  be expected , genetic  diversity (/;) (Table 5 .1 4 ) was excep tion a lly  high for the com pound  

haplotypes in all o f  the populations (>0 .996).

Table 5.1 J Exact Test o f  Population Differentiation -  Compound haplotypes 

Non-differentiation exact P values

Population Armenian Ashkenazi British Ethiopian
Armenian *

Ashkenazi 0.00018+ 0:0001 *

British 0.1320I+-0.0064 0.04501+ 0.0032 >- *

Ethiopian 0.00011+ 0.0001 <0.00001+ 0.0000 0.00250+ 0.0006 *

C om parisons that arc significant are in bold with shaded backgrounds. 

Sign ifican ce  level =  0 .05

Table 5.12 Comparisons o f Pairs o f  Populations -  Compound haplotypes 

Pairwise F s j P  values

Population Armenian Ashkenazi British Ethiopian
Armenian * 0,00204 m- 0.00053 0.00144
Ashkenazi 0.00061+-0.0001 * 0.00073 0.00202
British 0.13861+-0.0011 0.09400+-0.0009 * 0.00071
Ethiopian 0.00034+̂ 0.0001 <0.00001+ 0.0000 0.02129+ 0.0005 *

C om parisons that are significant are in bold w ith shaded backgrounds. 

P values on low er left / Fst values on upper right.

S ign ifican ce  level =  0 .05
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Table 5.13 AMOVA (Analysis o f Molecular Variance) -  Compound haplotypes

Subgroups Armenians, Ashkenazi, British and Ethiopians
Source o f variation Percentage o f variation P value
Among groups 0.12% l.OOOOO-H-O.OOOOO
Among individuals 
within groups

-0.20% 1.00000+-0.00000

Within individuals 100.07% 1.00000-1-0.00000
Comparisons that are significant are in bold with shaded backgrounds 

Significance level = 0.05

Table 5.14 Genetic diversity

Population Armenian Ashkenazi British Ethiopian
h 0.9976 0.9964 0.9991 0.9984

+/- +/- +/- +/-
0.0019 0.0016 0.0015 0.0009

However, compound haplotype data is potentially useful in inferring relative age of CYP2D6 

alleles and examining whether they are likely to have undergone recent positive selection. If a 

CYP2D6 allele was under strong positive selection then one would expect it to have gone to high 

frequency in a relatively short period of time, thus recombination and microsatellite mutation 

would not have had time to generate haplotype diversity and so there would be a low variance in 

the linked microsatellites. If a CYP2D6  allele has arisen relatively recently, but had not been 

subject to positive selection, then a low allele frequency and a low variance at the linked 

microsatellites would be expected. Conversely, ancient selectively neutral alleles would be 

expected to have the highest levels of variance at the linked microsatellite loci.

Examining the relationship between microsatellite diversity (average variance) versus frequency 

for each allele (Figure 5.2) suggests a simple trend: increasing microsatellite diversity with 

increasing CYP2D6  allele frequency. If an allele had a strong positive selective advantage it 

would typically have a higher frequency: diversity ratio (i.e. would be found toward the bottom 

right of the Figure). However, this appears to not be the case, suggesting that none of the 

CYP2D6  alleles are likely to be under strong positive selection. Interestingly, the Ethiopian 

haplotypes appear to have the reverse trend: the lower frequency alleles (CYP2D6*17 & 

CYP2D6*1) have a greater microsatellite diversity than the most common allele, CYP2D6*2 -  

although the regression is not significant (F=0.284). The lowest microsatellite diversity (2.95) 

was associated with CYP2D6*4 in the Ashkenazi; conversely, the greatest microsatellite diversity 

(6.19) was associated with CYP2D6*17 in the Ethiopians.

Using all of the data points the correlation between allele frequency and microsatellite diversity is 

0.296; when the Ethiopians are excluded this jumps to 0.777. Likewise, the regression is not 

significant when all of the data points are used (significance F = 0.348), but is when the 

Ethiopians are excluded (significance F = 0.014).
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Figure 5.2 - Microsatellite diversity against allele frequency for each population
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Network Analysis o f  Haplotypes

Examining the network of haplotypes for the Armenians (Figure 5.3) suggests that there is a 

distinct cluster of microsatellite haplotypes associated with CYP2D6*4  alleles (indicated in 

blue/green on the bottom right of the diagram). This reiterates the findings for the microsatellite 

diversity values associated with each allele: the diversity of haplotypes associated with 

CYP2D6*4 is lower than that of other alleles in the Armenians, suggesting either selection is 

acting on the gene, the mutation is relatively young or some other demographic event has resulted 

in reduced diversity. The other major alleles {ÇYP2D6* 1 & CYP2D6*2) are found dispersed 

throughout the network and with many haplotypes associated with both alleles (indicated in 

orange) therefore suggesting that they are old. A similar pattern is found in the Ashkenazi 

(Figure 5.4) and the British (Figure 5.5) -  CYP2D6*4 associated haplotypes seem to form much 

more distinct clusters than other alleles. Again in the Ashkenazi, British and Ethiopians (Figure 

5.6) the other major alleles {CYP2D6* 1 & CYP2D 6*2) are found dispersed throughout the 

network and with many haplotypes associated with both alleles (indicated in orange) therefore 

suggesting that they are ancient.

A similar pattern is observed when networks are analysed by allele, rather by population. For 

CYP2D6*! (Figure 5.7) and CYP2D6*2 (Figure 5.8) networks the most frequent haplotype tend 

to occur in all of the populations (indicated in grey) and cluster closely to one another, but there 

are large numbers of singleton haplotypes that are unique to single populations (especially the 

Ethiopians). With CYP2D6*4 (Figure 5.9) more clustering is evident and there is much overlap, 

with more haplotype sharing occurring across populations. Clustering is much weaker for 

CYP2D6*10 (Figure 5.10) compared with CYP2D6*4, and in turn weaker in CYP2D6*10 than 

CTP2£)6*77 (Figure 5.11).

Dating o f SNPs in CYP2D6

Of the alleles under analysis, only three are present at sufficiently high sample sizes to be able to 

perform the dating analysis: CYP2D6*2, CYP2D6*4 and CYP2D6*17. In all cases one generation 

is assumed to be equivalent to 25 years.

The Xlb method produced age estimates for CYP2D6*2 (found in all populations) that where 

substantially different from the MEW and ME2 (-15,000 years versus 35,000+). By contrast, the 

MEW and ME2 methods are in generally good agreement for CYP2D6*2. Using these methods 

the average age of CYP2D6*2 is estimated to be in the order of -35,000-40,000 years (Tables 

5.18 & 5.21). In both cases the most recent age estimates occur in the Armenians in which 

CYP2D6*2 appears much younger (-4,000-10,000 years) than in the Ashkenazi, British and 

Ethiopians (-20,000-80,000 years). Whereas the younger CYP2D6*4 (found in Armenians, 

Ashkenazi and British) averaged around a quarter of this age at -8,000-11,000 years with good
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Figure 5.4 - Network Analysis of Ashkenazi haplotypes
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Figure 5.5 - Network Analysis of British haplotypes
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Figure 5.6 - Network Analysis of Ethiopian haplotypes
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Figure 5.7 - Network Analysis of CYPlDô^^l haplotypes (all populations)

British

N o tes  N etw ork constructed only using haplotypes based on m icrosatellites D22S276, D22S279 and CYP2D8P (the three m icrosatellite loci closest to
CYP2D6). The size of each node is proportional to the frequency o f the haplotype that it represents.
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Figure 5.8 - Network Analysis of CYP2D6^2 haplotypes (all populations)
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Figure 5.9 - Network Analysis of CYP2D6*4 haplotypes (all populations)
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agreement between the different dating methods (Tables 5.16, 5.19 & 5.22). Finally, in the case 

o f CYP2D6* 17 (found only in the Ethiopians) there is better agreement between the Xlb 

(-16,000) and the ME2 methods (-18,000 years) than with the MEW method estimate (-75,000). 

Confidence intervals are broad for age estimates for CYP2D6*2 and CYP2D6*17, but generally 

much tighter for CYP2D6*4.

Using Xlb method and using derived versus all nan-derived M S distributions: 

Table 5.15 Dating ofCYP2D6*2
Population Armenian Ashkenazi British Ethiopian
Marker Generations Years Generations Years Generations Years Generations Years
D22S279 239 5,975 286 7,150 n/a n/a 686 17,150
D22S423 279 6,975 218 5,450 310 7,750 200 5,000
D22S284 n/a n/a n/a n/a 159 3,975 229 5,725
CYP2D8P 175 4,375 1,884 47,100 953 23,825 1,652 41,300
D22S276 n/a n/a 788 19,700 1500 37,500 n/a n/a
Average no. of years 5,775 19,850 18,263 17,294
95% Confidence interval 4,490-

7,060
0-

46,524
3,126-
33,399

689-
33,899

Overall average of all populations 15,295
95% Confidence interval 7,775-

22,816

Table 5.16 Dating ofCYP2D6*4
Population Armenian Ashkenazi British
Marker Generations Years Generations Years Generations Years
D22S279 425 10,625 181 4,525 218 5,450
D22S423 122 3,050 110 2,750 115 2,875
D22S284 L14E+04 284,25

0
n/a n/a n/a n/a

CYP2D8P 1,320 33,000 706 17,650 815 20,375
D22S276 349 8,725 157 3,925 88 2,200
Average no. of years 13,850 7,213 7,725
95% Confidence interval 947-

26,753
355-

14,070
0-

16,103
Overall average of all populations 9,596
95 % Confidence interval 4,782-

14,410

Table 5.17 Dating ofCYP2D6*17
Population Ethiopian
Marker Generations Years
D22S279 0 0
D22S423 129 3,225
D22S284 131 3,275
CYP2D8P 2,479 61,975
D22S276 455 11,375
Average no. of years 15,970
95% Confidence interval 0-43,674
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Using MEW method and using derived versus all nan-derived M S distributions:

Table 5.18 Dating ofCYP2D6*2

Population Armenian Ashkenazi British Ethiopian
Marker Generations Years Generations Years Generations Years Generatio

ns
Years

D22S279 144 3,600 152 3,800 n/a - 219 5,475
D22S423 110 2,750 n/a - 78 1,950 107 2,675
D22S284 n/a - n/a - 185 4,625 267 6,675
CYF2D8P 161 4,025 4,101 102,525 8,282 207,050 7,133 178,325
D22S276 1,070 26,750 n/a - 465 11,625 596 14,900
Average no. of years 9,281 53,162 56,312 41,610
95% Confidence interval 0-

20,706
0-

149,913
0-

154,875
0-

108,719
Overall average of all populations 40,091
95% Confidence interval 5,812-

74,371

Table 5.19 Dating o f CYP2D6*4
Population Armenian Ashkenazi British
Marker Generations Years Generations Years Generations Years
D22S279 204 5,100 142 3,550 57 1,425
D22S423 68 1,700 67 1,675 182 4,550
D22S284 86 2,150 77 1,925 168 4,200
CYP2D8P 1,335 33,375 1,414 35,350 1,108 27,700
D22S276 333 8,325 29 725 98 2,450
Average no. of years 10,130 8,645 8,065
Overall average of all populations 8,947
95% Confidence interval 2,750-

15,143

Table 5.20 Dating ofCYP2D6*17
Population Ethiopian
Marker Generations Years
D22S279 1 25
D22S423 n/a -

D22S284 98 2,450
CYP2D8P 8,963 224,075
D22S276 n/a -

Average no. of years 75,516
95% Confidence interval 0-

221,110
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Using ME2 method taking derived versus all nan-derived MS distributions.

Table 5.21 Dating ofCYP2D6*2
Population Armenian Ashkenazi British Ethiopian
Marker Generations Years Generations Years Generations Years Generations Years
D22S279 279 6,975 309 7,725 n/a - 424 10,600
D22S423 142 3,550 240 6,000 84 2,100 267 6,675
D22S284 n/a - n/a - 397 9,925 140 3,500
CYP2D8P 58 1,450 2,097 52,425 3,156 78,900 13,020 325,500
D22S276 n/a - n/a - 844 21,100 n/a -

Average no. of years 3,991 22,050 28,006 86,569
95% Confidence interval 771-

7,211
0-

52,441
0-

62,819
0-

242,697
Overall average of all populations 35,154
95% Confidence interval 0-79,992

Table 5.22 Dating ofCYP2D6*4
Population Armenian Ashkenazi British
Marker Generations Years Generations Years Generations Years
D22S279 192 4,800 149 3,725 91 2,275
D22S423 75 1,875 68 1,700 127 3,175
D22S284 77 1,925 105 2,625 345 8,625
CYP2D8P 1,549 38,725 1,655 41,375 1,277 31,925
D22S276 371 9,275 32 800 98 2,450
Average no. of years 11,320 12,556 9,690
95% Confidence interval 0-

25,006
0-

27,937
0- . 

20,824
Overall average of all populations 11,188
95% Confidence interval 3,956-

18,421

Table 5.23 Dating ofCYP2D6*17
Population Ethiopian
Marker Generations Years
D22S279 112 2,800
D22S423 n/a -

D22S284 99 2,475
CYP2D8P 2,351 58,775
D22S276 403 10,075
Average no. of years 18,531
95 % Confidence interval 0 -

45,047
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Selection tests and population growth estimation

As with the dating, only CYP2D6*2, CYP2D6*4 and CYP2D6*17 are present at sufficiently high 

frequencies in order for selection analysis to be carried out (n>10). Log(L) plots for the different 

values of selection coefficient (s) are represented graphically in Figures 5.12 -  5.19. The tables 

below summarise the age (in generations) of the alleles associated with the values of s (when 

positive values are implied) with the highest likelihood.

CYP2D6*2 demonstrates the most heterogeneous pattern of selection coefficients of the three 

alleles tested; in the Armenians (Figure 5.12) positive selection is detected with D 22S279  

(-0.015, support interval ~0.000-0.096) and CYP2D8P (-0.025, support interval -0.002-0.351); 

in the Ashkenazi (Figure 5.13) positive selection is detected only with D22S279 (-0. 015, support 

interval -0.000-0.091); in the British (Figure 5.14) positive selection is detected with D22S284 

(-0.030, support interval -0.000-0.146) and D22S423 (-0.015, support interval -0.000-0.091); 

finally, in the Ethiopians (Figure 5.15) positive selection is detected with D22S284 (-0.145, 

support interval -0.061-0.651) and D22S423 (-0.030, support interval -0.011-0.106).

In the case of CYP2D6*4  (the defective allele that fails to produce functional enzyme), in the 

Armenians (Figure 5.16) positive selection is detected with D22S423  (-0.02, support interval 

-0.000-0.181), D22S279 (-0.005, support interval -0.000-0.071) and D22S276 (-0.005, support 

interval -0.000-0.091); in the Ashkenazi (Figure 5.17) positive selection is detected with 

D22S423  (-0.04, support interval -0.000-0.251), D22S279  (-0.020, support interval -0.002- 

0.141) and D22S276 (-0.020, support interval -0.001-0.251); in the British (Figure 5.18) positive 

selection is detected with D22S423 (-0.04, support interval -0.009-0.251), D22S279 (-0.015, 

support interval -0.001-0.116) and D22S276 (-0.045, support interval -0.001-0.651).

Interestingly there appears to be a clear trend for the likelihood estimates for selection associated 

with CYP2D6*17  (which has reduced activity relative to C YP2D 6*!) in the Ethiopians -  the 

selection coefficient with the greatest likelihood increases the further the marker is from the 

CYP2D6 locus (Figure 5.19): no selection is observed with microsatellite CYP2D8P  (-15kb); 

-0.005 with a support interval of -0.000-0.046 for D22S276 (-0.175 cM ); s is -0.015 with a 

support interval of -0.000-0.121 for D22S279 (-0.435 cM); -0.035 with a support interval of 

-0.000-0.196 for D22S423 (-1.020 cM) and D22S284 (-1.045 cM).

Summary charts showing the selective coefficient with the highest likelihood associated with 

each marker versus distance from the CYP2D6 locus is shown in Figures 5.20-22 and in tabulated 

form in Table 5.24. In all cases where positive values of s are detected, the time in generations 

since selection began to act suggests a relatively recent timeframe of -5,000-10,000 years 

(Tables, 5.25, 5.26 and 5.27).
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Figure 5.12 - Selection test for CYP2D6^2 in the Armenians
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Figure 5.13 - Selection test for CYPlDô"^! in the Ashkenazi
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Figure 5.14 - Selection test for CYPlDO^^l in the British
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Figure 5.15 - Selection test for CYP2D6^2 in the Ethiopians
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Figure 5.16 - Selection test for CYP2D6*4 in the Armenians
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Figure 5.17 - Selection test for CYP2D6^4 in the Ashkenazi
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Figure 5.18 - Selection test for CYP2D6^4 in the British
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Figure 5.19 - Selection test for CYP2D6^17 in Ethiopians
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Figure 5.20 - Summary of selection test results for CYPlDé"^!
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Figure 5.21 - Summary of selection test results for CYP2D6^4
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Figure 5.22 - Summary of selection test results for CYPlDô"^!?
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Table 5.24 Summary o f selection coefficients with highest likelihood which are nonzero

CYF2D6 allele Population Microsatellite
Lower support 

interval
s with highest 

likelihood
Upper support 

interval
CYP2D6*2 Armenian CYF2D8P 0.002 0.025 0.351
CYP2D6*2 D22S279 0.000 0.015 0.096
CYP2D6*2 Ashkenazi D22S279 0.000 0.015 0.091
CYP2D6*2 British D22S423 0.000 0.015 0.091
CYP2D6*2 D22S284 0.000 0.030 0.146
CYP2D6*2 Ethiopian D22S423 0.011 0.030 0.106

D22S284 0.061 0.145 0.651
CYP2D6H Armenian D22S276 0.000 0.005 0.091

D22S279 0.000 0.005 0.071
D22S423 0.000 0.020 0.181

CYP2D6*4 Ashkenazi D22S276 0.001 0.020 0.251
D22S279 0.002 0.020 0.141
D22S423 0.000 0.040 0.251

CYP2D6*4 British D22S276 0.001 0.045 0.651
D22S279 0.001 0.020 0.116
D22S423 0.009 0.040 0.251

CYP2D6*I7 Ethiopian D22S276 0.000 0.005 0.046
D22S279 0.000 0.015 0.121
D22S423 0.000 0.035 0.196
D22S284 0.000 0.035 0.196

Note. Bold indicates a microsatellite alleles that detect positive selection with a nonzero lower 

support interval.

Table 5.25 Time since selection began (CYP2D6*2)

Population Armenian Ashkenazi British Ethiopian
Marker Generations Years Generations Years Generations Years Generations Years
D22S279 350 8,750 249 6,225 (s<0) n/a (s<0) n/a
D22S423 (s<0) n/a (s<0) n/a 350 8,750 229 5,725
D22S284 (s<0) n/a (s<0) n/a 213 6,325 65 1,625
CYP2D 244 6,100 (s<0) n/a (s<0) n/a (s<0) n/a
D22S276 (s<0) n/a (s<0) n/a (s<0) n/a (s<0) n/a
Average no. of years 7,425 6,225 7,037 3,675
95% Confidence interval 4,828-

10,022
n/a 4,661-

9,414
0-

7,693
Overall average of all populations 6,090
95 % Confidence interval 4,322-

6,709

Table 5.26 Time since selection began (CYP2D6*4)
Population Armenian Ashkenazi British
Marker Generations Years Generations Years Generations Years
D22S279 477 11,925 242 6,050 258 6,450
D22S423 223 5,575 161 4,025 154 3,850
D22S284 (s<0) n/a (s<0) n/a (s<0) n/a
CYP2D (s<0) n/a (s<0) n/a (scO) n/a
D22S276 477 11,925 242 6,050 141 3,525
Average no. of years 9,808 5,375 4,608
95% Confidence interval 5,659-

13,957
4,052-
6,698

2,794-
6,422

Overall average of all populations 6,597
95 % Confidence interval 4,510-

8,684
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Table 5.27 Time since selection began (CYP2D6* 17)
Population Ethiopian
Marker Generations Years
D22S279 299 7,475
D22S423 164 4,100
D22S284 184 4,600
CYP2D (s<0) n/a
D22S276 546 13,650
Average no. of years 7,456
95% Confidence interval 3,155-

11,757
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Discussion

The CYP2D6  allele frequencies observed for the Armenians, British and Ethiopians were not 

significantly different from those observed in the larger scale samples examined in Chapter 3 

(P>.0.05 with an ETPD. Interestingly, the frequency of CYP2D 6*4  in Ashkenazi, that are 

believed to be descended from an admixture of Northern European and Middle Eastern 

populations (Hammer et al. 2000), falls between the British and Armenians.

Unsurprisingly, the microsatellites are consistently more diverse in the Ethiopian population 

sample than in the non-African populations (Table 5.2). For example, the Ethiopians have the 

greatest allele size range of any of the populations in four of the five microsatellites examined. 

Conversely, the Armenians have consistently less diversity -  they have the lowest microsatellite 

allele size range in four of the five markers. The most likely explanation for this is that the 

mountainous regions found within Armenia act as a barrier to gene flow (Weale et al. 2001). The 

consistently low genetic diversity associated with the non-African groups (relative to the 

Ethiopians) is suggestive of a population bottleneck at some stage in their demographic history 

(see below).

In the case of the compound haplotypes (using all SNPs and microsatellite markers) one might 

simply assume that this method should be the most informative method of analysis (Table 5.11- 

5.14). The analysis of compound haplotypes utilises all of the available data and therefore one 

might naively assume that it offers the most powerful approach to discriminate genetic 

differences between the populations. However in practice this is not the case for two reasons: 

firstly, in the case of the ETPD, the large number of singleton compound haplotypes that are not 

shared between populations; secondly, with the pairwise Fgr calculations the step-wise 

relationship between the microsatellites is not utilised as it is in R^t- This may explain why this 

approach fails to find significant differences between Armenians and British in the ETPD (Table 

5.11); and why between the Armenians versus British compared and Ashkenazi versus British 

are non-significant for compound haplotypes, (Table 5.12), but are for microsatellites alone 

(Table 5.8).

The reduced microsatellite diversity associated with CYP2D6  alleles found in the Armenian, 

Ashkenazi and British populations compared with the Ethiopians is consistent with a population 

bottleneck due to a common and recent African origin for all non-African human populations 

within the last 44,000-200,000 years (Tishkoff et al. 1996; Tishkoff and Williams 2002). This 

raises the possibility that the observed differences in microsatellite diversity associated with 

CYP2D6 alleles may be driven by population demography rather than by the actual age of the 

mutation and the selective pressures that it has subjected to (if any). For example, a population 

bottleneck may reduce microsatellite diversity in such a way as to give the impression of a more 

recent origin than the actual allele age. Furthermore, inconsistency in the dating and selection
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estimates could be due to errors in the recombination or mutation rates that have been applied. 

Therefore considerable caution should be applied when interpreting the results of compound 

haplotype based dating methods.

As would be expected from the CYP2D6 genealogy (Figure 1.3; Chapter 1), as well as from its 

global distribution and high frequency, CYP2D6*2 is likely to have a much more ancient origin 

than CYP2D6*4. The age estimates for CYP2D6*2 based on the three different methods (Tables 

5.15, 5.18 and 5.21) are consistent with this expectation with averages of ~ 15,000-40,000 years 

(around 5,000-30,000 older than CYP2D6*4).

Interestingly, of the three alleles examined, CYP2D 6*2  is the only one for which there is 

evidence of positive selection associated with CYP2D8P (the microsatellite marker most closely 

linked to CYP2D6)-. in the Armenians the selection coefficient with the highest likelihood 

detected with CYP2D8P is 0.025, with support intervals of 0.002-0.351 (Table 5.24). There are 

three distinct subclasses of CYP2D6*2  each with functional differences effecting metabolic 

activity that might account for this observation: the multi-duplicated CYP2D6*2^„) (Johansson et 

al. 1993), CYP2D6*2A (Panserat et al. 1994), and CYP2D6*2 [-1496C] (Raimundo et al. 2000). 

The multi-duplicated CYP2D6*2  allele causes an over expression of CYP2D6 enzyme that 

results in the ultra-rapid metaboliser (URM) phenotype. CYP2D6*2A has several amino acid 

differences compared with the wild type (CYP2D6*!), but similar enzyme activity. Finally, the 

allele with the 5 ’ flanking sequence -1496C mutation in the presumed transcription initiation site 

causes the gene to be transcribed less efficiently and consequently the CYP2D6*2 [-1496C]/*0 

(null) genotype is believed to be responsible for at least 50-60% of intermediate metaboliser 

phenotypes in Europeans.

Given that the multi-duplicated allele is the only known variant with an increased activity relative 

to the wildtype allele several researchers have postulated that it might have a positive selective 

advantage as it confers an increased capability to detoxify dietary alkaloids (McLellan et al. 

1997). Plants which are dietary staples and contain alkaloids toxic to humans include potatoes 

(contain the glycoalkaloids alpha-solanine and alpha-chaconine) and yams (contain the alkaloids 

dioscorine and dihydrodioscorine): alpha-solanine and alpha-chaconine are inhibitors of choline 

esterase and cause haemorrhagic damage to the gastrointestinal tract as well as to the retina, 

while dioscorine and dihydrodioscorine are convulsants (Bevan and Hirst 1958; Maga 1980).

Multiduplicated CYP2D6*2 has been reported to be at high frequency in several Middle Eastern 

and African populations (Aklillu et al. 1996; Aynacioglu et al. 1999; Griese et al. 1999; McLellan 

et al. 1997; Wennerholm et al. 1999). Therefore it is the best candidate to explain the positive 

selective coefficient detected with CYP2D8P  in the Armenians. The CYP2D6*2A  product has 

comparable activity to the wildtype and so is unlikely to provide any positive selective advantage. 

Likewise, although the activity of CYP2D6*2 [-1496C>G] is somewhat lower than wildtype it is
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unlikely to be important save in monitoring the efficacy of CYP mediated drugs that have narrow 

therapeutic windows. If there is an evolutionary advantage in having a reduced level of CYP2D6 

activity then one would expect positive selection to be detectable in all alleles with reduced or no 

activity such as CYP2D6*4/*17 as well as CYP2D6*2 [-1496C>G] and this does not seem to be 

the case (see below). Positive selection with nonzero lower support intervals is also associated 

with CYP2D6 in the Ethiopians with D22S423 and D22S284 (the two furthest markers from the 

CYP2D6 locus, Table 5.24). This suggests that there may be an as of yet unidentified locus that 

is under positive selection and is in linkage disequilibrium with D22S423 and D22S284.

Dating of the C Y P 2 D 6 * 4  null allele suggests a relatively recent origin in Middle 

Eastern/European populations around ~10,000 years ago (Tables 5.20 & 5.23), and coincides well 

with the spread of agriculture during the Neolithic (Chikhi et al. 1998; Chikhi et al. 2002; 

Richards et al. 2000). Interestingly, for all the CYP2D6  alleles under analysis where positive 

values of s are detected the age estimates for the start of selection coincide well with a Neolithic 

timeframe (Tables 5.25, 5.26 and 5.27).

However, since CYP2D6*4 (commonly referred to as being a ‘European defective allele’) has 

now been reported at low frequencies in several African populations (Chapt.l Table 1.4) it is 

possibly much older in origin as it is unlikely that the allele would be found in so many African 

populations at detectable frequencies simply due to modern admixture. Alternatively, recent 

evidence suggests that there may have been significant back migration from Eurasia to sub- 

Saharan African (Cruciani et al. 2002). Given that C YP 2D 6*4  alleles are derived from 

CYP2D6*10 which is found at exceptionally high frequency in oriental Asian populations this 

seems a credible hypothesis to explore in future research.

It is tempting then to postulate that the high incidence of in CYP2D6*4 Europe may be due to 

there being some positive selective advantage in the CYP2D6 enzyme being inactive - if say a 

dietary staple contains a substrate which is toxic only after processing by CYP2D6. One example 

of this is Aflatoxin B -  thought to be one of the major mutagens found in food in the developing 

world, especially in the tropics. It is produced by the fungus Aspergillus flavus oryzae and grows 

on grain, peanuts and some other food products when they are stored in damp conditions. 

Although Aflatoxin B itself is not toxic, it is converted into the mutagenic aflatoxin-2,3-epoxide 

when metabolically transformed by Cytochrome P450s. Aflatoxin-2,3-epoxide forms an adduct 

at the N7 position of guanine which in turn destabilizes the bond connecting the guanine to the 

phosphate backbone and consequently the guanine is released leaving an apurinic site. A reduced 

level of P450 enzyme activity would make Aflatoxin B less toxic and so a case could be made for 

a selective advantage existing for alleles that confer reduced activity. However, in this particular 

case CYP2A6, CYP2D6 and CYP2E1 only weakly catalyse this reaction: CYP2B6 is the enzyme 

primarily responsible for the catalysis of this reaction in humans (Code et al. 1997).
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Unfortunately, the results of selection analysis for CYP2D6*4 are not straight-forward to interpret 

-  the general trend in the Armenians, Ashkenazi and British suggests an increasing strength of 

selection intensity the further the microsatellite marker is from the CYP2D6 locus up to D22S423 

(Table 5.24). However, when markers that give lower support intervals for s of zero are 

excluded, then positive selection is only detected in the Ashkenazi (using D 22S276  and 

D22S279) and British (using D22S276, D22S279 and D22S423). However, in no case is positive 

selection detected with CYP2D6*4 using the closest microsatellite marker to the CYP2D6 locus 

(CYP2D8P). As with the results for CYP2D6*2 in the Ethiopians, this suggests that there may be 

an as of yet unidentified locus that is under positive selection and is in linkage disequilibrium 

with D22S276, D22S279 and D22S423.

Assuming that the CYP2D6  genealogy is correctly rooted (see Chapter 1, Figure 1.3), then 

CYP2D6*2 is ancestral to CYP2D6*17 and the dates estimated by the ME2 method (which more 

completely models the SMM of microsatellite evolution) seem more credible than the other 

methods (Table 5.23). The discrepancy in the age estimates between the MEW and ME2 

methods for CYP2D6*17 are interesting because of the implications for correctly ordering the 

genealogy and evolutionary relationship between the alleles: if the more ancient estimate for the 

age of C YP2D 6*17  is correct then it raises the possibility that it is older than CYP2D6*2 -  

suggesting that CYP2D6* 17 is the true root of the genealogy. Examining Figure 5.2, it does 

appear that the highest microsatellite diversity is associated with CYP2D6*17 in the Ethiopians -  

one would expect that the oldest allele would have a higher microsatellite diversity associated 

with it because it have had more time to accumulate variation through recombination and 

mutation. Unfortunately, comparing the diagnostic SNP for CYP2D6*17  with the pseudogene 

sequences in humans does not resolve this matter: position 1023 is a C in CYP2D6*1, T in 

CYP2D6*17 and A in CYP2D7 and CYP2D8P and therefore it is not possible with current data to 

determine the ancestral state of this polymorphism. Likewise, at the time of writing there is 

currently no CYP2D6 sequence information available for other primates that might facilitate the 

resolution of the genealogy.

By contrast to C Y P 2 D 6 * 2 /* 4 , in the case of the CYP2D6*17  a relatively simple linear 

relationship is exhibited between the selection coefficient with the greatest likelihood and the 

genetic distance of the associated microsatellite loci from CYP2D6  locus: there is an inverse 

relationship between marker distance and estimated selection coefficient (Figure 5.22). Again, 

this suggests that there may be an unidentified locus that is in linkage disequilibrium with the 

microsatellites furthest from the CYP2D6  locus that has been subject to positive selection 

{D22S284 & D22423). However, given that all of the lower support intervals for the s estimates 

using CYP2D6*17 are zero this may just be stochastic noise and is not as compelling as the data 

for CYP2D6*2 and CYP2D6*4.
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In conclusion, analysis of compound CYP2D6 haplotypes reveals a high level of genetic diversity 

both between and within ethnic groups and should prove valuable in elucidating how the gene has 

evolved. Although the evidence for specific CYP2D6 alleles having undergone positive selection 

in recent human evolution is weak, there is stronger case to suggest that there may be one or more 

unidentified loci in close proximity that have been under recent relatively strong positive 

selection. Also, the results do suggest that caution should be applied when using compound 

haplotypes for these types of selection and dating analysis. There are a number of sources of 

error that would effect these estimates including: inaccuracies in the assumptions made by the 

mutation model and mutation rate; errors in the rooting the CYP2D6 genealogy; inaccuracies in 

the estimated recombination rate between the microsatellite loci and CYP2D6\ inaccuracies in the 

estimates of effective population size and population demographic events that alter genetic 

diversity. Further research is warranted on a number of fronts in order to clarify the role, if any, 

of CYP2D6 in human dietary evolution.

Firstly, it would be useful to resolve the gene genealogy perhaps through sequencing the 

homologous genes in primates. CYP2D6*1 is routinely referred to as being the wildtype/ancestral 

allele largely because it is the highest frequency allele in European populations and most other 

variants have lower catalytic activity. Given no other information it is usual to assume that the 

most frequent allele is ancestral (Watterson and Guess 1977), but CYP2D6*1 is not the most 

frequent allele in all non-European populations. Sequencing the CYP2D6 homologue and related 

pseudogenes in primates could potentially be useful in unambiguously establishing the ancestral 

state for this polymorphism, which would then facilitate rooting the human CYP2D6 genealogy. 

Since CYP2D6* 17 has lower activity than CYP2D6*2 and this in turn has lower activity than 

CYP2D6*1, then there may be a case to be made for there having been ancient positive selection 

favouring the evolution of increased CYP2D6 activity.

Secondly, it would be interesting to further characterise the C YP2D 6*2  alleles in order to 

establish which functional variants might be selected for (CYP2D6*2 [-1496C>G] versus 

CYP2D6*2(n), etc) in the Armenians and other populations that have a high incidence of the 

variant. By carrying out a local genome scan with additional microsatellite markers would 

greatly improve the accuracy of the dating estimates and would also help pin down the likely 

location of the hypothesised selected loci in linkage disequilibrium with D22S284ID22S423. 

Genes that have been found to be within a few centimorgans of this region include; somatosatin 

receptor, interleukin - 2  receptor b, platelet-derived growth factor-^ polypeptide, adenylosuccinate 

lyase, //-acetylgalactosaminidase, thyroid autoantigen-ku, aconitase hydroxylase, diaphorase- 

cytochrome-Z? 5  reductase and peripheral benzodiazepine receptor (Kim et al. 1996). This process 

is only likely to become easier for two reasons: 1 ) the accuracy of measuring selection intensity 

should greatly improve as increasingly cheap and powerful PC hardware becomes available in the 

future, and 2) the Human Genome Project comes closer to completion, identifying loci that may 

be under positive selection should be easier.
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Finally, it would be of interest to extend the study to a larger number of ethnic groups to provide 

a more complete global picture of CYP2D6 evolution. For example, it would be useful to date 

the origin of CYP2D6*10  (from which CYP2D6*4  is believed to be derived) as it has a high 

incidence in oriental Asian populations (-0.5-0.7) that could conceivably be due to positive 

selection for reduced CYP2D6 activity rather than simply drift.

199



References_____________________________________________________________________

Aklillu E, Persson I, Bertilsson L, Johansson I, Rodrigues F, Ingelman-Sundberg M (1996) 

Frequent distribution of ultrarapid metabolizers of debrisoquine in an ethiopian 

population carrying duplicated and multiduplicated functional CYP2D6 alleles. J 

Pharmacol Exp Ther 278: 441-6 

Aynacioglu AS, Sachse C, Bozkurt A, Kortunay S, Nacak M, Schroder T, Kayaalp SO, Roots I, 

Brockmoller J (1999) Low frequency of defective alleles of cytochrome P450 enzymes 

2C19 and 2D6 in the Turkish population. Clin Pharmacol Ther 6 6 : 185-92 

Bandelt HI, Forster P, Rohl A (1999) Median-joining networks for inferring intraspecific 

phylogenies. Mol Biol Evol 16: 37-48 

Bandelt HI, Forster P, Sykes BC, Richards MB (1995) M itochondrial portraits of human 

populations using median networks. Genetics 141: 743-53 

Bevan CWL, Hirst J (1958) A convulsant alkaloid of Discorea dumetorum. Chem. Ind. 25: 3 

Chikhi L, Destro-Bisol G, Bertorelle G, Pascali V, Barbujani G (1998) Clines of nuclear DNA 

markers suggest a largely neolithic ancestry of the European gene pool. Proc Natl Acad 

Sci U S A 95: 9053-8

Chikhi L, Nichols RA, Barbujani G, Beaumont MA (2002) Y genetic data support the Neolithic 

demie diffusion model. Proc Natl Acad Sci U S A 99: 11008-13 

Cockerham CC, W eir BS (1984) Covariances of relatives stemming from a population 

undergoing mixed self and random mating. Biometrics 40: 157-64 

Code EL, Crespi CL, Penman BW, Gonzalez FJ, Chang TK, Waxman DJ (1997) Human 

cytochrome P4502B6: interindividual hepatic expression, substrate specificity, and role 

in procarcinogen activation. Drug Metab Dispos 25: 985-93 

Cruciani F, Santolamazza P, Shen P, Macaulay V, Moral P, Olckers A, Modiano D, Holmes S, 

Destro-Bisol G, Coia V, Wallace DC, Gefner PJ, Torroni A, Cavalli-Sforza LL, Scozzari 

R, Underhill PA (2002) A back migration from Asia to sub-saharan Africa is supported 

by high-resolution analysis of human y-chromosome haplotypes. Am J Hum Genet 70: 

1197-214

Edwards AWE (1992) Likelihood. The John Hopkins Press

Excoffier L, Smouse PE, Quattro JM (1992) Analysis of molecular variance inferred from metric 

distances among DNA haplotypes: application to human mitochondrial DNA restriction 

data. Genetics 131: 479-91 

Gaedigk A, Gotschall RR, Forbes NS, Simon SD, Kearns GL, Leeder JS (1999) Optimization of 

cytochrome P4502D6 (CYP2D6) phenotype assignment using a genotyping algorithm 

based on allele frequency data. Pharmacogenetics 9: 669-82 

Goldstein DB, Reich DE, Bradman N, Usher S, Seligsohn U, Peretz H (1999) Age estimates of 

two common mutations causing factor XI deficiency: recent genetic drift is not 

necessary for elevated disease incidence among Ashkenazi Jews. Am J Hum Genet 64: 

1071-5

200



Goldstein DB, Ruiz Linares A, Cavalli-Sforza LL, Feldman MW (1995) An evaluation of genetic 

distances for use with microsatellite loci. Genetics 139: 463-71 

Goudet J, Raymond M, de Meeus T, Rousset F (1996) Testing differentiation in diploid 

populations. Genetics 144: 1933-40 

Griese EU, Asante-Poku S, Ofori-Adjei D, Mikus G, Eichelbaum M (1999) Analysis of the 

CYP2D6 gene mutations and their consequences for enzyme function in a West African 

population. Pharmacogenetics 9: 715-23 

Hammer MF, Redd AJ, Wood ET, Bonner MR, Jarjanazi H, Karafet T, Santachiara-Benerecetti 

S, Oppenheim A, Jobling MA, Jenkins T, Ostrer H, Bonne-Tamir B (2000) Jewish and 

Middle Eastern non-Jewish populations share a common pool of Y-chromosome 

biallelic haplotypes. Proc Natl Acad Sci U S A 97: 6769-74 

Johansson I, Lundqvist E, Bertilsson L, Dahl ML, Sjoqvist F, Ingelman-Sundberg M (1993) 

Inherited amplification of an active gene in the cytochrome P450 CYP2D locus as a 

cause of ultrarapid metabolism of debrisoquine. Proc Natl Acad Sci U S A 90: 11825-9 

Jorde LB, Watkins WS, Bamshad MJ (2001) Population genomics: a bridge from evolutionary 

history to genetic medicine. Hum Mol Genet 10: 2199-207 

Jorge LF, Eichelbaum M, Griese EU, Inaba T, Arias TD (1999) Comparative evolutionary 

pharmacogenetics of CYP2D6 in Ngawbe and Embera Amerindians of Panama and 

Colombia: role of selection versus drift in world populations. Pharmacogenetics 9: 217- 

28

Kim UJ, Shizuya H, Kang HL, Choi SS, Garrett CL, Smink LJ, Birren BW, Korenberg JR, 

Dunham I, Simon MI (1996) A bacterial artificial chromosome-based framework contig 

map of human chromosome 22q. Proc Natl Acad Sci U S A 93: 6297-301 

Kimura M, Ohta T (1978) Stepwise mutation model and distribution of allelic frequencies in a 

finite population. Proc Natl Acad Sci U S A 75: 2868-72 

Maga JA (1980) Potato glycoalkaloids. Crit Rev Food Sci Nutr 12: 371-405 

McLellan RA, Oscarson M, Seidegard J, Evans DA, Ingelman-Sundberg M (1997) Frequent 

occurrence of CYP2D6 gene duplication in Saudi Arabians. Pharmacogenetics 7: 187-91 

Nei M (1987) Molecular Evolutionary Genetics. Columbia University Press, New York, NY, 

USA

Nejati-Javaremi A, Smith C (1996) Assigning linkage haplotypes from parent and progeny 

genotypes. Genetics 142: 1363-7 

Panserat S, Mura C, Gerard N, Vincent-Viry M, Galteau MM, Jacqz-Aigrain E, Krishnamoorthy 

R (1994) DNA haplotype-dependent differences in the amino acid sequence of 

debrisoquine 4-hydroxylase (CYP2D6): evidence for two major allozymes in extensive 

metabolisers. Hum Genet 94: 401-6 

Raimundo S, Fischer J, Eichelbaum M, Griese EU, Schwab M, Zanger UM (2000) Elucidation of 

the genetic basis of the common 'intermediate metabolizer' phenotype for drug oxidation 

by CYP2D6. Pharmacogenetics 10: 577-81

201



Richards M, Macaulay V, Hickey E, Vega E, Sykes B, Guida V, Rengo C, Sellitto D, Cruciani F, 

Kivisild T, Villems R, Thomas M, Rychkov S, Rychkov O, Rychkov Y, Golge M, 

Dimitrov D, Hill E, Bradley D, Romano V, Cali F, Vona G, Demaine A, Papiha S, 

Triantaphyllidis C, Stefanescu G (2000) Tracing European founder lineages in the Near 

Eastern mtDNA pool. Am J Hum Genet 67: 1251-76 

Rousset F, Raymond M (1995) Testing heterozygote excess and deficiency. Genetics 140; 1413-9 

Schneider S, Roessli D, Excoffier L (2000) Arlequin ver.2.000: A software for population 

genetics data analysis. University of Geneva, Switzerland 

Slatkin M (1994) Linkage disequilibrium in growing and stable populations. Genetics 137: 331-6 

Slatkin M (1995) A measure of population subdivision based on microsatellite allele frequencies. 

Genetics 139: 457-62

Slatkin M (2001) Simulating genealogies of selected alleles in a population of variable size. 

Genet Res 78: 49-57

Slatkin M, Bertorelle G (2001) The use of intraallelic variability for testing neutrality and 

estimating population growth rate. Genetics 158: 865-74 

Stephens JC, Reich DE, Goldstein DB, Shin HD, Smith MW, Carrington M, Winkler C, Huttley 

GA, Allikmets R, Schriml L, Gerrard B, Malasky M, Ramos MD, Morlot S, Tzetis M, 

Oddoux C, di Giovine FS, Nasioulas G, Chandler D, Aseev M, Hanson M, Kalaydjieva 

L, Glavac D, Gasparini P, Dean M, et al. (1998) Dating the origin of the CCR5-Delta32 

AIDS-resistance allele by the coalescence of haplotypes. Am J Hum Genet 62: 1507-15 

Tishkoff SA, Dietzsch E, Speed W, Pakstis AJ, Kidd JR, Cheung K, Bonne-Tamir B, 

Santachiara-Benerecetti AS, Moral P, Krings M (1996) Global patterns of linkage 

disequilibrium at the CD4 locus and modem human origins. Science 271: 1380-7 

Tishkoff SA, Williams SM (2002) Genetic analysis of African populations: human evolution and 

complex disease. Nat Rev Genet 3: 611-21 

Wakeley J, Nielsen R, Liu-Cordero SN, Ardlie K (2001) The discovery of single-nucleotide 

polymorphisms—and inferences about human demographic history. Am J Hum Genet 

69:1332-47

Watterson GA, Guess HA (1977) Is the most frequent allele the oldest? Theor Popul Biol 11: 

141-60

Weale ME, L. Y, Jager RE, Hovhannisyan N, Khudoyan A, Burbage-Hall O, Bradman N, 

Thomas MG (2001) Armenian Y chromosome haplotypes reveal strong regional 

structure within a single ethno-national group. Hum Genet 109: 659-674 

Weber JL, Wong C (1993) Mutation of human short tandem repeats. Hum Mol Genet 2: 1123-8 

Weir BS (1996) Genetic Data Analysis II: Methods for Discrete Population Genetic Data.

Sinauer Assoc., Inc., Sunderland, MA, USA 

Wennerholm A, Johansson I, Massele AY, Lande M, Aim C, Aden-Abdi Y, Dahl ML, Ingelman- 

Sundberg M, Bertilsson L, Gustafsson LL (1999) Decreased capacity for debrisoquine 

metabolism among black Tanzanians: analyses of the CYP2D6 genotype and phenotype. 

Pharmacogenetics 9: 707-14

202



Wolf CR, Smith G (1999) Pharmacogenetics. Br Med Bull 55: 366-86

Zhang J, Kumar S, Nei M (1997) Small-sample tests of episodic adaptive evolution: a case study 

of primate lysozymes. Mol Biol Evol 14: 1335-8

203



Chapter 6 -  CYP2D6 genotype and disease susceptibility.

Introduction

Antibodies to liver-kidney microsomes (anti-LKM) were first found in a subgroup of patients 

(primarily children) with autoimmune hepatitis (AIH type II) (Peakman et al. 1987; Rizzetto et al. 

1973). These antibodies were re-named ' anti-LKMT (Homberg et al. 1987) when it was found 

that anti-LKM antibodies are also found in patients with drug-induced hepatitis (anti-LKM2) as 

well as patients with hepatitis B/D (anti-LKM3). Subsequent studies found that sera from 

patients with anti-LKM 1+ AIH recognize a 50-kD microsomal protein corresponding to the 

CYP2D6 enzyme (Alvarez et al. 1985; Gueguen et al. 1989; Manns et al. 1989; Zanger et al. 

1988). Anti-LKM 1 strongly inhibits CYP2D6 enzymatic activity in vitro (Zanger et al. 1988), 

but not in vivo (Manns et al. 1990). The main inununodominant epitope recognized by most anti- 

LKM 1 antibodies corresponds to amino acid sequence 257-269 of CYP2D6 (Klein et al. 1999).

Anti-LKM antibodies are also produced in individuals suffering from hepatitis C virus (HCV) 

infection (Lenzi et al. 1990; Vergani and Mieli-Vergani 1993). However, early studies found 

evidence of differences in the amino acid recognition sequences of anti-LKM 1 autoantibodies in 

subjects that are HCV- and HCV-h. Anti-LKM 1 from HCV- subjects recognises two regions of 

the enzyme, CYP2 D 6 2 1 3 . 2 8 0  and CYP2 D 6 3 4 1 .4 7 7 ; by contrast anti-LKM 1 from HCV-f- subjects only 

recognises CYP2D 6 3 4 , . 4 7 7  (Miyakawa et al. 1998). More recent studies suggest that in AIH, anti- 

LKM 1 recognises CYP2 D 6 ,%.2 ]g, CYP2 D 6 2 5 4 . 2 7 1  and CYP2 D 6 3 2 1 . 3 5 1  as immunodominant epitopes, 

but that these are not the targets in HCV induced anti-LKM 1 (Klein et al. 1999). Furthermore, 

protein sequence analysis has confirmed that there is sequence similarity between HCV 7 9 4 .8 0 1  and 

CYP2 D 6 3 1 6 . 3 2 3  (Ma et al. 2002) -  suggesting a mechanism by which HCV-f- AIH is induced, but 

not how HCV- AIH is initiated. Curiously, some ethnic groups such as the Swedish have been 

described to be non-susceptible to autoimmune reactivity from HCV infection (Lindgren et al. 

1997). Furthermore, CYP2D6 genotype has been reported to affect susceptibility in Japanese 

HCV-f- anti-LKM 1 -1- patients: extensive metaboliser type alleles (CYP2D6*1) are present at much 

greater frequency in anti-LKM 1-f- than in anti-LKM 1- patients (Hijikata et al. 2000).

Here we explore the possibility that C YP 2D 6  genotype is a risk factor for developing the 

autoimmune response in anti-LKM 14 - AIH HCV- subjects. Two hypotheses are considered: 

firstly, individuals with one or more non-functional alleles will either have very low or no 

expression of the target which the LK M I4 - AIH antibodies recognise. Consequently, CYP2D6 

poor metabolisers that have two defective alleles may be either non-susceptible or more resistant 

to developing anti-LKM 1-f- AIH. Secondly, individuals with multiple functional alleles 

(extensive or ultra-rapid metabolisers) will have high levels of expression of the target that the 

LKMl-t- AIH antibodies recognise and so may be more susceptible to developing anti-LKM 1-f- 

AIH. Interestingly, anti-LKM 1-f- AIH is found at higher frequency in southern Europe and the
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Mediterranean compared with northern Europe and in the United States (Duchini et al. 2000) - 

this pattern mirrors the distribution of C YP 2D 6*2  multiplicated alleles that lead to over 

expression of CYP2D6 enzyme which confers the URM phenotype (Bernal et al. 1999; McLellan 

et al. 1997).

In order to further illuminate the relationship between AIH susceptibility and CYP2D6 genotype 

samples were collected from affected individuals (HCV- anti-LKM 1+), their parents (HCV- anti- 

LKM 1-) and an unrelated control group (no known history of HCV or AIH). DNA was 

genotyped from 12 affected families and 50 unrelated individuals for 7 simple nucleotide 

polymorphisms (SNPs) in CYP2D6. The allele frequencies were then compared between the 

diseased and healthy relatives and the unrelated controls.

Methods_______________________________________________________________________

Sample Collection

Sample collection was carried out in collaboration with Prof. Diego Vergani (Institute of 

Hepatology, UCL) and Prof. Giorgina Mieli-Vergani (Department of Child Health, King’s 

College Hospital) who collected blood from Caucasian HCV- anti-LKM 1+ AIH patients 

(hereafter called the 'disease' group) as part of routine examination. Samples from relatives (the 

'related control' group) were obtained non-invasively using buccal swabs. British unrelated 

controls samples (the 'unrelated control' group) with no known history of HCV or AIH were 

collected as outline in Chapter 4.

Diagnosis o f  anti-LKM-^ AIH HCV- patients

All patients had classical LKM1+ AIH diagnosed according to international criteria (Alvarez et 

al. 1999). Antibodies (Ab) to HCV were tested for by second-generation ELISA (ELISA II) 

(Chiron, Emeryville, CA). HCV RNA was tested for by PCR within the 5 ’ highly conservative 

noncoding region (Amplicor; Hoffmann La Roche, Basel, Switzerland). Ab to HCV and HCV 

RNA were negative in all cases.

205



DNA extraction, Genotyping, and Statistical analysis

DNA extraction was carried out as per method detailed in Chapter 3 Methods. Genotyping was 

carried out as per methods detailed in Chapter 2 Methods. Statistical analysis was carried out as 

per methods detailed in Chapter 3 Methods. Chromosomes found in anti-LKM 1+ AIH 

individuals were assigned as ‘diseased’; chromosomes found in the unaffected parents were 

assigned as ‘normal’. Unfortunately, in 6  of the 12 affected families sampled the father were not 

available and so this prevented more powerful statistics such as the Transmission Disequilibrium 

Test (TDT) being employed.

To test the hypothesis that the presence/absence of the CYP2D6 antigen affects AIH 

susceptibility alleles were divided into two groups: those that result in the expression of 

functional enzyme regardless of actual activity {CYP2D6* 1, CYP2D6*2, CYP2D6*10 and 

CYP2D 6*17) were noted as ‘functional’; those that result in a failure to express functional 

enzyme due to protein truncation, splicing defects, or simple absence of the gene {CYP2D6*3, 

CYP2D6*4, CYP2D6*5, CYP2D6*9) were classified as ‘non-functional’.

Sequence analysis

The CYP2D6 amino acid sequence (Accession No. P10635) was downloaded from the Entrez 

search and retrieval system at the N ational Center for Biotechnology Information 

(http://www.ncbi.nlm.nih.gov/Entrez/). Polymorphisms in the variant alleles were noted as 

i n d i c a t e d  f r o m  t h e  C Y P 2 D 6 n o m e n c l a t u r e  w e b s i t e  

(http://www.imm.ki.se/CYPalleles/cyp2d6.htm) and variant amino acid sequences based on 

P10635 were constructed. An alignment was generated using ClustalX v l . 8  (Thompson et al. 

1997) and then formatted using EMBOSS (European Molecular Biology Open Software Suite) 

showalign (Rice et al. 2000). Epitopes were highlighted as noted in the literature (Klein et al. 

1999; Ma et al. 2002; Miyakawa et al. 1998). Hydropathy plot was generated based on P10635 

using EMBOSS pepwindow (Kyte and Doolittle 1982; Rice et al. 2000) and then residues were 

highlighted accordingly. Antigenic sites were predicted using EMBOSS antigenic (Kolaskar and 

Tongaonkar 1990; Rice et al. 2000). The EMBOSS software is freely available as UNIX source 

code and binaries from http://www.hgmp.mrc.ac.uk/Software/EMBOSS/. ClustalX is available 

as source and binaries from ftp://ftp.ebi.ac.uk/pub/software/unix/clustalx/.

Results_________________________________________________________________________

Differences in functional versus non-functional frequency between affected and healthy subjects

When the genotype information is simplified with alleles being classified as either functional (F) 

and non-functional (NF), there appears to be a larger than expected number of F/F homozygotes 

in the disease group compared with the healthy related and unrelated controls (Table 6.1). The
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genetic diversity {h) was significantly lower in the disease group that both of the control groups 

(P<0.005). Significant differences in genotype frequencies are detected at the 5% level using an 

Exact Test (Table 6.2) between the disease and control groups. Interestingly, the AMOVA 

results suggest that 3.17% of this variation is due to differences between the three groups (Table 

6.3), much higher than was observed between different British populations in the intra-ethnic 

comparisons in Chapter 3, although this is non-significant (probably due to the small sample 

sizes). Note that the related controls have an elevated probability of genetic similarity with the 

disease group - this makes the test conservative and thus it is all the more striking that that a 

significant difference is found even here.

Table 6.1 Comparison ofCYP2D6 functional/non-functional genotype frequencies in LKMl+AIH 
versus LKM- groups

Genotype Related control 
(Anti-LKM- 
associated 

chromo.somes)

Diseased 
(Anti-LKM^ AIH 

associated 
chromosomes)

Unrelated control 
(British -  no 

history of 
AIH/HCV)

Functional
homozygotes 11 (0.611) 11 (0.917) 29 (0.580)
Functional
/non-functional
heterozygotes 5 (0.278) 1 (0.083) 18(0.360)
Non-functional
homoz.ygotes 2(0.111) 0 (0.000) 3 (0.060)
n 18 12 50
h 0.3857

-H/- 0.0737
0.0833

-H/- 0.0749
0.3685

+/- 0.0447

Table 6.2 Exact Test of Population Differentiation for functional versus non-functional allele 

frequencies

Non-differentiation exact P values

Population Related control - Diseased Unrelated control
Related control *

Diseased 0.04052+.0.0013 # *

Unrelated
control

0.828084-0.0018 0.04661+ 0.0016 *

Comparisons that are significant are in bold with shaded backgrounds. 

Significance level = 0.05

Table 6.3 AMOVA (Analysis of Molecular Variance) for functional versus non-functional

Source of variation Percentage of variation P value
Among groups 3.17% 0.178154-0.00119
Among individuals 
within groups

9.11% 0.31447+-0.00147

Within individuals 87.73% 0.24987+-0.00139
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Differences in CYP2D6 allele frequency between affected and healthy subjects

Chromosomes associated with anti-LKM 1+ under analysis had a high frequency of normal 

functional alleles (CYP2D6*!) compared with chromosomes found in anti-LKM- relatives and 

the control sample of subject with no history of anti-LKM 1 AIH or HCV infection (0.625 in anti- 

LKM 1+ versus 0.47 in anti-LKM 1- relatives and 0.440 in the unrelated control). Similarly, the 

primary defective allele (CYP2D6*4) was found at low frequency in anti-LKM+ associated 

chromosomes compared with anti-LKM- associated chromosomes in relatives and the control 

sample (Table 6.4); 0.042 in anti-LKM 14- versus 0.222 in anti-LKM 1- and 0.200 in the unrelated 

control. The observed genetic diversity (h) in the anti-LKM 14- associated group (/i=0.5435, 

n=24) was not significantly lower in the related anti-LKM 1- group (/z=0.6683, n=36, P=0.193), 

but was significantly lower than the unrelated control group (h=0.6692, n=100, P=0.011).

Table 6.4 Comparison ofCYP2D6 allele frequencies in AIH LKM1+ versus LKM- groups

Allele Related control 
{Anti-LKM- 
associated 

chromosomes)

Diseased 
(Anti-LKM+ AIH  

associated 
chromosomes)

Unrelated control 
(British -  no history 

ofAIH/HCV)

CYP2D6*1 17 (0,472) 15 (0.625) 44 (0.440)
CYP2D6*2 10 (0.278) 7 (0.292) 32 (0.320)
CYP2D6*3 0  (0 .0 0 0 ) 0  (0 .0 0 0 ) 2  (0 .0 2 0 )
CYP2D6*4 8  (0 .2 2 2 ) 1 (0.042) 2 0  (0 .2 0 0 )
CYP2D6*5? 0  (0 .0 0 0 ) 0  (0 .0 0 0 ) 1 (0 .0 1 0 )
CYP2D6*9 1 (0.028) 0  (0 .0 0 0 ) 1 (0 .0 1 0 )
CYP2D6*10 0  (0 .0 0 0 ) 0  (0 .0 0 0 ) 0  (0 .0 0 0 )
CYP2D6*17 0  (0 .0 0 0 ) 1 (0.042) 0  (0 .0 0 0 )
CYP2D6*30 0  (0 .0 0 0 ) 0  (0 .0 0 0 ) 0  (0 .0 0 0 )
n 36 24 1 0 0

h 0.6683 4-/- 0.0445 0.5435 +/- 0.0849 0.6692 4-/- 0.0220

The exact test of population differentiation (Table 6.5) detects no significant difference in 

CYP2D6 allele frequencies. However given the small sample sizes relative to the number of 

alleles this is not surprising.
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Table 6.5 Exact Test o f Population Differentiation fo r  ail CYP2D6 alleles

Non-differentiation exact P values

Group Related control - Diseased Unrelated control
Related control *

Diseased 0.13114+-0.0052 *
Unrelated
control

0.894654-0.0041 0.150924-0.0073 *

Significance level = 0.05

No significant genetic structure between the diseased and control groups is found using AMOVA 

analysis (Table 6 .6 ): effectively none of variation in CYP2D6 allele frequency observed is due to 

differences between the two control groups -  it is all due to differences among and within 

individuals.

Table 6.6 AMOVA (Analysis o f Molecular Variance) fo r  all CYP2D6 alleles

Source o f variation Percentage o f variation P value
Among groups -0 . 1 1 % 0.786494-0.00126
Among individuals 
within groups

8 .0 0 % 0.180664-0.00113

Within individuals 92.11% 0.179174-0.00129

Sequence analysis

Figure 6.1 shows the aligned amino acid sequences of the CYP2D6 variant alleles, regions 

predicted to be hydrophilic/hydrophobic/antigenic in silico, and epitopes experimentally 

confirmed to be recognised in LKM1+ AIH. The raw data outputs for the hydopathy and 

antigenicity prediction can be found in the Appendix.
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Figure 6.1 - CYP2D6 variants, hydropathy, predicted antigenic sites and experimentally confirmed epitopes recognised in LKM1+ AIH.
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Discussion

Although the results indicate no significant difference in allele frequencies for this sample this is 

most likely due to the small sample sizes. The high frequency of functional alleles (CYP2D6*!, 

CYP2D6*2 and CYP2D6*17) in the disease group (0.96) compared with both the family controls 

(0.75) and the unrelated controls (0.76) does suggest that either functional alleles increase 

susceptibility or that non-functional alleles are non-susceptible to disease. Statistical significance 

is achieved when the allele types are simply classified as either functional or non-functional, 

suggesting that the results are sufficiently encouraging to warrant a scaled up study including 

much larger sample sizes.

Why might individuals with functional alleles be at greater risk that those with non-functional 

alleles? The obvious answer is that individuals with one or more non-functional alleles will 

either have very low or no expression of the target which the LKM1+ AIH antibodies recognise -  

if CYP2D6 is not present then stimulation of the immune system to elicit such a response is 

impossible (assuming other self or foreign antigens are not involved). However, this does not 

adequately explain how the immune system’s tolerance of self-antigens is disrupted in the first 

place. One possible explanation is that individuals with high levels of CYP2D6 expression will 

suffer from correspondingly higher levels of metabolically activated substrates (and associated 

free radicals) that could cause sufficient cellular damage to provoke an immune response. 

Alternatively, it may be that CYP2D6 expression level does not control the initial triggering of 

autoimmune response, but simply determines the severity (Gurr et al. 2002).

If functional alleles do contribute to LKMl-k AIH susceptibility then it would be prudent for 

future studies to test for the presence of multi-duplicated functional CYP2D 6  variants (e.g. 

CYP2D6*2(„^ in anti-LKM 1-k AIH subjects (Gaedigk et al. 1999; Johansson et al. 1993). For 

example, it would be of interest to examine whether individuals with larger numbers of 

duplications suffer from more severe or earlier onset of anti-LKM 1+ AIH. Another avenue for 

investigation in future studies would be to genotype a wider spectrum of variants that are known 

to result in either intermediate levels of CYP2D6 expression or alter amino acid sequences in the 

epitopes recognised in the LKMl-t- AIH immune response. For example, there are numerous rare 

CYP2D6 alleles that contain polymorphisms resulting in polypeptide changes around and within 

epitopes known to be recognised in anti-LKM-f- AIH (Table 6.7; Figure 6.1).
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Table 6.7 Known polymorphisms in CYP2D6 that alter amino acids in the regions recognised by 

anti-LKM+ AIH autoantigens.

Disease status Immuno-recognised epitope 

(experimentally confirmed)

CYP2D6 alleles with aa changes in region

AIH LKM l+HCV- A. CYP2D6 196-218 CYP2D6*37 (R201H)

B. CYP2D6,

C. CYP2D6,

D. CYP2D6,

E. CYP2D6'410-429

n/a

CYP2D6*7 (H324P) 

CYP2D6*25 (R343G) 

CYP2D6*29 (V338M)

n/a

CYP2D6*27, CYP2D6*32 (E410K)

AIH LKM1+HCV+ F. CYP2D6,

G. CYP2D6,

CYP2D6*2, CYP2D6*]I, CYP2D6*12, 

CYP2D6*14, CYP2D6*17, CYP2D6*28, 

CYP2D6*30, CYP2D6*35, CYP2D6*40, 

CYP2D6*41 (R296C; S486T) 

CYP2D6*9 (K281del)

CYP2D6*I0, CYP2D6*36, CYP2D6*37, 

CYP2D6*39 (S486T)

CYP2D6*18 (468-470VPTins) 

CYP2D6*24 (I297L)

CYP2D6*25 (R343G)

CYP2D6*26 (I369G)

CYP2D6*27 (E410K)

CYP2D6*29 (R296C; V338M; S486T) 

CYP2D6*31 (R296C; R440H; S486T) 

CYP2D6*32 (R296C;E410K;S486T) 

CYP2D6*34 (R296C)

CYP2D6*2, CYP2D6*10, 

CYP2D6*]], CYP2D6*12, 

CYP2D6*14, CYP2D6*17, 

CYP2D6*28, CYP2D6*30, 

CYP2D6*35, CYP2D6*36, 

CYP2D6*37, CYP2D6*39, 

CYP2D6*40, CYP2D6*4I (S486T) 

CYP2D6*7 (H324P)

CYP2D6*18 (468-470VPTins) 

CYP2D6*25 (R343G)

CYP2D6*26 (I369G)

CYP2D6*27 (E410K)

CYP2D6*29 (V338M; S486T) 

CYP2D6*3J (R440H; S486T) 

CYP2D6*32 (E410K; S486T)

Similar to HCV-, H. CYP2D6, n/a

Notes -  Taken from http://www.imm.ki.se/CYPalleles/cyp2d6.htm
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Appendix________________________________________________________________

Table A l Genetic Distances from the CYP2D6 gene cluster used for calculating 

recombination rate (r) for allele dating.

Marker McM FcM Average cM** r
D22S284 0.400 1.690 1.045 0.01045
D22S423 0.390 1.650 1 . 0 2 0 0 . 0 1 0 2 0

D22S279 0.300 0.570 0.435 0.00435
D22S276 0.150 0 . 2 0 0 0.175 0.00175
CYP2D8P 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 0

CYP2D8P* 0 .0 0 0 * 0 .0 0 0 * 0.007 0.00007
Notes

Genetic distances are taken from Genetic Location Database (GLD) 

http ://cedar. genetics. soton. ac. uk/public_html/2 2 smap/smap. html

* Estimated assuming average cM/kb distance based on other MS for 17kb distance to produce a 

small but non-zero r estimation.

**Taken to 3 decimal places.
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Program A2 Example Matlab script implementing MEW dating method

% F i le  "a g e _ M E 2 .m "  c r e a t e d  1 6 / 0 3 / 0 1  b y  MEW
% T h is  i s  a n  M - f i l e  f o r  e s t i m a t i n g  a g e s  o f  S N P ' s w i t h  l i n k e d  m i c r o s a t e l l i t e s .  
% A l t e r  t h e  v a r i a b l e s  c ,  u ,  C , D a n d  P b e lo w ,  t h e n  r u n  b y  s t a r t i n g  M a t l a b  a n d  
t y p i n g  " a g e _ M E 2 " .
% I f  t h a t  d o e s n ' t  w o r k ,  c u t  a n d  p a s t e  a l l  t h i s  t e x t  i n t o  t h e  M a t l a b  w in d o w  a n d  h i t  
<RETURN>
%
% T h is  i s  a m o d i f i c a t i o n  o f  t h e  MEW m e th o d  d e s c r i b e d  i n  "a g e _ M E W ".
I l n s t e a d  o f  m o d e l l i n g  t h e  i n c r e a s e  i n  v a r i a n c e ,  i t  m o d e ls  t h e  i n c r e a s e  i n  ASD
f r o m  t h e  p u t a t i v e  a n c e s t r a l  t y p e .
% S in c e  w e h a v e  t o  s p e c i f y  t o  a n c e s t o r  i n  b o t h  m e th o d s ,  I  w o u ld  s a y  t h i s  m e th o d  
m a k e s  m o re  s e n s e .
% In  s u m m a ry , t h e  a ge _ M E 2  m e th o d  f e a t u r e s :
% (1 )  M o n i t o r s  i n c r e a s e  i n  ASD f r o m  t h e  a n c e s t r a l  MS a l l e l e .
% (2 ) T h e  SSM i s  m o d e l le d  c o m p l e t e l y ,  u s in g  t h e  f u l l  f r e q  m a t r i x  o f  a l l  MS
a l l e l e s .
% (3 )  2 r  a l l e l e s  a b o v e  a n d  b e lo w  t h e  o b s e r v e d  r a n g e ,  r ,  a r e  a d d e d ,  a n d  t h e  SMM i s  
b o u n d e d  w i t h i n  t h i s  r a n g e .

c = 0 . 0 0 1 7 5  ; % A l t e r  t h i s  n u m b e r  t o  y o u r  e s t i m a t e  o f  t h e  p e r - g e n e r a t i o n
r e c o m b i n a t io n  r a t e
u = 0 . 0 0 0 5 6  ; % A l t e r  t h i s  n u m b e r  t o  y o u r  e s t i m a t e  o f  t h e  p e r - g e n e r a t i o n
m i c r o s a t  m u t a t i o n  r a t e

% A l t e r  t h e  v e c t o r  C b e lo w  t o  g i v e  t h e  f r e q u e n c i e s  o f  e a c h  MS r e p e a t  s i z e  i n  t h e  
C o n t r o l  s a m p le .
% A s s u m in g  t h e  d e r i v e d  SNP i s  a t  l o w  f r e q ,  u s e  n o n - d e r i v e d  a s  t h e  " C o n t r o l "  s a m p le  
% L is t  t h e  f r e q u e n c i e s  i n  o r d e r  o f  i n c r e a s i n g  r e p e a t  s i z e .  A d d  z e r o s  i n  t h e  
m id d le  i f  n e c e s s a r y .
% E x te n d  o r  c o n t r a c t  t h e  l i s t  t o  f i t  y o u r  o b s e r v e d  MS r e p e a t  s i z e  r a n g e .
C = [
0 . 0 0 0
0 . 0 0 0
0 .0 3 4
0 .3 8 6
0 .2 9 5
0 .0 5 7
0 .0 4 5
0 .1 7 0
0 . 0 1 1
0 . 0 0 0
0 . 0 0 0
0 . 0 0 0
];

%A l t e r  t h e  v e c t o r  D b e lo w  t o  g i v e  t h e  o b s e r v e d  f r e q s  o f  MS a l l e l e s  i n  t h e  d e r i v e d
SNP s a m p le
D = [
0 . 0 0 0
0 . 0 0 0
0 . 0 0 0
0 .1 6 7
0 .5 8 3
0 .0 8 3
0 .0 8 3
0 .0 8 3
0 . 0 0 0
0 . 0 0 0
0 . 0 0 0
0 . 0 0 0
];

% A lt e r  t h e  v e c t o r  P b e lo w  t o  i n d i c a t e  w h ic h  MS a l l e l e  i s  t h o u g h t  t o  b e  a n c e s t r a l  
f o r  t h e  d e r i v e d  S N P .
P = [
0
0
0
0
1
0
0
0
0
0
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0
0

];

% The MEW p r o g r a m  s t a r t s  n o w .

% F in d  o b s  a l l e l e  r a n g e .  
r = l e n g t h ( P ) ;
i f  ( l e n g t h ( C ) - = r ) I ( l e n g t h ( D ) - = r ) , d is p ( 'E R R O R  -  v e c t o r  l e n g t h s  o f  C ,D  & P m u s t  
m a t c h ' ) ;  e n d

% C re a te  e x t r a  r a n g e  o n  e i t h e r  s i d e .
a d d = 2 * r ;
r 5 = r  + a d d * 2 ;
f i l l = z e r o s ( a d d , 1 ) ;
s e q = ( 1 - a d d : r 5 - a d d ) ' ;

% S e t som e  v a r i a b l e s ,  
a n c i  = s u m ( P . * ( l : r ) '  ) ;
s q = ( l ; r ) ' ;  A S D _n o w  = su m ( D . * ( ( s q - a n c _ i ) . ^ 2 )  ) ;
R =  [ f i l l ;  C ; f i l l ] * o n e s ( l , r 5 ) ;
M =  z e r o s ( r 5 , r 5 ) ;

f o r  i = 2 : r 5 - l
M ( i - l , i ) = 0 . 5 ;
M ( i + 1 , i ) = 0 .5  ;

e n d
M ( 2 , l ) = l ;  M ( r 5 - l , r 5 ) = l ;

Sam e = ( 1 - c - u ) . * e y e ( r 5 ) ;

% I n i t i a l i s e  som e v a r i a b l e s .
P g  = [ f i l l ;  P ; f i l l ] ;
A S D g = 0 ;  
g e n  =  0 ;

% m a in  a l g o r i t h m  
w h i l e  A S D g< A S D _ n o w  

g e n = g e n + l ;

% F in d  K , u p d a te  P g , f i n d  ASDg 
K =  c . * R  + u . * M  + S a m e;
P g  = K * P g ;
A S D g = s u m ( P g . * ( ( s e q - a n c _ i ) . ^ 2 )  ) ;

e n d

% P r in t  g e n
d i s p ( ' ' ) ;  d i s p ( ' ' ) ;
d i s p ( [ ' O b s e r v e d  ASD o f  MS s i z e s  i n  D =  ' n u m 2 s t r { A S D _ n o w ) ] ) ;  
d i s p ( [ 'N u m b e r  o f  g e n s  t o  m a tc h  o b s  ASD =  ' n u m 2 s t r ( g e n ) ] ) ;
d i s p ( ' T y p e  " P g "  t o  s e e  w h a t  f i n a l  a l l e l e  d i s t n  i s  e x p e c t e d  t o  l o o k  l i k e ' ) ;  
d i s p ( ' T y p e  " [ s e q  P g ] " t o  s e e  P g  w i t h  MS s i z e  i n  f i r s t  c o l u m n ' ) ;
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Program A3 Example Matlab script implementing ME2 dating method

% F i le  "a g e _ M E W .m " c r e a t e d  1 6 / 0 3 / 0 1  b y  MEW
% T h is  i s  a n  M - f i l e  f o r  e s t i m a t i n g  a g e s  o f  S N P ' s w i t h  l i n k e d  m i c r o s a t e l l i t e s .  
% A l t e r  t h e  v a r i a b l e s  c ,  u ,  C , D a n d  P b e lo w ,  t h e n  r u n  b y  s t a r t i n g  M a t l a b  a n d  
t y p i n g  "a g e _ M E W ".
% I f  t h a t  d o e s n ' t  w o r k ,  c u t  a n d  p a s t e  a l l  t h i s  t e x t  i n t o  t h e  M a t l a b  w in d o w  a n d  h i t  
<RETURN>
%
% T h is  i s  a n  MEW m e th o d ,  b u t  i s  a l s o  b a s e d  o n  T r a n s i t i o n  m a t r i x  m o d e l l i n g  l i k e  t h e  
F a c t o r  X I  m e th o d .
% The F a c t o r  X I  m e th o d  i s  d e s ig n e d  f o r  c a s e s  w h e r e  c » u .
% C o n v e r s e ly ,  t h e  MEW m e th o d  i s  d e s ig n e d  f o r  c a s e s  w h e r e  u » c .  T h u s :
% (1 )  I n s t e a d  o f  m o n i t o r i n g  c h a n g e s  i n  t h e  f r e q  o f  t h e  m o d a l  MS a l l e l e  i n  d e r i v e d  
s a m p le s  o v e r  t i m e ,  i t  m o n i t o r s  c h a n g e s  i n  t h e  v a r i a n c e  o f  MS a l l e l e s  
% (2 )  T h e  SSM i s  m o d e l le d  c o m p l e t e l y ,  u s in g  t h e  f u l l  f r e q  m a t r i x  o f  a l l  MS 
a l l e l e s .
% (3 )  2 r  a l l e l e s  a b o v e  a n d  b e lo w  t h e  o b s e r v e d  r a n g e ,  r ,  a r e  a d d e d ,  a n d  t h e  SMM i s  
b o u n d e d  w i t h i n  t h i s  r a n g e .

c = 0 . 0 0 0 0 0  ; % A l t e r  t h i s  n u m b e r  t o  y o u r  e s t i m a t e  o f  t h e  p e r - g e n e r a t i o n
r e c o m b i n a t io n  r a t e
u = 0 . 0 0 0 5 6  ; % A l t e r  t h i s  n u m b e r  t o  y o u r  e s t i m a t e  o f  t h e  p e r - g e n e r a t i o n
m i c r o s a t  m u t a t i o n  r a t e

% A l t e r  t h e  v e c t o r  C b e lo w  t o  g i v e  t h e  f r e q u e n c i e s  o f  e a c h  MS r e p e a t  s i z e  i n  t h e  
C o n t r o l  s a m p le .
% A s s u m in g  t h e  d e r i v e d  SNP i s  a t  lo w  f r e q ,  u s e  n o n - d e r i v e d  a s  t h e  " C o n t r o l "  s a m p le  
% L is t  t h e  f r e q u e n c i e s  i n  o r d e r  o f  i n c r e a s i n g  r e p e a t  s i z e .  A d d  z e r o s  i n  t h e  
m id d le  i f  n e c e s s a r y .
% E x te n d  o r  c o n t r a c t  t h e  l i s t  t o  f i t  y o u r  o b s e r v e d  MS r e p e a t  s i z e  r a n g e .
C = [
0 . 0 0 0
0 . 0 2 1
0 . 0 0 0
0 .7 2 3
0 .1 2 8
0 . 0 0 0
0 . 0 0 0
0 . 0 0 0
0 . 0 0 0
0 . 0 2 1
0 . 0 2 1
0 .0 8 5
0 . 0 0 0
0 . 0 0 0
];

% A l t e r  t h e  v e c t o r  D b e lo w  t o  g i v e  t h e  o b s e r v e d  f r e q s  o f  MS a l l e l e s  i n  t h e  d e r i v e d
SNP s a m p le
D=[
0 . 0 0 0
0 .0 0 0
0 .0 0 0
0 .0 6 1
0 .9 0 9
0 .0 3 0
0 .0 0 0
0 .0 0 0
0 .0 0 0
0 . 0 0 0
0 . 0 0 0
0 . 0 0 0
0 . 0 0 0
0 .0 0 0

];

% A lt e r  t h e  v e c t o r  P b e lo w  t o  i n d i c a t e  w h ic h  MS a l l e l e  i s  t h o u g h t  t o  b e  a n c e s t r a l  
f o r  t h e  d e r i v e d  S N P ,
P = [
0
0
0
0
1
0
0

219



0
0
0
0
0
0
0
];

% The MEW p r o g r a m  s t a r t s  n o w .

% F in d  o b s  a l l e l e  r a n g e .  
r = l e n g t h ( P ) ;
i f  ( l e n g t h ( C ) - = r ) I ( l e n g t h ( D ) - = r ) , d is p ( 'E R R O R  -  v e c t o r  l e n g t h s  o f  C ,D  & P m u s t  
m a t c h ' ) ;  e n d

% C re a te  e x t r a  r a n g e  o n  e i t h e r  s i d e .  
a d d = 2 * r ; 
r 5 = r  +  a d d * 2 ;  
f i l l = z e r o s ( a d d , 1 ) ;  
s e q = ( 1 - a d d : r 5 - a d d ) ' ;

% S e t som e v a r i a b l e s .
s q = ( l : r ) ' ;  V _ n o w  =  s u m (D . * ( s q , ^ 2 ) )  -  s u m ( D . * s q ) ^2  ;
R =  [ f i l l ;  C ; f i l l ] * o n e s ( 1 , r 5 ) ;
M = z e r o s ( r 5 , r 5 )  ;

f o r  i = 2 : r 5 - l
M ( i - l , i ) = 0 . 5 ;
M ( i + l , i ) = 0 . 5 ;

e n d
M ( 2 , l ) = l ;  M ( r 5 - l , r 5 ) = l ;

Sam e =  ( 1 - c - u ) . * e y e ( r 5 ) ;

% I n i t i a l i s e  som e v a r i a b l e s .
P g  = [ f i l l ;  P ; f i l l ] ;
V g  = 0 ;  
g e n  = 0 ;

% m ain  a l g o r i t h m  
w h i l e  V g < V _ n o w

g e n = g e n + l ;

% F in d  K , u p d a t e  P g , f i n d  V g  
K = c . * R  +  u . * M  + S a m e;
P g  = K * P g ;
V g  = s u m ( P g . * ( s e q . ^ 2 ) )  -  s u m ( P g . * s e q ) ^2  ;

e n d

% P r in t  g e n
d i s p ( ' ' ) ;  d i s p ( ' ' ) ;
d i s p ( [ ' O b s e r v e d  v a r i a n c e  o f  MS s i z e s  i n  D =  ' n u m 2 s t r ( V _ n o w ) ] ) ;
d i s p ( [ ' N u m b e r o f  g e n s  t o  m a tc h  o b s  v a r i a n c e  = ' n u m 2 s t r ( g e n ) ] ) ;
d i s p ( ' T y p e  " P g "  t o  s e e  w h a t  f i n a l  a l l e l e  d i s t n  i s  e x p e c t e d  t o  l o o k  l i k e ' ) ;
d i s p ( ' T y p e  " [ s e q  P g ] " t o  s e e  P g  w i t h  MS s i z e  i n  f i r s t  c o l u m n ' ) ;
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Program A4 Example GenStat script for generating Principle Coordinate vectors

R e a d  r a w l  
0 .0 5 4 2 3
0 .0 0 8 9 3  0 .0 5 2 3 6  
0 .0 6 1 1 2  0 .0 5 7 0 7  0 .0 5 1 9 4

S Y M M E TR IC M A TR IX  [R 0 W S = 3 ] d a t a i ;  V A L U E S = ra w l

PCO [ P R I N T = r o o t s , s c o r e s  ; N R O O TS =10] 1 - d a t a l ;  L R V = x y l
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Program A5 Example Matlab script for plotting Principle Coordinate vectors

x y = [
- 0 .1 5 0 1 4  

0 .1 1 3 5 3  
- 0 .1 2 5 3 2  

0 .1 6 1 9 3

0 .0 0 4 2 2
- 0 .1 8 2 2 9
0 .0 2 6 1 3
0 .1 5 1 9 4

1 
2
3
4 

];
n a m e s = [
' A r m e n ia  
' A f r i c a  
' B r i t a i n  '
' M o n g o l ia  '

];
p l o t ( x y ( ; , 2 ) , x y ( : , 3 ) , ' x w ' )  
t e x t ( x y ( ; , 2 ) , x y ( : , 3 ) , n a m e s ) 
y l a b e l ( ' P C 0 2 ' )  
x l a b e l ( ' P C O l ' )
t i t l e ( ' P r i n c i p l e  C o o r d in a t e s  P l o t ' )

0 .0 6 2 2 3
- 0 . 0 0 2 2 0
- 0 . 0 6 7 2 4

0 .0 0 7 2 0

0 . 0 0 0 0 0
0 . 0 0 0 0 0
0 . 0 0 0 0 0
0 . 0 0 0 0 0
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Notes Example of initial tests based on Armenian CYP2D6*4 data for D22S284 using low resolution intervals of 0.05; r of 0.002 was used



Figure A7 - Effect of population growth rate on selection estimation
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Figure A8 - Estimates of global human population size over time
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Notes. Based on global population estimate data in Cavalli-Sforza, LL, Menozzi, P 
and Piazza, A. (1994), The History and geography o f human genes, p.68 Time in 
years going backwards from the present is indicated on the X axis. The regression 
line suggests that population growth is in the order of 0.0004/year, which assuming a 
25 year generation time corresponds to 0.01/generation (or 1%). Most of the increase 
in population size is due to population growth in the last 500 years and so the figure of 
0.0025 applied by Slatkin (2001) seems reasonable.
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Figure A9 - Hydropathy profile for CYP2D6
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Notes Hydropathy profile generated using EMBOSS pepwindow (http://www.sanger.ac.uk/EMBOSS/). Hydrophilic regions tend to be found 
on the surface of the protein, while hydrophobic regions tend to be packaged within the enayme.

http://www.sanger.ac.uk/EMBOSS/


Data AlO Predicted antigenic sites in CYP2D6 (EM BOSS antigenic output)

########################################
#  P r o g r a m :  a n t i g e n i c
#  R u n d a te :  M on S e p  16 1 4 : 0 7 : 3 0  2 0 0 2
#  R e p o r t _ f i l e :  c p d 6 _ h u m a n . a n t i g e n i c  
########################################

 #  = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = =

#
#  S e q u e n c e ;  CPD6_HUMAN f r o m ;  1 t o :  4 9 7
#  H i t C o u n t :  21
#= = :                    -----

M a x s c o r e p o s  a t  " * "

( 1 )  S c o r e  1 .2 4 0  l e n g t h  2 0  a t  r e s id u e s  4 - > 2 3  

S e q u e n c e :  e a l v p l a v i v a i f l l l v d l m

I  I
4 23

( 2 )  S c o r e  1 .2 2 7  l e n g t h  38  a t  r e s id u e s  2 2 0 - > 2 5 7  

S e q u e n c e  : I r e v l n a v p v l l h i p a l a g k v l r f q k a f I t q l d e l l t e

I  I
2 2 0  2 5 7

( 3 )  S c o r e  1 .1 9 4  l e n g t h  11  a t  r e s i d u e s  1 5 5 - > 1 6 5  

S e q u e n c e  : e e a a c l c a a f a

I  I
1 5 5  165

( 4 )  S c o r e  1 .1 8 6  l e n g t h  2 9  a t  r e s id u e s  6 6 - > 9 4  

S e q u e n c e  : g d v f s l q l a w t p v v v l n g l a a v r e a l v t h

I  I
66  94

( 5 )  S c o r e  1 .1 8 2  l e n g t h  21  a t  r e s id u e s  4 7 4 - > 4 9 4  

S e q u e n c e  : r p s h h g v f a f I v s p s p y e l c a

I  I
4 7 4  4 94

( 6 )  S c o r e  1 .1 7 0  l e n g t h  9 a t  r e s id u e s  2 9 5 - > 3 0 3  

S e q u e n c e  : I r i v v a d l f

I  I
2 9 5  3 03

( 7 )  S c o r e  1 .1 6 9  l e n g t h  16  a t  r e s id u e s  1 7 7 - > 1 9 2  

S e q u e n c e  : l l d k a v s n v i a s l t c g

I  I
1 77  1 92

( 8 )  S c o r e  1 .1 5 5  l e n g t h  2 8  a t  r e s i d u e s  3 1 5 - > 3 4 2  

S e q u e n c e  : a w g l l l m i l h p d v q r r v q q e i d d v i g q v

I  I
3 1 5  3 42

( 9 )  S c o r e  1 .1 3 7  l e n g t h  2 1  a t  r e s id u e s  3 2 - > 5 2  

S e q u e n c e ;  r y p p g p l p l p g l g n l l h v d f q

I  I
32 52

( 1 0 )  S c o r e  1 .1 3 6  l e n g t h  13 a t  r e s id u e s  3 5 2 - > 3 6 4  

S e q u e n c e  : h m p y t t a v i h e v q

I  I
3 5 2  3 6 4

( 1 1 )  S c o r e  1 .1 3 2  l e n g t h  13 a t  r e s id u e s  1 0 1 - > 1 13
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S e q u e n c e :  r p p v p i t q i l g f g

I I
101  113

( 1 2 )  S c o r e  1 .1 2 3  l e n g t h  7 a t  r e s id u e s  5 4 - > 6 0  

S e q u e n c e :  t p y c f d q

I  I
54 60

( 1 3 )  S c o r e  1 .1 2 2  l e n g t h  22  a t  r e s id u e s  4 5 0 - > 4 7 1  

S e q u e n c e  : r m e l f I f f t s l l q h f s f s v p t g

I  I
4 5 0  4 7 1

( 1 4 )  S c o r e  1 .1 1 9  l e n g t h  10  a t  r e s i d u e s  2 0 2 - > 2 1 1  

S e q u e n c e  : f l r l l d l a q e

I  I
202  211

( 1 5 )  S c o r e  1 ,1 0 9  l e n g t h  8 a t  r e s id u e s  4 4 0 - > 4 4 7  

S e q u e n c e  : r r a c l g e p

4 4 0  4 4 7

( 1 6 )  S c o r e  1 .1 0 4  l e n g t h  11 a t  r e s id u e s  3 9 6 - > 4 0 6  

S e q u e n c e :  i t n l s s v l k d e

I  I
3 9 6  4 0 6

( 1 7 )  S c o r e  1 .0 9 9  l e n g t h  9 a t  r e s id u e s  1 1 6 -> 1 2 4  

S e q u e n c e :  s q g v f l a r y

I  I
116  124

( 1 8 )  S c o r e  1 .0 9 7  l e n g t h  8 a t  r e s id u e s  3 6 6 - > 3 7 3  

S e q u e n c e  : f g d i v p l g

I  I
3 6 6  3 7 3

( 1 9 )  S c o r e  1 .0 9 1  l e n g t h  25  a t  r e s i d u e s  4 1 3 - > 4 3 7  

S e q u e n c e  : f r f h p e h f I d a q g h f v k p e a f I p f s

I  I
4 1 3  4 3 7

( 2 0 )  S c o r e  1 .0 7 6  l e n g t h  7 a t  r e s id u e s  1 3 3 - > 1 3 9  

S e q u e n c e  : r f s v s t l

I  I
1 33  1 39

( 2 1 )  S c o r e  1 .0 6 5  l e n g t h  7 a t  r e s id u e s  3 8 1 - > 3 8 7  

S e q u e n c e :  d i e v q g f

I  I
3 8 1  3 8 7
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Geographic patterns of genetic variation, including variation at drug metabolizing enzyme (DMQ lod and drug 
targets, indicate that geographic structuring of inter-individual variation in drug response may occur frequentiy. 
This raises two questions: how to represent human population genetic structure in the evaluation of drug safety 
and efficacy, and how to relate this structure to drug response. We address these by (i) inferring the genetic struc
ture present in a heterogeneous sample and (ii) comparing the distribution of DM E variants across the inferred 
genetic clusters of individuals. We find that commonly used ethnic labels are both insufficient and inaccurate rep
resentations of the inferred genetic dusters, and that drug-metabolizing profiles, defined by the distribution of 
DM E variants, differ significantly among the dusters. We note, however, that the complexity of human demo
graphic history means that there is no obvious natural dustering scheme, nor an obvious appropriate degree of 
resolution. Our comparison of drug-metaboiizing profiles across the inferred dusters establishes a framework for 
assessing the appropriate level of resolution in relating genetic structure to drug response.

Introduction
Many drugs that show therapeutic potential never reach the mar
ket because of adverse reactions in some individuals, whereas 
other drugs in common use are effective for only a fraction of the 
population in which they are prescribed. This variation in drug 
response depends on many factors, such as sex, age and the envi
ronment, as well as genetic determinants. Since the 1950s, phar- 
macogenetic studies have systematically identified allelic variants 
at genes that influence drug response, including those of both 
drug-metabolizing enzymes (DMEs)’ and drug targets^, such as 
the cytochrome P450 monooxygenase CYP2D6 (refs. 3,4) and 
the N-acetyl transferase NAT2 (ref. 5) genes. Detailed functional 
analysis of variants at genes such as these has clearly shown the 
importance of genetic variation in drug responses. For example, 
analysis of NAT2 alleles has identified amino acid-replacement 
mutations that reduce activity and a noncoding mutation that 
reduces translation, lowering the concentration of the enzyme^. 
In the case of CYP2D6, common variants include a frameshifr 
leading to a truncated, nonfunctional protein and a splice-site 
mutation resulting in the absence of the protein^’̂ . These and 
other examples indicate that genetic tests might predict an indi
vidual’s response to specific drugs, allowing medicines to be tai
lored to specific genetic makeups. Because of the potential 
commercial and clinical significance of such personalized medi
cines, an understanding of the genetic role of variable drug 
response is an important goal of biomedical research.

In addition to concerns surrounding individual variation in 
drug response, the geographic distribution of certain variants has 
highlighted the possible importance of average differences in

drug response across populations. Genetic polymorphisms in 
DMEs, which probably contribute significantly to phenotypic 
variation in drug response, all vary in frequency among popula
tions^, some by as much as twelvefold\ For example, the well- 
known poor-metabolizer phenotype of debrisoquine oxidation is 
due to variant alleles of CYP2D6. Between 5% and 10% of Euro
peans, but only ~I% of Japanese, have loss-of-function variants 
at this locus that affect the metabolism of more than 40 drugs, 
including such commonly used agents as P-blockers, codeine and 
tricyclic antidepressants. The CYP2D6 ultra-rapid metabolizer 
alleles also vary in frequency, even within Europe, from -10% in 
Northern Spain to 1-2% in Sweden .̂ Polymorphisms in DMEs 
can lead to acute toxic responses and unwanted drug-drug inter
actions or to therapeutic failure from augmented drug metabo
lism (as in the case of CYP2D6 duplications)^’̂ .

These observations show that for some drugs, the tradeoffs 
between efficacy and adverse drug reaction not only will differ 
between individuals but also will show differences in average 
effects across different populations^. Genetically structured pop
ulations may be composed of two or more subpopulations with 
distinct drug-reaction profiles and thus may be better considered 
separately in some contexts. This raises the questions of the 
appropriate way to infer human population genetic structure in 
the context of the evaluation of drug safety and efficacy, and of 
how to relate this inferred genetic structure to drug response. To 
address this problem, we have used presumably neutral 
microsatellite markers to infer genetic clusters for a heteroge
neous population, such as may be used in drug trials large 
enough to allow detection of both genetic and environmental

^Gallon Laboratory, Department of Biology, University College London, London, UK. ^Department of Zoology, University of Oxford, Oxford, UK. ^The 
Centre for Genetic Anthropology, Departments of Biology, University College London, London, UK. '̂ Genostics Ltd, 28/30 Little Russell Street, London WCJA 
2HN, UK. Correspondence should beaddressed to D.B.G. (e-mail: d.goldstein@ucl.ac.uk).
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Table 1 '> Inferring the number of clusters

K In Pr(XIK) Pr(K\X)
1 -33680.97 -0
2 -32650.80 -0
3 -32046.80 -0
4 -31943.23 1.000
5 -31972.33 -0
6 -31987.10 -0

effects (for instance, Phase III trials). We compared the frequen
cies of functionally significant alleles at DME loci across the 
inferred clusters as an easily defined surrogate for drug response. 
Using this approach, we (i) show that there is considerable scope 
for population-genetic structuring in drug response in diverse 
metropolitan populations, because of the variation they harbor 
in DME allele frequency differences among identifiable genetic 
clusters (ii) establish a framework for determining the appropri
ate level of resolution (that is, the number of inferred clusters that 
should be used) in relating this population-genetic structuring to 
drug response and (iii) show that commonly used ethnic labels 
(such as Black, Caucasian and Asian) are insufficient and inaccu
rate descriptions of human genetic structure.

Results
We genotyped 16 chromosome 1 microsatellites 
from the ABI prism panel 1 (an average of 17 cM 
apart) and 23 X-linked microsatellites (&2 cM 
apart)^ in each of eight populations: South 
African Bantu speakers (46), Amharic- and 
Oromo-speaking Ethiopians from Shewa and 
Wollo provinces collected in Addis Ababa (48), 
Ashkenazi Jews (48), Armenians (48), Norwe
gian speakers from Oslo (47), Chinese from 
Sichuan in southwestern China (39), Papua New 
Guineans from Mad an g (48) and Afro- 
Caribbeans collected in London (30).

population affiliations. This mimics a scenario in which there 
is cryptic population structure, or no information as to the 
ethnic origin of the individuals. Briefly, the model imple
mented in STRUCTURE assumes K clusters, each character
ized by a set of allele frequencies at each locus; the admixture 
model then estimates the proportion of each individual’s 
genome having ancestry in each cluster. We estimated Pr(XIX), 
where X represents the data, using a model allowing admix
ture, for X between 1 and 6 . From this and a uniform prior on 
A!" between 1 and 6 , we estimated Pr(AIX) using Bayes’s theo
rem (Table 1) °̂. Virtually all of the posterior probability den
sity is on K=4.

The apportionment of individuals (the average per-individual 
proportion of ancestry) from each of the eight populations into the 
four STRUCTURE-defined clusters (Table 2) broadly corresponds 
to four geographical areas: Western Eurasia, Sub-Saharan Africa, 
China and New Guinea. Notably, 62% of the Ethiopians fall in the 
first cluster, which encompasses the majority of the Jews, Norwe
gians and Armenians, indicating that placement of these individu
als in a ‘Black’ cluster would be an inaccurate reflection of the 
genetic structure. Only 24% of the Ethiopians are placed in the 
cluster with the Bantu and most of the Afro-Caribbeans; however.

B D

CYP1A2
- a r . 0 - G - ( >

GSTM1

Genetic Structure
We used a model-based clustering method 
implemented by the program STRUCTURE'® 
to assign individuals to subclusters on the basis 
of these genetic data, ignoring their actual

CYP2C19

DIA4

NAT2

CYP2D6

9%

^ ^ ^ 6 3 %  ^ ^ ^ 7 3 %  ^ ^ ^ 7 5 %
91%

1 1 % 1 O0 ,U Ü 0  "C#.
^ ^ ^ ^ 8 % ^^^^8 1 %
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R g . 1 Allele frequencies at each DME gene  in th e  STRUG- 
TURE-deflned d u s te r s  In all but th e  last tw o, black indi- 
ca tesw ild type  and  w hite , m u tan t; for CYP2D6, all m utant 
alleles a re  pooled  as  w hite , and  for NAT2 bo th  tested  
m utan t alleles (*5 and *6) a re  pooled as  w hite .
Cytochrome P450 1A2 (CYP1A2) m etabo lizes several d rugs  
and c a rd n o g e n s  induding th e  analgesic acetam inophen 
(Tylenol) and probably antipsychotic drugs’®. CYP2C19 
m etabo lizes diazepam , b a rb itu ra te s  and an tidepressants, 
and a  polym orphic variant is responsible for th e  dassical 
m ephenytoin  poor-m etabolizer phen o ty p e’®. The dassical 
debrisoquine poor-m etabo lizer pheno type isd u e  to  a vari
ant of CYP2D6^ and NAT2 is responsible for th e  dassical 
isoniazid polymorphism®. NAD(P):quinone ox ido redudase  
(DIA4) converts q u inones  to  stab le  hydroxyquinones and 
b ioactivates an tilum or qu in o n es  and n itrobenzenes’®.
G lu ta th ione-S transf erase Ml (GSTMI) con jugates various 
e led roph ilic  com pounds, indud ing  po ten t environm ental 
ca rd n o g en ssu ch  as  aflatoxin epoxides’. The tw o NAT2
polym orphism s w e geno typed  bo th  result in slow acetyl at o r allelesw hich lead to  increased risksof drug tox id ty  and  of certain  cancers’ ®. Of th e  CYP2D6 a\\e\BS 
w e assayed, CrP2DS"\ isw ild type, *3 and '4  have no ad iv ity  (which can lead to  an acu te  toxic response to  som e drugs) and  *2, *9 and  *10 have reduced ad iv - 
ity’7,20 Thg cyP fA 2  variant geno typed  leads to  increased enzym e indudbility  in sm okers?’. We geno typed  th e  m ajor polym orphism  in C /fS C fS  responab le  for 
th e  m ephenytoin  poor-m etabolizer tra it. After th e  adm inistra tion  of variousdrugs, th isvarian t can lead to  b o n e  m arrow  toxidty, fatal blood dyscrasiasand o ther 
adverse responses’. Increased susceptibilities to  various cancers a re  assodated  w ith th e  deletion  polym orphism  in G S tM l geno typed  here, dram atically so for 
sm okers’ ’t  The m uta tion  in D/A4 le ad s to  a  com plete absence of th e  pro te in  and th u s lo sso f p ro te d io n  against th e  to x ican d  c a rd n o g e n ic e f fe d so f  quinones’®. 
F req u en d esa re  show n for g roup ings  corresponding to  those  show n in Table 2.
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21% of the Afro-Caribbeans are placed in a cluster with the West 
Eurasians (presumably reflecting genetic exchange with Euro
peans). Finally, China and New Guinea are placed almost entirely 
in separate clusters, indicating that the ethnic label ‘Asian’ is also an 
inaccurate description of population structure.

Consideration of only the X-linked microsatellites for the pur
poses of clustering supports K=3 with a clustering very similar to 
that for the entire dataset, except that the Chinese and New 
Guinean clusters are combined into one. When only the chromo
some 1 microsatellites are used, the clustering is essentially the 
same as for the whole dataset. This discrepancy may be explained 
by one of two factors: (i) alack of resolution in the X chromosome 
microsatellites or (ii) a biological factor such as the different num
ber of X chromosomes and autosomes carried by males and 
females. To test these hypotheses, we carried out structure runs on 
the chromosome 1 data using an amount of information equal to 
that available from the X chromosome (22 alleles). The chromo
some 1 micro satellites continued to support A=4, indicating that 
a lack of resolution in the X chromosome microsatellites may not 
have been the explanation. Perhaps, because the X chromosome 
spends more time in the female germline than does chromosome 
1 and because females have a higher migration rate than males” , 
the X-linked loci have less genetic structure. Smaller random sub
sets of the loci support a variety of values for K and do not agree 
on the clustering scheme (data not shown). This is probably

Table 2 * Proportion of membership of each sampled 
population in STRUCTURE-defined subclusters

CYP1A2
58%

33%

GSTM1

8%

CYP2C19

DIA4

NAT2

CYP2D6

Rg. 2 Allele frequencies at each of the DMEvariantsin the ethnically labeled 
groups. See Rg. 1 legend for details. A, Bantu, Bhiopian and Afro-C^ribbean 
frequencies; B, those for Norwegians, Ashkenazi Jews and Armenians; C, those 
for Chinese and New Guineans

Population A B C D
Bantu 0.04 0.02 0.93 0.02
Ashkenazi 0.96 0.01 0.01 0.02
Bhiopia 0.62 0.08 0.24 0.06
Norway 0.96 0.02 0.01 0.01
Armenia 0.90 0.04 0.02 0.05
China 0.09 0.05 0.01 0.84
Papua New Guinea 0.02 0.95 0.01 0.02
Afro-Caribbean 0.21 0.03 0.73 0.03

because there are no natural clusters, as there has not been a his
tory of bifurcation in human populations. Our results indicate 
that a reasonably high number of loci should be used to obtain 
consistency in clustering; one approach would be to use one 
marker from each chromosome arm. All of the analyses we pre
sent use the full dataset, resulting in four clusters (Table 2).

Drug-metabolizing enzymes
Our selection of DMEs includes representatives of both phase I 
(oxidation or reduction) and phase II (conjugation) drug metab
olism. We included three enzymes of the phase I cytochrome 
P450 family: CYP1A2, CYP2C19 and CYP2D6. We also included 
three conjugating or phase II metabolism enzymes: NAT2, 
NAD(P):quinone oxidoreductase (DIA4) and glutathione-5- 
transferase Ml (GSTMI). We determined allele frequencies at 11 
variants in the genes encoding these six DMEs, all of which are 
known to be functionally significant (Fig. 1).

There are notable differences in the allele frequencies of DME- 
encoding genes between the genetically identified clusters (Fig. 1) 
for five of six reported loci. To assess differentiation across clus
ters, we counted allele frequencies in each of the clusters and cal
culated we also tested for differences in allele frequencies using 
logistic regression. Using both methods, and correcting for multi
ple comparisons, the allele frequency distributions are signifi
cantly different for four of the six loci (significant for NAT2, 
CYP2C19, DIA4 and CYP2D6). The pattern is particularly striking 
at CYP2C19, where the frequency of the mutant allele (the 
mephenytoin polymorphism) in cluster B is more than four times 
that of cluster A (P<0.0001). We also observed extreme differenti
ation between clusters B and D for DIA4, for which the frequency 
of the mutant allele (Miich provides no protection against the 
toxic effects of quinones) differs by almost five-fold (P<0.0001). 
This is a notable difference, as clusters B and D would be com
bined as ‘Asian’ in current drug evaluation using ethnic labels. 
NAT2 also shows significant differentiation between these two 
clusters, as well as among the others. We observed strong to mod
est differences in allele frequencies for the other DME genes 
between at least two pairs of the clusters in each case. To firrther 
explore cluster differentiation we counted the number of loci for 
which there are significant allele frequency differences (using %̂) 
for each of the pairs of clusters. Without correcting for multiple 
comparisons, this number varied from 2 (of 6 loci) for B versus D, 
to 5 (of 6) for B versus C. Given the important differences in drug 
response determined by these variants, the scope for genetic struc
turing in drug response clearly is high. For some drugs, therefore, 
the trade-off between therapeutic response and adverse drug reac
tions will differ between the clusters identified here, making this 
kind of genetic analysis important in checking for such effects in 
any phase III clinical trial.

We compared the predictive value of the genetic clusters to that 
of commonly used ethnic labels by counting the DME allele fre
quencies in the grouping resulting from those labels: Caucasian
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(Norwegian, Ashkenazi Jew, Armenian), Black (Bantu, 
Ethiopian, Afro-Caribbean) and Asian (Chinese, New Guinean; 
Fig. 2). Notably, for DIA4, the large frequency difference between 
clusters B and D (driven by the differentiation between China 
and New Guinea) is averaged when both populations are 
lumped; the mutant allele frequency is thus only one and a half 
times as high as that in the other two groups. Indeed, the overall 
differentiation for the ethnic groups is not significant after cor
rection for multiple comparisons. Note that in no case did we 
observe the reverse in our data: that is, the ethnic labels never 
show sharp differentiation that is not observed in the clusters. In 
addition, only in the case of CYP2D6 are the allele frequency dif
ferentials as high as they are for genetically defined clusters. 
Although there is some DME allele frequency differentiation 
between ethnically labeled groups, in most cases it is less than 
that seen for the genetic clusters. To confirm this, we fitted logis
tic regression models to the allele data using membership in the 
genetic clusters as the explanatory variables, and tested for the 
increase in goodness of fit obtained by adding the ethnic labels as 
explanatory variables. We then compared this to the increase in 
goodness of fit obtained by adding the genetic cluster informa
tion to the ethnic group information. Ofthose DME loci {NAT2, 
CYP2C19, DIA4 and CYP2D6) that showed significant differenti
ation in either the clusters or the ethnic groups, in three of four 
cases, adding genetic cluster information to ethnic labels was 
more significant than adding ethnic labels to genetic clusters. For 
CYP2D6, the opposite was true.

M ultllocus interactions
Undesirable drug reactions or interactions, as well as environ
mental sensitivities, may also be due to the existence of variants at 
two (or more) loci. An example of this may be the case of the 
increased susceptibility to colorectal cancer in individuals with a 
rapid/rapid metabolizer phenotype at CYP1A2 and NAT2, espe
cially for those who prefer well-cooked meat'^. It is important to 
consider not only differences in allele frequency between the 
inferred clusters but also differences in frequency for multilocus 
genotypes. There are large frequency differentials between the 
clusters we have identified for multilocus genotypes, which may 
give rise to phenotypic combinations like this; in fact, the fre
quency of the combination CTP7A2-A/A, NAT2HI- observed in 
cluster B (47%) is more than twice that seen in clusters A (19%) 
or C (22%; F<0.01 for overall differentiation). When such inter
actions are important, they may be apparent in the genetic analy
sis described here, from the distribution of drug response across 
inferred clusters.

Discussion
By carrying out the clustering analysis with the number of clus
ters set to different values, we can compare the extent of differen
tiation among the clusters to assess the appropriate level of 
resolution. In the context of a Phase III trial, the appropriate 
benchmark would reflect the amount of the total variation in 
drug response explained by the genetic clusters. A surrogate test 
would be to carry out exact tests of differentiation*^ on relevant 
functional polymorphisms, stopping when an increase in the 
number of clusters does not appreciably increase the degree of 
differentiation. The clustering properties of STRUCTURE, how
ever, can be unstable across different values of K, which compli
cates the implementation of such an analysis.

It is well known that there are inter-ethnic differences in DME 
allele frequencies and thus in drug response. Our focus here, how
ever, has been to assess the scope for average difference in drug 
response across genetically inferred clusters. Not only can these 
clusters be derived in the absence of knowledge about ethnicity

(or geographic origin), but they are also more informative than 
commonly u sed ethnic labels. Because of the potential clinical sig
nificance of average differences in drug response, we conclude that 
it is not only feasible but a clinical priority to assess genetic struc
ture as a routine part of drug evaluation.

When the most important genes influencing response to a par
ticular drug or group of drugs have been identified, it should be 
possible to personalize medicine on the basis of an individual’s 
genotype, assuming that routine individual genotyping is com
mercially and technically feasible. Short of such detailed knowl
edge, however, it is important to assess whether drugs work 
similarly in different genetic subgroups. The appropriate level of 
clustering may be evaluated empirically by assessing the amount 
of variation in response explained by the inferred clusters. In 
addition, we have shown that the common ethnic labels currently 
available to regulatory authorities show a poor correspondence 
with genetically inferred clusters.

Analysis of population structure in biomedical research
Our implementation of STRUCTURE is primarily meant to 
show that familiar ethnic labels are not accurate guides to genetic 
structure. We have not attempted to provide a definitive descrip
tion of human population structure. The results of ISTRUCTU^ 
can, in fact, be quite difficult to interpret. Notably, statistical dif
ficulties may arise when assessing convergence, and the assess
ment of the appropriate value of K is currently not rigorous’®. 
These and other issues can lead to anomalous outcomes; for 
example, an implausible value of K may be supported where one 
of the clusters is more or less empty. In addition, results may vary 
for biological reasons, such as when markers are affected differ
entially by forces acting on the genome, such as gene flow. 
Detailed analysis of STRUCTURE output and other clustering 
schemes, using a standard battery of markers in a global sample 
of human populations, will be needed to arrive at a canonical 
clustering scheme for use in biomedical research. Such an evalua
tion would need to be geographically exhaustive and to include a 
sufficient number of markers throughout the genome to ensure 
that the resulting clustering scheme is robust; consistent results 
should be obtained with different marker and sample sets.

M ethods
Microsatellite markers and structure inference. All subjects were unrelat
ed males. We genotyped^ the following X-linked microsatellites: DXS984, 
996,1036,1053,1062,1203,1204,1205,1206,1211,1212,1220,1223,7103, 
8014,8061, 8068, 8073, 8085, 8086, 8087 and 8099. We genotyped the fol
lowing chromosome 1 microsatellites: D1S196,206,213,249,255,450,484, 
2667,2726,2785,2797,2800,2836,2842,2878 and 2890. The chromosome 1 
markers form part of the ABI Prism linkage mapping panel 1 and were 
amplified according to the manufacturer’s instructions. We assigned indi
viduals into clusters using the admixture model in the program STRUC
TURE' ,̂ with no correlation in allele firequencies among populations and a 
burn-in time of at least 1 million steps, followed by another 1 million steps 
of the Markov Chain for data collection. We carried out multiple runs for 
each set of conditions to be sure that the chain had converged; in total, we 
carried out more than 500 runs.

DMEgenotyping. We sequenced the intronic C734A transversion in CYP1A2 
and two SNPs in NAT2\ C481T, defining allele *5 (in complete allelic associa
tion with Ilel 13Thr) and G590A (giving Argl97Gln), defining allele *6. We 
classified all other alleles as *4, and combined the two mutant allele fi-equen- 
cies for the purpose of binary analysis. We genotyped the deletion allele of 
glutathione-S-transferase Ml {GSTMI) using GSTM4 amplification as an 
internal controlWe genotyped theC191T transition (giving Prol87Ser) in 
DIA4 (ref. 15) and the G117A transition (leading to a truncated protein) in 
CYP2C19 (ref. 16) using polymerase chain reaction-restriction fragment 
length polymorphism (PCR-RFLP). We labeled GSTMI and RFLP ampli- 
cons fluorescently and determined sizes on an ABI 3100 automated sequencer
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(Applied Biosystems). We typed CYP2D6 SNPs by gene-specific PCR, fol
lowed by nested multiplex reamplification-RFLP detection of the following 
‘key’ mutations' :̂ CIOOT (Pro34Ser; alleles *10 and *4), G1846A (splicing 
defect; allele *4), A2549del (fi’ameshift; allele *3), 2613-2615AGAdel 
(Lys281del; allele *9) and C2850T (Arg296Cys; allele *2). All other chromo
somes were denoted *1 (thus, this category includes some non-wildtype alle
les). For the binary analyses, we considered CYP2D6*\ as having normal 
activity and all other alleles as having reduced activity. We labeled CYP2D6 
amplicons using fluorescent primers and sized them on an ABI 377 automat
ed sequencer (Applied Biosystems; genotyping details available from B.F.). In 
the case of GSTMI, the assay does not allow differentiation between homozy
gous and heterozygous presence of the nondeletion allele. For this case, we 
carried out calculations on genotype frequencies and homozygous deletion 
versus homozygous or heterozygous for the nondeletion allele. We estimated 
the accuracy of our genotyping by retesting a number of samples from each 
population. Error rates varied from 0 to 7% for the DME SNPs and from 0 to 
5% for the microsateUites.

DME differentiation across clusters. We calculated DME allele frequen
cies in the clusters by distributing an individual’s genotype among the clus
ters, according to the proportion of ancestry that the individual had in each 
cluster, as determined by STRUCTURE output. When individuals were 
placed in the cluster in which they had the most ancestry, the results 
changed very little (data not shown). To meet the assumption of a multino
mial distribution, we evaluated tables after placing individuals in the 
clusters in which they had most ancestry.
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