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Abstract

The CYP450 superfamily of enzymes metabolise ~90% of all therapeutic drugSYP3A5 is
involved in the metabolism of multiple drugs and endogenous compounds Enzyme
expression is highly variable and associated with differential efficacy of thepeutic drugs and

risk of adverse drug reactions (ADRS).

Four functionally important CYP3ASsariants: CYP3A5*1, CYP3A5*3, CYP3A&"E CYP3A5*7,
have been identifiedin broad human population surveys CYP3A5*1produces a functional
protein while CYP3A5*3,CYP3A5*6and CYP3A5*7define variants which reduce enzyme
expression. Reduced CYP3A5 expression is associated with ADRs. Conversely elevated
CYP3A5*3requencies are observed in norequatorial populations and have been reported to

protect against the onsebf salt-sensitive hypertension.

Little is known about CYP3Ab5variability in Africa; a region that has more genetic diversity
than the rest of the world combined. Thamain objectives of this thesis wereto characterise
intra-African variation in the CYP3A gene identify likely implications of CYP3Ab5variability
on African healthcare; andexamine evidence of selection on the genéppreciable African
frequencies of CYP3A5*§12-33%) and CYP3A5*713-22%) were identified and are likely to
contribute to variable CYP3A5 expression across theontinent. CYP3A5*6vas observed in
every genotyped African population; CYP3A5*was observed almost exclusively in Niger
Congo speaking populationsEvidence of positive selection acting oi€YP3AS5wvas found and
coalescentdates of low/non-expresser CYP3A5variants indicate that CYP3A5*3s likely to

have undergone aecent, rapid,increase in frequency in norAfrican populations.

Resequencing of a ~12kbCYP3ASegion in five Ethiopian populations; and a ~4.5kb region
in eight additional African populations, identified additional variants which may cause

low/non -expression of CYP3AS5.

Considerableintra-African differences in CYP3Amllele frequencies and haplotype structure
were identified. Intra-African CYP3A%ariabilit y suggess that there is likely to be differential
efficacy of CYP3A5 metabolised drugs, and associated susceptibility to ADBstween

individuals and groupsacrossthe continent.



Acknowledgements

There are many people whose support and enthusiasm for thiproject| am very grateful for.

Firstly thank you to BBSRC for fundinghis project. Unquestionably my biggest thank you
goes to my principal supervisor Professor Andrés Ruid.inares; for his invaluable advice,

support, good humourand encouragement without which | simply would not have been able
to completemy Ph.D.

My acknowledgements would not be complete without thanking my second supervisor
Professor Elizabeth Shephardas well asProfessor Dallas Swallow, Professor Kevin Fowler
and Dr Julia Daywho have all beerwonderfully supportive throughout my Ph.D.

Thank you also toProfessor Mark Thomas for hishelp, input, support and good humour
throughout this project. Thanks also to Professor Thomas and to Dr Neil Bradman, of the
Melford Charitable Twst, for allowing me access to the TCGA sample collection; one of the
best in the world. Additional thanks to the Melford Charitable Trust for providing
supplementary funding for this project.

| am very grateful to a number of Ph.D. colleagues and friemevho have made my four years
o1 AT ET UAAT An ET DPAOOGEAOI AO "oOullTu *1TTAO AT A
for their superb company in Shanghai, without which the trip would not have been anywhere
near as much fun. Also thanks to Pawel ZmarSusima Jansari, MarkWyn Burley, Anke
Liebert, Kate Brown, Marijke Frantsen, Katherine Brown, Claire Peaaind Larissa Kogleck
who all never failed to make me laugh on a daily basis, and for providing much needed
distractions every now and then;to Victor Acuiia Alonzqg Pascale GerbaultAdrian Timpson,
Mirna Kovasevicand Yuval Itan for their advice on many aspects of this project. Thank you
also to Ranji Arasaretnam,Christopher Plaster,Gurjeet RajbansJane DempsterSiobhan Cox,
Antonia Ford, Judy Saage, Nicolas MontalvaRosemary EkongAyele Tarekegn, Endashaw
Bekele, laura Horsfall, Krishna Veeramah andijia Wangfor all of their help, advice and
company during my Ph.D.

Thank you to my many friends outside of the lab (many of whom have shared tipain of a
labour of love that is the Ph.D. thesis)! In particular, Bobbi Pritt and her amazing editing skills,
Rebecca Aggarwal, Alex Ball, Bhavini Patel, Tankut Guney and Risa Mori who all make me
laugh every time | see and speak to them. Most of alltHank Jonathan Viney foralways
keeping me groundedn both my academic and personal life.

Finally, I thank my family: Har Anoop, Parl and Mohipinder for their support and interest in
my research, without which | would not have been able to complete my Hh. Most of all, |
thank my beloved parents: my mother Ninder and my father the late Sukhwinder Singh Bains
(Kikky). They both taugh me the most important lesson ofmy life: to always aim for the sky
in the hope of touching a few stars. | dedicate this #sis to them for believing in me.

Ripudaman Kaur Bains, 2012



Table of contents

DECLARATION OF AUTRBBIP.......oiiiiiiii ittt ettt ss e e st e et e e e et e e s nbenee e s snnbeeeennees 2
F N =S I = A O RSP 3
ACKNOWLEDGEMENTS ... ..ottt ettt ettt ettt s bt ame e st e e e sabe e e s asbe e e e anbae et e sbbe e e e anbeeesanbeeesaneeas 4
TABLE OF CONTENT S ...ttt i iitte ittt iet e sttt s et e sttt e e e st ant e e sabe e e s sstaeeeassbeeeansbeneeeesteeeeansaeaeensteeeannsenras 5
IS IO o [T ] = T SRR 9
LIST OF TABLES......cc oottt ettt sttt ettt ettt e ettt e e s rea e e e st et e e et e e e e esbeee e samrtaeeesntbeaeessbeaeessbaeeesmranaeanes 12
1 INTRODUGCTION. ...ctiiitttiteittite sttt int ettt e sttt e ssbeeesssebene e e s sbeeesanbeeeaansbeeesasbeneeessbaeesansseeeansbeeesneen 14
1.1 PARTI: HUMAN GENETIC VARBNIAND HEALTHREIMPLICATIONS ....cetitiiiiiiiutnrnininaaaaeeaeeeeeaaaaaaaeeens 14
1.1.1 Human genetiC Variation............oouiiiiiiieiiiiicieies s s e e e e e e e e e e e e e e e e e e aaees 14
1.1.2  PRarmMaCOQgENETICS. ... ..ueeieiitriieeiiitteee e e ettt e e ettt e e s sttt e e e e s sabb e e e e aabb et e e e abbeeeeeseanbbeeeeeannees 15
1.1.3 Ancestry and human health..............oooi e 16
1.1.4 SubSaharan Africans in evolutionary and medigated research............ccccccovviiennnnnnn, 17
1.1.5 SubSaharan Africa and modern human OrigiNS..........ccoooeiiiiiir e e 22
1.1.6 Ethiopia and human evolutionary NiStQrY...........ccoouiuiiiiiiiiiiee e 23
1.1.7 The rationale for studyinguman genetic variation in Ethiopian populations.................... 24

1.2 PARTII: CYP3ASR0OPULATION GENETAED HUMAN ADAPTATION....uuttururutuinaaaeaeeeeeaeeeaeeeeseeeeeeenenes 25
1.2.1 TheCytochrome P450 sup&amily of drug metabolising enzymes...........cccccevvvvvvvvvnnnnnnnnn. 25
1.2.2 The Cytochrome P450 3A S@ily...........ccoviiiiiiiiiiii e 25
1.2.3  Cytochrome PED 3A5 (CYP3AS) .. .ciii ittt e ettt e stbee e s e s stbae e e s s snbae e e e s snebee s 28
1.2.4 Drugs metabolised DY CYP3AL. .. ... 36
1.2.5 CYP3AS aNd AISEASE FSK.....uuuiiiiiiiiieiii ittt e e e e e e e e e 41
1.2.5.1 CYP3ADS variability and hypertenSiofriS. ... .....veeiiiiiieeiiiee e 41

1.3 PARTIII: POPULATION GENETIEDRY AND SELECTION ...t tttteeeeeeeeeeeieieeeeeeeennnnrebesien s aeeeeeeeeaeeas 42
1.3.1 The different trajectories of neutral and selected mutations............ccccceeeeeeeereriiiceinnnen. 42
1.3.2 Signatures of positive selection within the human genome.............cccccceveieiiiiiieeeeeeeeeee, 43
1.3.3 CYP3AS5 and the saBtention hYPOtNeSIS..........eviiiiiiiiiii e 46

1.4 AIMS AND OVERVIEWTBEESLS. ... cceeetttntnttununinnisaassaeeeeeeaaaeteteteeseessssnsnsnsnnsns s aaaasaasaaaeaeaseseessnmmnnned 48

2. MATERIALS AND METHBD. ... uuiiiiitiit ettt ettt sttt st e st seme et e s stte e e e ste e e e sntaeame e e nbeaeennes 49
2.1 DNASAMPLES AND POPUDATHISTORIES. .....cvttttuttiniiii s aeeeeeeeaeeseteteeeeessssssssnsnsnnaaaaaaaaaaeaaeeaeees 49
2.1.1 DNA samples used for-sequencing of CYP3AS.........coooiieiiiiiiienieniiieee i 49
2.1.2 Additional populations genotyped for the CYP3A5 geographic sumvey........cccccevvvvvvnneee. 53
2.1.3 Samples used for integrative analySES........c..uuiiiiiiiiiieiiiiiiiee e 56

2.2 EXPERIMENTALETHODS. .. ceeetttttttttttttititaaa s e e e e e e e e e e e e e e eeeeeeeeeeeeessabbbas s e s s e s e e e e e eeeeaaaseseeeeennnnnnnes 59
A A N 1 i - od T o RS R 59
A o 111 1= o (=TT | o PP P TP TP 59
2.2.3 Polymerase chain reaction (PCR).........oiuiiiiiiiiiiieee ettt sireee e 60
2.2.4  GEl ElECIIOPNOIESIS ... eeiiiiiiee ettt et e e e e e e e et e e e e e e e e e e e nnreeaeees 60
2.2.5  PCR CIEAIIP. ... eeeeie ittt ettt et e ettt e e s ettt e e e e nbb et e e e e nbbe e e e e nnnnes 60
A BT = To [ T=T g o oo PP PPPRRPT 62
2.2.7  SeQUENCING BNAIYSIS....cciiiiiiiiiiiiiiii ittt s e e et e e st e e e e e nb e e e e nnees 63
AR S B 1= T2 (011 g o FR PP P TP PUPTRPT 65



2.2.9 Microsatellite analySiS........cc.uueiiiiiiiiieiiiie e eeeaaee 66

2.3 STATISTICAL METHODS ..ttt e tutteteeeittteeeesasttteeaessstteeeessnttseeassssssseeaessntseeesssassseesesssnsseesessnsseeeessnd 67
2.3.1 Deviations from HardWeinberg equilibrium.............ccccoiiiiiiiiiniii e 67
232 ChialjdzZ NBR | yR CAAKSNRA..SELQOG..0.880.4. ... 68
2.3.3  Haplotype INTEIENCE. ... eeiieee ittt e e as 69
2.3.4 Linkage disequUIlIDrIUML............uviiiiiiee e 71
2.3.5  DIVEISItY COMPAIISONS. ..ccciuttiiietititetee ettt e e sttt e e sasbb et e e s aaabb e e e s ab et e e s anbre e e e eaannbreeesannes 71
2.3.6  TEStS Of NEULTAIITY ...cciei e e e e e e e e e e s s e s s reeeeeaaeeas 72
2.3.7 Fsrand exact test of population differentiatiQn..............coocoeeeeiiiiiieeeeinieeee e 4 3
2.3.8 PCO ANAIYSIS......uuuriiiiiiiiii e e isccccre e e e e e s e e e e e e e e e s rr—— e et aaaeeeanananrrraaees 74
2.3.9  BIOINfOIMALICS ...ttt e e e e e e e e s e bbb e e e e e e e e e e e e e e e e annrneeees 74

2.4 VVEB RESOURGCES ...ttttetiuttiteesitteteeeeaatttteeessstteaeesatbetaaesaasbaeeaesanbbeeeesasbeeaaeeaasbaeeesaanbbeeesennsreeas 79
THE PREVALENCE QRICALLY RELANTCYP3ARLLELES IN AFRICA......cccoiiiiiieie e 80

3.1 INTRODUCTION ...t ss e s e e e e e e e e e eeeeeeeeeeeeseseeseee b bs s r s e s e s e e e e eeeaeaeteeeeeeeeeanessbs b nbnnn s a e a e e e e e e eeas 80
3.1.1 Previously reported frequencies of functionally important CYP3AGW&Lli..............cceennees 80
0t A = 1o F= 1= o) 1 (1 o S 80
3.1.3  AIMS OF thiS STUAY.....eeiieiiiiiiie e e e 81

3.2 MATERIALS AN ETHODS ...t o ettt e oot e e et e e e ee e eee ettt e e e e e e e e e e e e e e e e e e e e ee e bebabnbn e e e e e e aeeeeeeas 81
3.2.1  Sample iNfOrMELION.....ccciiiiiiii e e e e e e 81
3.2.2 Genotyping of CYP3A5*1, CYP3A5*3, CYP3A5*6 and CYP3AS!T........ccovvvieiriiiienend 82
3.2.3  Integrative data ANalYSES........ccouiiiiiiiiii i 82

3.3 L T ST 84
3.3.1 The distributbn of CYP3A5*1, CYP3A5*3, CYP3A5*6 and CYP3A5*7 within.Africa......84
3.3.2 Examining the statistical associations between CYP3A5*1, CYP3A5*3, CYP3A5*6 and

(O Y NS - 111 PR Q0
3.3.3 Inferred CYP3AS5 protein expression patterns acrosSabhran Affrica........cccceeeeeeeieeeennn. 96
3.3.4 Examining African CYP3Ab5 allele frequencies in a globx.................cccoeeeiiiienneennnn 98
3.3.5 The association between CYP3AS5 allele frequencies and latitude................cccceeeeennnn. 104
3.3.6 The correlation between CYP3A5 expmsphenotype and latitude............cccceeevieeeeenes 107
3.4.1 Intra-African CYP3AS5 expression levels are likely to be highly variable....................... 110
3.4.2 The potenial implications of CYP3A5 variability in Africans............ccceeevniiiieneiiiineen, 112
3.4.3 Natural selection at the CYP3AS IOCUS.........ooiiuiiiiiiiiiee et 113
I o o[ [ 1] o] o I SRS 115
INTRAAFRICAN DIVERSITYTAIECYP3ABENE .......cooiiiiiieiiiiee e 116

4.1 OVERVIEW AND SPECAHRLS OF THE CHAPTER. ... .uetetutteetteeesateeeasteeessneeeassseesanseeesnssessssseeassseean 116

4.2 CYP3ABARIATION ...ttt sr s s e e e e e e e e e aeaeeeteeteeeeeeasassss s s s s s s aeaeeeeeeeeaeaeeeeeeeeennnnnnrnnnne 116
4.2.1 Intra-African diversity in the reequenced CYP3AS region.........ccceveeviiiiiieeeiiiieee e 116
4.2.2 CYP3AS diversity in sixteen POPUIALIONS........ccoiiiiiiiiiiiiieiiieee e 121
4.2.3 Population structure at the CYP3ADL gENE......ccciiiiiiiiiiiiiieie e 124
4.2.3 Molecular diversit at the CYP3AS IOCLS......cccoiiiiiiiiiieiieeeee e 127

4.3 STATISTICAL ASSOGIATOF IDENTIFIED YANRON. ..cccteteeesiaaiinrnnseeereeeeesesssasssnnnnssneeeseeaseessasnnnnnnes 129
4.3.1 Haplotype INFEIENCE......coi it 129
4.3.2 Assessing the diversity of inferred haplotypes..........coooviiiiiiiiie e, 133

4.4 TESTING FOR CORREMWSIBETWEEBY P3ABIVERSITENVIRONMENTAL ANEMIDGRAPHI@ETORS.....136

4.5 DISCUSSION. ..ttt e ettt e a s e a e e e e e e e e e e e e e e e e e ee e e e e ne e s 137
4.5.1 Intra-African diversity at the CYP3AS [OCUS.........uuuuiiiiiiiiiiiee e 137



5.

4.5.2 Inter-population CYP3AS IVEISILY.....ccoiiiiiiiiiiiiiiieee et 138
4.5.3 Intra-African diversity at the CYP3AD5 locus is likely to have implications for healtificare
populations within and fronthe regioN..............eviiiiiii e 139
ASSESSING THE FURGAL SIGNIFICANCECYP3AYARIATION IN AFRICA......cocveeeiee, 142
51 CHAPTER OVERVIEW AIDS ......ceiiiiiiiieteieeeeteetbatee s e s s s e e e e e e e e e aaaaaeeeaeesebebnbebabass e e e e e aaeaaeeas 142
5.1.1 Previously reported variation at the CYP3AS [0CUS.......cccvvviiiiieeeieei i e e 142
5.1.2 Characteristics of variation at the CYP3AS5 IQCUS.........ccuvieiiiiiiiiieeiieiiiieieeee e 148
5.2 VARIATION AT THEYP3ABOCUS IETHIOPIA . .etteiiitititeeiiieieeessiieeeeessniteeeasssnnseeeessnnnsneeessnsneeens 156
5.2.1 Variation across the entire CYP3AS I0CUS.....cuiiiiiiiiiiiiiiiiieeeee e 156
5.2.2 Analysis of variation observed in the proximal promoter of CYR3AS..........ccccvvvvveeeeenn. 163
5.2.3 Analysis of variation observed in the CYP3A5 coding region..........cccvveeinieineeeniiineenn. 167
5.2.4 Analysis of variation observed in the 3" untranslated region of CYR3AS5.............ccc..... 169
5.2.5 Analysis of the gene flanking SEQUENCE...........oocviiiiiiiiiii e 169
5.3 VARIATION AT THEYP3ABOCUS IN NAETHIOPIAN SUBAHARANAFRICANS......ccevvveveeeeeeeeeneennnnnnnnns 169
54 COMPARING INTRAFRICANCYP3ABIVERSITY IN A GLOBONTEXT....euuuuuiaaaeaeieeeeeeeeeaeeeeeeeeeeeeennenes 170
54 DISCUSSION. ..ttt e e e e e e e e e e e et e et ettt et e s et a s s s e e e e e e e e e eeeeeaeeeeeeesennbnbnbnnnnn e e e as 172
5.4.1 Variation in the CYP3A5 gene in diverse Ethiopian populatians..............ccccooecvveeeennee 172
5.4.2 A number of identified novel variants are predicted to affect CYP3AS5 transcription and protein
EXPIESSION IN AFFICANS. ...ttt e e e e 172
5.4.3 Comparing African CYP3ADS5 vaiiity with other global populations............c.cccccoooineeees 174
ANALYSING INTHA HIOPIAN DIVERSATYTHEYP3ASENE IN A GLOBALNJOEXT.............. 176
6.1 CYP3ATBARIATION IETHIOPIA. ....ciiiiiiiiiieeieiietttt s e s e e e e e e e e e e e e e e e eeeeeeseen s rebebe b e e e e eeeeas 176
6.1.1. Haplotype association of Ethiopian variants...........cccocveveiiniiiiiie e, 176
6.1.2 Examining linkage disequilibriunt@ss CYP3AD.........ovviiiiiiiiiiiiiinie i e e e e e e e e e e e e eenens 184
6.1.3 The CYP3AS5 allele frequency spectrum and analyses for departures from neutrality..186
6.2 EXAMININGETHIORAN DATA IN A GLOBBONTEXT. ..1ttttuttiiuiaaaaeeeeeeeeseeeteeeeeeesssnsnsnnnnnnnnaeaeeeeeeeens 194
6.2.2 Tests for departures from NEULTAlILY...........c.eeiiiiiiiiiiii e 197
6.2.3 Haplotype associations of CYP3AS alleleS........uuuuuiiiiiiiiiiii s 199
6.2.4 Analysing Ethiopian haplotype diversity in a global context............cccccceiiiiiiieniiineen, 207
6.2.5 Population differentiation between Ethiopians amtther global populations.................... 211
6.3 IS CUSSION. ..ttt e e et s e e ettt b e e e e ettt b e e e e eeban e e e et ee b e e e e e ennan s 214
6.3.1 CYP3AGS variation in Ethiopia is characteristic ofSaiftaran African andon sub Saharan
ATICAN POPUIRLIONS. ....eee ittt et e 214
6.3.2 The potential implications of CYP3A5 variability on clinical outcomes in Ethiopians....215
6.3.3 There are signatures of directional selection at the CYP3A5 locus in Ethiopia............ 216
THE RECENT EVOLUBARX HISTORY GFP3AS......cciiiiiiiiie et sieieee e sitee e sttee e snteee s simeaee e 219
7.1 OVERVIEW OF CHAPTER ....cttttttttuuutnsnnnsaasaeseeaeaeaeaeeerteeeeeeeeannssssnnnnnsaaaaaeaaseeeeeaaaaeeeeeemmmmemmmnnes 219
7.1.1 Examining the evolutionary relationships between CYP3A5 haplotypes and haplagra2p3
7.1.2 Examining evidence of positive selection at the CYP3A5.1QCUS...........coeeviiiiiieennnnen. 220
7.2 SPECIFIC CHAPTER ALMS....cttttttttitititaaa s e e e e e aeaeaeaeaeeteteeeeeessassasass s s e s aaaaaeaeeeeaaaesereeeeanennnnnes 222
7.3 Y1 = (0] 1 T PO PPPPPPPNN 223
7.3.1  Haplotype NEIWOIKS... ...ttt e e e e re e e e e e e e e as 223
7.3.2 Estimating the age of common low/naxpresser CYP3A5 alleles..........ccccvvvevvveeennennn. 223
7.3.3 Testing for selection at the CYP3ASL IOCLIS......coiiiiiiiiiiiiiee e 224
7.4 L S U] I PP UPPPPPRR PPN 225



7.4.1 Network analysi®f CYP3A5 whole gene haplotypes. ... 225

7.4.2. Network analysis of entire gene haplotypes by population..........cccccccoveviciviviiiieneneeenn, 230
7.4.3 Examining the eolutionary relationships between CYP3AS5 haplotypes inferred for a ~4kb
region in SIXtEEN POPUIALIONS ......cccei it e e e e e e e e e e e e e s eeas 233

7.4.4. Network analysis of CYP3A5 haplOgrQUDS.......c.uvviieiiiiiiiee ittt 238
7.4.5. The distribution of microsatellite counts associated with lowAeapresser CYP3A5 alleles..
................................................................................................................................. 238

7.4.6. Estimating the ages of common low/n@xpesser CYP3AS alleles.........vvvveeeiiiiiiiinnnns 242
7.4.7. Examining the CYP3AS5 locus for evidence of positive selection..............ccveeveeiiinnenen. 245
48 TR B 101U 11 (o PR 254

7.5.1. The evolutionary relationships between CYP3A5 haplotypes are characteristic of rapid

o 011771 R 254
7.5.2. The CYP3A5*3 mutatidos estimated to have arisen after the exodus of modern humans
from Africa ~100,000 YEAIS A00........cceeeeeeeeeeeeeeeeeeieieiei s ss s e s e s e e e e e e e aaaaeeeeeearaaann 255

7.5.3. There is evidence of positive selection acting on the CYP3A5*3 allele in popuatiide
OF ATTICA ..ot e e e e e e e e e e e e e e e 257

7.5.4. Potential further analyses of positive selectiontet CYP3AS5 locus using simuladathsets
................................................................................................................................. 259

8. GENERAL DISCUSSIQN .. .ottt e et emr et s s e e e e e e e eeataaame e e e eaeseana e s 260
8.1.  Areview of the main findings of thiS theSIS. ... 260
8.2. CYP3AS5 variability in AffICa....cciiee it 261

8.3.  There are potential medical implications for African populations due to CYP3A5 variabRity

8.4. There is strong evidence djgitive selection for low/non CYP3AS5 expressian............... 264

9. FUTURE WORK ..ottt ittt ittt ettt ettt e st e e s e st e e anb e e e s st ene e e s nbee e e antbeeeensbeeeeneen 267
LS 0 I A 4 o= 1 T £ =TS 11 1= Tod T T S 267
9.2.  Assessing the functional implications of CYP3AS5 variants............coccuvvviieiieiieeeenninnns 267
9.3.  Further population comparisons and SIMulatiQnS.............ooeeiciiiiieiirieee e 267
9.4. Examining medical associations of CYP3A5 variability.............ccceeveeeiiiinniiiiiiee, 268
9.5. Resequencing of other CYPA50 gENES. ......c.uuiiiiiiiiiiiaee ettt 268
9.6. Resequencing of a larger region of chromosome 7 surrounding the CYP3AS .gene...269
O.7.  GONCLUDING REMARKS .....cuttutuuuunnnnnnneasaaeeaaaaeaaaaeaateeateeeeeantssssnnnnnnnaaaaaaaeaeaeaeaaaeeeeeeememmemmmnnes 269
10. REFERENCES...... ..ottt ittt ettt et ettt e e e st e e e s st e e e sntbe et e e bbe e e e enbe e e e anbeeeeaneees 270



List of Figures

FGUREL.1: APOLITICAL MAP OF SBBHARANMFRICA ...t uvetteeeeeeeeeeesssaessssssssueseseeaeaessssasssnnssssessreeeesessssnnnnns 18
HGUREL.2: AMAP SHOWING THE REBUTION OF MAJORIGAJAGE FAMILIESARRICA. ....cvuuiieeiiiiiiiieeeeeeevieeeeeennnnns 19
RGUREL.3.:AMAP SHOWING THE PES®F EXPANSION BEBANTUSPEAKINGEOPLE........uvvvvireeeeeeeeseesnennvnnneens 21
HGUREL.4: ASCHEMATIC OF THE @RSATION OF THE HFANCYP3A0OCUS ON CHROMOSAME..........ceveevveiinnnnnn. 26
FGUREL.5: AREPRESENTATION CEAMP3ABOCUS........uuiiiiiiiiiiie e s cee st e e e e e e e s s e e e e e e e e e e s eennns 29
HGUREL.6: ADIAGRAMMATIC REPRESEION OF THE ALNERVE SPLICING PA/RY ®EATED BY TEY P3A5*3
U 7y 1T ) U 31
HGUREL.7: THEHGURE FROM THEIGRIAL PAPER REPGRTTHAT THEYP3AL*BLLELE CAUSES ABERFSRLICING OF
CYP3ABIRNATRANSCRIPTS. ..eteeeittiittttttteetteeeaeessstiaststaeaeeeraeaeaeasssiaaasstssreereeaaeessssaaaasssessesreeeeeens 32
HGUREL.8: THE KNOWN PROXIMAIORROTER REGIONOR P3AL.......oiiiiiiiii e 35
RGUREL.9A: THE DIFFERENT TRAGRIES OF NEUTRAL SEDECTED MUTATIONS. ...c.oeiictttririeeereeeeeeeeessssnnneenenens 43
FHGUREL.9B: THE MECHANISM OF ABETIVE SWEER.......uutttutuiitiiiiitieeeeeeeeeeeeeeeeeeeeresesstsrnn e aaaaaaeaaaaeees 44
HGURE2.3: ADIAGRAM OUTLININGETSITEPS INVOLVEDARMANALLELIC DISCRIMININ L .. .cvuivteiineernieeneeenneennns 66
HGURR.4: A452BASE PAIR REGION AMFED FOR FRAGMBINBLYSIS. . ... ietieiiiiiieeeeesiiieeseesinnneessessrnnneeeeeesnns 67
HGURRE2.5.ADIAGRAM SHOWING PRERNAPROCESSING .....cutuuieiiietittineeerttiinieeeeesininseessesiinnsssessnneessesmnn 78
HGURES.1AND3.2: CYP3ABLLELE FREQUENCYESEBOGRAPHIC REGIGINBY MAOR LANGUAGE FAMIEBRECTIVELY
................................................................................................................................................... 86
RGURE.3: APRINCIPAL €ORDINATER COPLOT SHOWING GENBIREERENCES BETWEERULATIONS IN WHIEHD /1
INDIVIDUALS WERE GENMPED......0tuuuiittttttttssesttttuuseeseestsssessssstanesaessssssessssssnneeeteetsmanneeeernan 87
TABLE3.6. THE EIGHT POTENTIAPHOTYPES WHICH O&CUR BASED ON Al BILTA FOR TEY P3A5*1/CYP3A5*3,
CYP3AS BNDCY P BAS TOC . utttttiiiieeeeeiieiiitieteeeeeeteeaeeessasiatbaaeeereeaaaaeeassaaasstssreereeeaeeeseessesansrnrness 92
FHGURE3.4: AMAP SHOWING THE REUTION OF THE ANEERREBCY P3ABAPLOTYPES ACROESGEOGRAPHIC REGION
REPRESENTED BY3GHEOPULATIONS IN THETBSET....cettuuuteettettinnieetestnnsseseesssineeeseesssssssessnsseessesmonns 94
HGURE3.5: GENE DIVERSI(NE H FOR THE FINEY P3ABAPLOTYPES. ... .utviieiiitiiteesaiireeeeseitieeeeeennreeeeseinnees 95
HGURE.6. AMAP SHOWING THE &UTION OF PREDICY P3ABROTEIN EXPRESSEMNELS ACROSS THESREOHIC
REGION REPRESENTEDHE DATASEL.....ciiiiiiiiiiiiieeeeeeeatat e asae s et e e e eeeeeeaeaeeeeeeeesssetstababa e eeaeeaaaens 97
TABLE3.8: ATABLE SUMMARISING KNOWN ALLELE FREQTIES GEYP3A5*1CYP3A5*3CYP3A5*BNDCYP3A5*/7
IN DIFFERENT POPUWOATGROUPS. ....cuuuitetteeetteeeeuieeestseeeaneseannaesetnseeeaaaeeasnaeeesnaeesnnaersnnennneereneerenns 99
HGURE3.7: AGRAPH SHOWING THERKGIEY P3ABLLELE FREQUENCYESBOGRAPHIC REGIQON........covvveenneenn. 103

FHGURE3.8 AMAP SHOWING THE R&UTION OF TKEY P3A5*1/CYP3ABLABLELES IN EAQFB7 POPULATIONS....105
HGURE3.9: ASCATTER PLOT SHOWINE CORRELATION BEAMC Y P3AS5*ALLELE FREQUENCNISIISTANCE FROM THE
EQUATOR IN KILOMES RE. ...t etettn ettt e eeeteeeete s e e et seeetseeeae s eeaan e setaeeeesn s eeesaeeeeanaaesnsaaeennseeesnneeennnns 106
HGURE3.10. ASCATTER PLOT SHOWINE CORRELATION BEEMGEOGRAPHIC DM&RAFROM THE EQUATMORILOMETRES
AND INFERREDY P 3ABXPRESSION PHENGSYPE. ... cciivtiuieeesteitiaeeeeseattnnseseseessnnnseeesensnnaeeesssssnnsaaaeees 108
FHGURE3.11: THE CORRELATION BEHMEY P3ABAPLOTYPESXPRESSER AND CAIVECOWNONEXPRESSERD
DISTANCE FROM THEEQORKILOMETRIES. ....iittiteieiiitieee e s sitteee e e sttt ee e e s sttt e e e s sateeeeessnnbeeeeessnbeeeeesnnnne 109
HGURH.1: AMAP SHOWING THE R&BUTION OF THEIRTEEN SEB\HARAMFRICAN POPULATIORSSRQUENCED IN THIS
S 105 7 118
HGURHE.2: AFULL LIST OF ALLYA@QRPHIC SITES IDERD ACROSS PHEISBASE PAIR REGIONSERUENCED IN EIGHT
NONETHIOPIANAFRICAN POPULATIONS. 1.111tttttuttuntesnniesereeeeeesesesesssssessssrssssnsssnsaseseseeeesaesasseeesenns 119
HGURHE. 3. THE NUMBER OF TIMESARTICULAR VARIASIDBSERVED WITHIE RONETHIOPIAN SUSAHARAMFRICAN
COHORIN=74ABCHROMOSOMIES. ...t tutttteeeiittieee et aautteeeesatbeeeesstbeeeeessasbbeeeesabbeeeesaaabeeeeesaansbeeeesannens 122
HGURH.4: AGRAPH SUMMARISINGETBENTIFIED VARGWIN A4000BP REGION @Y P3ARESEQUENCED IN SIXTEEN
POPULATIONS. ..ttt ettt e e eet s e e eae e et e e e et e e eeaa e e e et e eaa s e e eaneeeaan e eee s eeeannneeannaeesnnneeesneennnnsesanneeennnns 123



HGURHL.5: APRINCIPAL GORDINATER COPLOT SHOWING THEFBRENCES BETWEERTEEMFRICAN GROUBASED

ON RESEQUENCING DATA BAR0EBP REGION @FYP3AL.......uuiiiiiiiiiee et e e e e e e snvannrneee e 125
HGURHE.6: APRINCIPAL GORDINATES @)PLOT SHOWING THEFERENCES BETWEEREEIX GLOBAL POPUDNEBASED
ON RESEQUENCING DATA BAR0EBP REGION @FYP3AL.......cuiiiiiiiiiee et e e e e e e e sevannnneee e 126
HGURH.7A: THE35GLOBAL HAPLOTYPEERRED FROM-REQUENKNG DATA FORAMOBBASE PAIR REGIONGXYP3AS5
................................................................................................................................................. 130
HGURHE.7B: THE FREQUENCIES GEHENFERRED HAPLE&(XS SHOWN INGURHE.5A) IN EACH GLOBAL POFUON...131
RGURE.7C GLOBAL DIVERSITYANCHCY P3ABAPLOGROUR. ....cccieeeiiiiiiiititieeeeeeeeeeeesssssssnsssneseeessasaeeessnannns 132
HGURH.8 NEL H ESTIMATE OF GENEERSITFOR A008BPCYP3ABEGIONN SIXTEEN POPULABROQ................ 133
RGURE.9: NE H ESTIMATES FORHEQF FIMEYP3ABAPLOTYPE CLAYSESP3AS5*1ICYP3A5*3CYP3A5*6,
CYP3A5*ANDCYP3A5*3/*BIN EACH REEQUENCED POPULATLION ...cceeeeeieiiitiieeeeeeeeaeeesessannnnreeeees 135
RGURES. 1 THE DISTRIBUTION QE FOENTIFIED VARISMCROSS TBFP3ABENE REGION.........uvviviierereeeereennn 143
HGURES.2: ADIAGRAM OF THE DIBIRION OF VARIANREPBTED IN THEYP3ABENE......c.ccoiiiiiviiiiie e, 146
HGURE.3: LINKAGE DISEQUILIBRWT THEEYP3ABOCUS 1811 POPULATIONSENOTYPED AS PARTHEHAPMAP
CONSORTIUM. ...ceeeteeietieeeeeeeeeete e aaaaeseseseaaaaeeaeaeaeseesasasssssststs s a s eaeaeeaeaaeseseseesssssssssssnnnnnnnnnsns 151
HGURES.4: THE EXTENT OF LINKBGEQUILIBRIUM ACRJSE ENTIREY P3ALUSTER OF GENEBHREE ETHNICALLY
DISTINCT GLOBAL PIFIIONS. ...ttutututuuaeieieseeeeeeaaesereeeesssesssssstststssssneaeaeaeeaseseseseseesesssssmmnmmmnn 154
HGURES.5: AFULL LIST @EL POLYMORPHIC SITEENTIFIED ACRDISEL2,237BASE PAIBY P3ABEGION REEQUENCED
IN FIVEETHIOPIAN POPULATIONNS. .....eeeteteieeeeeeeeeeestatatstt s saasasasesesaaaeaaesessssssssssssssstnsssannnnasesaaaaaaees 157
HGURES.6: THE NUMBER OF TIMESARTICULAR VARIASIDBSERVED WINATHEETHIOPIAN COHORT......ccvvuvieeiens 162
HGURES.7: AN ALIGNMENT OF MURTE PRIMATEY P3ABROMOTER SEQUENCES.......cctvvvveiieeeerannneeeeeenrnnnnns 164
HGURES.1A: INFERREGYBAS5*3HAPLOTYPES FOR EIRHHOPIAN POPULATIQNS . ..vvuuieeiiiiiieeeeeeaninneeeeenrinnns 177
HGURES.1B: INFERRECYP3A5*6IAPLOTYPES FOR ERHHOPIAN POPULATIQNS ... .ccvvvviiieeeeeeiiiieeeeeenninseeaeens 178
HGURES.1C INFERREGYP3AS5*AAPLOTYPES FOR EINHEOPIAN POPULATIONS .. .iiivvriinieeeeeeirueeeesesninnsesaaens 179
FHGURES. 1D: INFERREGYP3A5*3/*GRECOMBINANT HAPLAHEYPOR FINBEHIOPIAN POPULATIONS........ccvvvvvennees 179
HGURES.1E INFERREGYP3A5*HAPLOTYPES FOR EIRHHOPIAN POPULATIONS ... eevvvriinieeeeeeriaeeeeressinnseeseens 180
HGURES.2A: THE FREQUENCY@¥P3ABAPLOTYPER0)WITHIN EACHTHIOPIARPOPULATION. ....evvieeeiiiee e 182
HGURES.28: AMAP SHOWING THE SPADISTRIBUTIODFCYP3ABAPLOTYPESCROSETHIOPIA.....cvviieeveeiiinne. 183
HGURES.3: HAPLOYPE DIVERSITELCULATED USINE® H FOR EACH OF THE EVHHOPIAN SAMPLE SETS.......... 188
FHGURES.4: ACOMPARISON OF DIMERSN EACH OF THEECYP3ABAPLOTYPE CLAJSRSP3A5*ICYP3A5*3,
CYP3A5*@CYP3A5*3/*ANDCYP3AS*BYETHIOPIAN SAMPLE SET..ciivieeeiisiieerieierreeeeseeessssnnnneennens 190
FHGURES.5: ACOMPARISON OF HETAR&EDSITY BETWEEKP3ABXPRESSER AND LRONEXPRESSER HAPLOTIKFEASCH
ETHIOPIAN SAMPLETS. .. . uuieieieteeeeeeeeeeeeeeteeeeeeeeesestesstataba— e aeeeeeaeaaaaaasaseseseeessseststsraranannnaaaaeaens 191
FHGURES.6: APRINCIPACO-ORDINATEH® COPLOT BASED ON PAISEVETVALUES BETWEEN TINEETHIOPIAN
POPULATIONS. . ettt ettt e ettt e e ete e et e e e et e e eaa e e e et e e eaa s e e eea e e e eanaeeeta s eeeeanaeeaneeeanneanenneeesnnserennaennnnaans 193
HGURES.7: S.IDING WINDOW ANALY OF DIVERSITY AERANO63BPCYP3ABEGION IB POPULATIONS.............. 195
HGURES.8A: INFERREGYP3AS5*BIAPLOTYPES FOIROPULATIONS ....cevvvuunieeeeeeiiiseerestinaeeaeeennnnseeserssnaaaeees 200
HGURES.88: INFERRECY P3A5*BIAPLOTYPES FRIROPULATIONS ...evvuueeeeeetttiseeesentinseeesesssnnnseessenssnnsessessnes 201
HGURES.8C INFERREGYP3AS5*AAPLOTYPES FOIROPULATIONS....cvvuuiieeeeerutieeeerentnnseeeeessnnnseessensnnnaesesssnes 202
FHGURES.8D: INFERRED RECOMBINGNP3A5*3/*GHAPLOTYPES FOIROPULATIONS.......coeviiiveeeeeeevevvnnnien e 202
HGURES.8E INFERREGYP3AS5* HAPLOTYPES FBIROPULATIONS. ...cvtuueeeeeeiutieeeerentnnseeeeessnnnseessessnnnaeaeessnes 203
HGURES.9A; THE PROPORTION OFERREICY P3ABAPLOTYPESOR ANBO63P REGIQMN EACH CBPOPULATIONS.204
HGURES.98: GLOBAL DIVERSIRYTHECY P3AS* HAPLOGROUR......uuuiieeiiiiiiieeeeeeaniieeeeeeeetseeeeeeananneeesannnne s 205
HGURES.9C. GLOBAL DIVERSITYHECYP3AS5*BIAPLOGROUP.......uuiiiiiiiitiieeeeetiaiieseeseastiseeeseeassinsaaeaninn s 205
HGURES.9D: GLOBAL DIVERSITYHECYP3AS*BIAPLOGROUR........uiieeiiiiiiiieeeeeeeniieeeeeeestnneeeseeasnnneeessnnnnns 206
HGURES.92 GLOBAL DIVERSITYHECYP3AS*AAPLOGROUR.......uuiieiiiiiiiiieeeeetaiae s e e s eeain e e e seeaananeaaeannan s 206
FGURES.9F. GLOBAL DIVERSITY HECYP3BX3/*6 HAPLOGROUR...........ccevvvieveriierininiieaaieiesesaeeaeaaaeaeseerenenes 207

10



FHGURES.10: PAIRWISE INTRAOPULATIONS COMPARIS OF EXPRESSERLANDBNONEXPRESSER P3ABAPLOTYPE
HETEROZY GOSITLY. ... tuttttteeeeeeeeeeeesssasastesteeeeeeeaeesassaaaassssaseaseraeaeeesssaassssnsassssneeeeeeesessnnsnsenssnnneeees 209
HGURES.11 COMPARISONS OF GENEEBSITY IN EACH HBPYPE CLASS BY BLOBPULATION....c.cvveieerreiiiiaeeans 210
RGURES.12 APRINCIPACO-ORDINATE® COPLOT BASED ON PAISEHETVALUES BEBEN EIGHT POPULABON...213
HGURE.1: AHAPLOTYPE NETWORKIQANFERRELY P3ABAPLOTYPES FROMBAG3BP REGION BIPOPULATIONS226
RGURE .2 NETWORKS OF INFERENTP3ABAPLOTYPES FROM3®3BASE PAIR REGIONMING POPULATIONS...231
HGURE/.3: ANETWORK OF ALL HAPIRES INFERRED FOR48BASE PAIRY P3ABESION IN THIRTEEAFRICAN

210U I T ] N3 SRR 234
HGURE .4: ANETWORK OF ALL HAPIRES INFERRED FOBO6BASE PAIBRYP3ABEGION IN SIXTEENBOATIONS..235
RGURE/.5: NETWORKS OF HAPLOSYREHIN EACH GEORRIE REGION.....uvvvverereeeesesiissnnnnnrnnerrreeeessssnssnnnnnes 236
HGURE.6: NETWORKS OF @YP3A5*HAPLOTYPHES) CYP3A5*BAPLOTYPEY CYP3A5*6IAPLOTYPES\D D

CYP3AS5*HAPLOTYPES INFERRERA-AKB REGION ... .uuvvvreerreereeesssisssisnntnnsnreeeseeessssanssnsnsnnssnseeeeeeeees 239
HGURE.7: HAPLOTYPE NETWORKSHREEY P3ABAPLOGROUASFERRED FORBBG3BP REGION........ccuveeeens 240
HGURE .8 THE VARIATION IN TBMBER OEG TMICROSATELLITE REBHEN INDIVIDUALSMIQZYGOUS FOR ONE OF

CYP3AS5*ICYP3AS5*ICYP3AS*BND RESS524ALLELES. ... ciivieeiitiieeeieeeeteeeeteeeeeteeeeaeeeeetaeeesnnns 241
HGURE .9A: HUMAN MIGRATORY PARNS OUT ORFRICA .....uuuiitietiitinieeteetiseeseesstin s e s seestasnnsessessansesseessnes 244
FGURE.9B: HUMAN MIGRATORY ROBTEUT OBFRICA . ..uuuuuiieieieeeeeeeeeeeeseeeeereeeesrssesrnrstsrnnnnaeeaeaaaaeasseeees 244
HGURE .11 THE DECAY GRPLOTYPES OVEXRMS(2,000,00@8P REGION SURROUNDINGCYP3A5*BLLELE

COMPARED TO THE ASTERACY P3AS*  ALLELE. ....ccietttiieeeeeeetiieeeeetiiseeeeseatis s e e e eestaneeaeesssaaaeeeeenennn 249
HGURE .12 INTEGRATED HAPLOTYGERHEHS)FOR POPULATIONS FRSEME GEOGRAPHIC REGIERISM THEIGD

o N PP 250
HGURE .13 COMPARISONS GFESTIMATES FQRD 38N POPULATIONS FRONMEHAPMAPI PANEL......ovvvviiiiinnnn. 253
HGURE .14 IHSSCORES FORNB REGION OF CHROMRIE®@ SURROUNDING TBD3GEENE...........ceieevveiiiineans 253
HGUREB.1: SGNATURES OF POBTBEZLECTION. .1 ttttttuttettttttineeeeenttnseseseesssaneessesssnssssssssnsnneessssssnneeeessnnns 264

11



List of Tables

TABLE2.1: ALIST OF THE PRIMBEBED FORCRAMPLIFICATION ANDQEENCING AEYP3AL........ci i 61
TABLE2.2: INFORMATION ON THESRIS OFCYP3ABESEQUENCED IN THISISTAND THE TOTAL AMOUDH SEQUENCING
DATA GENERATED FOBHESAMPLE SET.....iiiiuutttieeiteeeeeaeeessssssntsssssseesaeessssasasssnssssssseeseeesssnassssnnssssneees 64
TABLE3.1:ALIST OF THE NUMBERINDIVIDUALS SUSSIEULLY GENOTYPERIYBAS*1,CYP3A5*3CYP3A5*AND
CYP3AS*TN THIS GEOGRAPHUBRBEY, ....eeeeeiiiiuuretteeeereeeeaseessasaasssssnssssssaeessssansssssssssssseeseeessesannnnnsnnes 83
TABLE3.2: ASUMMARY OF THE GENPH AND ALLELE FRE@IES AN)@? P-VALUES TESTING FERIATION FROMWEAT
EACHCYP3ABOCUS BY SANIPEET GENOTYPED IR THESLS. ...cevvttiieeeeeiiiieieeeeetiinseeesessninnseeesessnnnnaees 85

TABLE3.3: PEARSO® CHISQUARED TEST OF @QYERIETEROGENEITVHM THE SEVEN GERFBRC REGIONS REEREED BY
THE DATASER-VALUES WHIGHRE SIGNIFICANT AE5%LEVEIP<0.05)ARE SHOWN IN BOLIDANGHLIGHTED IN

] 2 =1 =1 SRR 89
TABLE3.4: PEARSOR CHSQUARED TEST OF @QVERIETEROGENEITVHM THE SIX MAJ@RIGUAGE FAMILIES’RESENTED
BY THE DA T ASE T tttuttettttttuueeeteettunseseeastreeetestss e eeeeaas s eaeeeebaa e aeeeeaessneeeeebaa e eeeeeatbsnseeeeesannnnenees 89
TABLE3.5: PAIRWISID  VALUES FOR EACH BIQ EOMBINATION ATECYP3A5*1/CYP3A5'GYP3A5*BND
CYP3A5*Y0OCISHOWN BY GEOGRAMHEGIONCOUNTRY AND ETHNRTMEP.. ....cvuueirrnneeerieeerineeeeneernnneerensd 91
TABLE3.6. THE EIGHT POTENTIAPHOTYPES WHICH CACUR BASED ON Al BATA FOR TEY P3A5*1/CYP3A5*3,
(OR Y AR I 5 O TN Sl o Lo USSP 92
TABLE3.7: THE PROPORTION OFHEAG-ERREDY P3ABAPLOTYPE BY SAMBEEOUT OF ALL HAPIRES OBSERVED [BHEA
POPULATION. ettt ettt e e eet e e e ete e et e e eeaa s et et e e eet e e e eae e e ea e e e e ta e e eeaase e et e e et e e eenn s e e etaneeee s e eeennnaesnneenesnsns 93
TABLE3.8: ATABLE SUMMARISING KNOWN ALLEEREQUENCIESE¥P3A5*ICYP3A5*TYP3A5*BNDCYP3A5*/
IN DIFFERENT POPUWOATGROURS. ...ccuuuittttiieettnteeetussestseessnesesnneesstneeesuseeasnaesetneeesnaersneeanneerenerenns 99
TABLE.1: AFULL LIST OF SAMBEES IN WHICEY P3A®/AS RESEQUENCEMNCLUDING DETAILSGRO®APHIC LOCATION
AND LANGUAGE FAMILY......ciiieieieieieieeeee e eeette e e e e s e s e e e e e e e aaeeeeeeeee e e eeaessse s esba b b seeesseeeeeaaaaaaaeees 117
TABLE4.2: ALIST OF ALL POLYMBIRFSITES IDENTIANER4448BASE PAIR REGIONSERUENCED&YNONETHIOPIAN
AFRICAN POPULATIONS ...t ttte ettt eeeeteeseuseestseeeaneeeeanseeeaaaeeannaeeannaeetaaeeennesannaeresnserenneresnneernnns 120
TABLEA.3: MOLECULAR DIVERSHMMIATES FOR SIXTEGERBAL SAMPLE SETS. .t uiiiiiitiitinneeeiensiieesseerinnnneeesenes 128
TABLEA.4: AN EXACT TEST OF RGHUON DIFFERENTONTTO MEASERTHE SIGNIFICANEEDIFFERENCES INESBEIVERSITY
ESTIMATE®EASURED BNEZH) IN SIXTEEN POPULAIBO.......cvuvtrrinrnnnninisiaeeeeeeaaaeeeeeerererssssssssnnnnnnnnns 134
TABLES.1: ASUMMARY OF GLOBARWYION AT THEY P3ABOCUSPLUS500BASE PASREITHER SIS REPORTED BY
NCBIHTTE// WWW.NCBINLMNIHGOW) ....viteieiiiiiiiiieisia s s s e e eeeeeeeteeeseeeesaesasssssssnnassasaseaaeaaaaeasssesessnnnns 144
TABLES.2: THE RESULTS OFSBUARED TESTS WHIOMPARED PAIRWISEFBERENCES IN TP 3RATIOS OF
POLYMORPHIC TO BEXSETESYATESCORRECTION WAS APPHOR EACH COMPARIS.....cvvuiieeieriiinneeeerannnnss 147
TABLES.3: THE RESULTS OF PAFERISHES EXACT COMPARISONSHE RATIOS OF @M VARIATIO(OBSERVED AT A
GLOBAL FREQUENIEY M TMRARE VARIATIONDOMP3ASENES........vvvieiiiiiieeeeeiiieeeeeeeitie e et e e eareees 147
TABLES.4: ALIST OEYP3ABLLELES THAT HAVENBEEPORTED TO BEOIBATES FOR GAUG LOWON PROTEIN
EXPRESSIQN. 1 1ttttttuuteeeeettttsaeessst s eeseestaeaseeeeee b e e s eestasaseeeeestaa s eeeaeesanaeeeeastan e eeteeeebnaaeeenranneeas 149
TABLES.5; SUMMARY STATISTICSPOEYMORPHISM DATONRAFRICANAMERICANHAN CHINESE ANBUROPEAN
INDIVIDUALS FEEQUENCED AT THEREIYP3ALUSTER. .. ccuiiii ittt et s e s e eaas 155
TABLES.6:ALIST OF ALL POLYM@IRFSITES IDENTIRNB12,237BASE PABYP3ABEGION REEQUENCED IN FIVE
ETHIOPIAN POPULATIONS 111ttt ettettttsseeseaatseessestsassseaesssssansassesssssaaesesssssnnsaeseesssnseesesssssnnseeseessnns 158
TABLES.7: ASUMMARY OF THE SERCE SIMILARITYTBEEEN THE HUMARY P3ABROMOTER AND THE RESPONDING
CHIMPANZEORANGUTAN AND RHESUS MBOE SEQUENCES. ... ..uiiitiiiiieitieiiieeierteesiieeiestnesenessassnnns 163
TABLES.8: ASUMMARY OF TIMATINSPECTOR ANALYSIEBERTIFIEGY P3ABROMOTERARIANTS. ..vvvvveeeeeeernnnnnnn. 166
TABLES.9: ASUMMARY OF THE SERCE SIMILARITY BEEWHEHE HUMAKCHIMPANZEERANGUTAN AND RHESUS
MACAQUECY P3ABODING REGIONS. ...eevtuuueettettuteseererusateeseestnnaeeseesstnaeesssstnnaeeeessnsnnaeeesennnnieeeeens 167
TABLES.10: THE RESULTS BBLYPHEN2 ANALYSIS OF NGNNONYMOUS SUBSTIONS ONCYP3ABROTEIN............ 168

12



TABLES.12:AFULL LIST OF ALL BO®TION GROUPS INIGHCYP3ABAS BEXERESEQUENCED.......ccvvvvniieniinneee. 171
TABLES.1: PAIRWISEDBETWEEN EACHO¥P3A5*1/CYP3A5(Y 76746) CYP3A5*6RI10264272AND
CYP3A5*R€11303343DEFINING LOCI AN ARENTIFIED POLYRER SITES ATFS THETHIOPIAN COHOR185

TABLEG.2: MOLECULAR DIVERSEMMATES FOR THEEEIRHIOPIAN POPULATIQNS......ccoiiiierriinirrereereeeeeeesennnns 186
TABLEG.3: MOLECUIR\DIVERSITY INDIEER AL2,23BPCYP3ABREGION REEQUENCED IN FEIEIOPIAN POPULATIONS
................................................................................................................................................. 187
TABLES.4: NEQR H OF THE2,23 BPCYP3ABEGION ACROSS PORLDMS. ......cevvveueeerrerrinnseesessnnnseesesessinnsaaaeees 188
TABLEG.5: ACOMPARISON OF HETEREDSITY IN EACHTBE FIVEYP3ABAPLOGROUFGYP3A5*ICYP3A5*3,
CYP3A5*GCYP3AS*3/CYP3ASABIDCY P3AS ... oo e e e e e e aeanaans 189
TABIEG.6: PAIRWISEsTVALUESBASED ORYP3ABENOTYPIC DATA FOMEETHIOPIAN POPULATIONS.......cceeeunees 192
TABLES.7: THE RESULTANWVRLUES FROM AN EXREST OF POPULATICRFERENTIATICBASED OETHIGPIAN GENOTYPIC
) PSSR 192
TABLEG.8: ASUMMARY OF THE TESJR DEPARTURES FREBMTRALITY FOR 8@63P OVERLAPPING REGIBCYP3A5
................................................................................................................................................. 198
TABLEG.9: NER® H TO COMPARE HETEFRGOSITY IN 8R6BPCYP3ABN 8 POPULATIONS....uuiieeviiiiiieeeeeeiieeeens 208
TABLES.10:NEG H TO COMPARE HEJARGOSITY IN EACHIOE MAJOBYP3ABAPLOTYPES CLASSERHT
POPULATIONS. ettt ettt e e eet e e ete e et e e e et e e eaa e et et e e eta s e e eea e e e aaeeeeta e e e sanseeaa e e e ta e eeesn e eesaneeeeanneennnaaes 209
TABLEG.11A: PAIRWISE COMPARIS@¥HETEROZYGOSITEXRRESSER HAPLOGRBYRN EXACT TESPOPULATION
DIFFERENTIATION et ttttet ettt et eeeeeteeeeeeeteteeeee e b e seseeeaeaaaaeseesesssssseserstsnsaa e sasesassaaaaaasaeeeensenes 211
TABLEG.118: PAIRWISE COMPARIS@¥HETEROZYGOSITYOMW NONEXPRESSER HAPLOGR®YRN EXACT TEST OF
POPULATION DIFFERBIRIDN. .....ceiiitiiiiteteeeeeeeessratasanee e aeaaasaaaaeaaeesesessssssssssststststasnnnnaeaaeaaaaaaseees 211
TABLEG.12 PAIRWISEsTVALUESASED ON OVERLAPFOWEP3ABENOTYPIC DATA FOMEETHIOPIAN POPULATIGN®
THREE OTHER GLOBBRURATIONS. ... etettutetttueeeetteesatsesssnsesstaeeesnssesssnsssssnaaeessesesneerssneeeesanerennerennn 212
TABLE6.13 THE RESULTS OF PASRMEXACT TESTS GRUPATION DIFFERENTDA BASED ON GENOTYPEJRECIES AT THE
(O Y AN 0 T U L N 212
TABLE7.1: ATABLE SHOWING THEIEOSITION OF HAPLPES ANALYSEDASURE . L....cvviiiiiiiiiiiiii e 227
TABLE7.2: ATABLE SHOWING THE/@OSITION OF HAPLPES ANALYSEHBUREZ.37.5. . ciii i, 237
TABLE7.3: ESTIMATING THE AGE@¥P3ABARIANTS WHICH DEFIWM{E MOST COMMONPHOGROUPSEHIOPIA.... 243

13



1 Introduction

This thesis is concerned with the molecular and population genetics of variation in the
gene encoding the human drug metabolising enzyme Cytochrome P450 3A5 (CYP3AS5) in-sub
Saharan Africa; witha special emphasis on Ethiopian populations. CYP3AS5 plays an important
role in the metabolism of many endogenous and exogenous substratéBatki et al. 2003
including a wide spectrum of drugs in clinical usgFrohlich et al. 2004 Wong et al. 2004
Mirghani et al. 2006. It is also of particular interest in medical research due to its role in
predicting disease pathology and risk(Givens et al. 2003Zhenhua et al. 200%. Despite its
importance, enzyme expression is polymorphic; individuals can express the proteit high
concentrations or have low/undetectable levels oenzyme (Kuehl et al. 200). A number of
factors, such as demography and drift, can cause intpopulation differences in allele
frequencies, however it is becomig increasingly clear that for theCYP3A30cus, selection has
played an important role (Thompson et al. 2004 Chen et al. 2009.

This introduction reviews the current literature on the impact of human genetic
variation on healthcare. The importance of understanding the role of ancestry in healthcare is
also addressed; with reference to subaharan African populéions. The background on the
CYP3Amene is then described in detail along with a review of the evidence for its role in drug
metabolism and in predicting disease risk and pathology. Finally an overview of methods used
to evaluate selection, and a review fothe evidence for selection on theCYP3Abgene, is

discussed. The specific aims and outline of this thesis are described in detail thereafter.

1.1 Part I: Human genetic variation and healthcare implications

1.1.1 Human genetic variation

The human genome exhibits considerable interindividual sequence variation
between and within population groups. This variation may be influenced by a number of
demographic factors including fluctuations in population size, and random mutation.
Selection and genetic driftwithin and between populations can lead to differentiation of sub
sections of individuals from a wider population.

Genomic variation can be both significant and nesignificant; depending upon any
consequent effect on transcription and translation of paicular proteins, and any associated

phenotypic effect of these changes. Variation in the genome can range from single base
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changes (single nucleotidepolymorphisms: SNPs) to large regions of genomic sequence(s)
being inserted, deleted (INDELS) or copiedcopy-number variants: CNV).

Since the publication of the human genome sequence in 20@¥enter et al. 200),
millions of SNPs have been identified. Humans havesén reported to differ at the single
nucleotide level at approximately 1 in every 1000 base pair¢Sachidanandam et al. 2001
Rotimi and Jorde 201(. A principal challenge of the genomics era is to identify functionally
important variation within the human genome in order to reconstruct human evolutionary
history and to understand the genetic basis of Uman diseases. Improved understanding of
the genetic determinants of human diseases will inevitably aid efforts to treat endemic and
emerging global infections (Tishkoff and Verrelli 2003). Much research has focused on
identifying medically important genetic variants. Many studies have mapped disease causing
genes and variants usingmethods which exploit the existence oflinkage disequilibrium
(Goldstein and Weale 200Lwhere a set of markers have been observed to be associated with
a particular phenotype and then mapped to specific chromosomes.

Recently there has been a mov®wards examining structural variation in the human
genome. Structural variation defines genomic alterations that affect DNA structure and
arrangement of the genome(Scherer et al. 200J. Structural variation commonly includes
INDELs and CNV which have been the focus of recent studies attempting to identify medically
important variation (Patrinos and Petersen 2009Wain et al. 2009, in addition to SNP based
analysis(Giacomini et al. 2007.

Genetic variability does not only influence disease phenotype and pathology, it can
also influence the efficacy of drug treatment. These studies ar@w increasingly frequent and
have broadened our understanding of clinically relevant genetic variatiorfGiacomini et al.
2007).

1.1.2 Pharmacogenetics

Pharmamgenetics is the combination of pharmacological and molecular genetics
based fields to determine how genetic factors may affect the efficacy and safety of drug
treatment (Weinshilboum 2003; Wilke et al. 2007 Johnson 2008§. The clinical vision for
pharmacogenetics is that genetic information might be usetb identify drugs and dosages
that have the most beneficial treatment outcome for an individual patient.

The results of drug therapy can vary within and between populations. Whilst many
patients respond well to drug treatment, there are individuals who Ave minimal or no

therapeutic response, additionally some patients experience severe adverse drug reactions
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which are major contributors to global morbidity and mortality (Weinshilboum 2003; Wilke
et al. 2007).

A number of different factors may affect the ability of a patient to respond effectively
to drug treatment including sex, age, underlying conorbidities, stage of disease and
concurrent medications. Aside from environmental factors which may influence drug efficacy
and safety, genetic factors are also important.

Variation in drug metabolising enzymes has been shown to have conflicting effects on
the ability of an individual to metabolise a variety of drugs including warfarin, HIV1 protease
inhibitors and antidepressant medication(Lin et al. 2002 Givens et al. 2003Pirmohamed and
Park 2003; Weinshilboum 2003; Frohlich et al. 2004 Mouly et al. 2005 Lynch and Price 2007
Wilke et al. 2007 Kohlrausch et al. 2008. Once a drug is administered, it is absorbed and
distributed to the site of action, where it interacts with targets such as receptors and/or
enzymes. Most drugs undergo metailism before being excreted. Genetic variation may affect
absorption, enzyme activity, cellular uptake, and metabolism, resulting in altered drug activity
or half-life (Weinshilboum 2003). When compared to the effect of complex and potentially
interacting environmental influences, genetic factors that alter the pharmacodynamics of a
particular drug may be easier to detect.

The implementation of genotypicguided medicine for individuals is not in widespread
clinical use. Although physicians are becoming increasingly aware of clinically relevant
genetic polymorphisms; a2006 study by the Federal Drug Administration reported that
~25% of all prescriptions written in the USA contained pharmacogenetics labellingsardiner
and Begg 200§. The paucty of affordable and efficient testing methods; and the continuous
identification of clinically important genetic variants are factors which have delayed the
translation of human genetic information into clinical practice and healthcare administration
(Weinshilboum 2003; Constable et al. 2005

Population-based studies have been invaluable in filling ik gap. Individuals of a given
population may have underlying genetic similarities which could potentially distinguish them
from other populations. The focus on identifying important variants within populations
instead of individuals has identified commonmedically important, variation (Wojnowski et
al. 2004, Dandara et al. 2005Mirghani et al. 2006 Gebeyehu et al. 20111

1.1.3 Ancestry and human health

Many genetic studies have identified common variation, i.e. that which is observed at a

frequency greater than 5% in all human populationgRotimi and Jorde 201(. However it is
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important to mention that perceptions of population differences are strongly influenced by
which human populations have been sampled.

Although common genetic variation has been identified between papations, there
are well-established inter-ethnic and inter-population differences in disease prevalence.
Examples include higher frequencies of Ta$achs disease in Ashkenazi Jewish populations
(Myerowitz 2001; Frisch et al. 2004 and high frequencies of blood disorders in populations
within malaria endemic regions, such as glucosé-phosphate dehydrogenasedeficiency
(Tishkoff et al. 200 and sickle cell disorder(Mabayoje 1956; Trowell et al. 1957).

However, there are disparities in populationbased healthcare which are due to
sampling bias. Approximately 90% of genome wide association studies, aiming to idemtif
genetic variation important in disease susceptibility, have been performed in populations
with recent European ancestry (hereafter called European populationy. Only one major
genome wide study on disease causing variants has been performed in individsalith recent
African ancestry which examined variants important in malaria causation and phenotype
(Rotimi and Jorde 2010.

Large sample and ascertainment biases in studies on human genetic variatida not
account for considerable diversity within African populations(Reed and Tishkoff 200%. Many
diseaserelated SNP microarrays are biased towards European populations and so overlook
diversity within populations with recent African ancestry (Browning et al. 201Q Schuster et
al. 2010).

1.1.4 SubSaharan Africans in evolutionary and medichhsed research

The importance of including subSaharan Africans as study populations within
evolutionary and medical based research should not be underestimated. From an
evolutionary research perspective, sukSaharan Africa is essential for reconstructing human
evolutionary history and in understanding how demographic factors, such as changes in
population size, and long range migration, have influenced diversity within human
populations, as has selectiofCampbell and Tishkoff 2008.

Sub-Saharan Africa is a region which extends from just below the Sahara desert to
South Africa, Figure 1.1. The region has extensive genetic, cultural, linguistic and phenotypic
diversity; only a fraction of which has been observed outside of the setontinent (Tishkoff
and Verrelli 2003; Manica et al. 2007 Campbell and Tishkoff 2008. Approximately 30.5%
i1 OAO cmnng | &£ OEA xi Ol A0 1 Al COACAOR OADPOAOA
the region (http://www.ethnologue.com), see Figure 1.2. Bpulations on the continent inhabit
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diverse environments (Reed and Tishkoff 2008, which have been susceptible to change over
thousands of years, simultaneously with human evolutioiiScholz et al. 200y and are likely to
have influenced diversity within the region.

Genetic variation within sub-Saharan Africa has been influenced by demographic
events over 200,000 years: including short and long range migration, population admixture
and fluctuations in population size(Tishkoff and Verrelli 2003; Manica et al. 2007 Campbell
and Tishkoff 2008 Campbell and Tishkoff 201(.

Figure 1.1: A political map of subSaharan Africa, image has been taken from:
(http://www.agricultureinformation.com/mag/wp  -content/uploads/2009/04/africa -map-e.jpg).
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Figure 1.2: A map showing the distribution of major language families in Africa. Image has been taken
from (http://news.sciencemag.org/sciencenow/assets/2011/04/13/sn -language.jpg).
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One of the most significant events is the migration of Nigeg€Longo Bantu speaking
agricultural populations from the region that is known as Cameroon today initially into e
rainforests of equatorial Africa, followed by separate phases of expansion into eastern and
southern Africa; known as the Expansion of the Bantu Speaking Peop(&sshkoff and Verrelli
2003; Beleza et al. 2005Campbell and Tishkoff 201(Q. Genetic data also suggest that Bantu
speakers migrated from easand west Africa into the southern region, see Figure 1.3. As these
populations migrated they displaced many of theregional, indigenous populations and
patterns of migration can be traced using mitochondrial DNA and Y chromosome markers
(QuintanaMurci et al. 1999 Tishkoff and Verrelli 2003; Belezaet al. 2005 Berniell-Lee et al.
2009). The wide distributions of NigerCongo A and Bantu languages within suBaharan
Africa (Figure 1.2) are attributed to these migration events.

Sub-SaharanAfrican populations also practise a wide range of subsistence methods
(Campbell and Tishkoff 2008 Campbel and Tishkoff 2010). Previous studies have observed
multiple mutations, at high frequencies, that have evolved to aid dietary adaptation in
populations from the sub-continent (Hollox et al. 200% Ingram et al. 2007 Perry et al. 2007
Tishkoff et al. 207; Ingram et al. 2009 Ingram et al. 2009.

From a medical perspective, over 90% of the global burden of disease is found in
developing countries (Sgaier et al. 2007 Oliveira et al. 2009 and a substantial number of
developing countries are within sub-Saharan Africa. In addition to common infectious
diseases such as influenza and bacterial meningitis, s@aharan Africa has an added burden
of high rates of transmission of infectious diseases such as malaria, HIV and tuberculosis as
well as so calld OT Aci AAOAA AEOAAOGAOGS ET Al OAET C
Trypanosomiasis and Leprosy. Approximately 800 million people reside in suBaharan Africa
and are at risk from common and neglected diseasé€é\spray et al. 1998 Hotez and Kamath
2009). Therefore it is important to understand not only how socieeconomic factors may
impact disease burden within the sb-continent; but also identify genetic influences that may

impact disease progression, transmission and treatment.
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Figure 1.3.:

A map showing the phases of expansion of the Bantu Speaking People.

Image has been taken from (http://en.allexperts.com/e/b/b a/bantu.htm).
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There are marked differences that have been identified between subaharan African
populations and European populations in the response to treatment that is administered for
specific diseases(Fellay et al. 200% Mouly et al. 2005. However over 95% of drug
development and clinical trials are carried out inpopulations with recent European ancesty
from Europe andNorth America. Manydeveloping countries,including many in sub-Saharan
Africa, rely on FDA and European guidelines for safety levels and optimal therapeutic dosages
(Li et al. 2011). Given the substantial burden of diease within subSaharan Africa coupled
with high levels of genetic diversity in the subcontinent, it is necessary to examine how
variation in response to treatment impacts clinicaloutcomes within populations from the
region. This has become particularly important in recent years given the new emphasis on the
use of mass drug administration (MDA) by organisations such as the World Health
Organisation (WHO) andViédecins Sans Frontiére (MSF)in the treatment of manyendemic
diseases(Hotez 2009 Smits 2009, Solomon et al. 2009. It is necessary to examine the extent
of variation in the response to specific treatments and whether alternative dosages or drugs
are required than those administered in different parts of the continent.

Despite these convincing reasons for including susaharan Africans, they have been
largely underrepresented in human evolutionary and medical studie§Campbell and Tiskoff
2008). There has been a tendency within the literature to extrapolate data obtained for
African-American individuals to subSaharan African populations. This is problematic given
the extent of European admixture within AfricanAmerican populations(Reed 1969 Parra et
al. 1998 Destro-Bisol et al. 199). Additionally this method of extrapolation does not
acknowledge the high level of genetic diversity between different suBaharan African
populations, for example the high levels of Semitic admixture within East African populations
(Hammer et al. 2000 Tishkoff and Verrelli 2003; Lovell et al. 2005 have not been observed in
populations from western and southern Africa. Clearly there is a need for focused studies in

sub-Saharan African populationgo guide the effective global prescription of drugs

1.1.5 SubSaharan Africa and modern human origins

The majority of archaeological and genetic data support a recent African origin model
of the evolution of anatomically modern humans. This model postulates that anatomically
modern humans Homo sapiensevolved in Africa from archaic humans~-150,000-200,000
years ago. Anatomically modern humans then migrated from Africa and inhabited other parts
of the world replacing archaic humans with little or no genetic mixingd Quintana-Murci et al.
1999; Tishkoff and Williams 2002 Relethford 2008).
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The discovery of fossil remains with early human morphologial traits within sub-
Saharan Africa providessupport for this model of human evolution(Campbell and Tishkoff
2008; Relethford 2008). Fossil remains, with morphological features of anatomically modern
humans, dated to 160,00qWhite et al. 2003 and 195,000 years aggMcDougall et al. 200%
have been found in the sufrontinent. These dates precede those estimated for fossils
discovered in the Middle East (~92,000 years ago), Australia (~60,00@0,000 years ago) and
Europe (~40,000-30,000 years ago)Relethford 2008).

Genetic data are also consistent with a recent African origin model of human evolution
(Campbell and Tishkoff 2008 Relethford 2008). Coalescent models have been used to
estimate the time and location of the most recent common ancestor of modern humans. The
models assume that in any sample of DNA markers, there is aiqobackwards in time in
which they will coalesce to a common ancestor. Analyses of mitochondrial DNA, inherited
solely maternally, have dated a most recent common ancestor to ~200,000 years within
Africa (Relethford 2008).

High levels of genetic diversity observed within sufSaharan Africa comparative to
other global regions also supports evidene for a recent African origin of modern humans
(Watkins et al. 2002 Manica et al. 2007 Campbell and Tishkoff 2008. SubSaharan African
populations have higher levels of structural variation in the genomegRelethford 2008;
Campbell and Tishkoff 2010. Additionally, subSaharan African populations have been
OADPT OOAA O1T EAOA 11 OA ODOEOAOGASG Al 1 AT AO AT I DA«

Modern humans n Africa would have a longer period of time to accumulate mutations
than those who were dispersing out of the continent. The number of modern humans leaving
Africa would be a small pecentage of the total population; and represent fraction of all
African genetic diversity. In other words, nonAfrican populations have been subject to a
population bottleneck and so have less variation than the founding African population from
which they have separatedManica et al. 2007 Relethford 2008; DeGiorgio et al. 2009.

1.1.6 Ethiopia and human evolutionary Hstory

East Africa is an important region in human evolutionary history. It is widely believed
to be the region from which anatomically modern humans left Africa to expand across the
world. Evidence for an East African migratory route, via Ethiopia, out aub-Saharan Africa is
supported by fossil evidence for anatomically modern humans dated te 150,000-160,000
years ago(White et al. 2003 Kivisild et al. 2004).
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Archaeological data support the presence of anatomically modern humans within
Ethiopia (White et al. 2003 McDougall et al. 200%. Additionally, fossik supporting the
presence of early hominids within the country have also been uncovered, an example is the
EATT OO0 O, 0AUbd A xAl 1 8asOdumAioEhopia add dated ©132 xEE
million years ago(Shreeve 1994,

Data from studies on mitochondrial and Y chromosome DNA have successfully tracked
human migration out of Africa via Ethiopia(Quintana-Murci et al. 1999 Tishkoff and Verrelli
2003; Lovell et al. 2005 Campbell and Tishkoff 2008. Additionally, global analyses of
microsatellite variation (Ramachandran et al. 200p have shown that genetic diversity is
negatively correlated with distance from Ethiopia (Prugnolle et al. 2005 Li et al. 2008. In
other words, the further the distance a population is geographically located from Ethiopia, the
less genetic diversity it contains.

East Africa is a particularly diverse region of suiSaharan Africa(Tishkoff et al. 2009.
Genetic diversity within the region has been shaped by multiple demographic events. One of
the most significant is admixture with individuals of Semitic origin who migrated into Africa
via East Africa and mixed with the idigenous populations ~5000 years agdHammer et al.
2000; Tishkoff and Verrelli 2003; Lovell et al. 2005. This is reflected at the cultural, genetic
and linguistic levels with the presence of Semitic speaking East African groups that claim
Jewish ancestry, a feature that distinguishes them from other st®aharan African

populations (Lovell et al. 2005.

1.1.7 The rationale for studying human genetic variation in Ethiopian populations

Given the high levels of genetic diversity observed in EthiopigPrugnolle et al. 2005
Li et al. 2008, it is anticipated that populations from this region will have higher levelsf
variation in medically important genes, comparative to that which has already been reported
for other global populations.

A recent study on human genetic variation in the gene encoding the drug metabolising
enzyme CYP1A2 in Ethiopian populations, sigitantly increased existing knowledge of
variability in this gene (Browning et al. 2010. In addition, the authors ascertained that
uncharacterised variation in medically important genes is likely to put individuals with recent
Ethiopian ancestry, both within Ethiopia and overseasat increased risk of adverse drug
reactions.

Through studying variation in medically important genes, in the diverse populations

of Ethiopia, and combining the results with those previously reported for other global
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populations, a more complete picture dglobal variation in particular genes will be obtained.
Additionally improved understanding of medically important variation will aid in tailoring
healthcare to particular populations, and reduce the likelihood of adverse treatment
outcomes; which are mapr contributors to annual global morbidity and mortality
(Weinshilboum 2003; Wilke et al. 2007).

1.2 Part ll: CYP3AD5, population genetics and human adaptation

1.2.1 The Cytochrome P450 supéamily of drug metabolising enzymes

Cytochromes P450 (CYP450) are a supéamily of haem-containing mono-oxygenases
which are widely conserved across speciegNebert and Russell 2002 There are 116
identified human CYP450genes: 57 encode active CYP450 enzymes; the remaining 59 are
pseudogenes (http://drnelson.utmem.edu/human.P450.table.html). Human CYP450are
predominantly membrane-bound proteins, located in the inner membrane of the
mitochondria or in the endoplasmic reticulum of cells(Nelson 2009. CYP450 are mainly
found in the liver, although extrahepatic isoforms exist(Nelson 2009, and are involved in
the metabolism of multiple endogenous and exogenous compoundBorter and Coon 199].
CYP450 meithte oxidation, reduction, and hydrolysis reactions which expose or add
functional groups to substrates to produce polar moleculeéLi et al. 2017J). It is thought that
the ability of CYP450 enzymes to metabolise exogenous compounds evolved BBD million
years ago to enable animals to digest chemicals in plants, creating wasaluble compounds
which are easier to excretd Gonzalez and Gelboin 1994

CYP450 are also important in the first phase metabolism of many therapeutic drugs
used to treat a wide spectrum of diseaseéBrockmoller et al. 2000 Pirmohamed and Park
2003; Kirchheiner and Seeringer 2007 Lynch and Price 2007. Of the 57 active CYP450
enzymes, six are together involved in the metabolism of more than 90% of clinically used
drugs (Pirmohamed and Park 2003 Lynch and Price 2007. Not unexpectedly,
polymorphisms in genes encoding CYP enzymes are associated with npaadverse drug

reactions (Ingelman-Sundberg 2004.

1.2.2 The Cytochrome P450 3A sdidmily
The CYP450super-family of genes are grouped into families and sufamilies; CYP
families, such asCYP3 are defined by at least 40% amino &t sequence similarity; and sub
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families by 55% (Nelson et al. 2004 Qiu et al. 2008. Of the various subfamilies that comprise
the CYP45Gsuper-family, the Cytochrome P450 3A sulfamily (CYP3A have a central role in
drug metabolism; CYP3A proteins metabolise many therapeutic drugs and are the most
abundant subfamily expressed in the liver, comprising up to 6% of hepatic CYP content
(Kuehl et al. 2001 Lamba et al. 2002 Xie et al. 20034. The two most important drug
metabolising enzymes within this subfamily are CYP3A4 and CYP3A&uehl et al. 2001
Lamba et al. 2002 Wojnowski 2004; Xie et al. 2004. Given the wide substrate range of
CYP3A, functionally significant varidon in the genes encoding CYP3A enzymes can have
important medical implications due to the large number of substrates metabolised solely or
predominantly by this sub-family.

The CYP3Asub-family is mapped toa ~231kb region on chromosome 7(Figure 1.4).
There are six CYP3Agenes; mRNA sequences corresponding to each of foOl¥P3Agenes;
CYP3A4, CYP3A5, CYPaAd CYP3A4dhave been isolatedLamba et al. 2002. There are also
two pseudogenes: CYP3A5Pland CYP3A5P2which have sequence homology toaCYP3A5
(Lamba et al. 2002. Each ofCYP3A7and CYP3A4encode proteins consisting of 503 amino
acids, CYP3A43encodes a 504 amino acid protein andCYP3A5a 502 amino acid protein
(http://www.ncbi.nim.nih.gov/). There is high sequence homologyat the CYP3Aluster, and it
has been suggested that multiple€€YP3Agenes arose as a result of duplication of an ancient
CYP3Asequence, estimated to be approximately 480kb in size (Finta and Zaphiropoulos
2000).

Figure 1.4: A schematic of the organisation of the huma@YP3Aocus on chromosome 7Arrows
indicate the orientation of each gene in th€YP3Aluster.
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The CYP3Aocus is highly conserved across mammal€YP3Aorthologues have been
identified in primates (Williams et al. 2004 Williams et al. 2007), horses(Schmitz et al. 2010

26



and in rodents (Zaphiropoulos 2003. Allelic variation and subsequent CYP3Ahaplotype
diversity are high within and between speciegThompson et al. 2006 Chen et al. 2009.

For the humanCYP3Aocus, multiple CYP3Aalleles, both functionally important and
unimportant, have been identified (http://www.cypalleles.ki.se/index.htm). Different studies
have reported evidence of selection orCYP3Agenes. A paper byThompson et al. 204)
reported that high frequencies of a low/nonexpresser CYP3Abvariant, CYP3A5*3jn non-
African populations were evidence of positive selection acting to increase frequencies of this
derived allele outside of the African continent. However, a paper 2006 argued that selection
was acting on the functionally ambiguou€YP3A4*1Rillele in non-African populations. As this
allele has been reported to be in high linkage disequilibrium withCYP3A5*3 the authors
argued that CYP3A4s a more important gene & the CYP3Asub-family, and was likely to be
under stronger selective pressure tharCYP3AgSchirmer et al. 2006.

A more recent study of theCYP3Aocus reported evidence ofpurifying selection on
CYP3A4nd CYP3A7The authors reported low levels of nucleotide diversity, i.e. high levels of
sequence conservation in the coding regions of these two genes. In contrast, the authors
reported a significant departure from neutrality in the coding regions ofCYP3Amnd CYP3A43
in Caucasian individuals consistent with a selective sweepand positive selection The authors
reported higher frequencies of derived, norfunctional CYP3A5and CYP3A43alleles in
Caucasian idividuals comparative to Africars (Chen et al. 2009. Recently, an examination of
functionally important SNPs in multiple genes inolved in drug metabolism provided further,
strong evidence of a selective sweepositive selection, on the low/nonexpresser CYP3A5*3
mutation in populations from the Middle East, Europe and Central South Agili et al. 2017).

Given the substantial overlap in CYP3A drug and environmental substrates, it is
difficult to ascertain exactly what may be the underlying causes of different selective patterns
on individual CYP3Agenes. Interpopulation variability in haplotype structure at the CYP3A
locus is likely to contribute to population differences in drug disposition and metabolism
(Thompson et al. 2006 Chen et al. 200%.

This thesis focuses on characterising human genetic variation in theYP3A5gene.
Whilst many previous studies have argued that the CYP3A4 enzyme has the most significant
role, of all CYP3A enzymes, in therapeutic drug metabolisnjBoobis et al. 1996 reports
indicate that CYP3AS5 has a greater role in populations with recent African ancesifRoy et al.
2005; Mirghani et al. 2006 Quaranta et al. 2008. Additionally the high frequencies of
low/non -expresser variants in populations outside of Africasuggestthat there has been

differential selection on the gene btween Africans and norAfrican populations.
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1.2.3 Cytochrome P450 3A5 (CYP3A5)

Human CYP3A5has been mapped to the negative strand of the long arm of
chromosome 7 at 7921.1 at chromosomal location 7:992459289277519 (Build 132, NCBI:
http://www.ncbi. nlm.nih.gov/). The gene is~33kb long and has thirteen exons and twelve
introns (Figure 1.5). One hundred nucleotides of exon 1 and the downstream sequence of
exon 13 are untranslated regions87 nucleotides of exon 1 and 114 nucleotides downstream
of exon13 are untranslated from the mature mRNAMultiple CYP3ARranscripts have been
identified (NCBI: http://www.ncbi.nim.nih.gov/), a transcript of 1509 nucleotides is
translated into a protein of 502 amino acid residueg§Aoyama et al. 1989. The crystallised
structure of CYP3A5 has not been elucidated, unlike for its paralogue CYP3MMilliams et al.
2004). CYP3AS is the major extrdnepatic CYP3A isoform; protein is also expressed in the
kidneys, small intestine, prostate and lunggAnttila et al. 1997, Lamba et al. 2002 Hukkanen
et al. 2003 Moilanen et al. 2007. Additional transcripts have been identified, from cancer cell
lines, although they do not encode functional nor alternative enzyme forms (NCBI:

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

1.23.1 The genetic basis of variabl@YP3A5 protein expression

Human hepatic CYP3A5 was first detected by Aoyama and Schuetz in 1989 who
observed that cDNA, corresponding to functional CYP3A5, could not be isolated from every
individual and therefore enzyme expression was polymorphic; individuks tend to either
express high quantities of CYP3A5 or have significantly reduced, often undetectable, protein
levels (Aoyama et al. 1989Schuetz et al. 198%

CYP3A5 is polymorphically expressed between and within ethnic groups.
Approximately 10-25% of Europeans 30-50% of Asian and South Americasmand 5595% of
African Americans (Kuehl et al. 2001 Quaranta et al. 2008 have detectable levels ohepatic
CYP3AGS proteinMultiple variants have been reported to affec CYP3A5 expressioriXie et al.
2004). Four CYP3Aballeles; CYP3A5*1 CYP3A5*3CYP3A5*6and CYP3A5*7 are the most
common determinants of interethnic variability in protein expression (Hustert et al. 200%,
Kuehl et al. 2001 Lee et al. 2003.
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Figure 1.5: A representation of theCYP3A3ocus.

Pink boxes represent exons; Xindicates the exon number in the sequence. The red box at the 5° of the sequence represents the proximal promoter. The green
box is the 3" untranslated region (UTR). The arrowndicates the direction of transcription. Black lines flanking the boxes are intronic sequences. Spacing

between the exons igroportional to the distance between them on the chromosome. The large€§tYP3ASntrons are annotated onthe Figure.

This Figure @mplements Appendix A (on CD) which is the full genomic reference sequence of ©¥P3Agene.
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CYP3A5*lis the CYP3A50 A @D OA OO A O & gehdtypell laththe Adm& locus as
CYP3A5*3rs776746). Genotyping of an A allele at th€ YP3A5*1/*3locus definesCYP3A5*1
and a G allele define<CYP3A5*3 High frequencies ofCYP3A5*1have been observed in all,
genotyped, populations with recent African ancestryHustert et al. 2001, Kuehl et al. 2001
Wojnowski et al. 2004 Xie et al. 2004 Roy et al. 2005 Mirghani et al. 2006 Quaranta et al.
2006). Individuals homozygous forCYP3A5*1have beenfound to have levels ofCYP3A5
MRNA that make up at least 50% of total hepatic CYP3A contéKiuehl et al. 200).

CYP3A5*3rs776746; 6980A>G} defines a splicevariant in which an A>G transition in
the third intron of CYP3AXxauses 132 nucleotides of intron three, which would normally be
spliced out, to be retained in the mature mRNA, causing a frameshift, protein truncation and a
reduction in protein expressionto undetectable levels, se&igure 1.6 (Kuehl et al. 2003. The
original 2001 study, which identified this variant, found a significant reduction in the
concentration of CYP3A5 protein in liver specimens d€YP3A5*omozygotes (>21pmol/mg)
than in individuals with at least one CYP3A5*1allele (21-202pmol/mg). CYP3A5*3
homozygotes also had a 2:%old reduced ability to metabolise midazolam (a known CYP3A
substrate) to its primary metabolites (Kuehl et al. 2003).

An independent study established thalCYP3A5*3nRNA transcripts are degraded by
nonsense mediated decayBusi and Cresteil 200%. Transcripts which contain the aberrant
insertion (SVXCYP3AEMRNA) are only observed in the tissues ofCYP3A5*3carriers.
CYP3A5*3homozygotes have high levels ofSVECYP3ASMRNA, comparative to normally
spliced CYP3ABNRNA(LIn et al. 2002 Busi andCresteil 2005. SVECYP3AENMRNA levels vary
between CYP3A5*1/CYP3A5*3heterozygotes, and this may explain inteindividual
differences in CYP3A5 protein expression levels observed @YP3A5*heterozygotes(Lin et
al. 2002).

1 6980 refers to the position, in base pairs, of@Ne3A5*3allele relative to the ATG start codon; consistent
with all previous studies on th8YP3A5variant.
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Figure 1.6: A diagrammatic representation of the alternative splicing pathway created by the
CYP3A5*3 mutationAn A>G transition (alleles are shown in brackets) causes 132 nucleotides ofrion

3 (labelled 3B and annotated on the right hand image) to be retained in the mature mRNA transcript;
known asSVICYP3AEMRNA This causes a frameshift and premature termination of the reading frame.
Normally spliced mRNA is detected in the tissues @YP3A5*3homozygotes but at very
low/undetectable levels. The image has been adapted frofhhamba et al. 2002.

CYP3A5*1 (A) CYP345%3 (G)
R e
1]2]3]a]s]el7]8]olio[tn]i2fsa] [1]2]Alsmll]|s][6][7]8]9]10]11]12]13]
(wt-CYP3AS5 mRNA) (SVI-CYP3AS5 mRNA)
Normal CYP3AS protein Low/undetectable levels of CYP3AS5 protein

CYP3A5*qrs10264272; 14684G>A) defines a G>A transition associated with exon 7
OOEEDPPEI C68 4EA A@iTEA ' €! 6QdvbdrieEtd fehd to theO
creation of a cryptic splice site within exon 7; resulting in its excision from the mature mRNA.
The exonic excision leads to a frameshift and the creation of a premature termination codon,
leading to degradation of the mRNA trascript and a reduction in CYP3A5 expression levels
(Kuehl et al. 2001). It was hypothesised that theCYP3A5*Glefining G>A transition in exon 7
could disrupt an e»onic splicing silencer or activate an exonic splicing enhancer, leading to an
aberrant splicing pathway (Kuehl et al. 2003, although this is yet to be confirmed
experimentally.

It is important to note that the effect of CYP3A5*6n mRNA splicing has only been
established once; mRNA was extracted from thre€CYP3A5*1/CYP3A5*theterozygotes,
reverse transcribed to cDNA and the products analysed by gel electrophoresggee Figurel.?.
For CYP3A5*1/CYP3A5*Beterozygotes, two cDNA products were isolated; one of which was
smaller than the normal mRNA length and did not contain the sequence for exor(Ruehl et
al. 2001). An examination of the gel reported in the original paper (Figur&.7) suggests that

an alternative mRNA transcript is produced inCYP3A5*&arriers, however the results from
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this paper have never been independengl replicated and therefore alone are not entirely
conclusive. The paucity of data on mRNA splicing and composition @Y P3A5*Ghomozygotes
means that the exact effect dEYP3A5*®n CYP3ASplicing is not fully understood.

Figure 1.7: The Figure from theoriginal paper reporting that the CYP3A5*6 allele causes aberrant
splicing of CYP3A5 mRNA transcriptsnRNA from human livers was reverse transcribed and analysed
by gel electrophoresis (shown below)The authors reported that theCYP3A5*6nRNA transcriptdid

not have the sequence for exon 7 of the gene but did not show the sequence. The Figure has been
adapted from (Kuehl et al. 200). The circled band is theCYP3A*6 aberrant splice variant identified in

the 2001 study.Wt refers to normally spliced mRNASVrefers to splice variants. Data foCYP3A5*3
heterozygotes and homozygotes are also shown on the right hand side of the image; and correspond to
splice variants specifically identified for thisCYP3Aariant.

—-— SV2, SV3
CYP3A5*1 _»-_...g:— - _—\sv1 CYP3A5*3
CYP3A5*6 —» - - wit
1 LIl Il |
*1/ *1  *1/*3 *3/%3
CYP3A5: * *G

CYP3A5*(rs41303343; 27125 27126insT) defines a T nucleotide insertion into exon
11. CYP3A5*7s associated with a reduction in CYP3A5 expression levels. The T nucleotide
insertion causes a frameshiftthe creation of a premature stop codon and early termination of
the open reading frame(Chou et al. 2001Hustert et al. 2001).

Normally spliced mature mRNA, as well as abnormally spliced mRNA, is detected in all
tissues in individuals heterozygous and homozygous faYP3A5*3although normally spliced
MRNA levels are significantly lower, and often undetectabl) in CYP3A5*hiomozygotes) and
individuals heterozygous for CYP3A5*6 It is important to note that unlike CYP3A5*3and
CYP3A5*6no experimental work has examinedCYP3A5MRNA levels, or composition, in
CYP3A5*tarriers. However, as the mutation leads tthe creation of a premature stop codon,
it is highly likely that these individuals do not produce any normally splicedCYP3A5Smature
MRNA unless they ar€€YP3A5*1/CYP3A5%Teterozygotes.

Many previous studies have describe@€YP3A5*3, CYP3A54hd CYP3AS* A O OET | AE
I 606 h dyPBAZIéds.iHowever the effects oE YP3A5*aind CYP3A5*®n in vivosplicing
EAOA AAAT OEIT x1 O1 AA Ol AAEU6 CEOAT OEA EAAI
tissues of CYP3A5*&and CYP3A5*@arriers. (Kuehl et al. 2001 Lin et al. 2002. Many previous
studies have also tended to groupfCYP3A5*3, CYP3A5dhd CYP3A5* 70 infer population
frequencies of nonexpressers of CYP3A5. However the, independent, comparative effects of
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these CYP3AS5variants on CYP3A5splicing and protein expression have not been
experimentally established. Therefore, it is preferable to group th€ YP3A5*3, (PBA5*6and
CYP3A5*T7alleles as variants which can contribute to polymorphic CYP3A5 expressionhe
extensive interethnic variability in CYP3A5 expression has highlighted the need for careful
sampling of individuals when evaluating the importance of this ezyme in drug metabolism
(Foti and Fisher 2004 Quaranta et al. 2008.

CYP3A5 had previously been thought @&fs less important in the metabolism of CYP3A
substrates due to its polymorphic expression and the predominance of CYP3A4 expression in
the liver (Boobis et al. 199¢. However, recent work has not only challenged this view but
found that CYP3A5 represents at least 50% of the total hepatic and intestinal CYP3A content
in individu als who express the protein at high concentrationéLin et al. 2002. This has lead
to various studies concluding that variation in the DNA sequence @YP3A5nay be the most
important genetic contributor to interethnic and interpopulation differences in CYP3A
dependent drug clearancgKuehl et al. 2001 Lamba et al. 2002 Givens et al. 2003Zheng et
al. 2003, Foti and Fishe 2004; Frohlich et al. 2004 Xie et al. 2004 Mouly et al. 2003.

1.23.2 Regulation of CYP3A%anscription
CYP3ASranscription is regulated by a promoter situated upstream of exon 1, from

800 to +50 (Lamba et al. 2002 Burk et al. 2004. A diagrammatic representation of the
proximal promoter region, including all known transcription factor binding sites, is presented
in Figure 1.8. The 5proximal promoter region of CYP3A5has 89.6% homology to the
equivalent region of the pseudogene€CYP3AP1Finta and Zaphiropoulos 2000. High levels of
homology between CYP3A5and CYP3APlead to the initial characterisation of he CYP3A5
promoter region being incorrect (Jounaidi et al. 1994. Given the differences in CYP3A5
expression levels between different populations, it was hypothesised that promoter variants
were responsible forthe variability observed in enzyme activity. A study in 2000 identified
two variants, believed to be in the 5° promoter ofCYP3A5 as being responsible for the
variable activity (Paulussen et al. 2000 However, subsequent reports found that these
variants actually occurred in the 5 upstream region ofCYP3APland so could not be
responsible for polymorphic CYP3AS5 expressioiiLamba et al. 2002. A later stuly did find
that linkage disequilibrium (LD) between these variants and theCYP3A5*1allele is high
(Kuehl et al. 2001 although this is likely to be due to highdvels of LD across the entir€ YP3A
cluster (seechapter 5) (Thompson et al. 20086.

To date, few variants have been identified in theCYP3A5proximal promoter

(Nakamura et al. 200); none occurin known transcription factor binding sites of the gene;
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and none of the variants have been reported to be associated with low or altered CYP3A5
enzyme activity (Lamba et al. 2002 Xie et al. 2004. Due to high levels of LD across the gene,
these variants are often found on the same haplotype background as tG¥'P3A5*3llele (Xie
et al. 2004).

CYP3ASs not as inducible by nuclear hormones/genes a€YP3A4Lamba et al. 2002
Lin et al. 2002 and transcription is not known to be regulated by a distant enhancer located
~7000 base pairs upstream of theCYP3Acluster, as is the case fo€CYP3A4Matsumura et al.
2004; Martinez-Jimenez et al. 200h However, CYP3A5 is the major extraepatic CYP3A
enzyme (Lamba et al. 2002 Wojnowski 2004) and a previous study reported that CYP3A5
accounts for at least 50% of the CYP3A hepatic content in individuals who are horggous for
CYP3A5*1(Kuehl et al. 200). CYP3AS5transcription can be induced by a number of
transcription factors including specificity proteins (Sp) and nuclear &ctor-Y proteins (lwano
et al. 2001); both classes of these transcription factors are ubiquitous in human tissuéRoder
et al. 1999 Suske 1999 Kolell and Crawford 2002 and this may explain the large tissue rage
in which the CYP3A®geneis transcribed andCYP3A5 enzyme is expressed.

1.23.3 The 3" downstream region of CYP3A5
The 3" region of a gene is a critical regulator of protein expression. The 3" region

encodes a series of signals which can affect traasibn termination, the export from the
nucleus and stability of an mRNA transcripi{Neilson and Sandberg 2010 Polymorphisms
which occur in the 3" untranslatel region can significantly affect protein expression and
cellular localisation (Alt et al. 1980. Additionally, a numbe of mutations which occur in the 3"
region of specific genes have been associated with several disease pathologies, including
numerous cancers (Chatterjee ard Pal 2009. Several CYP3ABMRNA transcripts, with

alternate 3" ends, have been isolated from cancer cell linebtip://www.ncbi.nlm.nih.gov/ ).

Despite the importance of the 3" region, studies have estimated thaver half of all human
genes have multiple mRNA 3" enddian et al. 2005 Hughes 200§ suggesting that eikaryotic
gene regulation is much more complex than by the 5 region alone.

The 3" region of the fullCYP3ASranscript, known to encode a 502 amino acid protein

is 114 base pairs in length. To date three variants have been identified in the 3° UTR of

CYP3AS5(http://www.ncbi.nlm.nih.gov/ ) and of these two occur at global frequencies of over
1%. One of these variants, rs15524, is tightly linked to th€CYP3A5*3allele; although
experimental work has found that this variant alone does not influence CYP3A5mRNA

processing, nor does it impact protein expression in any other waiBusi and Cresteil 200%.
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Figure 1.8: The known proximal promoter region of CYP3A5Known regulatory motifs are in red text and underlined. The diagram has been adapted
from (Lin et al. 2002. Positionsare numbered according to the ATG start codon where base A is +1.

Abbreviations : NFSE, Nifedipine specific element; PRE/GRE, pregnane/glucocorticoid receptor element; ERE, oestrogen response element5HMENMan
nuclear factor-5; PXRRE (ERG6), pregnaneX receptor element with a six nucleotide everted repeat; BTE, basal transcription element.

=799 TCTATTCECIATCRACCRACRACGAG T CAGRGEEEAT CACRACGCCCRECRARTCTCACCCARGRACRRCTCCACCRARCATICC TG I TACCCRACCATETZTACRACGTR ~-700

-599 GeTAGACGRACGARMLGACGCEACALTACCRCTETCTGACGECEATAGCAGECACCCAGACCACGER AL TEET TACATTTGTGTCAGCAGETTGETALAGEARALLT —500
-489% TTTAGCRGRAGEEGTICIGTCTGECTGGEC T TGGARGEGATACGTAGGACTCATCTACGAGECGCACLGGTACACTCCAGGCAGAGEGRAATTTCCTGEGTARLE —400

NFSE CRAT

-38% ATGTGTAGCTIGTEGCTIGTCAGEATCGGAT TTCARTTATTCTAGRATCAAGECAGCCATGEAGGGGCAGGTGAGRAGGRAGEGTTRAATACATTTCATGCCARAT —300

FRE/GRE ERE HNE-5 FAR-RE (ER-6)

-2898% GECTCCACTTIGRGTTTCTGATARAGRARCCCAGARCCCTTEGACTCCCCGATARCACTGATTARGCTTTTCATGATTCCTCATAGRACATGRAACTCARARGE —200

Octamer motif BTE TATE box

-1%% GGTCAGCRRAGEEGTETIGTECGATTCTTTGCTATTGECTECAGCTATAGCCCTGCC TCCTTCTCCAGCRCATARATCTTTCAGCAGCTTGECTGRARGACT —100
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1.2.4 Drugs metabolised by CYP3A5

Variability in CYP3A5 expression has a significant effect on drug treatmerglated
adverse clinical outcomes and disease soeptibility. A significant proportion of CYP3A
substrates are metabolised ty both CYP3A4 and CYP3AT hese enzymes overlap in their
substrate specificity, however studies have shown that overlapping substrates are
metabolised much more efficiently in indivduals who express both CYP3A5 and CYP3A4 than
in individuals who solely express CYP3A4Lin et al. 2002 Zheng etal. 2003 Mouly et al.
2005; Mirghani et al. 2006. It should be noted that it is unclear whether an increase in
metabolism is due to the specifiity of CYP3A5 for certain CYP3A substrates, or due to the
presence of two CYP3A enzymes that are equally efficient at metabolising CYP3A substrates
and hence enable much more efficient metabolism. However studies have found a significant
contribution of CYP3A5 in the metabolism of HIML protease inhibitors, drugs used in the
treatment of severe malarial infection, kidney diseases and mental illness. In each of these
examples, the contribution of CYP3A5 to drug metabolism was greater than CYP3K4iehl et
al. 200%, Lin et al. 2002 Givens et al. 2003Zheng et al. 2003Frohlich et al. 2004 Wojnowski
et al. 2004 Mouly et al. 2005 Mirghani et al. 2006 Kohlrausch et al. 2008.

1.2.4.1 HIV-1 protease inhibitors
One of the most important clases of drugs that are metabolised by CYP3AS5 are

protease inhibitors used in the treatment of HIV1 infections (Haas et al. 2006Josephson et
al. 2007); one of the best studied examples in pharmacogenetics is saquinagrohlich et al.
2004; Mouly et al. 2005 Josephson et al. 2007

Saquinavir is a HIV1l protease inhibitor and has been reported as having low
bioavailability (the proportion of a drug that is available to the target body tissue after
administration) due to extensive first phase metabolism by Cytochromes P45Frohlich et al.
2004; Mouly et al. 2005. Clinical studies have also found that saquinavir bioavailability has
interethnic and interpopulation variability; a feature that is consistent with CYP3A substrates.

Recent studies have found that sadmavir bioavailability is influenced by hepatic
CYP3A5 conten{Frohlich et al. 2004 Mouly et al. 2005 Josephson et al. 2007 In one study,
urine samples were tested for parent/metabolite ratio. Increased bioavailability would result
in a higher proportion of metabolite than parent compound. The study fand that the ratio
was independent of CYP3A4 activity, however in individualgenotyped with at least one
CYP3A5*hllele; hepatic expression of CYP3AS5 correlated positively with a higher proportion
of metabolite in the urine samples and furthermore the poportion was twice as high as that

for individuals heterozygous or homozygous foICYP3A5*3i.e. low/non-expressers(Mouly et
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al. 2005). Significantly, intestinal CYP3A5 content was not correlated with increased ratio of
metabolite to parent compound; indicating a significant role for hepatic CYP3AS5 in saquinavir
metabolism.

An additional study found that patients who were homozygous for two low/non
expresser CYP2\5*3 alleles had a 34% increased likelihood of treatment failure; individuals
who were heterozygous forCYP3A5*1/CYP3A5*Bad increased time to clear the drug from
the system compared to CYP3A5*1homozygotes. Thus patients who wereCYP3A5*3
homozygotes wee exposed to the toxic compound saquinavir for a longer period of time than
patients who were CYP3A5 expressers; and so at increased risk of adverse clinical effects
(Josephson et al. 2007

Aside from saquinavir, researchers are now assessing the role of CYP3AS5 in the
metabolism of other drugs used in the control of HIM infections, and for new antiretroviral
agents such as Maraviroc which targets the chaskine receptor CCR5 on the host cell with the
aim of blocking viral entry. A recent study found that CYP3A5 appeared to have a role in the
bioavailability of this drug but concluded that further work was required to determine the
exact nature of the interation (MacArthur and Novak 2009.

These studies highlight a significant role for CYP3A5 in the metabolism of drugs used
in the control of HIV-1 infections. They have also provided evidence for the importance of
hepatic CYP3AS in the metabolism of CYP3A, and CYP450, specific substrates.

1.2.4.2 Drugs used in the treatment of severe malarial infections
CYP3A ardnvolved in the first phase metabolism ofdrugs used in the treatment of

malaria infections (Mirghani et al. 2006 Diczfalusy et al. 2008 Ferreira et al. 2008. In
malaria endemic regions, the recommended first line of treatment for uncomplicated malaria
is artemisinin-combination therapy (ACT) in which an artemisinin containing drug (e.g.
artemether) is paired with another anti-malarial agent (Cook et al. 2009. Artemisinin has
been shown to be a substrate for CYAA4 in vitro andin vivo (Ferreira et al. 2008 Piedade and
Gil 2011); few studies have examined the abty of CYP3A5 to metabolise this compound.
However studies have reported a role for CYP3A5 in the metabolism of quinine; an agent used
in the treatment of severe malarial infections(Mirghani et al. 2006 Diczfalusy et al. 2008
Ferreira et al. 2009§.

In 2006 (Mirghani et al. 2006 explored the relationship between CYP3Ab5variation
and quinine metabolismin Tanzanian and Swedishndividuals. Healthy participants were

given one 250mg oral dose of quinine hymchloride and a blood sample was taken from each
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participant sixteen hours post drug administration.The invedigators measured the metabolic
ratio of quinine hydrochloride (the parent compound) to 3hydroxyquinine (the primary
metabolite with anti-malarial properties). Individuals who were found to have high levels of
3-hydroxyquinine in their blood compared to quinine hydrochloride (i.e. had a low metabolic
ratio) were considered to be efficient metabolisers of the oral drugEach participant was
genotyped for the CYP3A5*1/CYP3A5*3, CYP3A%Ht CYP3A5*&lleles and inferred CYP3A5
expression phenotypes were compared to the metabolic ratio of parent compound to
metabolite to examine the association.

Tanzanians had a significantly lower mean quinine metadic ratio when compared to
Swedes i.e. Tanzanians on the whole metabolised quinine hydrochloride much more
effectively than Swedish participants were able to. The study also found th@ianzanians were
more likely to express CYP3AS5 at detectable levels, @lto higher frequencies of theCYP3A5*1
allele than observedin the Swedish group;consistent with independent reports (Hustert et al.
2001; Kuehl et al. 2001 Roy et al. 2005 Quaranta et al. 2009. Inferred low/n on-expressers of
CYP3A5 from both populatios had high quinine metabolic ratios, i.e. low concentrations of
the primary metabolite 3-hydroxyquinine but high concentrations of the parent compound
quinine hydrochloride in the blood, indicating that the bioavailability of the active compound
was low. Conversely, individuals who were CYP3A5 expressers had low quinine metabolic
ratios, i.e. high concentrations of the primary metabolite 3wydroxyquinine and low
concentrations of the parent compound quinine hydrochloride in the blood. This suggests a
role for CYP3A5 in the metabolism of this drug substrate. Interestingly the study also found
that Tanzanians who did not express CYP3A5 (i.e. only CYP3A4 was expressed) were
significantly less able to metabolise quinine than Swedes who only expressed CYP3AACSI
malaria is endemic in Tanzania and not Sweden, this is an important example of how

population-specific expression of CYP3A5 could hasggnificant clinical implications.

1.2.4.3 Drugs used in the treatment of mental illness
Previous research has idetified a role for CYP3A enzymes in the metabolism of

various drugs used in the treatment of depression and other mental illnessékin et al. 2002
Floyd et al. 2003 Eap et al. 2004Wong et al. 2004 Yu et al. 2004 Fromm et al. 2007 Kang et
al. 2009. A recent paper found a significant role for CYP3A5 in the metabolism of certain
drugs used to manage schizophrga in EuropeanBrazilian patients (Kohlrausch et al. 2008.
This study examined the influence of SNPs in five genes on the ability to respond to

treatment with haloperidol and chlorpromazine in 186 EuropeanBrazilian patients with
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schizophrenia; both drugs need to be metabolised for bioavailability of active compounds.
Patients were identified as nonresponders to treatment if they were unable to metabolise

either or both of these drugs and if they did not demonstrate appropriate behavioural control

within two years of starting therapy.

A total of 40 known SNP$n five genes (two dopamine receptorsDRD2and DRD3and
three Cytochrome P450 genesCYP2D6, (P38A4 and CYP3A)» were genotyped based on
evidence of their effect orprotein function; a single SNP was genotyped IDRD2 five in DRD3
24 polymorphisms in CYP2D6nine inCYP3A4nd one inCYP3A5

Multiple logistic regression analysis found that indivdluals who had at least one copy
of a haplotype of mutations at all five loci of the dopamine receptddRD3and who had one
copy of theCYP3A5*3llele had a significant reduction in the ability to respond to treatment.
Individuals homozygous for theCYP3AS3 allele but did not have mutations in the dopamine
receptor DRD3had a resistance to treatment, although resistance to treatment was not as
severe in these patients as in those who had mutations in both of these genes.

This study was one of many that &ve examined the effect of variation in CYP450 on
the ability to metabolise drugs used in the treatment of mental illnes@.in et al. 2002 Floyd et
al. 2003 Eap et al. 2004 Wong et al. 2004 Yu et al. 2004 Fromm et al. 2007 Kang et al.
2009). However it should be noted that it is unclear as to whethe€YP3A5variation affects
the ability of an individual to aborb these drugs, into the site of action, or on the ability to
excrete drugs effectively from the system. Further research will need to establish the
molecular interactions between the enzyme and substrate in order to determine the exact role
of CYP3AS irthe metabolism of these drugs.

1.2.4.4 Drugs used in the management of patients post solid organ transplantation
One of the best studied examples of CYP3A substrates are therapeutic drugs used in

the management of patients following solid organ translantation. When individuals undergo
solid organ transplantation there is a high chance that the transplanted organ will be rejected
Au OEA DPAOEAT 080 EIiI OT A OUOOAI8 &illixETC
immunosuppressive drugs to manage this immuneesponse. Aside from problems that exist
due to compliance of patients with taking these medications, there is a high degree of
variability in treatment outcome following surgery; of which a significant proportion can be
attributed to variation in response to immunosuppressive therapy.

One of the most commonly used drugs following solid organ transplantation is
tacrolimus (lwasaki 2007; Cattaneo et al. 2008 Tacrolimus can be administered both orally

and intravenously. High rates of interethnic variability in drug treatment have been reported
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for orally administered tacrolimus; a feature that is consistentwith CYP3A substrates
(lwasaki 2007). Intravenously administered tacrolimus displays minimal interethnic
variability and improves clinical outcome (personal ommunication with Dr lan MacPheej.
However intravenous administration of the drug is a lengthy and difficult process due to the
need for repeated injections every four hours within hospital and after discharge of the
patient; it is for this reason that oml administration of this compound is favoured over
intravenous administration and studies have attempted to adjust oral concentrations of
tacrolimus to improve clinical outcome. Tacrolimus is a substrate for multiple drug
metabolising enzymes, including hose outside of the CYP450 superfamily, howevénere is a
significant association between the effective metabolism of the drug andYP3Ab5expression
(Hesselink et al. 2003 Zheng et al. 2003Goto et al. 2004 Zhao et al. 2005 Quteineh et al.
2008).

Tacrolimus needs to be metabolised in order to become active and enable
immunosuppression. Tacrolimus has a narrow therapeutic index; i.e. there is a narrow
window between concentrations of the drug that ae effective and concentrations that are
toxic to patients. Therefore the interethnic variability in drug response is problematic as
standardised dosing of this drug following surgery has biased against groups of individuals
who are much more likely to expess CYP3A5 than groups who do notndividuals who
express CYP3AS5 tend to metabolise tacrolimus at a much faster rate than low/non expressers,
therefore they have an insufficient dosage to ensure immunosuppression and higher rates of
organ rejection. Convesely, low/non expressers of CYP3A5 tend to metabolise tacrolimus at
slower rates than CYP3A5 expressers which is problematic as they are exposed to a toxic
compound for longer periods of time and have increased levels of liver toxicifHesselink et
al. 2003 Zheng et al. 2003Goto et al. 2004 Zhao et al. 2005 lwasaki 2007; Cattaneo et al.
2008; Quteineh et al. 2008.

Therefore it has become necessary to examine how best to tailor tacrolimus treatment
to an individual patient based on theirCYP3A5yenotypic profile. However this will require
further studies on other factors that can affect tawlimus metabolism as it is not understood
how multiple proteins involved in tacrolimus metabolism may interact at the molecular level

and whether this influences tacrolimus bioavailability(Cattaneo et al. 2008

240 )AT -AAOEAA EO A1 AAAAAT EA AT1001 OAT O 1TAPEOITI
specific interest in kidney transplantation. He has published numerous papers on the
pharmacogenetics of tacrolimus
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1.2.5 CYP3A5 and disease risk

Variability in CYP3AS5 expressions also attributed to inter-ethnic differences in the
risk of developing certain diseases, including ertension (Fromm et al. 2005 and kidney
diseases(Givens et al. 2003 Zheng et al. 2003 Quaranta et al. 2008. Controversial and
contested reports have identified associations betweeRYP3Amlleles andincreased risk for
the development of different cancers(Dandara et al. 2005 Zhenhua et al. 200%. Elevated
diseaserisks may be associated with the role of CYP3A5 in the metabolism of endogenous
substrates including oestrogens, testosterone, androgens and steroid hormon@samba et al.
2002). Of all identified disease risks, the best studied example is the associatietween salt

sensitive hypertension andCYP3ASgenotypes.

1.2.5.1 CYP3AGS variability and hypertension ks

Hypertension is a leading cause of global morbidity, affecting approximately 3%5%
of the adult population in Europe(Wolf-Maier et al. 2003 and an even higher proportion of
adults in Asia and Africa(Brown 2006). Hypertension is diagnosed based on readings of the
pressure at which blood is pumped from (systolic blood pressure) and to the heart (diastolic
blood pressure). Hypertension is categorisednto three major categories: prehypertension,
stage one hypertension and stage two hypertension (National Institute for Clinical Excellence
[NICE], United Kingdom:
http://www.nice.org.uk/newsroom/pressreleases/NewGuidelineForDiagnosingAndTreating
HighBloodPressure.jsp). A diagnosis of hypertension is made when readings of systolic and
diastolic blood pressure, for an individual patient, are consistently in the range for classifying
stage one hypertension.

A number of dietary and environmental factors are ssociated with hypertension,
however more recently genetic associations have also beeadentified (Bochud et al. 2009.
Associations between high CYP3AS5 protein expression levels and hypertension have been
reported (Givens et al. 2003Fromm et al. 2005. CYP3AS5 is involved in the mebmlism of the
AT AT CATT 06 0OO0A 00 GHyddkycoridol) & ke | régulatdri of rerjal sodium
transport (Wrighton et al. 1990). Selective inhibitors of CYP3A5 have been found to deesse
OEA 1 A &kdroxytorisol@nd decrease blood pressuréWatlington et al. 1992. It has
been proposed thatCYP3A5*Icarriers have enhanced sodium reabsorption r&d, given the
high frequencies of CYP3A5*1lin populations with recent African ancestry, it has been
proposed that high frequencies of thisCYP3A5allele are advantageous in equatorial

populations in times of water shortage(Kuehl et al. 2002 Thompson et al. 2004. However,
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there are conflicting data on whetherCYP3A5*1s associated with hypertension, and where
associations have been observed, there are conflicting data on whether the association is to
increase or decrease blood pressuréBochud et al. 2009. The associations betwee€YP3A5*1
and hypertension appear tobe more pronounced in populations with recent African ancestry
(Thompson et al. 2004. However there may be a possibility of ascertainment bias in studies
which only sample African or AfricanAmerican populations as they are known to have high
frequencies of CYP3A5*1Comparisams of populations with recent African ancestry and other
global populations will provide a better indication of how important CYP3A5*1lis in

hypertension physiology.

1.3 Part lll: Population genetic theory and selection

Population genetics examines variton in haplotype and allele frequencies to
determine which evolutionary processes have occurred, or are occurring within and between
populations. Mutation is the main source of genetic variation. The three main processes which
can influence allele and halptype frequencies are gene flow, drift and selectiorfHedrick
2007). Population genetics models need to account for, and differentiate between, each of
theseprocessesto explain observed patterns of diversity. Of particular relevance to this thesis

are methods used to detect selection.

1.3.1 The different trajectories of neutral and selected mutations

Selection may influence allele and haplotype frequencies, we can compare the
trajectories of neutral and selected mutations Figure 19a). The two graphs compare changes
in the frequendes of selected and neutral mutations over time. The frequency of a neutral
mutation is entirely dependent upon genetic drift. A neutral mutation can rise to high
frequencies/fixation, but this process is much slower than for a selected allele; as seertlie
top graph.

In contrast, the time taken for an allele that confers a selective advantage increase
in frequency is much lower than for neutral alleles. In either graph, new alleles are being
continuously introduced into the population by mutation, but alterations in their frequencies
are entirely dependent upon genetic drift; consequently many mutations remain at low

frequencies or are lost frompopulations.
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1.3.2 Signatures of positive selection within the human genome

The majority of new mutations are lost as a result of random genetic drift. The neutral
theory of evolution proposes that the majority of inter and intra-population differences in
allele frequencies are a result of random fluctuations in the frequencies of neutral mutations
(Kimura 1979; Kimura 1991). Population genetics models have been developed to identify
i AOEOh 1 O OfCsel€rtioA Githid Ah@ diimani genome(Sabeti et al. 200J. An
overview of models for detecting positive selection, which are relevant to work presented in

this thesis, is presented below.

Figure 1.9a: The different trajectories of neutral and selected mutations. Image has been taken frdm
Rienzo, A. (2007), "The Signature of Local Adaptations in Human Polymorphism Data": a talk from the
Henry Stewart Biomedicaland Life Sciences collectionvfww.hstalk.com/bio).
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1.3.2.1 Comparing norsynonymous and synonymous mutations
Population genetics has focused on examining how variation within gene coding

regions may be a result of selection. Exonic variants tend fall into two categories: those
which are predicted to alter protein structure/ function (often non-synonymous/harmful
mutations) and benign (synonymous) mutations.

Deleterious mutations are unlikely to reach high frequencies within a population;
therefore if a nonsynonymous mutation is neutral it will increase in frequencyat the same

rate as synonymous mutations. This can be measured by comparing the ratio of non
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synonymous (dv) to synonymous (d) changes. If a norsynonymous change is neutral then
the ratio dn/d s will be equal to 1; if the change is deleterious then it will not reach high
frequencies/fixation and dv/d s will be equal to less than 1; if a nofsynonymous change is
advantageous then d/ds will be equal to greater than 1. If an excess of hgfrequency
function-altering variants are observed in the data, which can be tested using a McDonald
Kreitman test (McDonald and Kreitman 199), then it may indicate an adaptive
change/positive selection for a particular mutation.

Whilst this method has been useful in identifying changes which can affect the
expression and function of particular genes; it werlooks the role of norcoding and regulatory
genomic regions which can also affect gene function and expression. An additional limitation
of this test is that it relies heavily on the assumption that nosynonymous variation is
function altering when this is not universally the caseHowever this test is useful for

evaluating coding region selection.

1.3.2.2 Allele frequency spectrums

As seen in Figure Ba, an adaptive allele will rise to high frequency along with
additional neutral variation to which it is tightly linked; this is known as a selective sweep, see
Figure 19b. Here an adaptiveallele arises in the population,is selected for andtherefore

increases in frequency; eventually definingll haplotypes within a population (Figure 19b-c).

Figure 1.9b: The mechanism of a selective sweep whereby an adaptive alléghown in blue) increases
in frequency along with all tightly linked neutral variation (shown in red), and eventually goes to
fixation, as a result of a selective sweep. The image Haeen taken from(Kelley and Swanson 2008

a b 4
L ] I C =, e ===
@ @ [ ] - L = ] [ -
a e | — & ® & ®
i Neutral allele & Adaptive allele
"’h Weir BS. 2008.
Annu. Rev. Genomics Hum. Genet. 9:129-42

A reduction in polymorphism levels is often seen following a selective sweepitil
new mutations or recombination events increase variation in and around the selected region).
The overall mutation rate in the human genomés estimated to be 168 (Jobling et al. 20@) for
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each nucleotide per generation. Given the rapid increase in frequency of an adaptive allele,

along with all tightly linked variation, new mutations often do not accumulate on these
haplotypes and those that do are rare and so observed at low fregucies (Figure 19).
AEAOAE OA AT AGAAOO 1T £ OAOA Al 1 ADéadidtic (XafintaAE A A
1989), and a reduction in polymorphism levels, which calbe measured by the HKA test

(Wright and Charlesworth 2004, in a genomic region may indicate a past selective event.

1.3.2.3 High frequency derived alleles
Mutation can introduce new alleles into a population.Neutral mutations can rise to

high frequency as a result of genetic drifFigure 18); but this process takes much longer than

for selected alleles. During a selective sweep, derived alleles which are tightlyKlad to an
adaptive Al 1 AT A AAT OEOAKEEASLAGEAEGEEGAIADANBAD AR 8
may not increase in frequency as a result of an incomplete sweep, or recombination of the
selected region during a selective sweep. Therefore a regi@ontaining many derived alleles

at high frequencies can indicate a past selective event. A significant number of high frequency
AAOEOAA AT 1T AT AG AAT AA | (ksy@OWAZ00AU & AU AT A 701

1.3.2.4 Population differentiation
Population specific differences in allele frequencies may indicate differential positive

selection in one population over another. One of the most commanethods for identifying
population differentiation is the Fsr statistic (Wright 1950). Fst measuresthe significance of
population differences in allele frequencies; the statistic ranges from 0 to 1; where 1 indicate
that inter-population allele frequencies are different.

However there are problems associated with forming conclusions about differential
selection based on use of th&sr statistic alone. Large differences in allele frequencies are
estimated to occur at over 30% of all polymorphic loci identified in the human genome.
Furthermore, demographic factors; in particular population bottlenecks wiere substantial
genetic diversity is lost(Manica et al. 2007, can mimic a signature of positive selection and
lead to significant inter-population differences in allele frequencies and ifrsrvalues (Hofer et
al. 2009. Additionally the Fsy statistic will identify inter -population differences for both
neutral and adaptive alleles. Therefore thdest should be used in conjunction withthose
which examine functional implications of particular loci in order to identify adaptive alleles.
Inferences about positive selection in the human genome should also use additional tests, in

conjunction with the Fsrstatistic.
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1.3.2.5 Haplotype based methods for detecting selection
In addition to allele frequency tests of selection; there are also those which examine

haplotype diversity and structure. As mentioned previously, a single allele can be a target of
selection but it will often rise to high frequency along with a tightly linked genomic region;
known as a haplotype (or large linkage disequilibrium block). Selective sweeps can be both
hard and soft; and each with different signatures on haplotypes surrouwting the adaptive
allele.

A long region of extended haplotype homozygosity (EHH) surrounding the adaptive
allele is often seen after a hard sweepThis is seen as additional mutations would not have
had time to accumulate on a region tightly linked to aadaptive allele, and recombination will
not have been able to rearrange genomic regions to increase diversif)kim and Nielsen
2004). Many scans for signatures of hard selective sweeps have identified multiple regions
believed to have undergone positive selectiofSabeti et al. 2002Sabeti et al. 2006 Sabeti et
al. 2007) and through the use of a long range haplotype (LRH) test identified regions of low
diversity tightly linked to adaptive mutations (Sabeti et al. 2002.

However there are instances where a previously neutral allele may become
advantageous, perhaps due to new environmenkaconditions, and so becomes adaptive and
selected for. This allele may increase in frequency to fixation rapidly due to a selective sweep
on standing neutral variation. Given the previous neutrality of the now selected allele, there is
likely to be substatial diversity in the haplotype classes which have now risen to high
frequency. This is due to recombination and mutation events during the neutral phase of the
allele; additionally tightly linked regions may be smaller and so unsuitable for examination
with the LRH test. A review of selective sweep&Pritchard et al. 2010 proposed that soft
selective sweeps would enable necessary adaptation and were perhaps much more prominent

in our evolutionary history than hard selective sweeps alone.

1.3.3 CYP3A5 and th saltretention hypothesis

Some previously published studies have attempted to explain the significant inter
population differences observed in the frequencies of low/norexpresser CYP3A%Salleles. A
paper by (Thompson et al. 2004 found a strong positive correlation between high
frequencies of a low/non-expresserCYP3A&llele; CYP3A5*&nd distance from the equator.

The authors speculated that the CYP3A5expresser allele; CYP3A5*1 may be
advantageous in populations close to the equator due to the role of CYP3AS5 in sodium
reabsorption and water retention. CYP3A5 is responsible for the conversion of cortismto
QrEUAOT GUAT OOEOT |1 -hyBirbxycddtisol is EngoAtdntAin) @aint@ining immune
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responses that cause inflammation, and is a key regulator of renal sodium transport
(Wrighton et al. 19908 | OEAA -hidifsAoktiéol id iMEreasgd sodium and water
retention which is responsible for the clinical phenotype of salsensitive hypertension. For
equatorial human populations, retention of salt and water was proposed to be adrtageous;
particularly during periods of water shortage. However the retention of salt in populations
residing in non-humid climates is disadvantageous and so it was proposed that the correlation
between high frequencies of CYP3A5*3and increased latitude was due to a selective
advantage in nonequatorial populations to not readily retain salt as much as populations
from humid climates.

In fact a strong positive correlation is observed between increased latitude and
functionally important variants of genes implicated in saltsensitive hypertension (Young et
al. 2005). Given the substantial diversity observed in suisaharan Africa, it will be interesting
to see wheher there is any evidence of longitudinal differences in low/norexpresserCYP3A5

allele frequencies between populations from the suzontinent.
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1.4 Aims and overview of thesis

The overall objective of this thesis is to examine whether there are signifiat inter-
population differences in, and evidence of positive selection on, the gene encoding the drug
metabolising enzyme Cytochrome P450 3A5 (CYP3AS5) in s@aharan Africa; with a specific

emphasis on Ethiopian populations.

The specific aims addressewithin each of the results chapters are as follows:

1. To determine and compare the frequencies of the three main low/noexpresser
CYP3AGlleles: CYP3A5*3, CYP3A5aBd CYP3A5*And the expresser alleleCYP3A5*1
in 36 geographically and ethnically distinct populations from in and around sub

Saharan Africa.

2. To examineintra-African diversity within a ~ 4.5kb region of CYP3A5To compare sub
Saharan African diversity in theCYP3Agene with data previously reported for global

populations.

3. To identify novel varants, from sub-Saharan African resequencing data, that may

affect CYP3ASranscription, translation or CYP3A5 expression.

4. To compare diversity within a ~12.3kb region of CYP3ASn five ethnically distinct
Ethiopian populations. To then compare diversity within an overlapping re-
sequencing data for an 8063 base pair region ac€YP3A5 between Ethiopians and

other global populations.

5. To characterise the evolutionary relationships between expresser and low/non

expresser CYP3A5 haplotypes and to date low/nonexpresser variants.
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2. Materials and Methods

2.1 DNA samples and population histories

All samples re-sequenced and genotyped for this thesisre part of a large DNA
collection at University College London, UK. The samples were collected anonymously and
with informed consent (verbal in Africa) from specified locations in and around Africa [ethical
approval: UCLH 99/0196]. Additional ethical approval was obtained from the Ethiopian
Science and Technology Commission in Addis Ababa for Ethiopian collections. Haenples
were collected from males aged 18 years and over, and unrelated at the parental and paternal
grandparental level. Sociological data including age, current residence, birthplace, primary
language spoken, selfleclared ethnic identity and religion ocE OEA ET AEOEAOAI h C
father and paternal grandfather were also collected. Individuals were grouped, either by the
I TAAOEIT £mEOI I xEEAE OEAU xAOA ATI11 AAOA%Knel O AL
criterion for inclusion of individ ual samples was thathey could be grouped with at least 19
other individual samples by either ethnicity and/or a shared language familywithin a
particular location. Individuals who could not be grouped by ethnicityand/or shared
language family were exalded from the studies.Samples were not grouped according to
country; the partitioning of the African continent by colonial powers was recent and largely
irrespective of ethnic identities (Pakenham 199). Analysis of subSaharan African diversity

by ethnicity, language o specified location within Africa is an appropriate method.

2.1.1 DNA samples used forisequencing of CYP3A5

Thirteen sub-Saharan African sample sets were chosen for-sequencing of CYP3A5
The entire CYP3AScoding region, exorflanking introns, proximal promoter and 5" and 3’

gene flanking sequence, were rgequenced in five Ethiopian populations.

2.1.1.1 Ethiopian samples
The five populations resequencedfor this thesis overlap completely with those used

to characterise genetic variation at theCYP1A2locus (Browning et d. 2010). The five
Ethiopian groups represent a rough northeast to southwest transect across Ethiopia (Figure
4.7). Pairwise Fsr estimates, based on Ethiopian Y chromosome and mitochondrial DNA
hypervariable region 1 data (unpublished), suggest that thenajority of Ethiopian genetic

variation is captured by sampling a northeast to southwest transect across the country.
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2.11.1.1 Afar
The Afar are a pastoralist population located primarily in the Afar region, located in

the northeast, of Ethiopia(Lewis 1994). The 2008 census reported that the total population
size of the Afar as 1,276,372 (http://www.ethnologue.com/web.asp). The Afar language &
member of the Cushitic branchof the Afro-Asiatic language family (Lewis 1994). Given the
harsh environmental conditions of the Afar region the population are nomadic pastoralists,
who raise goats, sheep, camels and cattle in the des€@etachew 1998 Getachew 2002. The
pastoral and nomadic practises of the Afar aremilar to Arabs (Murdock 1959) and it is likely
that genetic diversity within the Afar has also been shaped by Arab migrations in and out of
the region (Henze 200Q Kivisild et al. 2004; Lovell et al. 2005.

21.1.1.2 Amhara
The Amhara are one of the most politicayl influential and powerful groups within

Ethiopia. The Amharic language is one of four national languages; used in government,
education and commerce. Amharic is a Semitic language from the Af#giatic language
family. The Amhara are found all over the amtry but mainly reside in the Amhara region in
central Ethiopia and in Addis Ababa (http://www.ethnologue.com/web.asp). The 2008
census reported that the Amhara population is approximately ~20,000,000. The Amhara are

culturally, linguistically and genetically similar to Arab populations(De Stefano et al. 2002

21.1.13 Anuak
The Anuak are one of the smallest ethnic groups; the 2007 census estimated thae t

total population size is ~86,000 (http://www.ethnologue.com/web.asp). The Anuak live in

Oi Al1 ATi1 O1 EGEAOG 1T &£ sunmn ET OEA ' Ai AAT A OACE
Sudan(Lewis and SIL International 2009. They are culturally, linguistically and hisorically

different from the dominant ethnic groups within Ethiopia. The Anuak language is part of the

Eastern Sudanic branch of the Nikbaharan language family.

21114 Maale
The Maale are also a small ethnic group (98,114 individuals according thet 2007

census) who reside in the southwest of Ethiopia in the Omo region, southeast of Jinka
(http://www.ethnologue.com/web.asp). The Maale language is from the Omotic region of the

Afro-Asiatic language family.

50



21115 Oromo
The Oromo are one of thdargest ethnic groups within Ethiopia; the total number of

Oromo individuals was reported as 25,448,344 in 2008. The Oromo reside predominantly in
the Oromo region, west and central Ethiopia; although they are also found in Kengidenze
2000). The Oromo language is part of the Cushitic branch of the Affsiatic language family

and is widely spoken in Ethiopia.

2.1.1.2 Non-Ethiopian subSaharan African populations
SevenCYP3A®xons, and their flanking introns, were resequenced in eight additional

sample sets from subSaharan Africa. The entire gene could not be #squenced in these

individuals due to time and funding constraints.

21121 Asante
The Asante are a population wh reside in the Ashanti province in the south central

region of Ghana (http://www.ethnologue.com/web.asp). The Asante speak three dialects of
the Akan language family (Twi, Asanti and Achanti) which are all from the AtlantiCongo
branch of the NigerCongoA language family(Lewis and SIL International 2009. The Asante
re-sequenced for work presented in this thesis are all Twi speakers; of which there are
approximately ~1,900,000 in Ghana (2004 Ghanaian census;

http://www.ethnologue.com/web.asp).

21.1.2.2 Bulsa
The Bulsa are a population found in the Sandema District in north central Ghana

(http://www.ethnologue.com/web.asp). Like the Asante, the Bulsa speak languages from the
Atlantic-Congo branches of the Nige€ongo A language familyLewis and SIL International
2009) and the 2003 Ghanaian census estimated the total population to be ~150,000.

2.1.1.23 Shewa Arabs
The Shewa Arabs resequenced in this thesis were collected from a number of

locations in the Lake Chad region of Cameroon. Shewa Arabs are spread over rpidti
countries including Chad, Niger and Cameroon. The first records of Shewa Arabs date back to
the 14" century and Shewa Arab ancestors are believed to have migrated from Sudan to Chad

(http://www.prayway.com/unreached/peoplegroups2/1752.html). The total number of
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Shewa Arabs is estimated at 1,1,39,000 (http://www.ethnologue.com/web.asp) and they all

speak a form of ArabiqLewis and SIL International 2009.

21.1.24 Mambila from Somie
The Mambila were collected from the village of Somie, Adamawa Province dmet

Nigerian/Cameroonian border. There are estimated to be 30,000 Mambila, the Mambila

language is a Bantoid languag@_ewis and SIL International 2009.

21125 Congolese from Brazzaville
The Congolese samples represent a mixture of ethnic groups from Brazzwiin the

2APOAT EA T £ #117¢cin EAOCAAEOAO AAI T AA O" OAUUAOQE
(Niger-Congo B).

21.1.26 Chewa
The Chewa are an ethnic group who reside in wesentral and southwestern Malawi

(Lewis and SIL International 2009; the Cheware-sequenced for this thesis were collected
from Lilongwe. The Chewa speak Chichewa, which is a Nigéongo B (Bantu) language
(http://www.ethnologue.com/web.asp) and ~7,000,000 were estimated to reside in Malawi

in the 2001 census.

21.1.2.7 Sena fromMozambique
The Mozambican samples represent a mixture of ethnic groups collected from Sena,

- T UAT AENOAN EAOAAAEOAO AAiI 1 AA O3AT A68 9%BNAOU EI
B).

2.1.1.2.8 Sudanese from Kordofan
Sudanese individuals collected rom Kordofan also represent a mixture of ethnic

groups collected from the Kordofan Mountains, just north of Khartoum. Each of the

individuals speaks an AfreAsiatic language.
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2.12 Additional populations genotyped for the CYP3AS5 geographic survey

An additional 23 populations were genotyped as part ofa geographic survey,
presented in chapter 3. The groupswere chosen torepresent as much African genetic

diversity, as possible.

2.12.1 Armenians
The Armenians were collected from the South of Armeniagvery individual speaks

Armenian (an Indo-European language) as their first language.

2.12.2 Anatolian Turks
The Turks were collected across East and West Anatolia; every individual speaks

Turkish (an Altaic language) as their first language.

2.12.3 Algerians
The Algerians were collected from Port Say in the North of Algeria; every individual

speaks Arabic (an AfreAsiatic language) as their first language.

2.124 Moroccan Berbers
The Moroccan individuals were collected from Ifrane and are all fronthe Berber

ethnic group. The Berber language is an AfrAsiatic language.

2.125 Northern Sudanese
Sudanese individuals collected from Khartoum; hereafter referred to as Northern

Sudanese individuals, are a mixture of ethnic groups. Every Northern Sudsse individual

speaks an AfreAsiatic language.

2.1.26 Wolof
The Wolof individuals were all collected from Dakar in Senegal. A 2007 Senegalese

census reported that there are 3,976,500 Wolof speakers across the world (3,930,000 in
Senegal (http://www.et hnologue.com/web.asp). The Wolof language is from the Atlantic

Congo branch of the NigeCongo A language family.
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2.1.27 Manjak
The Manjak individuals were all collected from the Southern region of Senegal. A 2006

Senegalese census reported that therere over 300,000 Manjak speakers across the world
(105,000 in the southwest of Senegal) (http://www.ethnologue.com/web.asp). The Manjak
language is from the AtlantieCongo branch of the NigeCongo A languagémily.

2.1.28 Kasena
The Kasena individuals were collected from the Navrongo district in the north central

region of Ghana. The Kasena all speak Kasem which is from the Atlas@imngo branch of the
Niger-Congo A language family. A 2004 Ghanaian census reported that there are 130,000

Kasem speakers irGhana.

2.1.29 Igbo
The Igbo were collected from the Calabar region of Nigeria. The Igbo are one of the

largest groups within Nigeria itself; a 1999 Nigerian census reported that there were
18,000,000 within Nigeria itself and they are spread all overtte country. The Igbo language is
Igbo and is from the AtlanticCongo region of the NigetCongo A language family.

2.1.210 Kotoko
The Kotoko were all collected from a number of locations in the Lake Chad region of

Cameroon. The Kotoko language is fronm¢ Chadic branch of the AfréAsiatic language family.

2.2.211 Mayo Darle
#Ail AOTTTEAT O &EOI I -AUlT $AO0I An EAOAAEOAO
Cameroonian ethnic groups all collected from the Mayo Darle region of Cameroon. Every

individual speaks a NigerCongo A language.

2.1.212 Southern Sudanese
Sudanese individuals collected south of Khartoum; hereafter referred to as Southern

Sudanese individuals, are a mixture of ethnic groups. Every individual speaks a N8aharan

language.

21.213 Bantu speakers from Uganda
Ugandan individuals collected fronthe Ssese Islands were a mixture of ethnic groups

and all are NigerCongo B (Bantu) speakers.
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2.1.214 Chagga
The Chagga are an ethnic group who are found in Tanzania. Chagga individualsever

collected from the area immediately surrounding Mount Kilimanjaro. The Chagga speak a

Niger-Congo B (Bantu) languagélLewis and SIL International 2009.

2.1.215 Yemeni from Hadramaut
The Yemeni individuals collected from the Hadramaut region are a mixture @thnic

groups; all of whom speak an AfreAsiatic language as their first language.

2.1.216 Yemeni from Sena
The Yemeni individuals collected from the Sena region are a mixture of ethnic groups;

all of whom speak an AfreAsiatic language as their firstanguage.

2.1.217 Ngoni
The Ngoni are an ethnic group from Malawi. The Ngoni were all collected from

Lilongwe. Ngoni speak Nyanja which is related to the Chichewa language of the Chewa from

Malawi (Lewis and SIL International 2009; most of the Ngoni speak th€hewa dialect.

2.1.218 Tumbuka
The Tumbuka are an ethnic group found predominantly in the north of Malawi and

around the west shore of Lake Malawi, but a small number of Tumbuka reside in Zambia
(http://www.ethnologue.com/web.asp). The Tumbuka individ uals genotyped for this thesis
were collected from Lilongwe. A 2001 Malawian census reported that the total number of
Tumbuka individuals is 1,142,000; and approximately 1,000,000 reside in Malawi. The
Tumbuka language is from the Atlantie€Congo branch otthe Niger-Congo B (Bantu) language

family.

2.1.219 Yao
The Yao are also an ethnic group found predominantly in the southeast region

surrounding Lake Malawi and bordering Mozambique, but individuals also reside in
Mozambique, Tanzania and Zambia (http/ivww.ethnologue.com/web.asp). The Yao
individuals genotyped for this thesis were collected from Lilongwe. The global Yao population
is estimated to be 1,916,000 (1,000,000 within Malawi). The Yao language is from the
Atlantic-Congo branch of the NigeCong B (Bantu) language family.
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2.1.220 Lomwe
The Lomwe are a Malawian ethnic group found in the southeast of the country. The

numbers are estimated at 250,000 and the language is a mixed language with the Lomwe
dialect of Mozambique, although it is a Nigr-Congo B (Bantu) languaggLewis and SIL
International 2009).

2.1.221 Zimbabweans from Mposi
The Zimbabwean individuals genotyped in this thesis were collected from Mposi, a

village near Mberwengwa, in Zimbabwe. The Zimbabweans were a mixture of ethnic groups

although all were NigerCongo B (Bantu) speakers.

2.1.222 Lemba
The Lemba are a southern African, Nige€ongo B (Bantu) speaking, tribe located in

Southern Africa who claim Jewish ancestry and observed many Semitic traditions including
Kosherlike dietary restrictions (http://www.freemaninstitute.com/Gallery/lemba.htm). The

Lemba genotyped for this thesis were all collected from Zimbabwe.

212.23 Bantu speakers from Pretoria
South African Bantu (NigerCongo B) speakers collected from Pretoria coisted of

mixed ethnic groups including the Tswana, Zulus and Sotho.

2.13 Samples used for integrative analyses

The African samples were analysed in a global context by performing comparative
analyses with CYP3Abre-sequencing and genotyping data that & available from online
resources and the literature. Some individuals have been genotyped or-sequenced as part
of multiple human DNA panels and care was taken to ensure that individuals were only

analysed once.

2.1.31 Coriell DNA samples
The bulk of integrative analyses were performed usingCYP3Ab5data which have

previously been published(Thompson et al. 2004 Thompson et al. 200§, and were kindly
provided by Dr Emma Thompson andProfessor Anna Di Rienzo from the University of

Chicago. TheCYP3AStudy was performed using samples from three Human Variation panels
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of the Coriell Cell Repositories (24individuals of recent European ancestry, 23 African
Americans and 23 Han Chinese from Los Angeles). The Coriell Institute have set up a number
of projects in order to examine the effect of human genetic variation, in multiple populations,
on healthcare outomes including neurological diseases and cancer risk
(http://www.cogforlife.org/imr90CoriellFullReport.pdf). Coriell DNA samples are all derived
from cell cultures, and since the publication of theCYP3ASsurveys by Thompsonet al, the
number of populations in the repositories has increased (http://ccr.coriell.org/). The
Europears, Han Chinese and Africamerican individuals are all unrelated and healthy
individuals. Unlike for the UCL collection, the Coriell samples are a mixe of male and female

samples.

2.1.32 Human Genome Diversity Pam¢lAT OOA A6 OOAA AO 0T 1 UIT OPEEC
Genotype data generated for the geographic survey (presented in chapter 3) were

analysed in a global context usingCYP3A5*1/CYP3A5*genotyping data for the Human

Genome Divesity Panet# AT OOA A6 %OOAA 01 1 Ui T-cBpHE)Epevidusly( O AE

published (Thompson et al. 2004, and kindly provided by Dr Emma Thompson anérofessor

Anna Di Rienzo from the University of Chicago. THdGDRCEPH panel is a large, and widely

used, collection of DNA samples from around the world. A total of 1063 individuals from 52

global populations are available from the HGDEEPH collection, the populabns were

collected with the aim of aiding studies of sequence diversity and human migratory and

population history (http://www.cephb.fr/len/hgdp/diversity.php/) and like the Coriell cell

repositories, the DNA is derived from lymphoblastoid cell lines. 10281GDRCEPH individuals

from 51 global populations were analysed alongside the African genotyping data in chapter 3.

Geographic ceordinates were also available for all samples genotyped from the panel to

enable comparisons of latitude with frequencies ofdw/non -expresserCYP3ARlleles.

2.13.3 NIEHS populations
The National Institute of Environmental and Health Sciences (NIEHS) have set up a

project to examine the effect of environmental factors and inteimdividual sequence variation

on disease risk in  human populations  (primarily  from  the USA)
(http://egp.gs.washington.edu/). The NIEHS SNPs programme is one part of the project in
which identified candidate genes were resequenced to identify common and rare
polymorphisms for functional analysis and pojplation-based studies. To dateCYP3A5has
been resequenced in 95 individuals from five ethnic groups (12 Yoruba, 15 African
Americans, 22Europears, 22 Hispanics and 24 East Asians [12 Japanese and 12 Chinese]) at
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25X coverage. Although NIEHS have a largesequencing survey, the data available online do
not currently allow for the extent of missing data, per individual, to be accurately deduced and

S0 integrative analyses were limited to genotype data alone.

2.13.4 HapMap samples
The International HapMap project is a collaborative initiative which aims to determine

the common patterns of human genetic variation to aid researchers examine genetic variants
which affect healthcare outcomes; such as the response to pharmaceutical drugs
(http://hapmap.ncbi.n Im.nih.gov/). Although common haplotypes occur within all human
populations, there are population specific differences in frequency, and in haplotype
structure, between global populations. The HapMap project comprises a total of 1184 samples
from 11 global populations (see Table 3.8)Altshuler et al. 2010. Genotype data from the
International HapMap consortium were used for integrative analyses with the dataegerated
from the CYP3ARxeographic survey in chapter 3. Genotype data for theYP3A5*1/CYP3A5*3
locus were available for each of the 11 population€YP3A5*&lata were available for some of

the populations; CYP3A5*data are not currently available from he HapMap project.

2.13.5 1000 Genomes data
The 1000 Genomes project was launched in 2008 and aims to be the most detailed

survey of human genetic variation in over 1000 study participants from 29 populations using

next generation sequencing technologis (http://www.1000genomes.org/a bout). The project

aims to characterise the most common genetic variants (those with a global frequency of

|l ppQ8 4EA pnmm 'ATT i A0 AAOA DPOIT i EOA O AA ET(
studies (Kuehn 2008 McGuire 2008 Gamazon et al. 2009Patterson 2011). However there

are limitations; currently the data available for the majority of individuals re-sequenced

(~1200) are low coverage (X2)XPennisi 2010). For each individual, the genome needs to be
re-sequenced in segments; which requires deep sequence coverage (estimated at X28 by the

1000 Genomes consortium) to ensure that the entire genomic sequence is covered. The
project aims to complete resequencing for the full set of samples at 4X coverage

(http:// www.1000genomes.org/about). While this will not provide the complete genotype of

each sample, 4X coverage is expected to allow for the majority of common variants (at a
AOANOGAT AU T &£ 1pbq O AA EAAT OEEZEAA | EOODGT:
presented in this thesis, 1000 Genomes rsequenceddata were not included for analysis as it

is possible that a substantial amount of genetic variation would be missed in integrative
analyses with the African datasets. Given that the 4X coveragegequencing d&a are due to

be released by June 2012, it was not possible to incorporate higher coveragesequencing
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data into the analysis due to time constraintddowever, genotyping data for the most common
functionally important CYP3A%ariants were extracted fromthe website and analysed as part

of the geographic survey(see chapter 3).

2.2 Experimental Methods

2.2.1 DNA extraction

DNA extraction from buccal swabs had been, previously performed, using a phenol
chloroform method (Freeman et al. 20038 " OEA & Uh ynntl T &£ ¢t Cxi 1 |
added to the sample tubes; which were left to incubate at a minimum of 2 hours at 60°C.

&I 11T xETC ETAOAAGCEITh ynntl T &£ OAIiPI A O1100EI ]
AT 1T OAET ET C:1 matio affphenol/cAibroformp The tubes were inverted to mix and then
centrifuged at 16,000xg for 10 minutes. Following centrifugation the supernatant/aqueous
DEAOA xAO OAI T OAA AT A OOAT OEAOOAA O Al AAT ps8
raiol £ PEATT 1 YTAEI T Ol &£ Of AT A ontl 1T &£ v- O AEODI
centrifuged again at 16,000xg for 10 minutes and the supernatant/aqueous phase again
OOAT OEAOOAA ET OI A Al AAT p8uil ADPPAT AT OF& OOARZ
again. Following the third centrifugation the supernatant/aqueous phase was transferred to a

Al AAT p8uvil ADPDPAT AT O& OOAA AT 1T OAETEITC xmmpl |1
inverted to mix and left to cool at-20°C for a minimum of 2 hours. Followng incubation the

samples were centrifuged at 16,0089 for 12 minutes after which the supernatant was poured

away and the tubes inverted at an angle for one minute to allow the final remnants of
OOPAOT AOGAT O O1 AOAET AxAU8 ¢dtadath tubedoligwedtoy A OE A1
centrifugation step of 16,000xg for 10 minutes. The supernatant was discarded and the tubes

left to drain (by inverting at an angle) for 20 minutes. The DNA pellet was resuspended in
onmntl T A& p@ 48%8 A éeHAaserC il mititesiwittOodcAstotal ntixind O A

Samples were pulse centrifuged and stored a0°C.

2.2.2 Primer design

Primers were designed by hand using a reference sequence obtained from NCBI
(http://www.ncbi.nim.nih.gov/). The CYP3ASeference was aligned with homologousCYP3A
sequences:CYP3A4, CYP3Aahd CYP3A43to ensure primer specificity. The primers were
then checked using the BLAT resource on UCSC Genome Browser (http://genome.ucsc.edu/)
and using NCBI BLAST (http://blast.ncbi.nlm.nih.go\Blast.cgi) to check specificity Primers
were provided by MWG Biotech®.
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2.2.3 Polymerase chain reaction (PCR)

DNA was amplified, by polymerase chain reactions (PCR), in 1@ghction volumes
containing 50pmol of each primer, 0.2 unitsTaq DNA polymerase(HT Biotech, Cambridge,
UK), 0.2iM dNTPs, 0.1 of 10x Buffer IV [7/50mM Tris-HCI, pH 8.8; 200mM (Nk&.SQ; 0.1%
(viv) Tween® 20 and 25mM MgCh] (Thermo Scientific®), and between 1620ng genomic
DNA. Cycling conditions were individually optimised for each @R reaction; eachassay
included an initial denaturisation followed by a minimum of 38 cycles of denaturisation,
primer annealing and elongation. Details of oligonucleotides used to amplify specific genomic
regions are provided in Table2.1. PCR cycles wer performed with the following conditions:
95°C for 5 minutes, followed by 38 cycles of 95°C for 40 seconds, (optimum aafieg
temperature, see Table 2.)FC for 40 seconds and 72°C for 40 seconds.

Approximately half of the CYP3ASegion re-sequenced in Ehiopian populations was
performed externally by Macrogen USA (http://www.macrogenusa.com/). Resequencing of
the 4448 base pair region in norEthiopian populations, and half of theCYP3Agene region in

Ethiopian populations, were performed by me.

2.2.4 Gel electrophoresis

—_)

0OOET O O OANOATAETC AT A A 1T11TxETC 0#2h ¢t
¢tl T &£ 1TTAAET C AOEEAOQ xAO TTAAAA 11 A ¢bp AC
COAI O 1T £ ACAOT OA AT A ¢t1 AOGEEAEOQI AOiti EAAQh A]

2.2.5 PCR cleatup

Priortore-OANOAT AET ¢ OEA Ai PIi EAEAA o0#2 POI AOAOD
excess nucleotide primers and salts. PCR cleap was performed using a polyethylene glycol
DOAAEPEOAOGEIT 1 AOET AN o dymie of théEPCR EcAction Aiktdke) wasj E 8 A
added to each well and mixed thoroughly before centrifuging at 3870rpm for 60 minutes.
Following centrifugation the supernatant, which contains excess nucleotides, primers and
salts, was removed by removing the platdids and inverting the plate onto a piece of tissue
AT A AART OOEAEOCETC CATOIU AO onmnoOPi A 0 on OARA
added to each well to remove any excess nucleotides or contaminants; this time the plate was
not mixed. The plate wasthen centrifuged again at 3870rpm for 10 minutes and the wash
discarded by inversion and centrifugation as described above. The purified DNA pellets were
air dried at room temperature, to allow for any excess alcohol to evaporate, and-seispended
ET ofistilled water.
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Table 2.1: A list of the primers used for PCR amplification and sequencing of CYP3Rdus shaded in light blue show the regions ocEYP3ASwvhich were only re-
sequenced in Ethiopians, boxes shaded in white show regions@¥P3A5vhich were re-sequenced in Ethiopian and North, West, West Central and South East African populations.

Region of CYP3A5 Fragment Primer sequences Fragment size Position from the Position on chromosome 7 Annealing Number of
name (base pairs) ATG start codon (NCBI Build 132) temperature (°C) PCR cycles
50 upstrear us E: 5-CACTTTGTTGATTGCTTTCTTTGTG-3" 631 -2 5 0 01870 99280019 - 99279389 60 40
R: 5-CTGGGGGAAAAGACAGTCTCTTC-3"
U4 F: 5-CATTTGTGAATAGTGGCTATTGTG-3" 632 -1 9 7 31342 99279492 - 99278861 60 40
R: 5-TGAAGAACTACCCCACAAGCA-3’
u3 E: 5"-ACTCAAATGCAGCCACACTGTGT-3" 633 -1 4 4 B17U 99278968 1 99278336 55 40
R: 5"-CACAATATCCAGAAATCCCCATGC-3"
Proximal promoter u2 E: 5"-ACACATCTTTACCCACGAAATTC-3" 520 -9 1 4-396 992784331 99277914 55 40
R: 5-TTATGAGGAATTAAGTGGCAGAA-3"
Proximal promoter Ul F: 5-CGCCACTTTCCTTCTTCAACTG-3" 511 -5 1 1-220 99278030 1 99277541 55 40
R: 5-TAAGGAAAAATTTTAGCAGAAGGGG-3°
Exon 1 E: 5"-GAACCCAGAACCCTTGGACT-3 598 277 0 99277796 1 99277199 59 38
R: 5"-TCCCACTACCAAATGCTGTCCCT-3’
Exon 2 F: 5"-AGACTTCAGCTGCTTTCAGC-3’ 595 3462 1 99274057 1 99273463 61 38
R: 5-TGGGCTACCATATCATGCACAGG-3’
Exon 3 F: 5"-AGCTTCCTTCAACTGCCAGTGAA-3’ 594 5180 992723391 99271746 63 38
R: 5-ACCACAACTTTGCACAAAGGCT-3’
Exon 4 F: 5"-ATGGGCCCCACACCAACTGC-3’ 715 6747 0 992707721 99270058 64 38
R: 5-TACCACTGGGCGGGACAGGAT-3’
Exons 5 and 6* F: 5"-TACACTCAGAAGAGGCTAGGCA-3’ 1226 12444 0 992650751 99263849 58 40
R: 5-CATCTTACCCAATGCAAGGCAA-3’
Exon 7 E: 5-TATGACTGGGCTCCTTGACCT-3" 618 14324 4 992631951 99262578 61 38
R: 5-TTTGTGGTGGGGTGTTGACAGCT-3"
Exon 8 F: 5"-GTCGCCGGCCTGAAAGAAGGGC-3° 651 15641 992618781 99261228 58 40
R: 5-ATTCTTTACCAATCTGTGATATGA-3"
Exon 9 E: 5"-AGATGGAACCGGCAACTCTTT-3" 691 16708 99260811 i 99260121 58 40
R: 5-CCAAGTAGAGGTTCTCACTTGGTG-3"
Exon 10 F: 5"-TGGGAAAAAGCCTACCCCAT-3’ 678 18861 99258658 1 99257981 55 40
R: 5"-TCTCCTCAGAGGCTTCCTAC-3"
Exon 11 E: 5-CCCTGGGGTGAGGATGGTCT-3 671 2 6 8 8 0550 99250639 1 99249969 61 38
R: 5-TGTCTTGTGCTGGGACTGTGGATG-3"
Exon 12 F: 5-TCTCATCTCAAGAAACGCTCCT-3" 607 29434 99248085 1 99247479 55 40
R: 5"-CATGTCATGCTAATCTGTGTGGAC-3"
Exon 13 E: 5"-ACGATGGATGGTGAGTGCTT-3" 600 31297 1 99246222 1 99245643 58 40
R: 5-TCTGATGAGAGCTCAGGAGGAGTT-3"
36 downstre D1 E: 5-TTGCTGGTTTTCAGTCATTCAGT-3" 522 31592 U 99245927 i 99245406 55 40
R: 5-GTTATTCTAAGGATTTCTACTT-3"
D2 E: 5-TCTTGTCCACCTTAATGTGTGGCT-3" 571 32014 U 99245505 1 99244935 55 40
R: 5-ATTAAGCGAAGTGATAAAATCCC-3’
D3 F: 5-GTCTATCTATCCATCTATCTATCT-3" 537 32447 U 99245072 1 99244536 55 40
R: 5-CGTCAGTTGATTGGGCAGCATGT-3"
D4 F: 5"-AAGTGCTACCAATTTTGTACGT-3" 652 32822 U 99244697 i 99244036 60 40
R: 5-AAGTATACTGGAAGCTAGGTGTG-3"
D5 E: 5°-TATACTTTGAAGTCAGGTAAAT-3" 531 33343 U 992441761 99243646 55 40

E 5-TGATTTCTAAATGATATTTCCAT-3"

* Only exon 6 and the flanking intron 5 and intron 6 were resequenced in non Ethiopian sutSaharan African populations.
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2.2.6 Sequencing

Sequencing was performed inp tt I OAAAOQOET T O11 061 Adn ¢t
transferred to a new plate and heated to 95°C for 5 minutes to evaporate the excess distilled
xAOAO8 &1 11T xETC OEEOh ¢8pudOAimahg nBraNQGAT AEEQ
"ET OUOOATI OQ&EN8pct OANOAT AEd1qQ BDEI ABpWPRAAEABER
added to each well. Sequencingycling conditions were as follows96°C for 1 minute followed
by 25 cycles of 96°C for 10 seconds, 55°C for 5 seconds and 60°C for 4 minutes.

As far PCR reactions, the sequencing assays needed to be cleaned up following the
OANOAT AET ¢ OAAAOCEIT O OAITOGA AT U AiTOAIETATO
xAll A 111TxAA AU A ontl AOGEATT1 xAOE jpnnbQh
3870rpm for 60 minutes. Following centrifugation the plate lids were removed and the
supernatant removed by inverting the plate onto a piece of tissue and centrifuging at 300rpm
Al O om OAATTAO8 ' EETAI ontl AOGEATTI eplad®E j xT
centrifuged, without mixing, at 3870rpm for 10 minutes. The supernatant was again removed
by inverting the plate and centrifuging at 300rpm for 30 seconds. The plate was then left to air

dry for 15 minutes at room temperature.

2.2.6.1 Sequencingtsategy
All regions involved in transcription and translation of the gene were resequenced to

identify variants which could affect protein expression. Appendix A shows the regions of the
entire CYP3ASyene region which were resequenced. 2500 base pairsef genomic sequence
located upstream of the ATG start codon, including the proximal promoter c€YP3A5were
re-sequenced. Resequencing of this region would identify all variants that can influence
CYP3ASranscription, including its initiation; no enhancer is known to initiate transcription of
the gene. 2500 base pairs of genomic sequence located downstream of exon 13, including the
3" untranslated region, were also resequenced. Resequencing of this region would identify
all variants which can affectCYP3A5SmRNA stability and processing; thus influencing protein
translation. A-GT microsatellite repeat was also genotyped in this region, located ~1400 base
pairs downstream of exon 13; microsatellite repeat data were used as one method of dating
identified variants (chapter 7).

The entire CYP3AXoding region; all 13 exons plus the flanking intronic sequences,
were re-sequenced. Variants which occur in coding regions can potentially affe€YP3A5
transcription, MRNA processing and protein translation. Fewdeleterious mutations are likely

to occur, at high frequencies, in the coding regions of important genes. However, this is not
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always observed in genes which are not widely expressed in certain populatiorfdlachman
and Crowell 2000. For CYP3A5a known low/non-expresser allele CYP3A5*B has risen to
high frequencies in populations outside of sutbaharan Africa (discussed in chapter 3). In
these populations, the accumulation of additional null/bw expresser alleles would not
essentially matter and selection for removing these alleles would be weak. However if, as it is
believed, CYP3A5*3vas driven to high frequency by selection; a paucity of variation in the
coding region of the gene would be . An examination of the structure and distribution of
variation over the CYP3AXoding regionwill indicate whether selection has acted on the gene
and whether the CYP3A5*&llele is likely to have rapidly risen to high frequency.

As indicated in Table2.1, not all regions ofCYP3ASvere re-sequenced in each of the
thirteen sample sets. The entire gene was fgequenced in Ethiopian populations, however
only exons 1, 2, 3, 4, 6, 7 and 11, plus the flanking introns, weregequenced in the remaining
sample sets. Given time and funding constraints it was not possible to-emquence the entire
CYP3ASene in individuals from North, West, West Central and South East Africa. However,
the regions encompassing theCYP3A5*1/CYP3A5*3, CYP3ASBd CYP3A5*7loci were re-
sequenced, as well as part of the proximal promoter. Table 2.2 shows t6&P3A5egions re-
sequenced in each population and provides information on the total amount of t&equencing

data obtained for each group.

2.2.7 Sequencing analysis

pmmtl T £ (E$SE £ Oi ATEAA j1! ") "EI OUOOAI OQq
at 95°C for five minutes. Sequencingvas performed in an ABI 96capilary 3730xI DNA
Analyser. Sequencing chromatograms were read using Sequencher version 4.7.
Chromatogramswere analysed, a minimum of 4x, using Sequencher version 4.7 and were
aligned with a reference sequence downloaded from UCSC genome browser (hg18).

For samples resequenced inhouse, sequencing was performed in both directions, to
duplicate the genotype alls at each locus. For samples +gequenced by Macrogen USA, all

dubious and novel identified polymorphisms were checked ithouse by resequencing.
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Table 2.2: Information on the regions of CYP3A5 rsequenced in this study, and the total amount of sequeimg data generated for each sample
set. Sample sizes are listed in chapters3.

Country Sample set 5 Proximal Exon Exon Exon Exon Exon Exon Exon Exon Exon Exon Exon Exon Exon 3 3 Total
upstream  promoter 1 2 3 4 5 6 7 8 9 10 11 12 13 UTR  downstream amount of
region sequence
(base pairs)

Ethiopia Afar 12,237

Amhara 12,237

Anuak 12,237

Maale 12,237

Oromo 12,237
Sudan Kordofan 4448
Ghana Asante 4448
Bulsa 4448
Cameroon Shewa Arabs 4448
Mambila 4448
Congo Brazzaville 4448
Malawi Chewa 4448
Mozambique Sena 4448
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2.2.8 Gerotyping
2.28.1 TagMANallelic discrimination

TagMAN AT 1T AT EA AEOAOEI ET AOET 1-0 6E O1 OVABDMAGMAT DA G
AmpliTag Gold DNA polymeraséLyamichev et al. 1993, during each successive round of PCR
(Figure 23). In addition to primers, minor groove binding probes, containing one ofwo
possible fluorescence dyes (\@ or FAM) and a quencher (NFQ) are also used in the PCR.
Separation of a reporter dye from its quencher, due to cleavage by AmpliTag Gold DNA
Polymerase, results in an increase in fluorescence which is measured. Both pringard probe
must bind to their target DNA in order for amplification and cleavage to occur. Fluorescence
signals are only generated if the target sequences have been amplified during R@RGuigan
and Ralston 2002 Shen et al. 200%.

TagMAN genotyping technology was used to genotypes samples at the
CYP3A5*1/CYP3A5*8nd CYP3AS58 loci. 244 samples from the Senet¢gse Manjak and Wolof
ethnic groups, and Cameroonian samples from Mayo Darle, were genotyped at the
CYP3A5*1/CYP3A5*Bcus. 1017 samples from across the dataset were genotyped at the
CYP3A5*docus. Samples genotyped usinfagMAN were also resequenced toconfirm the
genotyping results.

TagMAN probes were previously designed by Applied Biosystems
(CYP3A5*1/CYP3A5*%8cus; ABiosystems, product code: C_ 26201809 30 afm¥YP3A5*@ocus;
ABiosystems, product code: C_30203959_10). The samples were diluted priorgenotyping;

¢tl T &£ plcrtl $.! xAO OEAT AOEAA Al xi DPOEI O Ol
well plates in 4utOAAAQET T O1 1 O1 AO TaWANGArbtypiad Waster (Mix 1 /E
i ! Dbl EAA " ET OUOOAIT 6qh mn8c¢t 1 1 Aand prabes Aupgieiby | E @
I " ET OUOOGAI 6q AT A ps8uyti 1T &£ OOAOEI A xAOGAO8 o0i 1l U

following conditions: 95°C for 10 minutes, followed by 40 cycles of 92°C for 15 seconds and
60°C for 1 minute. Fluorescence was measured agi an ABI Prism 7000 sequence detection
system and genotypes were assigned with 95% confidence using ABI Prism 7000 SDS
software version 2.1. No samples were genotyped at th€YP3A5*7locus using TagMAN

genotyping technology.

2.2.8.2 KASPar genotyping
The remaining samples were genotyped externally by KBiosciences®, UK using the

KASPar method; results were viewed using SNPviewer2®. 1738 samples were genotyped at
the CYP3A5*1/CYP3A5%8cus, 965 samples were genotyped at theYP3A5*@ocus, and 1982
samples were genotyped at theCYP3A5*Tocus.
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Figure 2.3: A diagram outlining the steps involved inTagMANallelic discrimination: taken from the
ABI Biosystems manual, available at:

http://www3.appliedbiosystems.com/cms/groups/mcb_support/documents/generaldo cuments/cms_

042058.pdf
Allele
oY ¢ mO T
[ Il I\LII [

Match Mismatch
Allele :®i
T @\/M@ cp)
]
[ L
Match Mismatch
Legend

@ Nonfluorescent
VIC dye quencher @ AmpliTag

Gold DNA
Minor groove
® 6-FAM dye @ blnderg

Polymerase

GRZ180

The table below shows the correlation between fluorescence signals
and sequences in a sample.

A substantial increase in... Indicates...
VIC® dye fluorescence only Homozygosity for Allele 1
FAM™ dye fluorescence only Homozygosity for Allele 2
Both VIC and FAM fluorescence | Allele 1-Allele 2 heterozygosity

2.2.9 Microsatellite analysis

A GT microsatellite, located ~1500 base pairs downstream of the 3" end GiYP3A5,
was genotyped in 379 Ethiopian individuals. Microsatellite genotyping was performed using a
high-throughput method adapted from(Thomas et al. 1999.

Briefly, a 456 base pair region, which has sequence overlap with the 652 base pair D4
region (see Table 2.1), was amplified wusing the forward primer 5
AATATATGTGTTTGTATGTGIS and a fluorescently labelled (with FAM dyéThomas et al.
1999)) reverse primer 5-AAGTGCTACCAATTTTGTACG T(see Figure ).
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Figure 2.4: A 452 base pair region amplified for fragment analysis. The primers are highlighted in blue
and the microsatellite in green.

AATATATGTGTTTGTATGTGigeatgcat gtgtgtgtgtgtgtgtgtgtgtgtg tgtotgtgtg
tgtgt ataaaacatatattccctacttcactgatagggctagataacaatgacatttcaatagcaa
tgagtatacttagtgcctagatcttggcttatgaatatcattttccactgaagggaaccagagctc
gttagagaaatagctgatgccagggctaggactaaaaatgttcaagatgagcccaggacacttttt

gtgccaggaagtaagaaaacactcaaatggtttctaaatggtatttgg aaatgatttctaaatgat
atttccatatgacttccaaatgatattttaaaaacctaaagactccaccaaagaactattagaact
gataaacaaattcagtaaatttgcaggatacaaaatca ACGTACAAAATTGGTAGCACTT

o#2 Ai bl EAXAEAAQEIT xAO DPAOA O AA ET pmtl
primers, 0.2 units Tag DNA polymerase (HT Biotech, Cambridge, UK), 0.2umol dNTPs, 0.1pumol
OAAAQOET 1T AOAEEAO AT A mn8cytl 1T & 1 Aci AGEOI AEIT O

in 38 cycles, as outlined in section 2.2.2 witlan optimum primer annealing temperature of
55°C (as determined during the PCR amplification stage).

Fragment analysis was performed using GS00 ROX size standard markers (Applied
Biosystems). Following PCRAT D1 EAEAAQEI T A pmntl AT ENOI O T £ A
(E$SE &1 Oi AT EAA 1 PPl EAA "ET OUOOAI 6q xAO AAAA,
samples were then centrifuged at 1000rpm for 1 minute and sent to MakiVyn Burley who
performed the fragment analysis using an ABI 3730xI DNA Analyser (Applied Biosystems).

Fragments were visualised using GeneMappeapftware (version 4.0, Applied Biosystems).

2.3 Statistical methods

Allele frequencies were calculated from genotype frequency data using ttiermula
frequencyA)=f(AA+%2f(Aa), where AA and Aa are genotypes andA and a are independent

alleles at the same locus.

2.3.1 Deviations from HardyWeinberg equilibrium

Hardy-Weinberg Equilibrium (HWE) refers to the proportions of genotypes expected,
in a randomly mating population, given allele frequency data. The expected proportion of

genotypes within a randomly mating population is given by the formula:

pz+2pg+qg2=1
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Where p is the major allele frequency andg=1-p. Deviations from HWE can be dueot
population stratification, selection or nonrandom mating. HWE also provides a data quality
check, particularly for small sample size¢Balding 2006). Each of the threeCYP3A3oci were
tested for deviations from HWE using Arlequin version 3.5 softwaréExcoffier et al. 20095.

I Ol ANOGET AipiiTudo Al AT AT T CcCOA 1T &£# OEA &EOEA
from HWE (Guo and Thompson 1992 Arlequin initially generates a contingency table with
the proportions of genotypes observed for ach defined population in the cohort. A Markov
chain random walk algorithm is then employed to generate contingency tables, containing all
possible genotype frequencies within each population, based on the allele frequency data. The
p value of the test refects the number of generated tables which contain genotype
proportions that differ from the observed genotype frequencies. If a significancireshold of
5% is usedand pS 1t 8 this indicates that the observed genotypes will differ from those

expected under a hypothesis of neutrality 95% of the time.

0 AAOOIT -$gbated @2Ftésts were used to calculate intepopulation heterogeneity
between populations grouped by geographic region and language family in chapter 3.
0 AAOGiid B&d to compare the frequencies of one nominal variable with those obtained

for another nominal variable(s) in the same population. At first a testor y2, statistic is

= (0 — E)?
X2 =Z—
E
i=1

Where Ois the observed value for a class anBis the expected value for the populationy? is

calculated using the formula:

the sum of the iteration of all classes. Thg2 test measures the probability of drawing the test
statistic from the 2 distribution based on predefined degrees of freedom (total number of
classes used to calculate thg? statistic minus one). The probability of drawing the value ca
then be compared against a prelefined significance threshold(often 0.05): values below the
threshold can be accepted as being significantly different from those expected given the
values for the class.
&EOEAO6O0 AGAAO OAOOO Al 01 AT i PAOA OEA OAI

population but are more accurate than the2 test when the expected values are small ahare
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restricted to analysing 2 AT 1T OET CAT AU OAAT AO AT A Oxiyx2111EI
AT A &EOEAO06O0 AGAAO OAOGOO xAOA DPAOAEI OF AA OOET C

http://www.graphpad.com/quickc alcs/index.cfm.

2.3.3 Haplotype inference

A haplotype is the combination of allelic states at a set of polymorphic markers on a
single chromosome(Jobling et & 2004). Haplotypes are useful in the analysis of population
genetic data as they provide information on how polymorphic data in a genomic region are
organised.

There are multiple methods to reconstruct haplotypes such aspedigree analysis,
physical segaration of one allele from the other using laboratory technigues or by statistical
algorithms for haplotype reconstruction (Jobling et al. 2004. For work presented in this
thesis, pedigree information is unavailable as all individualsanalysed are unrelated.
Additionally, experimental methods to separate alleles on different chromosomes are
expensive and laborious. All haplotype reconstruction for works preseed in this thesis were
performed using two statistical methods which consistently provide good estimates of
haplotype frequencies from genotype datgXu et al. 2003. All singletons, and samples with
Oii TATU T EOCOEI ¢ AAOA j1uvubpbgqh xAOA AgAl OAAA £&O

were examined by eye for ambiguities.

2.3.3.1 A Bayesian method of haplotype reconstruction
Phase is a program which employs a Bagian method of haplotype reconstruction

from population genotype data(Stephens et al. 200l Phase calculates the probability of two
or more polymorphic sites occurring on the same or different haplotypes, based on the
genotype data.

OEAOA OOAOG 'EAAGO OAIPBIEITCh A, whkiODdinisGo AEAE
determine the posterior distribution of unknown haplotypes in a population, given the
genotype data. Phase begins by resolving all unambiguous haplotypes in a population based
on the genotype data. Homozygous genotype data can be resolvedam more quickly than
those from heterozygous loci. Once all unambiguous haplotypes have been resolved an initial
probability, the prior probability, of haplotype frequencies within the sample population is
guessed, PQ(Stephens and Donnelly 200B Phase then attempts to redwoe all ambiguous

haplotypes within a population. Phase assumes that changes between individuals within a
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population, and the population progenitor, are likely to be few. An individual with an
ambiguous genotype is selected, at random, and the algorithmtempts to resolve the
ET AEOEAOATI 60 CAT 1T OUPA AAOA ETOI T1T1TA 1T &# OEA O
haplotype reconstruction P1. Each successive iteration, where ambiguous haplotypes are
resolved, generate a new haplotype reconstruction i.e. P ph 0¢8801 8 %AAE
reconstruction is a component of the Markov chain.

) £ Al ET AEOEAOCAI 60 CAT T OUDPA nhabldrypds of GeOT 1 OA
unambiguous pool then the program assigns an equal probability of the individual having
each haplotype for a single chromosomeln this case it is not possible to accurately determine
the Phase of these individuals using statistical methods alone.EAOA AT ET AEOEAOAI
data cannot be resolved into any one unambiguous haplotype then the algorithwill assume
that the individual has a rare haplotype. At the end of the algorithm, individuals are assigned
haplotype pairs, which have been calculated to be the most probable combination given their
genotype data. Singleton variants (a mutation observeth a single heterozygous individual)
and individuals with data missing at least one polymorphic locus were excluded from the

haplotype analysis and were assigned to haplotypes by eye, where possible.

2.3.3.2 The ExpectatioAMaximisation (EM) algorithm
The expectationmaximisation (EM) algorithm (Excoffier and Slatkin 1999

reconstructs haplotypes and infers haplotype frequencies which maximise the likelihood of
observing the known genotype frequencies in a population. The mobassumes that there are
no deviations from HardyWeinberg equilibrium. EM estimated haplotype frequencies can
vary depending upon the assumed distribution of haplotypes within a population, a so called
starting point. In practice a number of different stating points are used. Each starting point
generates a matrix of haplotype frequencies based on the observed genotype data. The matrix
which contains haplotype frequencies which are most consistent with the observed genotype
data (maximum likelihood), and do not violate the assumptions of Hardyweinberg
equilibrium, are assumed to be correct.

For works presented in this thesis, the EM algorithm was employed using
PowerMarker software (Liu and Muse 2009, which is freely available online. In order to
improve the estimate of haplotype frequencies generated by EM, PowerMarker implements
four starting states. The first starting point infers all possible haplotypes that could @tr in a
population, given the observed genotype data, and assumes that each haplotype has an equal

probability of occurring. The second starting point assigns random frequencies to all possible
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haplotypes that can occur in a population, given the observedenotyping data. The third
starting point assumes that all haplotypes are in linkage equilibrium and the final starting

point utilises the composite haplotype method.

2.3.4 Linkage disequilibrium

Linkage disequilibrium refers to the nonrandom associaton between variant alleles
at two or more loci. Linkage disequilibrium was calculated using th®” parameter (Lewontin
1964) using LDmax software, which is part of the GOLD software package (available freely
online at: http://www.sph.umich.edu/csg/abecasis/GOLD/index.html) and PowerMarker
(Liu and Muse 2005.

D’is a normalised parameter of the statistid. If a haplotype is comprised of two loci,
A and B, and each locus can have two alleles: aelocus A, the allele?\ and a can occur and at
locus B, the alleled8 and b can occur, then under linkage equilibrium the observed frequency
of haplotype ABis given by the probability of the two allele frequencies oAandBi.e. Rg= Pa
x Bs. D is cakulated by subtracting the expected frequency of a haplotype from the observed
frequency i.e.D = Pag Z (Pa x Bs). The alleles at the two loci are said to be in linkage
disequilibrium if Dis significantly different from zero.

However D is dependent on #ele frequencies at two or more loci. Due to fluctuations
in allele frequenciesD is not always comparable between loci. Instead, the normalised’
parameter is used which improves comparability. D" is given by dividing D by its maximum
possible value gven the allele frequencies at the two loci. LDmax also employs a -dguare
test to determine the significance of any associations between polymorphic sites at different

loci.

2.3.5 Diversity comparisons

All analyses of diversity required full haplotypesof the 12,237 base pair region for
AAAE ET AEOEAOAI 8 -EOOEI ¢ AAOA xAOA OAAT OAAA
12,237 base pair haplotypes, for each individual, were entered into Microsoft Excel 2007 and
converted to FASTA  format using the online programme ReadSeq
(http://searchlauncher.bcm.tmc.edu/seq-util/readseqg.html). The FASTA files were then
copied into notepad files. Two versions of each FASTA file were created: haplotypes were
inferred excluding singleton vaiants from the analysis.However for calculations ofanalyses
of departures from neutrality, singleton variants for individuals were assigned randomly on

one of their two haplotypes.
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All diversity analyses, and tests for departures from neutrality were performed using
DnaSR(version 5.0) (Librado and Rozas 2009and MEGA(version 5.0) (Tamura et al. 2007.

(AP1 T OUPA AEOAOOGEOU | Al O AAITAA ghikkihA AEO
1987).. A Ehdefresents the proportion of choosing two different haplotypes at random from
a population. Haplotype diversity calculations were performed using the programme
test_h_diff and implemented in the R progmming environment using code that had been
written by Dr Mike Weale (Thomas etal. 20028 4 EA | OlI OEBDI A Al hWas A0 Ac¢
employed via the progranme, along with sample bias correction. This gave the unbiased

estimator of haplotype heterozygosity as:

5 2N 1 Z'A 2
- N —1 [ s }

Where N is the number of individuals (note that 2N refers to the number of chromosomes and

hence haplotypes) ancf; refers to a particular haplotype.

DNA sequence diversity was measured using the nucleotide diversity measutdNei
1987). n represents theweighted average number of differences, per nucleotide, between two
or more haplotype sequences within a population. It measures the probability of picking two

different nucleotides, at random, from a population by chance. An unbiased estimator ofs

ko Ok
. n - -~ o
= n— lzzpipjﬂij

i=1 j=1

calculated using the formula:

Where i and j are two different alleles, ; and ¢; are the frequencies of theith and jth
sequences respectively, and;; is the estimated nucleotide differences between theand j. K

refers to the number of different haplotypes andn is the number of chromosomegNei 1987).

2.3.6 Tests of neutrality

4 A E ED @diha 1989) compares two estimates of the expected levelsf aliversity
within a population: [ w; a measure of DNA sequence variation based on the observed number
of segregating sites and the number of chromosomes in a sample and a measure of
sequence variation based on the average pairwise distance between all sequences in the
sample (Biswas and Akey 2008. Under neutral evolution the two values shald be equal and
AAEEDAROGAT O mn8 )1 AAAEOEIT 1T OD DiadA cAdiatdsGiel ¢ O
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OECT EAEAAT AR 1T £ AR OEMSGE frdmCréro. BighificlrflyRpositive GafibsA § O
can indicate balancing selection or populatio subdivision, whereas significant negative
values can indicate positive selection or indicate population growt@Jobling et al. 2004.

)T AAAEOET D,&®i Ad MEdEDEOand Li 1993 & O §IFu 1997)
were calculatedto test for an excess of rare variants within each of the individual populations
and within the entire cohort. D* measures the proportion of all polymorphic sites, within a
population, which are singletons i.e. only observed oncé&* also measures the numbr of
singletons and compares them to the nucleotide diversity measure, to ascertain how many
pairwise differences between sequences within a population are attributed to rare variants
(Sabeti et al. 200%. The FSstatistic compares nucleotide diversity @) with the number of
observed haplotypes and calculates the number of haplotypes which are defined by rare
variants (Sabeti et al. 2008. The significance of the number of rare haplotypes proportional to
the total number observed within the population is calculated.

&AU AT A tedt @ds Qerformed to test for an excess of high frequency derived
alleles in the cohort Tests for a significant reduction in polymorphism levels between closely
related primates and human CYP3A5sequences was caldated using the HKA test. A
McDonald and Kreitman test was performed to detect an increase in the number of high

frequency derived variants within the CYP3AZoding region.

2.3.7 Fsrand exact test of population differentiation

Both pairwise Fsrand Exat tests of population differentiation were calculated using
Arlequin software. Fstcompares the total amount of genetic diversity observed within a meta
population to that seen in subpopulations. In other words Fsrapportions the total amount of
geneticdiversity observed within a population to individual sub-populations. The significance
of differences in diversity observed within each sukpopulation is then calculated.Fsy is
calculated by the following formula:

Fsr= (Hr-Hg)/H 1

Where Hr is the total amount of variation observed in the metapopulation and Hs is the
estimated variation within each subpopulation.

An Exact test of population differentiation(Raymond and Rousset 199bwas used to
calculate pairwise genetic differences, at the haplotype level, between populations. The tests
AOA AT Al T Ci1 OLExa0t TestlLee&eE 61.E2803 6n that a contingency table of

frequencies are compared. However for Exact tests of population differentiation, the tables
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are larger than 2x2 tables and extended to sizex k; where r is the number of populations
being compared andk is the number of haplotypes. A Markov chain random walk is
implemented in Arlequin to generater x k tables based on the input data, and the probability
of obtaining a table with equivalent values to those observed in the cohort is calculated.
Populations are considered to be significantly different if the obtaineg value is less than
0.05.

2.3.8 PCO analysis

Pairwise Fst values were used to construct principal ceordinates (PCO) plots to
enable genetic distances between populations to be visualised in two dimensions. Principal
components analysis essentially angkes a set of observations, in this case pairwisEst
values, and arranges them in order of their similarity to each other. The data are initially
standardised by subtracting the mean of the data; by doing this the weighted mean of the data
is equal to zep. The first principal component, effectively a line of best fit, is calculated as the
line that goes through the weighted mean of the data and minimises the square of the distance
of each point to that line. The first principal component is calculated toapture as much of the
variation between the data points as possible. The second principal component must also pass
through the weighted mean but it must be completely uncorrelated to the first principal
component and so pass through the data at a right gle. For the PCO plot, each axis is given
an eigenvalue which corresponds to the proportion of total variation in the dataset that is
captured by each PCO axis; typically theaxis should capture a higher proportion of the total
variation. PCO plots wereconstructed in the Rprogramming environment using a code

written by Dr Christopher Plaster.

2.3.9 Bioinformatics

Since the publication of the human genomg@/enter et al. 2007 there has been a rapid
expansion in the availability of whole genome data which have focused analyses of whole
genome variation as opposed to single gene approaches alone. A number of datasets,
including the genomes of numerous speciesy@anow available online; one of the most recent
examples is the ongoing 1000 Genomes projetBiva 2008 Patterson 2011). This project has
expanded since it originally started and now aims to resequence over 2000 individuals from
28 global populations to capture as much genetic variation as possible. However for the
majority of individuals that are currently re-sequenced (~1200), the depth and coverage of

re-sequencing data available is low (~X2X4) which is problematic for in-depth analysis of
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rare variants (Zhang and Dolan 201D Even analysis of coding region data, whiclre
currently at higher coverage than norcoding data (~X4 versus X2), have high rates of type |
errors (false positive results) (Tintle et al. 2011 and so the data were deemed unsuitable for
integrative analyses with the data gnerated from re-sequencing in this thesis.

Given the rapid advances in, and increasing cosffectiveness of, sequencing
technology it has become increasingly necessary to find methods of interpreting the effects of
individual sequence variants on proten and disease phenotypes. Bioinformatics analyses
have aimed to provide a rapid way of interpreting both large and small amounts of +e
sequencing data in a bid to understand the phenotypic implications of genetic variation.
Tangible evidence of the effectoof genetic variation on phenotypes can only come from
experimental techniques. However bioinformatics predictions at the very least identify
genomic regions, or variants, which are candidates for affecting phenotypes and so need to be
examined in greater detail using experimentally established techniques.Bioinformatics
analyses were performed to identify which CYP3Abvariants are candidates for causing

low/non protein expression.

2.3.9.1 Clustalw
ClustalW  (http://www.ebi.ac.uk/Tools/msa/clustalw2/) was used to perform

alignments of humanCYP3A5with orthologous sequences in closely related primates and in

the more distantly related cow and mouse (see chaptds). The technique of aligning multiple
OPAAEAOS OANOGAT AAO EAO AAAltion&iy Adkser@etl segudnkds O E £U
(Goode et al. 2010 Lomelin et al. 2010; including identifying evolutionarily conserved

regions in the promoters of different CYP3Agenes(Thompson et al. 2004 Thompson et al.

2006). However this approach is not conclusive alone, experimental techniques will need to
establish the true effect of polymorphisms within regulatory, coding and nae-coding genic

regions. However, it is true that functionally important regions are oftenconserved and so

multiple sequence alignments were performed to identify such regions in theCYP3A5

promoter, exons and exorflanking intronic regions.

2.3.9.2 MatlInspector
The regulation of transcription has a fundamental role in controling mRNA and

protein expression levels within specific cells and tissues. Promoter sequences are the main
regulatory elements of gene expression; however the regulation of gene expression is often

more complex and involves multiple regulatory proteins (transcription fat¢ors) and
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enhancers(Alberts 2002). Differential binding of celltype specific transcription factors which
aid or hinder gene transcription can lead to tissukell -type specific expression of particular
genes and proteins. Multiple prediction programmes, such as Matlnspector, are now available
which aim to detect gene regulatory motifs and predict potentially functional transcription
factor binding sites (Ladunga 2010Q. Given the complexity of transcription factor bindingin
vivo, and the large number of identified transcription factor binding sites and regulatory
elements(Ghosh 2000 Kolchanov et al. 2002 computational prediction programmes need to
be able to handle deviations from set motif sequences while still being confident that a
particular site is a candidate for binding of regulatory proteins in particular cells or tissues.

Analyses of regulatory motifs in the CYP3A5promoter were performed using
Matlnspector software (Cartharius et al. 2005; which examines and matches an input
sequence to a library of known regulatory motifs to see if there are patterns within the input
sequence which are characteristic of core transcription factor binding sie Matinspector
utilises information on real site consensus sequences, contained within the reference library,
and looks for the same patterns of conserved, consensus sequences within the input sequence
(of length 5-29 nucleotides). The input sequence ihen scanned, and compared to a reference
library, to see whether there are additional patterns consistent with known transcription
factor binding motifs. The probability of the input sequence being similar to common binding
motifs is then calculated.This is called a position weight matrix where the position of a
particular nucleotide (of the input sequence) is compared with known regulatory motifs and
the likelihood that it is a true transcription factor binding site is calculated(Lapidot et al.
2008; Ladunga 201Q. Matinspector provides tissue specific information and so results can be
filtered and falsepositives controlled by accounting for tissue and cell type specificity.

It is important to note that, like all prediction programmes, Matinspector can infer the
binding potential, but not the functionality of a binding site. Tangible evidence of an effieof a
mutation, or motif, on transcription factor binding can only be established through the use of

experimental techniques (see sectio®.4.2) (Lapidot et al.2008; Jones and Swallow 201)L

2.3.9.3 PolyPhen2
Analysis of the effects of coding region variation on protein function was performed

using PolyPhen2 software(Adzhubei et al. 201Q. PolyPhen2 aligns human amino acid
sequences against orthologous sequences to predict whether amino acid changes are likely to
have benign, possible damaging, probably damaging, definitely damaging effects on protein

structure/function. PolyPhen2 also examines whether the mutation occurs in an
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evolutionarily conserved site (as inferred from comparisons with orthologous sequences) to

help predict functional consequences of an ammacid changg Adzhubei et al. 2010).

2.3.9.4 BDGP splice predictor
Almost all eukaryotic genes are composed of exonic (coding) and intronic (nen

coding) segmentslnitial transcription of a gene from the DNA template involves transcription
of both exons and introns into the premRNA transcript, in the nucleus. Intronic regions need
to be excised in the nucleus prior to translation of the transcript into protein whit occurs in
the cytoplasm.

Highly conserved signals are encoded in the DNA template and recognised by nuclear
proteins to enable splicing to occul(Shapiro and Senapathy 1987 Regions ofjenes that need
01 AA OPIEAAA 100 1T &£ OEA OOAT OAOEDPO A 111 xETC
ATA 1T &£ OEA OAcCEITh AATTAA A AT1T1T0 OEOAR AT A 1
site. The consensus signal at donor sites in karyotic genes is GT (GU in the mRNA) and that
at the acceptor site is AGShapiro and Senapathy 199h AAAEOEIT T A1 1 U AO OE,
sequence of 8 nucleotides is conserved at thex@n-intron boundary and a 4 nucleotide
sequence was found to be conserved atthe exdnl OOT T AT OT AAOU (Zhépirdd EA o«
and Senapathy 1987. These additional signals are esseial to prevent splicing of all regions
of the genome which may have GT or AG repeats. Following correct splicing the mRNA
transcript is ready to transport into the cytoplasm for translation (Figure2.5).

Mutations which affect the identification of corre¢ splice sites can occur and
significantly affect protein function; certain, functionally important, variants of CYP3ASare
defined by mutations within splice recognition regions.

Berkeley Drosophila Genome Project (BDGP) splice predict@iReese et al. 199)is an
online programme which calculates the probability that a given polymorphism is likely to
affect preemRNA splicing. BDGP splice predictor implements Hidden Markov Models (HMMSs)
to determine the likelihood that an input sequence is characteristic of a consensus splice site.
The programme legins by scanning an input sequence in two rounds; one scans 15 nucleotide
windows at a time searching for motifs characteristic of donor sites, as defined l{$hapiro
and Senapathy 1987, and the second round scans 40 nucleotides at a time searching for
motifs characteristic of acceptor sites(Shapiro and Senapathy 198/ The sequence is then
scanned for consensus AG and Gplice signals to assign the likelihood that the sequence is a
consensus splice site. In order to perform the analysis an ancestral nucleotide sequence is
input into the software and then motifs and predictions of splice sites generated. Following
this a squence containing the polymorphism is input and the results compared with those
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from the ancestral sequence to see whether there has been a change in probabilities of

generating/disrupting a consensus splice site.

Figure 2.5: A diagram showing premRNA pocessing (image has been taken from
(http://xray.bmc.uu.se).
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mature mRNA, ready to be transported to the cytoplasm and translated

2.3.9.5 BioEdit
BioEdit is a programme which enables editing, alignment and manipulation of

nucleotide and protein sequences (http://www.softpedia.com/get/Science
CAD/BioEdit.shtml). BioHlit can translate nucleotide sequences into the corresponding amino
acid sequence. The software itself cannot perform any detailed analysis of sequences,
however it can identify where polymorphisms can cause deviations from an ancestral amino
acid sequenceAll coding region (exonic) polymorphisms were analysed for their effect, if any,
on amino acid sequence of CYP3AS5 using BioEdit software. A comparison of the ancestral
amino acid sequence with each mutant sequence was performed to determine whether an
exonic polymorphism was synonymous or norsynonymous. The resulting changes were

analysed further using PolyPhen2 software.
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2.4 \Web resources

Arlequin:
DnaSP:
MEGA:

PowerMarker:

PHASE:
LDMax:
BioEdit:
PolyPhen2:
BDGP splice:

Matinspector:

UCSC:
NCBI:
Ethnologue:
Graphpad:
TCGA:
ReadSeq:

http://cmpg.unibe.ch/software/arlequin35/
http://www.ub.edu/dnasp/

http://www.megasoft ware.net/
http://statgen.ncsu.edu/powermarker/
http://stephenslab.uchicago.edu/software.html
http://lwww.sph.umich.edu/csg/abecasis/GOLD/docs/Idmax.html
http://www.softpedia.com/get/Science -CAD/BioEdit.shtml
http://genetics.bwh.harvard.edu/pph2/
http://www.fruitfly.org/seq_tools/splice.html
http://www.genomatix.de/cgi -bin/matinspector_prof/
mat_fam.pl?s=f37a3f157a0d57ed17e9c10c727382e6
http://genome.ucsc.edu/

http://genome.ucsc.edu/
http://www.ethnologue.com/web.asp
http://www.graphpad.com/quickcalcs/index.cfm
http://www.ucl.ac.uk/tcga/software/index.html
http://searchlauncher.bcm.tmc.edu/seg-util/readseq.html
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3. The prevalence of clinically relevant CYP3Aballeles in
Africa

3.1 Introduction

3.11 Previously reported frequencies of functionally important CYP3AS5 variants

Four CYP3ARlleles are the most common determinants of interethnic variability in
CYP3A5 expredsn and consequently affect clinical outcomegsee section 1.2.3.1)Multiple
studies have reported the frequencies othe CYP3A5*1, CYP3A5*3, CYP3A&na CYP3A5*7
alleles in different populations. A summary of all of the currently reported frequencies,
including data generated for this thesis, by populatiorgroup are provided in Table 3.8
Genotype data from the 1000 Genomes genotypimndptabases have also been incorporated
into the Table, but were not included for integrative analyses.

CYP3A5*3is the man CYP3Abvariant that determines global CYP3A5 expression
levels, particularly in populations outside of the African continen{Hustert et al. 2003, Lee et
al. 2003 Saeki et al. 2003 Yamaori et al. 200). In contrast CYP3A5*6and CYP3A5*7are
observedprimarily in populations with recent African ancestry(Hustert et al. 2001 Kuehl et
al. 2001; Wojnowski et al. 2004 Roy et al. 2005 Mirghani et al. 2006 Quaranta et al. 2008.
The prevalence of CYP3A5*@Gand CYP3A5*7n these populations may explain whyCYP3A5
expressionis reported to be highly variable within these populations (55-95%), despite high
frequencies of CYP3A5*1 The Maasai from Kingwa in Kenya, and Ethiopians have much
lower frequencies of CYP3A5*1than other sub-Saharan African groups, and interestingly
CYP3A5*7has not been observed in any Ethiopian individual(Gebeyehu et al. 2011
Additionally, individuals from Zimbabwe have CYP3A5*3allele frequencies that are

comparable to those observed for non susaharan African populations.

3.12 Rationale of study

While some African populatims have been genotyped for commoRYP3ASvariants,
the distribution of CYP3A5*1, CYP3A5*3, CYP3A&rf CYP3A5*alleles across the continent
is still largely unknown. Africa has high levels of genetic diversityCampbell and Tishkoff
2008) and frequencies ofclinically relevant CYP3A%lleles across the region may be highly
variable. Multiple CYP3A5 drug substratesare in use across Africa; an improved

understanding of common CYP3A5variation across diverse populations from the continent

80



may aid in improving healthcare outcomes within the region. Many populations within sub
Saharan Africa are prone to experiencing water shortages and it will be interesting to arane
whether a previous report of an association between latitude an€YP3A5*1frequencies is

also seen withina larger African cohort.

3.13 Aims of this study

The first aim of this studywasto determine the frequencies of the four most common,
allelic variants of CYP3A5, CYP3A5*1, CYP3A5*3, CYP3Aahktb CYP3A5*7 within 2538
individuals from 36 geographically and ethnically distinct populations from in ad around
Africa. A second aim wag$o use the genotypic data to infer expression patterns of CYP3A5
within the continent. A third aim wasto examine whether there is a correlation between
latitude and CYP3A5*1/CYP3A5*3llele frequencies, and CYP3A5 exgssion phenotypes, in
Africa. A final aim was to identify potential implications of CYP3Abvariability on medical

treatment with CYP3Ab5 substrates, and disease risks withie continent.

3.2 Materials and Methods

Detailed information about all genotyped populations and statistical analysesof the

dataare provided in chapter 2.

3.2.1 Sample information

2538 samples were genotyped for this study (see sections 2.1.1.2212.1.3.23). The
cohort comprises 36 different sample sets, from 19 countries which span seven geographic
OACETT1Oh AT A OADPOAOGAT O OE@ 1T £ OEA xia®@dividédd | AE]
into 36 distinct sample sets: some are grouped by selfeclared ethnic identity and others
according to where they were collected (Table 3.1).

The entire dataset overlaps with populations who were genotyped to identify the
distribution of a functionally important allele of the gene encoding the drug metabolising
enzyme Flavincontaining monooxygenase 2 (FMO2]Veeramah et al. 2008 and African
frequencies of clinically relevant alleles of UD®lucuronosyltransferase 1A UGT1A genes
(Horsfall et al. 2017).

1028 genotypes for 51 global populations, from the HGBEEPH panel, which had
previously been published(Thompson et al. 2004, were combined with the 2538 sample

cohort for integrative analyses (see section 2.1.1.4).
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3.2.2 Genotyping of CY3JA5*1, CYP3A5*3, CYP3A5*6 and CYP3A5*7

Genotyping of CYP3A5*1, CYP3A5*3, CYP3A&aft CYP3AS5F was performed using a
combination of Dideoxy sequencing(Slatko et al. 200}, TagMAN allelic discrimination
genotyping technology (Shen et al. 2009 and KASPar genotyping methods
(http://lwww.kbioscience.co.uk). To ensure that results were consistent 150 samples, from

across the 2538 sample cohort, were genotyped at two loci using a minimum of two methods.

3.2.3 Integrative data aralyses

Distances from the equator (in kilometres) were calculated for all populations, for
which geographic coordinate information was available, using the online programme:
(http://www.movable -type.co.uk/scripts/lationg.html). Spearmannd ORank correlation
analysis was performed, to test for a correlation between latitude andCYP3Aballele
frequencies,in the R-programming environment and SPSSoftware (version 20); both gave
identical results.

Given the large number of sample sets included, and statisail tests performed in this
study a multiple testing correction was applied for HWE analysis, pairwisEsr comparisons,
exact tests of population differentiation and linkage disequilibrium analysis. The Bonferonni
correction (Salkind 2007) adjustsa pre-defined significancethreshold (often 0.05) by dividing
it by the number of tests carried out, forexample HWE analysis was carried out 36 times
(once for each population genotyped) for theCYP3A5*3ocus, therefore the initial significance
threshold of 0.05 is divided by 36 to give an adjusteg-value of 0.00139.

82



Table 3.1: A list of the numbers ofindividuals successfully genotyped folCYP3A5*1, CYP3A5*3, CYP3A&ri@ CYP3A5*7n this geographic survey. The 2538
cohort were grouped into 36 distinct sample sets: some are labelled according to sdiclared ethnic identity (a) and others according towhere the samples

were collected ).

Geographic region Country Sample set Major language family  Latitude Longitude Number of individuals
Europe Armenia Southern Armenians (b) Indo-European 40.00 45.00 100
Turkey Anatolian Turks (a) Altaic 39.00 35.00 74

Arabian Peninsula Yemen Yemeni from Hadramaut (b) Afro-Asiatic 14.91 48.07 82
Yemeni from Sena and Msila (b) Afro-Asiatic 16.08 49.67 37

North Africa Algeria Northern Algerians (b) Afro-Asiatic 35.505 -1.045 161
Morocco Berbers (a) Afro-Asiatic 34.03 -6.84 86

Sudan Northern Sudanese (b) Afro-Asiatic 15.59 32.52 136

Sudanese from Kordofan (b) Afro-Asiatic 13.08 30.35 30

Central East Africa Ethiopia Afar (a) Afro-Asiatic 11.602 41.360 73
Ambhara (a) Afro-Asiatic 9.869 38.660 76

Anuak (a) Nilo-Saharan 7.953 34.412 76

Maale (a) Afro-Asiatic 5.715 36.643 75

Oromo (a) Afro-Asiatic 7.837 37.308 74

Sudan Southern Sudanese (b) Nilo-Saharan 5.18 31.77 125

Tanzania Chagga (a) Niger-Congo B -5.38 38.05 50

Uganda Bantu speakers from Ssese (b) Niger-Congo B -0.57 31.45 39

West Africa Ghana Asante (a) Niger-Congo A 5.82 -2.82 35
Bulsa (a) Niger-Congo A 10.73 -1.29 90

Kasena (a) Niger-Congo A 10.89 -1.09 a7

Senegal Manjak (a) Niger-Congo A 12.986 -15.88 94

Wolof (a) Niger-Congo A 14.687 -17.453 94

West Central Africa Cameroon Kotoko (a) Afro-Asiatic 13.00 14.5 40
Shewa Arabs (a) Afro-Asiatic 15.05 12.11 69

Cameroonians from Mayo Darle (b) Niger-Congo A 6.47 11.55 118

Mambila from Somie, in the Cameroonian Grassfields (b) Niger-Congo A 6.00 12.5 65

Congo Congolese from Brazzaville (b) Niger-Congo B -4.26 15.28 55

Nigeria Igbo (a) Niger-Congo A 4.95 8.32 88

South East Africa Malawi Chewa (a) Niger-Congo B -13.47 34.188 92
Lomwe (a) Niger-Congo B -13.47 34.188 18

Ngoni (a) Niger-Congo B -13.47 34.188 18

Tumbuka (a) Niger-Congo B -13.47 34.188 62

Yao (a) Niger-Congo B -13.47 34.188 56

Mozambique  Bantu speakers from Sena (b) Niger-Congo B -17.44 35.05 85

South Africa Bantu speakers from Pretoria (b) Niger-Congo B -25.71 28.23 41

Zimbabwe Lemba (a) Niger-Congo B -23.095 29.075 24

Zimbabweans from Mposi (b) Niger-Congo B -19.67 30.00 52
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3.3 Results

3.3.1 The distribution of CYP3A5*1, CYP3A5*3, CYP3A5*6 and CYP3A5*7 within Africa

CYP3A&allele frequencies arelargely consistent across sufSaharan Africa (Figure
3.1) and frequencies of theCYP3A5*4llele range from 3396%. The large range reflects East
African heterogeneity (Table 3.3); and differences between East Africans and otheubs
Saharan Africans North African CYP3A5*3requencies range from 4581%; the large range is
influenced by high frequencies of theCYP3A5*1allele in the two Sudanese sample sets
compared to Algerians and Moroccan Berbers. The lowest frequencies of ti@YP3A5*1
defining allele were observed in Europe (59%).

CYP3A5*@llele frequencies range from 12% to 33% in sutsaharan AfricaCYP3A5*6
was also observed at an average frequency of 11% in North Africa (although this is likely to be
skewed due to the high frequencies observed imdividu als from Kordofan in the Sudan)and
8% in the Arabian PeninsulaCYP3A5*@vas not observed in Europe.

CYP3A5*7s largely restricted to subSaharan African populations, with frequencies
ranging from 3-22%, from West, West Central and South East ri&h. CYP3A5*7is also
observed at low frequencies in North Africa (~1%) and in the Yemen (average frequency of
2%). Considerable heterogeneity irCYP3A5*7llele frequencies was observed in East Africa,;
Ugandans and Tanzanians ha@YP3A5*#requencies which are comparable to those in West,
West Central and South East Africa. In contrag®YP3A5*frequencies in Ethiopia (~1%) were

characteristic of non subSaharan African populations.
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Table 3.2: A summary of the genotype and allele frequencies ang p-values testing fordeviation from HWE at eachCYP3A30ocus by sample set genotyped for this thesis.
No population deviated from HardyWeinberg equilibrium, following Bonferonni correction (for CYP3AS3: adjustedp value = 0.00139; correction for 36 tests, fo
CYP3A5*6adjustedp value=0.0015; correction for 34 tests, folCYP3A5*7adjusted p value=0.0017; correction for 30 tests).

$AOEAQGEI T O AOIT (7% AATTTO AA AAI AOI AGAA A O 1117111 OPEE A ndivitludl§ ftomiaAikeh ipdpllationO. 7! 6
successfully genotyped at each locus. Sample set refers to the grouping of individuals either by-delflared ethnicity or geography/place collected (Table 3.1).

Region Country Sample set CYP3A5*1/CYP3A5*3 CYP3A5*6 CYP3A5*7
AA  AG GG Total G [*3] HWE GG GA AA Total A [*6] HWE - AT TIT Total T [*7] HWE
Europe Armenia Southern Armenians 0 10 90 100 0.95 1.00 100 0 0 100 0.00 N/A 100 0 0 100 0.00 N/A
Turkey Anatolian Turks 2 10 62 74 0.91 0.11 74 0 0 74 0.00 N/A 74 0 0 74 0.00 N/A
Arabian Peninsula Yemen Yemeni from Hadramaut 2 21 59 82 0.85 1.00 77 5 0 82 0.03 1.00 80 2 0 82 0.01 1.00
Yemeni from Sena and Msila 7 17 13 37 0.58 0.74 29 7 1 37 0.12 0.42 35 2 0 37 0.03 1.00
North Africa Algeria Northern Algerians 9 42 108 159 0.81 0.12 146 15 0 161 0.05 1.00 159 2 0 161 0.01 1.00
Morocco Berbers 3 28 54 85 0.80 1.00 79 7 0 86 0.04 1.00 85 1 0 86 0.01 1.00
Sudan Northern Sudanese 24 58 51 133 0.60 0.29 104 28 0 132 0.11 0.36 135 1 0 136 0.00 1.00
Sudanese from Kordofan 11 11 8 30 0.45 0.16 19 10 1 30 0.20 1.00 29 1 0 30 0.02 N/A
East Africa Ethiopia Afar 10 31 32 73 0.65 0.61 47 26 0 73 0.18 0.11 73 0 0 73 0.00 N/A
Ambhara 14 22 40 76 0.67 0.004 55 19 2 76 0.15 0.67 76 0 0 76 0.00 N/A
Anuak 38 32 6 76 0.29 1.00 44 25 7 76 0.26 0.23 75 1 0 76 0.01 1.00
Maale 20 36 19 75 0.49 0.82 53 22 0 75 0.15 0.34 74 1 0 75 0.01 1.00
Oromo 12 28 34 74 0.65 0.20 55 19 1 75 0.14 1.00 75 0 0 75 0.00 N/A
Sudan Southern Sudanese 74 42 9 125 0.24 0.46 58 50 15 123 0.33 0.42 117 8 0 125 0.03 1.00
Tanzania Chagga 28 18 4 50 0.26 0.71 36 14 0 50 0.14 0.57 41 9 0 50 0.09 1.00
Uganda Bantu speakers from Ssese 36 3 0 39 0.04 1.00 22 17 0 39 0.22 0.16 23 16 0 39 0.21 0.31
West Africa Ghana Asante 27 8 0 35 0.11 1.00 20 13 1 34 0.22 1.00 29 5 0 34 0.07 1.00
Bulsa 58 29 3 90 0.19 1.00 61 28 0 89 0.16 0.11 69 19 2 90 0.13 0.62
Kasena 28 17 2 47 0.22 1.00 31 16 0 47 0.17 0.32 35 12 0 47 0.13 1.00
Senegal Manjak 57 29 4 90 0.21 1.00 59 24 9 92 0.23 0.02 81 13 0 94 0.07 1.00
Wolof 55 31 8 94 0.25 0.27 58 31 1 90 0.18 0.29 78 15 1 94 0.09 0.55
West Central Cameroon Kotoko 18 21 0 39 0.27 0.04 23 16 1 40 0.23 0.65 36 4 0 40 0.05 1.00
Africa
Shewa Arabs 26 31 12 69 0.40 0.62 42 24 3 69 0.22 1.00 60 9 0 69 0.07 1.00
Mayo Darle 66 38 13 117 0.27 0.06 71 33 13 117 0.25 0.01 102 15 0 117 0.06 1.00
Somie, Cameroonian Grassfields 36 28 1 65 0.23 0.16 44 19 2 65 0.18 1.00 52 13 0 65 0.10 1.00
Congo Congolese from Brazzaville 35 18 2 55 0.20 1.00 43 11 1 55 0.12 0.55 45 10 0 55 0.09 1.00
Nigeria Igho 64 23 0 87 0.13 0.35 60 24 4 88 0.18 0.47 73 12 2 87 0.09 0.14
South East Africa Malawi Chewa 66 25 1 92 0.15 1.00 66 23 3 92 0.16 0.69 60 31 0 91 0.17 0.06
Lomwe 13 4 1 18 0.17 0.39 10 8 0 18 0.22 0.53 14 4 0 18 0.11 1.00
Ngoni 15 2 1 18 0.11 0.17 9 6 3 18 0.33 0.31 16 2 0 18 0.06 1.00
Tumbuka 44 18 0 62 0.15 0.34 40 17 5 62 0.22 0.14 45 17 0 62 0.14 0.59
Yao 37 18 1 56 0.18 0.67 43 12 1 56 0.13 1.00 46 10 0 56 0.09 1.00
Mozambique Sena 58 21 3 82 0.16 0.44 51 28 5 84 0.23 0.75 59 25 1 85 0.16 0.68
South Africa Bantu speakers 22 17 2 41 0.26 1.00 29 9 3 41 0.18 0.10 34 4 2 40 0.10 0.03
Zimbabwe Lemba 17 6 0 23 0.13 1.00 13 10 1 24 0.25 1.00 17 7 0 24 0.15 1.00
Zimbabweans from Mposi 36 7 4 47 0.16 0.008 36 10 3 49 0.16 0.09 34 16 2 52 0.19 1.00




Figures 3.1 and 3.2: CYP3A%llele frequencies by geographic region and by major language family
respectively. Error bars denote standard deviation.

1

m *1 allele [6980A]

CYP3A5 allele frequency

m *3 allele [rs776746]

[
[

m*6 allele [rs10264272]
[

m*7 allele [rs41303343]

NS & <&
= = & S
> \‘gﬁ’ o

Geographicregion

058

0.8

0.7

0.6

I m *1 allele [6980A]

0.5
W *3allele [rs776746]

[
[
m*6 allele [rs10264272]
0.4
[

W *7 allele [rs41303343]

CYP3A5 allele frequency

0.3

0.2

0.1

Indo-European Altaic Afro-Asiatic Nilo-Saharan Niger-Congo A Niger-Congo B

Major language family

86



Genotype data for 32 populations were used to perform pairwisést comparisons
(Supplementary Figure 1; on Cpand exact tests of population differentiation Supplementary
Figure 2; on CD. Only sample sets with 30 or more individuals were included for th analysis.
Pairwise Fsr values were used to perform principal ceordinates analysis (PCO) to visualise

inter -population differences (Figure 33).

Figure 3.3: A principal co-ordinates (PCO) plot showing genetic differences between populations in
WEEAE | onn ET AE OE A GédpplénentalyDable Tshdws t0elhBsdciat@Bstand p values.
Axis labels show the percentage of genetic distance captured by each akisvalues were calculated
from allele frequencies at the i)CYP3A5*1/CYP3A5*3) CYP3A5*@&nd iii) CYP3A5*Toci.

African differences at three CYP3AS5 loci
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2382 individuals from 32 populations were included in the analysis . Population codes correspond to the following

populations: Southern Armenians (ARS), Anatolian Turks (AT), Algerians (ALGYloroccan Berbers (BER), North Sudanese

(KHN), Southern Sudanese (KHS), Yemeni from Hadramaut (YH) and from Sena (YS), Ethiopian Afar (EAF), Amhara (EAM),

Anuak (EAN), Maale (EML) and Oromo (EOR), Tanzanian Chagga (TAN), Ugandan Bantu speakers (UJW)p KKtoK), Shewa

Arabs (SHW), Cameroonians from Mayo Darle (MD), Cameroonians from Somie (SOM), Congolese individuals from Brazzaville
(CON), Nigeria Igbo (IGBO), Ghanaian Asante (ASH), Bulsa (BUL) and Kasena (KAS), Senegalese Manjak (MANJ) and Wolof (WOF),
Malawian Chewa (CHW), Yao (YAO), Tumbuka (TUM), Mozambican Sena (MOZ), South African Bantu speakers (SA) and

Zimbabweans (ZIM).
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The results from PCO analysis show that the 32 populations broadly fall into distinct
clusters. The majority of subSaharan Afican sample sets cluster together, although
Ethiopians separate into two groups; the Anuak cluster with the large suSaharan African
cohort, whereas the Afar, Amhara and Oromo cluster with North African and Yemeni sample
sets. European groups are separatfrom all remaining populations genotyped in this study.
The Yemeni from Sena are similar to the Ethiopian Anuak and Maale and Southern Sudanese
individuals; which is likely to be influenced by appreciable CYP3A5*6and CYP3A5*7
frequencies observedn this sample set (Table 3.2).

The most striking result from PCO analysis is thatover 95% of population
differentiation is explained bythe first principal component. This is a result of differences in
CYP3A5*3llele frequencies which explains the clusteringdf groups with similar frequencies
of the allele The second principal component differentiates groups on the basis GYP3A5*6
and CYP3A5*allele frequencies.

The results from PCO analysis (Figure 3). suggest that groups from East Africa, North
Africa and the Arabian Peninsula are the most heterogeneoushese results were confirmed
three CYP3AHaoci by geographic region (Table 3.3) and major language family (Tkb3.4).
Only Anatolian Turks were Altaic speakers and Southern Armenians Inegeuropean speakers
and so these language groups were excluded from this analyst®omparisons of sample sets
by major language family found significant heterogeneity only betweeAfro-Asiatic speaking
groups (consistent with Figure 32). The AfroAsiatic speakers are distributed over a wide
geographic area: both within and outside of sutsaharan Africa and it is likely that differences

observed between these groups are due to ge@phic distance and differences in ancestry.
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Table 3.3: 0 A A O OT -bgGated &< df overall heterogeneity within the seven geographic regions
represented by the datasetP-values which are significant at the 5% level<0.05) are shown in bold

and highlighted in green.

Geographic region Total number of Degrees of freedom Chi-square P-value
individuals

Europe 174 3 1.32 0.251
North Africa 441 9 37.61 0.0137
Arabian Peninsula 131 3 13.16 0.0043
East Africa 732 21 157.69 5.95x 10
West Africa 458 12 6.687 1
West Central Africa 553 15 20.69 0.133
South East Africa 588 24 13.24 0.967

Table 3.4: 0 A A O O1 -bqGated &E df overall heterogeneity within the six major language families

represented by the datasetP-values which are significant at tle 5% level £<0.05) are shown in bold

and highlighted in green.

Language family Total number of Degrees of freedom Chi-square P-value
individuals
Afro-Asiatic 940 33 144.2 1.44 x 10™°
Niger-Congo A 631 21 15.81 0.754
Niger-Congo B 592 33 24.45 0.819
Nilo-Saharan 201 3 1.608 0.50

Both Table 3.3 and 3.4 are consistent with Figures 3.1 and 3.2 respectively.
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3.3.2 Examining the statistical associations between CYP3A5*1, CYP3A5*3, CYP3A5*6
and CYP3A5*7 alleles

3.3.2.1 Linkage disequilibrium
The D" measure of linkage disequilibrium (LD) between the three genotypedCYP3A5

loci (see section 2.3.4)was calculated using LDmax ah PowerMarker software programs,
which gave identical results D" was calculated using genotype data fronsample sets.
Individuals with missing data at any locus were excluded from this analysis. Ti@&YP3A5*6
and CYP3A5*alleles are absent in Europeneaning thatLD could not be calculated for these
populations. CYP3A5*1s monomorphic in a number of sample sets and LD for this locugas
not calculated in every population. A total of 2465 individuals were included for this analysis.
Population specificD" values are presented in Table 3.

The CYP3A5*1/CYP3A5*Bcus is located 7704 nucleotides (nt) from theCYP3A5*6
locus and 20,145 h from the CYP3A5*71ocus. TheCYP3A5*docus is located 12,441 nt from
CYP3A5*7TheD" values for the combined cohort of 2465 individuals show that LD between
the three loci is high; theCYP3A5*®tefining T insertion is in complete LD with theCYP3A5*1
allele i.e.D" = 1,p<0.0001; theCYP3A5*@lefining allele is in high LD with theCYP3A5*&llele
D= 0.96,p<0.0001; LD betweenthe CYP3A5*@Gand CYP3A5*7oci is high D’=1.00, p<0.0001
However, haplotype analysis (see section 3.3.2.2) found that tHeYP3A*6 and CYP3A5*7
defining alleles was norexistent; the alleles were not observed on the same chromosome.
Therefore the observation that D'=1.00 between these two loci is between the ancestral
alleles; not the derived, clinically relevant mutationsD” values for individual sample sets were

consistent with those reported for the 2465 sample cohort.
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Table 3.5: Pairwise D" values for each allelic combination at th€YP3A5*1/CYP3A5*3, CYP3A%HG
CYP3A5*Toci, shown by geographic region, country and ethnigroup. Statistically significantD” values,
following a Bonferonni correction for multiple testing are highlighted in green. Adjusteaignificance

thresholds£f O AAAE DPAEOxEOA A1 i PAOEOI I

AOA OEIz®1T EI

indicates that at least one of the two loci is monomorphic and so LD could not be calculated.

Geography key: AP; Arabian Peninsula, NA; North Africa, EA; East Africa, WA; West Africa, WCA; West Central Africa;
SEA,; South East Africa

D" values
Geographic Country Population rs776746/ rs776746/ rs10264272/
region rs10264272  rs41303343 rs41303343
(PO0. 001 (pOO0. 001 (pOO. 001

Europe Armenia Southern Armenians - - -
Europe Turkey Anatolian Turks - - -
AP Yemen Hadramaut 0.73 1.00 0.47
AP Yemen Sena and Msila 1.00 1.00 1.00
NA Algeria Northern 1.00 1.00 1.00
NA Morocco Berbers 1.00 1.00 1.00
NA Sudan Northern 1.00 - -
NA Sudan Kordofan 1.00 1.00 1.00
EA Ethiopia Afar 1.00 - -
EA Ethiopia Amhara 0.77 - -
EA Ethiopia Anuak 1.00 1.00 1.00
EA Ethiopia Maale 0.86 1.00 1.00
EA Ethiopia Oromo 0.90 - -
EA Sudan Southern 1.00 1.00 1.00
EA Tanzania Chagga 1.00 1.00 1.00
EA Uganda Bantu speakers from Ssese 0.71 1.00 1.00
WA Ghana Asante 0.27 1.00 1.00
WA Ghana Bulsa 1.00 0.81 1.00
WA Ghana Kasena 1.00 1.00 0.07
WA Senegal Manjak 0.60 1.00 1.00
WA Senegal Wolof 1.00 1.00 0.12
WCA Cameroon Kotoko 1.00 0.26 1.00
WCA Cameroon Shewa Arabs 0.85 1.00 1.00
WCA Cameroon Mayo Darle 1.00 1.00 1.00
WCA Cameroon Mambila from Somie 1.00 1.00 1.00
WCA Congo Brazzaville 0.85 1.00 1.00
WCA Nigeria Igbo 1.00 0.74 1.00
SEA Malawi Chewa 1.00 1.00 1.00
SEA Malawi Lomwe 0.14 1.00 1.00
SEA Malawi Ngoni 1.00 1.00 1.00
SEA Malawi Tumbuka 1.00 0.30 1.00
SEA Malawi Yao 0.69 0.49 1.00
SEA Mozambique Sena 1.00 1.00 1.00
SEA South Africa Bantu speakers 1.00 1.00 1.00
SEA Zimbabwe Lemba 1.00 1.00 1.00
SEA Zimbabwe Mposi 1.00 1.00 1.00
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3.3.2.2 Haplotype inference
Haplotypes were inferred from genotype data for 2465 individuals successfully

genotyped at each of the thre€ YP3A30oci. Eight haplotypesare possiblefrom the genotyping
data (see Table &) but only five wereinferred from the cohort.

Table 3.6: The eight potential haplotypes which canoccur based on allelic data for the
CYP3A5*1/CYP3A5*3, CYP3A&Ed CYP3A5*7oci. Allelic combinations which were nferred from the
cohort are highlighted in green.

Allelic combinations at all three CYP3A5 loci
CYP3A5*1/*3 CYP3A5*6 CYP3A5*7 Haplotype name

A G - *1

A G insT *7

A A - *6

A A insT *6/*7

G G - *3

G G insT *3/*7

G A - *3/*6

G A insT *3/*6/*7

The three low/non -expresser alleles occur on independent haplotype backgrounds
indicating that they act independently on CYP3AS5 expression. A low frequency recombinant
CYP3A5*3/CYP3A5*Baplotype was inferred for 10 heterozygous individuals; which explais
why D" between the CYP3A5*land CYP3A5*@lleles is not equal to 1CYP3A5*always occurs
on the same haplotype background a€YP3A5*1consistent with the results for LD analysis
(section 3.3.2.1).The results show thatgenotyping of the CYP3A5*1/CYP3A5*®cus alone
does not account for additional low/nonfunctional alleles, in certain populations,which are
in high LD with the CYP3A5*H&llele.

Inter-population differences in genediversity are presented in Figure 3. Gene
diversity estimates are largely consistent across subSaharan Africa, althoup the Afar,
Amhara and Oromo havdower estimates of gene diversity than other populations from the
sub-continent. The highest frequencies of the AGQCYP3A5*LOA P OAOOAOG6 EADI T
observed in subSaharan African populations, especially in NigetCongo speaking groups
(Figure 34 and Table 37). The distribution of the AA (CYP3A5*H haplotype was similar
across all subSaharan African groups, in contrast the AGInsTCYP3A5*Y haplotype was
almost exclusivdy observed in NigerCongo speakers. The recombinant GA
(CYP3A5*3/CYP3A5j6haplotype was not restricted to a particular geographic region,
although this may be due to its low frequency in the datase€CYP3A5*3and CYP3A5*have a
global distribution; and frequencies of the CYP3A5*3nhaplotype are approaching 100% in
Europe.
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Table 3.7: The proportion of each inferredCYP3A%haplotype by sample sebut of all haplotypes observed in each population.

Geographic region

Language family

Sample set

Frequencies of inferred haplotypes

Europe
Arabian Peninsula

North Africa

East Africa

West Africa

West Central Africa

South East Africa

Indo-European
Altaic
Afro-Asiatic
Afro-Asiatic
Afro-Asiatic
Afro-Asiatic
Afro-Asiatic
Afro-Asiatic
Afro-Asiatic
Afro-Asiatic
Nilo-Saharan
Afro-Asiatic
Afro-Asiatic
Nilo-Saharan
Niger-Congo B
Niger-Congo B
Niger-Congo A
Niger-Congo A
Niger-Congo A
Niger-Congo A
Niger-Congo A
Afro-Asiatic
Afro-Asiatic
Niger-Congo A
Niger-Congo A
Niger-Congo B
Niger-Congo A
Niger-Congo B
Niger-Congo B
Niger-Congo B
Niger-Congo B
Niger-Congo B
Niger-Congo B
Niger-Congo B
Niger-Congo B
Niger-Congo B

Southern Armenians
Anatolian Turks

Yemeni from Hadramaut
Yemeni from Sena and Msila
Northern Algerians
Berbers

Northern Sudanese
Sudanese from Kordofan
Afar

Ambhara

Anuak

Maale

Oromo

Southern Sudanese
Chagga

Bantu speakers from Ssese
Asante

Bulsa

Kasena

Manjak

Wolof

Kotoko

Shewa Arabs

Mayo Darle

Mambila from Somie
Congolese from Brazzaville
Igbo

Chewa

Lomwe

Ngoni

Tumbuka

Yao

Sena

Bantu speakers

Lemba

Zimbabweans from Mposi

AG- (*1) AGInsT (*7) AA- (*6) GG- (*3) GA- (*3/*6)
0.05 - - 0.95 -
0.09 - - 0.91 -
0.12 0.01 0.02 0.84 0.006
0.27 0.03 0.12 0.58 -
0.14 0.01 0.05 0.81 -
0.15 0.01 0.04 0.80 -
0.27 0.003 0.11 0.62 -
0.33 0.02 0.20 0.45 -
0.17 - 0.18 0.65 -
0.20 - 0.13 0.65 -
0.45 0.007 0.26 0.29 -
0.36 0.007 0.14 0.49 0.007
0.22 - 0.13 0.64 0.007
0.40 0.03 0.33 0.24 -
0.51 0.09 0.14 0.26 -
0.54 0.21 0.22 0.04 -
0.60 0.07 0.22 0.10 -
0.52 0.12 0.16 0.20 -
0.48 0.13 0.17 0.22 -
0.49 0.07 0.23 0.20 0.01
0.47 0.09 0.18 0.25 -
0.46 0.05 0.22 0.27 -
0.33 0.07 0.21 0.39 0.007
0.40 0.07 0.25 0.28 -
0.49 0.23 0.18 0.10 -
0.59 0.09 0.12 0.20 -
0.59 0.09 0.18 0.13 -
0.54 0.18 0.15 0.13 -
0.50 0.11 0.22 0.17 -
0.50 0.11 0.22 0.17 -
0.50 0.14 0.22 0.15 -
0.61 0.18 0.13 0.09 -
0.46 0.17 0.21 0.16 0.006
0.45 0.10 0.19 0.26 -
0.48 0.15 0.24 0.13 -
0.45 0.22 0.17 0.16 -
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Figure 3.4: A map showing the distribution of the five inferredCYP3A%Shaplotypes across the
geographic region represented by the 36 populations in the dataselhe size of each circle is
proportional to the number of individuals sampled from a given population. The allele
combinations listed in the key are equivalent to those discussed in section 3.3.4.

N.B. the recombinanCYP3A%haplotype 5:*3/*6, is observed at low frequency in the dataset.
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Figure 3.5, ' AT A AEOAOOE OU cypP3damamolypes @ferv fom GeBolype/FE O A
data for each of 36 populations, for thethree loci defining the CYP3AS5 alleles:
CYP3A5*1/CYP3A5*3, CYP3ABH CYP3A5*7Populations are coloured to the geographic region

to which they belong, see Table 3.1. Error bars denote standard deviation.
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3.3.3 Inferred CYP3AS protein expression peths across sutsaharan Africa

The geographic and ethnic distributions of inferred low/non, intermediate- and high-
expression phenotypes, based on individual diplotypes, are presented Figure 36. Within
Africa populations from South East, West and Wes&entral Africa (all NigerCongo speakers)
are predicted to have the highest frequencies of high/normal CYP3A5 expressers. This is
assuming that there are no additional variants within these populations which can affect
protein expression. Populations fromEurope are predicted to have the highest frequencies of
individuals who are low/non-CYP3A5 expressers; consistent with previous report€Quaranta
et al. 2006. Consistent with all previous analyses, there is considerable heterogeneity in East
and West Central Africasimilarities in inferred expression profiles are correlated withmajor
language family.

The low/non-expresser and expresser haplotypes were consided as two alleles at an
OAGDOAOOETT o6 11TAO08 )1 AEDBBOAODOGAGET E ARIAT @B A G
the pseudo genotype LL (low/low), individuals who were heterozygous for an expresser and a
low/non -expresser haplotype were assigned HL (higlow) and individuals who have two
copies of the expresser haplotype were assigned HH (high/high). These pseudo genotypes
were used to examine whether any population deviated significantly from HardyWeinberg
equilibrium (HWE) in their CYP3A5 expression panotypes. No population deviated from

HWE following Bonferonnicorrection (adjustedpS 8 nmp o w(d8
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Figure 3.6: A map showing the distribution of predicted CYP3A5 protein expression levels
across the geographic region represented by the datasefhe size of each circle is
proportional to the number of individuals sampled from a given populatn.
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3.3.4 Examining African CYP3AS allele frequencies in a global context

A summary of global CYP3A5*1, CYP3A5*3, CYP3A&ttd CYP3A5*7allele and
genotype frequencies, including those reported in this study, are providedniTable 38.
Previous reports have focused mainly on th&€YP3A5*1/CYP3A5*®cus, therefore the main
comparisons between the data reported in this study and global populations are for
CYP3A5*1/CYP3A5*3lata. Figure 37 shows the averageCYP3Aballele frequencies by
geographic region.

CYP3A5*3has been observed in all population groups that have been studie@ihe
highest frequencies of CYP3A5*3have been observed inindividuals with recent European
ancestry from North America and Europe (Table 3.8) (Dally et al. 2004 Roy et al. 2005
Quaranta et al. 2008. Frequencies of CYP3A5*3n populations from Asia, Oceania and South
America are intermediate between those in Africa and Europ@alram et al. 2003 Quaranta
et al. 2006 Diczfalusy et al. 2008 Sinues et al. 2008. Outside of subSaharan Africa, the
largest variation in CYP3A5*3frequencies were observed in North AmericaCYP3A5allele
frequencies vary between AfricarAmericans and other groups from the region. Caucasian
and Asian populations from the region are largely homogeneous in their allele frequeies.

Comparisons of CYP3A5*@Gallele frequencies reported in this study with those from
HapMap and NIEHS populations and published data confirm th&YP3A5*@&requencies are
highest in sub-Saharan AfricaCYP3A5*@requencies are largely consistent acrospopulations
from the sub-continent, unlike CYP3A5*1, CYP3A5&5d CYP3A5*7CYP3A5*ds absent in all
East Asian populations, in almost every European population (a singeYP3A5*1/CYP3A5*6
heterozygote from Tuscany, Italy was observed), and is observed law frequencies in North
Africa. The largest interregional variation in CYP3A5*6allele frequencies was observed in
West Central Africa; which is almost entirely influenced by higher frequencies &YP3A5*6n
populations from Lake Chad comparative tother West Central Africans.

CYP3A5*7as not been genotyped in HapMap populations to date. Comparisons of
CYP3A5*7frequencies with NIEHS populations and with published data confirm that the
highest frequencies of CYP3A5*7are in sub-Saharan Africa. Apprei@able frequencies of this
allele were observed in ethnic KoreangDiczfalusy et al. 2008 and North African populations
(own data). CYP3A5*7is not present in Europe. North American populations have
considerable inter-regional variation in CYP3A5*&llele frequencies; which is almost certainly

due to inter-ethnic differences between populations sampled from the region.
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Table 3.8: A table summarising all knowrallele frequencies ofCYP3A5*1, CYP3A5*3, CYP3A&rié CYP3A5*7in different population groups. Information has been
compiled from reports in the literature and online databases including The International HapMap Consortium (http://hapmap.ndmim.nih.gov/) and NIEHS SNPs

(http://egp.gs.washington.edu/). Care has been taken to ensure that individuals have not been counted more than once. Whéreegame individuals have been genotyped,

the average of each allele frequency has been reported. Data generadf@cthis thesis has also been added into the Table. A reference list is provided beneath the TaBl@

indicates missing information.

CYP3A5*1/CYP3A5*3 CYP3A5*6 CYP3A5*7
Genotypes Alleles Genotypes Alleles Genotypes Alleles
Geographic Country Sample set Longitude Latitude Distance Sample AA AG GG A G GG GA AA G A -I- -finsT insT/insT T REF
region from size (*1) (*3) ) (*6) ) *7)
equator (km)
Arabian Yemen Hadramaut 48.07 14.91 1658 82 2 21 59 0.15 0.85 77 5 0 0.97 0.03 80 2 0 0.99 0.01 1
Peninsula
Sena 49.67 16.08 1788 37 7 17 13 042 058 29 7 1 0.88 0.12 35 2 0 0.97 0.03 1
East Asia Numerous East Asian - - - 24 2 11 11 0.31 0.69 0 0 23 1.00 0.00 24 0 0 1.00 0 4
Cambodia Khmer 12N 105E 1334 11 1 4 6 027 073 - - - - - - - - - - 2
China Chinese - - - 108 9 35 64 025 075 108 0 0 1.00 0.00 - - 5
Dai 21N 100E 2335 10 1 7 2 045 055 - - - - - - - 2
Daur 48-49N 124E 5393 10 0 3 7 015 085 - - - - - - 2
Han 26-39N 108- 3614 44 2 18 24 025 075 - - - - - 2
120E
Han Chinese in Beijing - 124 12 46 66 028 072 125 0 0 1.00 0.00 - - 3
Southern Han Chinese - - - 100 24 46 30 047 053 100 0 0 1.00 0.00 - - 18
Hezhen 47-48N 132- 5282 10 0 3 7 0.15 0.85 - - - - - - - 2
135E
Lahu 22N 100E 2446 10 0 5 5 0.25 0.75 - - - - - - 2
Miaozu 28N 109E 3113 10 1 5 4 035 0.65 - - - - - - 2
Mongola 48-49N 118- 5393 10 0 7 3 035 065 - - - - - - 2
120E
Naxi 26N 100E 2891 9 0 5 4 028 072 - - - - - - 2
Orogen 48-53N 122- 5615 10 0 2 8 010 0.90 - - - - - - 2
131E
She 27N 119E 3002 10 3 3 4 045 055 - - - - - - 2
Tu 36N 101E 4003 10 0 2 8 010 0.90 - - - - - - 2
Tujia 29N 109E 3225 10 2 3 5 035 065 - - - - - - 2
Uygur 44N 81E 4893 10 0 1 9 005 095 - - - - - - 2
Xibo 43-44N 81-82E 4837 9 0 4 5 022 078 - - - - - - 2
Yizu 28N 103E 3113 10 1 2 7 0.20 0.80 - - - - - - - 2
Japan Japanese - - - 200 14 65 121 023 077 200 0 0 1.00 0.00 - - 8
Japanese 38N 138E 4225 31 2 10 19 0.23 0.77 - - - - - - - 2
Japanese in Tokyo - - - 113 5 48 60 0.26 074 112 1 0 0996 0.004 - - - 3
South Korea Koreans 162 - - - 0.19 0.81 - - - 1.00 0 - 0.97 0.03 7
Malaysia Malay 98 10 56 32 039 061 98 0 0 1.00 0.00 - - - 5
South Asia India Indians - - - 90 11 51 28 041 059 90 0 0 1.00 0.00 - - 5
Pakistan Balochi 66-67N 30.31E 3370 25 0 10 15 020 0.80 - - - - - - - 2
Brahui 66-67N 30.31E 3370 25 0 6 19 012 088 - - - - - - 2
Burusho 36-37N 73-75E 4059 25 3 5 17 022 0.78 - - - - - 2
Hazara 33-34N 70E 3725 24 0 12 12 025 0.75 - - - - - - 2
Kalash 35-37N 71-71E 4003 25 1 10 14 0.24 0.76 - - - - - - 2
Makrani 26N 66-66E 2891 25 0 7 18 0.14 0.86 - - - - - - 2
Pathan 32-35N 69-72E 3725 25 0 6 19 0.12 0.88 - - - - - - 2
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Figure 3.7: A graph $iowing the averageCYP3A%&llele frequencies by geographic region. ThEigure shows the average frequencies for each geographic region listed

in Table 3.8.Error bars denote standard deviation
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3.3.5 The association between CYP3AS5 allele frequencieslattdde

A previous study reported that CYP3A5*Allele frequencies are positively correlated
with increased distance from the equatoThompson et al. 2004. The genotype data for the
CYP3A5*1/CYP3A5*®cus for the 36 populations genotyped in this study were combined
with data for 1028 individuals from 51 populations genotyped in the original paper 1t=3570
from 87 populations) to test for a global correlationbetween CYP3A5*land CYP3A5*3llele
frequencies and latitude (Figure3.8 and 3.9).

A significant global positive correlation between increased distance from the equator
and CYP3A5*3allele frequencies was observed when all 87 populations were examined
[Spearmann Rho = 0.701<0.0001]. Analysis of the seven geographic regions represented by
the 87 populations, where more than ten population groups had been sampled, found a
significant positive correlation between latitude and CYP3A5*3allele frequenciesin Asia
[Spearmann Rho = 0.853) <0.001] but not within Europe [Spearmann Rho = 0.003=0.994]
or Africa [Spearmann Rho = 0.27§=0.08]. Although removal of the heterogeneous Ethiopian
populations from the analysis found a significant positive correlatin in Africa [Spearmann
Rho = 0.369,p=0.04]. The lack of an association between latitude and allele frequencies in
Europe is due to homogeneity in allele frequencies between population groups from the
region.

There is a strong positive correlation betweennorth latitude and CYP3A5*3allele
frequencies [Spearmann Rho = 0.78<0.0001] but not for south latitude [Spearmann Rho =
-0.318,p=0.199]. Due to the overrepresentation of north latitude populations in both datasets
(69 populations out of a total of &), the analysis was performed using only data obtained for
African groups. The results confirmed those for 87 populationsCYP3A5*3requencies are
positively correlated with north latitude (26/40 African groups) [Spearmann Rho = 0.621,
p<0.0001], but not with south latitude (14/40 African groups) [Spearmann Rho =-0.07,
p=0.820].
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Figure 3.8: A map showing the distribution of theCYP3A5*1/CYP3A5*8lleles in each of 87 populations; 51 of which were previously genotyped
(Thompson et al. 2004, and 36 genotyped for this studyThe size of each circle is proportional to the number of individuals sampled from a given
population.
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Figure 3.9: A scatter plot showing the correlation betweerCYP3A5*3llele frequencies and distance from the equator in kilometreShe allele
frequencies are for the combined dataset of 3570 individuals from 87 global populations.
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An examination of correlations between CYP3A5*6and CYP3A5*7 alleles was
performed for the 36 populations genotyped for thisthesis. A significant negative correlation
between CYP3A5*6frequencies and geographic distance from the equator was observed
[Spearmann Rho =0.35, p=0.03]; although this correlation was no longer significant when
only groups south of the equator were examined [Spearmann Rho = 0.23%50.163]. No
significant correlation between CYP3A5*7frequencies and distance from the equator was
observed [Spearmann Rho =0.089, p=0.603]. This is almost certainly influenced by the
confined distribution of the CYP3A5*7allele to NigerCongo speaking groups; who ra

homogeneous and spread over large geographic distances.

3.3.6 The correlation between CYP3A5 expression phenotype and latitude

I 3PAAOCI ATT180 2ATE Al OOAI AOGETT OAOGO xAO
association between CYP3A5 expression phetypes inferred from diplotypes (Figure 3.10).
Significantly negative correlations between inferred high and intermediate- CYP3A5
expression phenotypes and distance from the equator were observed from the data
[Spearmann Rho =0.404, p<0.02] and [Spearmam Rho =-0.44, p=0.007] respectively. In
contrast to low/non - protein expression [Spearmann Rho = 0.454<0.006]. There was a
strong negative correlation between the frequencies of expresser haplotypes and distance
from the equator [Spearmann Rho =0.490, p=0.002] and a strong positive correlation
between the collective frequencies of low/norexpresser haplotypes and distance from the
eguator [Spearmann Rho = 0.49(=0.002] (Figure 3.11). The results suggest that latitude is a
predictor of CYP3A5 expressn profiles.
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Figure 3.10: A scatter plot showing the correlation between geographic distance from the
equator in kilometres and inferred CYP3A5 expression phenotypes
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Figure 3.10 continued; the correlation between geographic distance from the egtor (in kilometres)
and inferred CYP3A5 expression phenotypes.
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Figure 3.11: The correlation between CYP3A5 haplotypes (expresser and collective low/nen
expresser) and distance from the equator (kilometres)

The correlation betweerCYP3Ahaplotypes and distance from the
equator (kilometres)
1.00
[ ]
0.90 - L
[ ]
- [ ]
0.80 =
]

0.70 =
ER g
s ]
g 060 I *
2 . . = LI =
ﬁ 0.50 ' 4 }.:. :
S . ..0 o o . ® Expresser haplotype:
“i 0.40 N = B Low/non-expresser haplotypes
e 3
g o
Z 030
o *»
w

0.20 LA o

.
.
0.10 L2 *
.
0.00 ‘ ‘ ; ; ; ‘
0 1000 2000 3000 4000 5000 6000
Distance from the equator (kilometres)




3.4 Discussion

3.4.1 Intra-African CYP3ARxpression levels are likely to Iéghly variable

In this chapter the distribution of CYP3Abvariants, previously reported to affect
protein expression, were genotyped in African populationsThe results from this study are
consistent with previous reports that the highest frequencies ofCYP3A5*1are found in
populations with recent African ancestry(Roy et al. 2005 Quaranta et al. 2006. The results
also indicate that theCYP3A5*@Gand CYP3A5*#ariants are found at high frequencies across
Africa, suggesting that multiple variants are likely to affect CYP3A5 expression levels across
the continent. Interestingly the three low/non expresser variants occur on independent
haplotype backgrounds suggesting that traits causing low/non CYP3A5 expression in Africa
have evolved more than once.

Previous studies have estimated that between 595% of individuals with recent
African ancestry have high levels of CYP3A5 expressi@idustert et al. 2001 Kuehl et al. 2001
Lamba et al. 2002. One explanation for the large reported range of CYP3A5 expressers is the
choice of CYP3ASnarkers used to infer protein expression in previous studies. The majority
of previous studies have focusd on theCYP3A5*1/CYP3A5*®cus as a single determinant of
CYP3A5 expression. Genotyping of theYP3A5*1/CYP3A5*®cus alone may be sufficient to
predict CYP3A5 expression profiles in non Africamerican and African populations.
However the high frequencies of CYP3A5*@Gand CYP3A5*7n Africa, reported in this chapter,
reiterate the importance of genotyping these variants in populations with recent African
ancestry.

The classification of CYP3Amlleles as expresser or notexpresser is likely to have an
effect on the range of reported expresser frequencies in Africa. Of the three low/nen
expresser variants genotyped in this study, there is some doubt over the functional
implications of the CYP3A5*&ariant. The effect of CYP3A5*®n exon 7 skipping(see setion
1.2.3.1) has only been established once in 2001Kuehl et al. 200} and has not been
independently replicated. Althoughthe authors reported that CYP3A5*6caused skipping of
exon 7, they observed that normally spliced mature mRNA was present in all individuals who
carried the CYP3A5*6variant (Kuehl et al. 200). The sudy only included three individuals
who were heterozygous for theCYP3A5*@nutation and therefore it is not known whether
normally spliced mature mRNA is observed in individuals who are homozygous f@YP3A5*6

and if so, at what concentration comparativéo CYP3A5*homozygotes
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One method by which the functionality olCYP3A5*@ould be established is to examine
clinical data on a drug substrate of CYP3A5, such as the well studied immunosuppressant
tacrolimus. The effect of low/nonCYP3A5 expression, detenined by genotypes at the
CYP3A5*1/CYP3A5*3ocus, on tacrolimus associated adverse drug reactions is well
established(Goto et al. 2004Quteineh et al. 2008. Therefore patients, particularly those with
recent African ancestry, who are not heterozygous or homozygous f&@YP3A5*3and yet
display the same adverse clinical outcomes &YP3A5*3arriers should begenotyped for the
CYP3A5*&variant. If a significant number of patients who areCYP3A5*@arriers have adverse
clinical outcomes then it would provide evidence of an association betwee@YP3A5*6and
adverse clinical outcomes that are known to be associatevith low/non CYP3A5 expression.

To establish the effect ofCYP3A5*6on mRNA splicing, ann vitro splicing assay in
which double stranded DNA known to contain theCYP3A5*6variant could be cloned into a
bacterial vector, transformed into bacterial culture and transfected into eukaryotic cellaising
established techniques(Webb et al. 2003. Following incubation and extraction of mRNA for
analysis by reverse transdption, an examination and comparison of the cDNA sequence from
the CYP3A5*&lones alongside a control, from a homozygous ne@YP3A5*&lone would be
performed. If CYP3A5*6causes exon skipping then the cDNA sequence, obtained from
CYP3A5*&lones, wouldnot contain the sequence for exon 7 afYP3A5

The results from either method could change the classification d€YP3A5*6as a
low/non -expresser variant, to a variant which can reduce protein expression or a variant
which has no effect on protein expressn and processing at all. This couldlter which CYP3A5
variants are considered to be clinically relevant.

Another reason for the wide range of reported CYP3A5 expresser frequencies are that
African populations have been underrepresented in previous studs on CYP3A5 variability. A
large number of studies have estimated CYP3A5 expression levels in s@tharan Africa by
extrapolating data obtained for AfricanAmerican populations. The proportion of individuals
expressing CYP3A5 protein, at high concentrais, is expected to be lower in African
American populations comparative to subSaharan Africans. The rationale of expecting higher
frequencies of CYP3AS5 expressers in stfbaharan African populations is due to Caucasian
admixture in African-American populaions (Reed 1969 Destro-Bisol et al. 1999.

The data from this study are consistent with previous expeations that the
frequencies of CYP3A5 expressers in Africa are higher than in other global populations.
However, the proportion of Africans who express CYP3AS5, at high concentrations, is likely to
be much lower than the previous estimate of 95%. Additionyf expression phenotypes are
likely to be highly variable across Africa; sutsaharan Africans have higher frequencies of
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CYP3AGS expressers than North Africans. There are also considerable differences between East
Africans and other subSaharan populationsThe East African populations typed in this study
have substantially lower levels of predicted CYP3A5 expression than in other regions of sub
Saharan Africa, additionally there is substantial heterogeneity within Ethiopia, consistent with
a previous study of CYP3Abvariability within the country (Gebeyehu et al. 201l This
demonstrates that the method of inferring African CYP3AS5 expression phenotypes from
African-American data does not account for the considerable heterogeneity observed across
the continent.

The data strongly suggest that language family and north latitude are stronger
predictors of CYP3AS5 expression phenotype than African ancestry or geographégion alone.
Individuals predicted to express CYP3A5 at high concentrationare overrepresented in
equatorial and NigerCongo speaking populationsThese findingsare consistent with previous
reports that there is a correlation between African genetic diersity and language(Wood et al.
2005; Reed and Tishkoff 2008. Within language families, there was less diveity in CYP3A5
allele frequencies between NigetCongo speaking populations than for other language groups
in Africa. The similarities between NigerCongo speaking populations are influenced by the
recent expansion of Bantuspeaking populations ~4000 yearsago (Beleza et al. 200%. This is
consistent with previous studies of gendt diversity in Africa; non NigerCongo peaking
groups have greater inta-population diversity (Wood et al. 2009 and this is also true of
diversity at the CYP3A%ocus.

3.4.2 The potential implications of CYP3A5 variability in Africans

As outlined in section 1.1.4, sutsaharan Africa has a high burden of diseases which
are treated with a wide spectrum of drugs(Aspray et al. 1998 Coleman 199§. The results
from this study show that there is variability in the expression of an important drug
metabolising enzyme; respasible for the metabolism of a wide spectrum of clinical drugs
(Lamba et al. 2002. CYP3A5 variability has been previously reported as having significant
effects on treatment of many druggsee section 1.2.4)ncluding those used in the treatment of
malaria, (Ferreira et al. 200§ HIV-1, (Josephson et al. 2007cancer (Dandara et al. 200%
heart disease(Bochud et al. 200§ and immunosuppressants{Quteineh et al. 2008; diseases
which are common in populations with recent African ancestry.

What is clear from the data reported in this chapter is thathe approach of groupirg
African populations in translational medical research would overlook, potentially fatally, the

subgantial diversity within the continent ; particularly between East Africans and other sub

112



Saharan Africans. IntraAfrican differences in the prevalence oflmically relevant alleles mean
that standardising dosages of CYP3AS5 substrates within these populations on the basis of skin
colour would not benefit individuals in a way that mehods accounting for populationspecific

variability, such as language familypr geographic region of ancestry, would.

3.4.3 Natural selection at the CYP3AS5 locus

One of the most striking features of the results is the large disparity in
CYP3A5*1/CYP3A5*3requencies between African and norAfrican populations. Previous
studies have reported that the Sahara desert acts as a major barrier to gene flow between sub
Saharan Africans and other global populationgCruciani et al. 2002 Salas et al. 200 The
substantial differences inCYP3ARllele frequencies between North and suSaharan Africans
(reported in this study) are consistent with, but not entirely explained by, the Sahara beer.

The results from Africa fit a correlation from a previous report{Thompson et al. 2004
that CYP3A5*3requencies are positively correlated with increasedlistance from the equator.
However the correlation appears to be specific to increased north latitude. The ratio of north
to south latitude groups in this study is ~4:1 whichmay have skewed the initial observation
that latitude is correlated with CYP3A5/CYP3A5*3frequencies.However when only African
groups were considered, the ratio of north to south latitude African groups is ~1:1, there was
a correlation betweenCYP3A5*1/CYP3A5*8Bequencies and north latitude.

One of the most interesting features bthe data reported in this chapter and those
previously published (Thompson et al. 2004 is that the distribution of CYP3A5*1/CYP3A5*3
alleles are identical tofunctionally important variants of genes involved in blood pressure
regulation (Young et al. 200%. The frequency of the norexpresser, and protective against
elevated blood pressure,CYP3A5*3allele is positively correlated with distance from the
equator. The ancestralCYP3A5*lallele has been reported to be associated with increased
systolic blood pressure and mean arterial pressure in Africahmerican populations (Givens
et al. 2003. Hypertension is highly prevalent in Africa(Caoper et al. 1997 Sobngwi et al.
2002) and populations with recent African ancestry are overrepresented in hypertension
patient populations. Although there are environmental and dietary factors whicltontribute
to the risk of developing hypertension risk, genetic factors also play a major role in disease
pathology (Young et al. 2005.

CYP3A5 has been propesl to catalyse the conversion of cortisol to 4-
hydroxycortisol in the kidney, which leads to higher sodium reabsorption and water retention

(Ghosh et al. 199% This mechanism is vital for populations who experience frequenvater
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shortages; namely those closest to the equator and those who are prone to salt loss through
excessive sweating. Thigotentially explains the high prevalence ofCYP3A5*1lin equatorial
populations, previously studied, andseen inthis study. Conversely, as the distance from the
equator increases, temperature and humidity decrease and there is less selective pressure to
retain water and reabsorb sodium.

Comparisons of hypertension patiens with recent African ancestry and other global
populations suggest that theCYP3A5*Jallele may provide an advantage near the equator but
is detrimental at north latitudes. In contrast, the CYP3A5*3allele appears to be protective
against, genetically deermined, elevated blood pressure, and this is perhaps why the allele
has risen to such high frequency in these populations.

What is notable however is theCYP3A5*3allele has almost reached fixation in
populations outside of Africa and considerably northof the equator. There may be evidence of
selection for the low/non-functional CYP3A5*&llele outside of Africa. Evidence for this would
come from an examination of the haplotype backgrounds on which the neanctional variant
occurs. Any new mutation wil occur on a specific haplotype background, under neutrality we
would expect to see the mutation associated with a subset of all haplotypes and its frequency
would vary according to genetic drift. However if the allele becomes advantageous and is
selected for, it will rise in frequency and all tightly linked and associated variation, on a
particular haplotype background, will be selected for. If this is fairly recent then there will be
an excess of rare mutations on the haplotype containing the selected natibn and the
haplotype will have far less diversity than expected under a neutral model of mutation, a so
called mutation-selection-balance model (Di Rienzo and Hudson 200k The following
chapters will examine this in greater detail by examining the full CYP3A5gene sequence
obtained for different global populations to examine evidence of selection in and outside of
Africa.

As for the CYP3A5*@and CYP3A5*# ariants, the geographic distribution of CYP3A5*7
appears to ke identical to a major demographic event that occurred within Africa
approximately 4000 years ago; known as the Expansion of the Bantu Speaking Peoples
(Tishkoff and Verrelli 2003; Beleza et al. 200%. CYP3A5*Avas observed at high frequencies
within West, West Central and South East Africa which would be consistent with the second
wave of the Expansion of Bam Speaking Peoples, and this suggests an origin GY¥P3A5*7
prior to this event ~4000 years ago. It is likely thatCYP3A5*&volved in West or West Central
Africa and spread through Africa as a result of human migration patterns. What is interesting
about this variant is that, whilst its distribution is restricted, it appears to have evolved in
populations close to the equator and has a null effect on CYP3AS5 expression. It is possible that
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it may have evolved to help regulate the water retention and salteabsorption effects of the
CYP3A5*Hhllele; which may be detrimental if unregulated, even in equatorial populations.

In contrast the geographic distribution of CYP3A5*@s much more consistent across
sub-Saharan Africa and suggests that this variant evad beforeCYP3A5*and had increased
time to spread across the region. This variant is observed at low frequencies in the Yemeni
and North African sample sets, although this may be as a result of the Arab slave trade during
the 8-19th centuries (Richards et al. 2003. It is possible thatCYP3A53 and CYP3A5*&volved
to regulate too much sodium reabsorption and water retention in equatorial populations, this
may explain their relatively low frequencies across the continent, in contrast to the high

frequencies of CYP3A5*®bserved outside of Afria.

3.4.4 Conclusions

SubSaharan Africans have been largely underrepresented in evolutionary and
medical studies(Campbell and Tishkoff 2008. The data from tis chapter aim to correct this
by reporting data on functionally important variants of a medically important geneCYP3A5
The significant positive correlation between latitude and decreased CYP3A5 expression is
consistent with a hypothesis of positiveseection for low/non expression of CYP3A5 in
populations who reside at large distances north of the equator. Variability in CYP3A5
expression is likely to have important implications for the specificity of drugs and dosages
used to treat patients with recen African ancestry, and in predicting their susceptibility to
many diseases; such as hypertensioihe following chapters aim to characteriséntra-African
CYP3Ab5variability further by identifying novel, and potentially functionally important,

CYP3AkWariants, and evaluate evidence gfositive selection on the gene.
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4. Intra -African diversity at the CYP3A5gene

4.1  Overview and specific aims of the chapter

In chapter 3, considerable intraAfrican differences in the frequencies of clinically
relevant CYP235 alleles were identified. Principal co-ordinates (PCO) analysisfound that
differences in CYP3A5*3allele frequencies accountfor over 95% of all inter-population
variation. This chapter is a more restricted survey, than presented in chapter 3, and exaras
intra-African population structure in a 4448bp region of theCYP3A%ene.

The re-sequencedregion includes exons 1, 2, 3, 4, 6, 7 and 11, plus the flanking
introns. Thirteen diverse African populations were chosen for resequencing (see Table 4.1
and Figure 4.1).Details of primers, PCR and rgequencing conditions are provided in chapter
2. All of the sample sets were genotyped as part of the geographic survey, presented in
chapter 3. The populations represent four major global language families and darge
geographic region within Africa. Given time and funding constraints it was not possible to+e
sequence the entireCYP3ASgene in all thirteen African populations. However the regions
encompassing theCYP3A5*1/CYP3A5*3, CYP3A&EEd CYP3A5*Moci were re-sequenced, as
well as part of the proximal promoter in each population. IntraAfrican diversity was analysed
in a global context with resequencing data for the same 4006 base pair region in three,
ethnically diverse, North American populations from he Coriell repositories (seesection
2.1.1.4.7. Ethiopian data for the entireCYP3Agene are analysed in detail in chapter;5n this

chapter part of the dataset were included to analyse intrd\frican diversity.

4.2 CYP3Abvariation

4.2.1 Intra-African diversityin the resequenced CYP3A5 region

20 polymorphic sites were identified within a 4448 base pair region(see Figure 4.2).
Table 4.2 shows the full list of polymorphic sites identified in 8 notEthiopian African groups
Ethiopian re-sequencing d&a are presented in Table 5.80utside of Ethiopia allexcept one 5
UTR variant, occurred in theCYP3A5coding region. 18 variants were single nucleotide
substitutions; one was a single base insertion in exon 11 which defines ti@&YP3A5*%ariant
and a rovel 10 base pair deletion was observed in five heterozygous individuals. One variant
was a singleton and only one, nosingleton, variant identified was specific to a population.
Within an equivalent 4448 base pair region resequenced in five Ethiopian ppulations, a total

of 26 variants were identified; 5 of which were singletons and 4 were specific to a population.
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Table 4.1: A full list of sample sets in whicltCYP3A%vas re-sequenced, including details on geographic location and language fam#pme tave
been named according to ethnicity §) and others according to where, geographicallyh, the samples were collected.

Country Sample set Language family Sample Latitude  Longitude Distance CYP3A5*1 CYP3A5*3 CYP3A5*6 CYP3A5*7
from the allele allele allele allele
equator frequency frequency frequency frequency

(kilometres)
Ethiopia Afar (a) Afro-Asiatic 73 11.602 41.360 1290 0.35 0.65 0.18 0.00
Ambhara (a) Afro-Asiatic 76 9.869 38.660 1097 0.33 0.67 0.15 0.00
Maale (a) Afro-Asiatic 75 5.715 36.643 635.5 0.51 0.49 0.15 0.01
Oromo (a) Afro-Asiatic 74 7.837 37.308 871.5 0.35 0.65 0.14 0.00
Anuak (a) Nilo-Saharan 76 7.953 34.412 884.4 0.71 0.29 0.26 0.01
Sudan Kordofan (b) Nilo-Saharan 30 13.08 30.35 1454 0.55 0.45 0.20 0.02
Ghana Asante (a) Niger-Congo A 34 5.82 -2.82 686.1 0.89 0.11 0.22 0.07
Bulsa (a) Niger-Congo A 22 10.73 -1.29 1193 0.81 0.19 0.16 0.13
Cameroon Shewa Arabs (a)  Afro-Asiatic 65 15.05 12.11 1446 0.60 0.40 0.22 0.07
Somie (b) Niger-Congo A 65 6.00 125 667.2 0.77 0.23 0.18 0.10
Congo Brazzaville (b) Niger-Congo B 55 -4.26 15.28 473.7 0.80 0.20 0.12 0.09
Malawi Chewa (a) Niger- Congo B 50 -13.47 34.188 1555 0.85 0.15 0.16 0.17
Mozambique Sena (b) Niger-Congo B 51 -17.44 35.05 1939 0.84 0.16 0.23 0.16
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Figure 4.1: A map shaving the distribution of the thirteen sub-Saharan African populations

re-sequenced in this study. The image has been adapted from taken from
http://www.freeworldmaps.net/printable/africa/  using and edited by me using Microsoft PowerPoint 2007.

Key:

Afro-Asiatic speaking groups
Nilo-Saharan speaking groups
Niger-Congo A speaking groups

Niger-Congo B speaking groups
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Figure 4.2: A full list of all polymorphic sites identified across the 4448 base pair region fsequenced in eight, norEthiopian, African
populations.

e The pink boxes represent resequencedCYP3A%exons, although they are not spaced according to scale. The red box represents the proximal
promoter region of CYP3A5Spacer regions, represented by black lines between adjacent exons, are introns. Grey boxes represent regions that
were not re-sequenced in these populations.

e The exons are ordered from Exon-13, although they are not all numbered on the Figure.

e The numbers in the brackets correspond to the total number of variants observed across the 8 populations.

5'upstream region 3" downstream region
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Table 4.2: A list of all polymorphicsites identified in a 4448 base pair region resequenced in 8 (norEthiopian) African populations.f is the
frequency andn is the number of chromosomes and light blue shading indicates novel mutations

Shewa Arabs Congolese Asante Bulsa Chewa Sena Mambila Kordofan

Position on CYP3AS variant and its

chromosome 7: position relative to the NCBI dbSNP

(NCBI Build 132, translation initiation database Total re-
CYP3AS5 region February 2009) codon (A of ATG is +1) refSNP ID Effect f n f n f n f n f n f n f n f n sequenced
5 UTR of exon 1 99277593 -74 C>T rs28371764 0.00 1 0.00 0 0.00 0 0.00 0 0.00 0 0.00 0 0.00 0 0.00 3 666
Intron 1 99277445 74 10 base pair deletion 0.00 0 0.00 1 0.00 0 0.00 0 0.00 0 0.00 0 0.01 4 0.00 0 666
Intron 1 99277383 136 C>T 0.00 2 0.00 0 0.00 0 0.00 0 0.00 0 0.00 0 0.00 0 0.00 0 666
Intron 1 99277230 289 G>C 0.00 0 0.00 0 0.00 2 0.00 0 0.00 0 0.00 0 0.00 1 0.00 0 666
Intron 2 99273701 3818 G>A 0.00 0 0.00 0 0.00 0 0.00 0 0.00 0 0.00 0 0.00 1 0.00 0 668
Intron 3 99272310 5209 C>T rs28365067 0.01 8 0.00 2 0.00 2 0.00 0 0.00 3 0.00 2 0.01 5 0.01 5 724
Intron 3 99272290 5229 G>A rs41301652 0.00 0 0.00 0 0.00 0 0.00 0 0.00 1 0.00 1 0.00 3 0.00 0 724
Intron 3 99272009 5510 T>A rs28969392 0.00 1 0.00 0 0.00 1 0.00 2 0.00 1 0.00 1 0.00 3 0.00 2 724
Intron 3 99271928 5591 C>T rs41301655 0.00 1 0.00 3 0.01 6 0.01 5 0.00 2 0.00 1 0.01 10 0.00 0 724
Intron 3 99271853 5666 A>G rs41301658 0.01 10 0.02 11 0.00 3 0.01 6 0.01 9 0.02 14 0.02 13 0.00 0 724
Intron 3 99271808 5711 A>G rs41258334 0.01 7 0.00 2 0.00 1 0.00 0 0.00 3 0.00 1 0.01 4 0.01 5 724
Intron 3 99270539 6980 A>G rs776746 Defines CYP3A5*3 0.07 53 0.03 22 0.01 8 0.01 7 0.02 13 0.02 16 0.04 30 0.04 27 744
Intron 3 99270318 7201 C>T rs8175345 0.02 12 0.02 12 0.00 3 0.01 7 0.01 9 0.03 21 0.02 13 0.00 1 746
Intron 4 99270165 7354 C>T 0.00 0 0.00 0 0.00 0 0.00 0 0.01 4 0.00 0 0.00 0 0.00 2 746
Intron 5 99264391 13128 C>G 0.00 0 0.00 2 0.00 0 0.00 0 0.00 1 0.00 0 0.00 0 0.00 0 700
Intron 6 99264149 13370 G>A rs41301670 0.00 3 0.00 0 0.00 0 0.00 0 0.00 0 0.00 1 0.00 0 0.00 0 700
Exon 7 99262835 14684 G>A rs10264272 Defines CYP3A5*6 0.04 30 0.02 13 0.02 15 0.01 9 0.02 15 0.03 20 0.03 23 0.02 12 742
Exon 7 99262793 14726 A>G rs28383472 Synonymous 0.00 0 0.00 2 0.01 5 0.01 4 0.00 2 0.00 0 0.01 8 0.00 0 742
Intron 7 99262689 14830 C>T 0.00 0 0.00 0 0.00 1 0.00 0 0.00 2 0.00 0 0.00 0 0.00 0 742
Exon 11 99250394 27125 1bp insertion rs41303343 Defines CYP3A5*7 0.01 8 0.01 10 0.01 5 0.00 1 0.03 22 0.02 15 0.02 13 0.00 1 742
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A crossspecies alignment of the resequencedCYP3A5egion with other primates,
found that 16/20 polymorphic sites were in highly conserved nucleotide positions in
primates. Highly conserved nucleotide positions are polymorphic sitesvhere the ancestral
allele, as inferred from the chimpanzee sequence, is identical in all primate species
(Thompson et al. 2004 Thompson et al. 2008.

3 exonic polymorphisms were identified in the non-Ethiopian African cohort,
compared to 7 in Ethiopians Of all identified exonic variants 2 ae non-synonymous and only
observed in Ethiopians.40% of all identified polymorphic sites are within intron 3, including
the CYP3A5*2lefining polymorphism. A novel 10 base paideletion wasidentified in intron 1
in five heterozygous individuals from West Central AfricaThe deletionwas not predicted to
affect preemRNA splicing by BDGP (http://www.fruitfly.org/seq_tools/splice.html). However
given the close proximity of this deletion to the intron 1 splice site, experimental evidence will
provide an indication of how this deletion may affecCYP3ASranscription.

The proportion of singleton variants identified in the eight nonEthiopian African
populations was 0.05% (see Figure 4.3). There were more high and intermediate frequency

variants than rare observed from the data.

4.2.2 CYP3AS diversity in sixteen populatis

A total of 39 variants were identified within a 4006bp region ofCYP3AS5n all sixteen
populations (Figure 4.4). 10 (~25.6%) were exonic polymorphisms; 2 notsynonymous, 1
insertion (CYP3AS5F), 3 synonymous (one of which defines th€YP3A5*Gnutation) and 4 in
the 5" UTR of exon 1. All identified nosynonymous polymorphisms, except one in exon 4
identified in a single heterozygous Ethiopian (se€lable 5.10, were predicted to have a
benign effect on protein function (examined using PolyPhen2). The pportion of exonic
polymorphisms observed is higher than neutral expectations for protein coding genes;
although the observed number of amino acid changes relative to the number of codons
(~0.008%) is lower than reported for protein coding genes (0.56%)(Kitano et al. 2004. No
identified exonic polymorphism was predicted to affect mMRNA splicing; ando polymorphism
occurred in a consensus splice site. The highest frequency variants weZ& P3A5*3, CYP3A5*6
and CYP3A5*7
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Figure 4.3: The number of times a particular variant is observed within the notEthiopian
sub-Saharan African cohort (n=746 chromosmes). The frequency refers to the number of

AEOT I TOIT A0 11 xEEAE A DPAOOEAOI AO OAOEAT O xAO EAAI
in a single heterozygous individual. The-axis shows the proportion of the total amount of identified

variation that is attributed to variants of particular frequencies; i.e. singletons account for ~0.05% of all

identified polymorphic sites.
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Consistent with previous studies of global diversity, populations with recent African
ancestry have more diversity (&en for a small 4006bp CYP3A5region) than observed in
Europeansand Han Chinese (see Figure 4.4). Han Chinese individuals had the lowest number
of polymorphic sites. Nonsynonymous polymorphisms were only identified in European
individuals andin the Anugk. Only populations with recent African ancestry had th€YP3A5*7
defining T allele insertion inexon 11. Populations with recent African ancestrare also more
varied in the types of variation observedno insertion or deletion was identified in Europeans
or Han Chinese which is consistent witltomparisons ofother genomicregions (Campbell and
Tishkoff 2010). Populations with recent African ancestry appear to be homogeneous ithe
type of variation that is observed. No one population had a higher number of insertions or

deletions in the gene region than the others.
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Figure 4.4: A graph summarising the identified variation in a 4000bp region o€YP3A5re-sequenced in sixteen populationsThe key summarses the types of
variation identified and the graph shows the total numbers of each type of polymorphic site identified from the fgequenced region in each populatioriThe
corresponding Table with details of each identified variant and its frequency in #hcohort is providedin Supplementary Table 1 (on CD).
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4.23 Population structure at the CYP3AS5 gene

Allelic data were used tocalculate pairwise Fst so that singleton variants could be
accounted for when assessing intepopulation differences. Pairwie Fstvalues were used to
perform PCOanalysis. The results of intraAfrican analyses (Figure 4) are consistent with
those reported in chapter 3; the Afar, Amhara and Oromo are distinct from other stBaharan
African populations. Howevera comparison ofall sixteen groups (Figure 46) found that
African groupscluster together andEuropeansand Asiansare the outlying populations.

A notable feature of the PCO analyses that the majority (over 96%) of population
differentiation at the CYP3Ageneis explained by the first principal component. As reported
in chapter 3, inter-population differences in the frequency ofthe CYP3A5*3allele shape
population structure at the gene; even when variation over a larger gene region is considered.
Few variants wereidentified in Europeansand Han Chinese other tha€YP3A5*3vhich is the
main factor which differentiates these populations from Africansat CYP3A5AnN interesting
observation is that CYP3A5*3requencies also shape population structure in Africafollowed
by CYP3A5*6 CYP3A5*7and all additional variation identified in these populations It is
possible that within a larger genomic regionthere may be additional variation which will
further differentiate African populations. However the data from this chapér suggest that
frequencies of these three alleles are the main factors which influence population structure at

this gene.
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Figure 4.5: A principal coordinates (PCO) plot showing the differences between thirteen African
groups, based on resequencing datafor a 4006bp region of CYP3A5Values along either axis represent
the total amount of variation captured by each principalcoordinate. The PCO plot was constructed
using pairwise Fstcomparisons
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Figure 4.6: A principal co-ordinates (PCO) plot showing the differences between sixteen global
populations, based on resequencing data for a 4006bp region of2YP3AS5 Values along either axis
represent the total amount of variation captured by each pringal-coordinate. The PCO plot was
constructed using pairwiseFsrcomparisons
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4.2.3 Molecular diversity at the ¥P3A5 locus

Analyses of molecular diversity were performed using DnaSP software (version 5.0)
and are presented in Table 8. Nucleotide diversity estimates are lowfor each of the sixteen
groups, compared to the estimate that approximately 1 in every 1@ nucleotides in the
human genomeare polymorphic (Sachidanandam et al. 20G1Jobling et al. 2004 Rotimi and
Jorde 2010 although this may reflect the small size of th€ YP3AFegion analysed. he Afar,
Amhara and Oromo have marginally lower estimates of nucleotide diversity compared to
other AfricAT BT DOl AOQE Divalugs intlidafe BHatAtifer@ is a skew towards rare
variants in East Africa and in four other subSaharan African groups; although significant
departures from neutrality were not observed in the Afar following Bonferonni correctionfor
multiple tests (0.004<p<0.05). A skew towards rare variants in East Africa may indicate
evidence of differential selective pressures across the African continent. Although it is
important to note that the results reported here are for a smaller regiorthan that analysed in
chapter 6. Comparative analyses of the entir€YP3A5gene region between the thirteen
groups will identify whether there is evidence of differential selective pressures across the
African continent.

A skew towards rare variants wasobserved in all three Coriell populations. Significant
departures from neutrality were not observed in Han Chinese individuals; however this may
be due to the paucity ofCYP3Abvariation observed within this population. The Afar and
Oromo have a greater lsew towards rare variants than Han Chinese and AfricaAmericans;
although this reflects the paucity of variation observed in the latter two groups. A significant
departure from neutrality was observed in bothEuropeans andAfrican-Americans, however
the departure was not significant for Europeas following Bonferonni correction
(0.003<p<0.004).
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Table 4.3: Molecular diversity estimates for sixteen global sample setStatistically significant departures from neutrality, following Bonferonni correction are
highlighted in green (correction for 16 tests; adjusted significance level BsS T8 mmo

AA AS CA EAF EAM EAN EML EOR SHW CON GPN-  GPN-BUL CHW SENA SOM KOR
ASH

Number of 9 2 5 12 12 17 14 17 12 11 12 8 14 11 14 9

polymorphic

sites

Number of 2 1 1 1 0 1 2 1 0 0 0 0 0 0 1 0

singletons

Nucleotide 43x10* 1.0x10* 16x10* 3.0x10* 32x10* 43x10* 4.1x10* 22x10* 52x10% 43x10* 39x10* 43x10* 7.1x10* 47x10* 49x10* 4.8x10*

diversity (m)

Taji ao: -0.918 -0.932 -1.603 -1.15 -0.967 -1.33 -0.764 -1.91 1.44 -0.701 -0.584 -0.0398 -0.680 1.04 0.552 0.168

Fu and | -0.812 -1.680 -1.846 -0.301 0.106 -1.59 0.778 -0.177 0.805 1.25 0.05 1.25 1.12 0.825 0.919 -0.144

D*

Fu and | -0.997 -1.69 -2.075 -0.716 -0.342 -1.79 0.255 -0.992 1.18 0.69 -0.177 0.99 0.616 1.05 0.943 -0.055

F*

Fuds -12.03 -0.218 5.18 -2.37 -7.99 -11.6 -7.85 -14.3 -0.108 -2.54 -1.50 -1.44 -1.94 0.235 0.535 -1.089

Sample set codes AA; AfricanAmericans, AS; Han Chinese, CAdividuals of recent European ancestryEAF; Afar, EAM; Amhara, EAN; Anuak, EML; Maale,
EOR; Oromg SHW; Shewa Arabs, CON; Congolese, @&K; Ghanaian Asante, GFBUL; Ghanaian Bulsa, CHW; Malawian Chewa, SENA; Mozambicans from

Sena, SOM; Cameroonians from Somie, KOR; Sudanese individuals from Kordofan.
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4.3 Statistical association of identified varia tion

4.3.1 Haplotype inference

A total of 35 haplotypes were inferred for a 4006bp region from data for sixteen
populations; 29 were observed in Africa. ~42.9% of all haplotypes wer€YP3A5*1, 34.3%
were defined by theCYP3A5*3nutation alone, ~14.3% byCYP3A5*6~5.7% by CYP3A5*and
a single recombinant CYP3A5*3/CYP3A5*taplotype was observed in 9 heterozygous
individuals; see Figures 47a-b. CYP3A5*1was the most diverse haplogroup; followed by
CYP3A5*3CYP3A5*6CYP3A5*And CYP3A5*3/*6(Figure 4.7¢).

Within Africa, CYP3A5*3haplotype frequencies for Shewa Arabs and Sudanese
individuals from Kordofan were comparable to the Ethiopian Maale. ~40% of inferred
haplotypes for Shewa Arabs and ~43% of those for Sudanese individuals from Kordofan were
defined by the CYP3A5*3variant. CYP3A5*7was observed at high frequencies in non
Ethiopian sub-Saharan Africans; the highest frequencies of the haplotype were observed in
the Chewa from Malawi (frequency ~22%).

Within Africa, variation in haplotype frequendes and distribution is highest in
populations outside of Ethiopia see Figure 4b. Consistent with Y chromosome and
mitochondrial DNA (de Filippo et al), NigerCongo speakers are homogeneous in their
CYP3Ahaplotype frequencies (Figures 4Zb). This is consistent with the observedcorrelation
between major language family andCYP3Abstructure reported in chapter 3. Population
similarities between Niger-Congo speaking groups, who are spread owvéarge geographic
distances, aredue to recent demographic eventsHaplotype patterns in the Nilo-Saharan
speaking Sudanese and Afrdsiatic speaking Shewa Arabs differ from Nige€ongo groups.
Shewa Arabs and Kordofanian Sudanese also have the highest frequenciesC8P3A5*3
haplotypes and appear to have more variation within this haplotype aks than NigerCongo
speakers.

The majority of haplotypes observed in Han Chinese and European populations were
defined by CYP3A5*30f the three Coriell groups, haplotype diversity was greatest in African
Americans; although fewer haplotypes were obsenetin this population than in the collective

African cohort.



Figure 4.7a: The 35 global haplotypes inferred from resequencing data for a 4006 base pair region of CYP3ABach position is an identified polymorphic site.

Positions are numbered from the ATGtart codon where base A is +1; and correspond to details provided in chapter 4. Yellow indicates the ancestral allele at
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Figure 4.7b: The frequencies of each inferred &plotype (as shown in Figure 4.8) in each global population Haplotype codes correspod to those listed in
Figure 4.7a. The haplotype class, to which each haplotype belongs, is shown in brackets following the entry in the key.
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Figure 4.7c: Global diversity in eachCYP3AHhaplogroup; the key corresponds to haplotypes (humbered as in Figure 4.5a).
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432 Assessing the diversity of inferred haplotypes

populations and CYP3AHaplotype classesThe significance ofinter-population differences in
gene diversity was assessed usingan exact test of population differentiation (presented in
Table 44).

Within Africa gene diversity was highest in groups outside of Ethiopia and North
Africa (Kordofanians from Sudan), see Figure &. This is expected given thi& comparatively
higher frequencies of CYP3A5*3haplotypes than observed in other African populations.
CYP3A5*haplotypes have less diversity than those defined by the ancestr@lYP3A5*lllele
(Figure 4.7).Although from Figure 49, it is also apparent thatCYP3A5*haplotype diversity is
highest in populations with high frequencies of the allele, and in AfricaAmericans and
Sudanese KordofaniansCYP3A5*3haplotype diversity is almost equal to that seen in the
CYP3A5*Ihaplogroup. Within the subSaharan African cohort, the Afar, Amira, Oromo and
Somie have the highest frequencies of th€YP3A5*Allele and subsequent higher levels of
diversity in the CYP3A5*haplogroup.
Figure 4.84, . AE6 O E AOOEI AOA T £ cYRIAKegidnEidAx@enEpbpulationsEl O A
Error bars denote standard deviation, calculated as outlined in chapter 2, and bars are coloured
according to the geographic region each population belongs to.
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Table 4.4: An exact test of population differentiation to measure the significance of differences inigld AEOAOOEOU AOOET ADAgxtegni AAOODC
populations. Statistically significant differences following Bonferonni correction (for 16 tests; adjusteg-value = 0.003125) are shown in bold and highlighted
in green. Population codes are as proded for Figures 4.34.4.

EAF EAM EAN EML EOR SHW CON ASH BUL CHW SENA SOM KOR AA AS CA
EAF *
EAM 0.42537 *
EAN <0.0001 <0.0001 *
EML 0.00004  0.00336 0.0001 *
EOR 0.4755 0.65113 <0.0001 0.01571 *
SHW <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 *
CON <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.00055 *
ASH <0.0001 <0.0001 0.00007 <0.0001 <0.0001 <0.0001 0.05376 *
BUL <0.0001 <0.0001 0.00618 <0.0001 <0.0001 0.00553 0.15141 0.32365 *
CHW <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.06596 0.04871 0.03493 *
SENA  <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.00006 0.00574 0.00001 0.02583 0.05286 *
SOM <0.0001 <0.0001 <0.0001 <0.0001  <0.0001 0.0001 0.11521 0.08024 0.60052 0.03531 0.01705 *
KOR 0.00558 0.04739 0.02513 0.00942 0.04052 0.21083  0.00022 0.0007 0.00252 <0.0001 <0.0001 0.00021 *
AA <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.00013 0.00097 <0.0001 <0.0001 <0.0001 0.0057 *
AS 0.00455 0.03955 <0.0001 0.00071 0.29675 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 *
CA <0.0001 0.00024 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.00229 *
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Figure 49 . AE8 O E AOOEI| aYPirhapialypd cldsdedEYPIAFEL, @HPENE*3, CYP3A5*6, CYP3&d TYP3A5*3/*§ in each resequenced
population. Error bars denote standard deviation.
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4.4 Testing for correlations between CYP3ASdiversity, environmental
and demographic factors

Examining population differencesusing Fst and pairwise exact tess of population
differentiation alone cannot differentiate between variables which influence genetic diversity
and similarity; for example populations which are geographically close together tend to be
much more similar than those located further away. However, sometimes populations located
closely to each other are found to differ; perhaps due to specific environmental boundes
which may prevent gene flow (such as the Sahara desert between North and sbaharan
Africa) (Jobling et al. 2004. In these cases the true geographic distae between populations
is larger than first thought. These differences can be modelled using spatial autocorrelation
analyses; however the samples used in this thesis were largely collected framultiple ethnic
groups in one location within the specified country meaning that detailed spatial
autocorrelation analyses cannot be performed. However in the absence of data on specific
environmental factors, a Mantel test is often usefu{Mantel 1967). Often information on
pairwise comparisons of different aspects of the dat#& avalable as matrices; a Mantel test
examines whether there are correlations between two or more matrices for a given
population. Such comparisons may highlight specific differences which help to explain the
observed genetic differences. There is a problem thi Mantel tests in that each pairwise
correlation between matrices is not strictly independent. However, Mantel tests have been
critical in improving understanding of the origins of different populations, such as in Europe
(Jobling et al. 2004.

Although the re-sequencing data examined in this chapter are for a small region of
CYP3A5 comparisons of matrices may highlight specific environmental variables whichre
shaping the differences between the populations. The objectives of the analyses presented in
this section are to examine whether there are correlations between geographic proximity and
genetic similarity; and to examine whether there is a correlation dtween CYP3A5*3
haplotype diversity and latitude. Of the sixteen populations geographic eordinates were
available for all thirteen African populations; the Coriell datasets were excluded from tise
analyses.

A Mantel test to compare pairwise genetic diérences (measured byFs7) and
geographic proximity (in kilometres) was performed in the Rprogramming environment. The
results were significant (p=0.0064); meaning that there is a correlation between geographic

proximity and genetic similarity at the CYP235Ilocus in Africa.
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As a strong positive correlation betweenCYP3A5*1/*3allele frequencies and latitude
was identified in chapter 3, a test for the correlation (if any) betweel€YP3A5*-and CYP3A5*3

haplotype diversity and latitude was performed by SpearA1 1 6 O 2 AT E #1 OOAIT AC

No significant correlation between gene diversity in theaCYP3A5*haplogroup (Rho = 0.5536,
p=0.1813) or CYP3A5*aplogroup (Rho =-0.1142,p=0.7102) and latitude was observed. It is
much more likely that haplogroup diversty is correlated with increased frequencies of specific
CYP3Aalleles.

45 Discussion

The results presented in this chapter are an exteion ofthose presented in chapter 3
Population structure at the CYP3ASene isalmost entirely influenced by frequencies ofthe
CYP3A5*3nutation. This is perhaps surprising given that Africans have high levels of genetic
diversity; although additional variants do affect intracAfrican population structure at the gene
CYP3AHaplotypes defined by the low/nonrexpresser CYP3Alleles arecomparatively less
diverse than for those defined byCYP3A5*1This is expectedas CYP3A5*1is the ancestral
allele. A significant reduction in diversity levels on low/non-expresser haplogroups, from
neutral expectations, may be consignt with the alleles being recent mutations;rapid
population expansior or positive selection for low/non-expression. Significant departures
from neutrality can be assessed by comparing larger genomic regions, which include the

CYP3ASgene, in multiple pgulations.

45.1 Intra-African diversity at the CYP3A5 locus

Consistent with the results from the geographic survey (chapter 3) there is
considerable heterogeneity within East Africa. Overall diversity in the gene region was low for
all populations andthe intra-African structuring seen from PCO analysis is similar to that in
Figure 3.3. The Afar, Amhara and Oromo (all AfrAsiatic speaking) populations differ from
other sub-Saharan African groups.Kordofanian Sudanese (North Africans)also differ
significantly from other sub-Saharan Africans; consistent with the Sahara desert acting as a
major barrier to gene flow across the continentCruciani et al. 2003. Interestingly, no East
African population differed from Kordofanian Sudanese It is possible that the short
geographic distance between these populations facilitates gene flow readily. It is also possible
that North African admixture with East Africans, capled with gene flow from the Arabian
Peninsula, has influenced the patterns o€YP3AXiversity that are observed in the region
(Richards et al. 2003.
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The finding that population differentiation, as a result ofCYP3A5variation, is largely
explained by differences inCYP3A5*3allele frequercies is consistent with a hypothesis of
selection on the allele in populations outside of Africal here are two feasible explanations for
high frequencies ofCYP3A5*3¢oupled with a paucity of variation onCYP3A5*haplotypesand
a skew towards rare variants in three of the five Ethiopian populations. The first is that
Ethiopian heterogeneity is a result ofdifferential selective pressures on the gene across the
continent. This would mean that there may be specific environmental pressusewhich
influence the high levels of diversity; even between East African populations. An alternative
explanation is that East African heterogeneity, and the clustering of the Afar, Amhara and
Oromo (from PCO analysis)between a larger African cohort andnon-African populations is
due to admixture with North Africans and populations from the Arabian Peninsula. There is a
known genetic contribution of Arabian populations to populations in the North and North East
of Ethiopia (Cruciani et al. 2002 Lovell et al. 2005. A comparison with sequences from the
Arabian Peninsula will aid in elucidating the proportion of genetic differetiation in East Africa
that is attributable to admixture.

A limitation of the CYP3AXata presented in this chapter is that the full gene has not
been resequenced in all 13 African populations. Identifying and analysingariation across the
entire genein these groups may identify more variants which are likely to affect protein
function and/or expression. Analyses of the frequencies of identified Africa@YP3A5ariants
will provide evidence of whether intra-African diversity is a result of differencesin
demographic history or selective constraints. A comprehensive understanding of African
CYP3AXdiversity will be essential for determining suitable drug concentrations within the

region and in predicting disease risks; such as hypertension and hyponatresm

45.2 Inter-population CYP3AS diversity

A comparison of AfricanCYP3A5e-sequencing data withCoriell populations found
that CYP3AXiversity was higherin populations with recent African ancestry thanEuropean
and Han Chinese individuals. Many prdous studies onCYP3Ab5variation have extrapolated
data obtained for AfricanAmerican populations to predict the patterns of variation and
frequencies of CYP3A5 expressers within Africa. However given the extensive amount of
variation observed across theAfrican continent, and reported for CYP3ASn this thesis, this
method of extrapolating data for AfricanrAmericans is unlikely to accountfor East African

heterogeneity, such aglifferences between North and subSaharan Africans; or between East
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Africans and other sub-Saharan African groups. In order to characterise intrd\frican CYP3A5
diversity multiple populations from within the continent must be considered.

Using data from the sixteen populationscore haplogroups were identified; those
defined by one of the CYP3A5*3, CYP3A5*%nd CYP3A5*7alleles, those defined by the
ancestral CYP3A5*-and a single recombinant haplotypeCYP3A5*3/*6 It is possible that there
are additional variants which define core CYP3A5African haplotypes, outside of the re
sequerced region. Within each haplogroup the modal haplotypes are defined by a paucity of
variation. CYP3A5*3haplogroup diversity was greatest in Europears and Han Chinese;
populations in which it is believed that a selective sweep offYP3A5*3has occurred
(Thompson et al. 2004. Although the frequencies of additional low/norexpresser haplotypes
is rare; suggesting that differentiation of theCYP3A5*3haplogroup is rare even in populations
where the CYP3A5*2llele is observed at high frequencies.

One method of establishing whether there is strong evidence of differential selection
in Africa is to model expectations for multiple polymorphic sites and compare the erpted
diversity, under a hypothesis of neutrality, with the observed data. Such a method is similar to
simulating datasets under specific conditions (see chapte7) but simpler as it is less
computer-intensive. Additionally such a method does not generatan additional dataset but
provide an approximate distribution of allele frequencies within a population. One way of
doing this is through the Bayenv program(Coop etal. 2010) which uses Bayesian methods to
simulate an expected distribution of allele frequencies, given the data, and then compares the
data with those observed to determine the significance of differences between observed and
expected data differencesThis could be used for comparative analyses of a larger region of the
CYP3ASene in African and other global populations to identify populations which may have

undergone a selective sweep and/or differential selective pressures within a global cohort.

45.3 Intra-African diversity at the CYP3A5 locus is likely to have implications for healthcare
of populations within and from the region

One of the most significant findings of thisand the previouschapter is that Ethiopians
differ from other sub-Séaran African populations in the amount of clinically relevantCYP3A5
variation. An appreciation of how demography,evolutionary history and anthropology shape
genetic diversity in medically important genescan help to identify subsets of individuals from
a large geographic region whare distinct from a wider patient population. The separation of

some East African populations from a wider African cohort will almost certainly have



important medical implications across the continent and challenge the pracigs of treating
O! £FOEAAT 06 AO A 1 AOCA ET i1 CAT AT 8O coOi 6bp ET 1 Az

Within the 4448bp region, in Africans there is a paucity of intermediate or high
frequency variants likely to affect CYP3A5 function other than CYP3A5*3, CYP3A5%nd
CYP3A5*7This findng complements those from the previous chaptergenotyping ofcommon,
clinically important variants, as opposed to resequencing of large regions of medically
important genes,may be a costkffective way to identify patients who require idicsyncratic
health interventions. However, a novel rare ten base pair deletion immediately adjacent to the
3" splice site was identified in five heterozygous individuals angnay affect mRNA splicing and
consequently protein expression.This deletion occurs on aCYP3A5*lhaplotype background.
AEAOAEI OA AT 1T Al OOETIT O AAT OO0 Al ET AEQERSALRALl 6 0 ¢
genotype may overlook rare, clinically relevant variation. The ten base pair deletion may be an
as yet uncharacterised clinically important Africaa CYP3A5mutation and suggests that an
appreciation of the effects of rare mutationsn the genemay be necessary in individuals with
recent African ancestry tohelp prevent adverse clinical outcomesExperimental techniques
will help to establish the effect of such a large deletion in the gene sequence on protein
expression (discussed in section 5.4.2). Thé448bp region analysed inthis chapter is also
approximately half of the gene, and it idikely that additional high-, intermediate- and low-
frequency CYP3A%ariants which are likely to affect CYP3AS5 expression and intggopulation
differences in clinical outcomeswere overlooked. The following chapter will examineCYP3A5
variation in more detail. Bioinformatics analyses ofCYP3A5variation identified in a 4448bp
region (reported in this chapter) and in the entire gene (resequenced in Ethiopian
populations) will identify which, if any, variants are predicted to impact CYP3A5 expression by
impacting the gene at the level of transcription or translation.

The World Health Organisation (WHO) ha data on hypertension incidence and
prevalence for multiple populations; including Africans. However, the data have not been
standardised by age and geographic eordinate information is not available for each
individual population (personal correspondence with Dr Richard Coopérand Dr Charles
Rotimi4). This makes the data difficult to interpret and compare accurately. There are groups,

such as those run by Dr Cooper and Dr Charles Rotimi, who look at incidence ypbértension

® Dr Richard Cooper is a plyian epidemiologist with an interest in cardiovascular disease based in the
Department of Preventative Medicine and Epidemiology at Loyola University Medical Centre in Chicago.

“ Dr Charles Rotimi is the director for the Centre for Research on Genomic3labal Health at the National
Institutes of Health in Maryland, USA. His research is focused on examining hypertension risk factors in the
African Diaspora
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within the African Diaspora however the data are still being collated and it was not possible to
incorporate them into the analyses presented in this chapter Data on differential prevalence
of hypertension in individuals with recent African ancestry who reside at high latitudes,
including diverse Ethiopian groups, may identify intra-African differences in the susceptibility
to and incidence othypertension.

Converselyif CYP3A5*Zonfers a disadvantage in populations closest to the equator
(as previously reported (Thompson et al. 2004) then high frequencies ofCYP3A5*&nd other,
novel low/non -expresser variantsobservedin the Afar, Amhara and Ormo from Ethiopia (see
chapter 6) would be expeced to have a detrimental effectgiven their geographic proximity to
the equator, and mean that they have a higher predisposition to conditions such as
hyponatremia (not enough sodium retention). Hyponatremiahas, to date, not been considered
as a consequence o€YP3AbSvariability because Ethiopian populations have beerargely
underrepresented in large genotyping andCYP3ASe-sequencing surveysHowever, the data
from this chapter, and subsequent chapters,ugigests that there may be a gradient within the
country regarding disease susceptibility

Aside from hypertension and hyponatremia risk, there are additional implications for
healthcare within the region as a result ofCYP3Abvariability. CYP3A5 metabdkes many
therapeutic drugs used to treat a wide spectrum of diseases endemic in Afri¢gellay et al.
2005; Diczfalusy et al. 2008. TheAfrican cohort analysed in this chapterare at risk of multiple
communicable and norcommunicable diseasegMabayoje 1956 Aspray et al. 1998 Coleman
1998; Walker et al. 1998 Wurthwein et al. 2001). Given the paucity of funding for many
diseases, particularly communicable, within the region there has been a shift in focus towards
mass drug administration regimens to manage infections within the continen(Hotez 2009
Smits 2009. However the current emphasis on mass drug administration overlooks
population-specific differences in drug treatment responses and may bias against, and so be
detrimental to, specific populations within/from Africa. What is unknown at present is
whether there are incidences of adverse clinical outcomesssociated with mass drug
administration campaignswhich occur in patients as a result of CYP3AS5 variability (or that of
any other drug metabolising enzyms). Critically, the distribution of drugs as part of large
campaigns at European specific doses overlooks intéfrican diversity in medically important
genes and may increase the incidence and risk of CYP3adsociated adverse clinical

outcomes.
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5. Assessingthe functional significance of CYP3Abvariation
in Africa

5.1 Chapter overview and aims

Significant intra-African diversity in the frequencies of functionally important CYP3A5
alleles is likely to influence population differences in the susceptibility to adverse clinical
outcomes attributed to variability in CYP3A5 expression (discussed in section 1.2.4). In
chapters 3 and 4 it was reported that the low/non -expresser CYP3A5*3, CYP3A5%nd
CYP3A5*alleles occur largely on independent haplotype backgrounds; suggesting that traits
causing low/non-expression of CYP3A5 have evolved more than once. It is possible that there
are additional variants, which occur on the same or different haplotype backgrounds as
CYP3A5*3, CYP3A5® CYP3A5*7and contribute to polymorphic enzyme expression in
global populations. Additional CYP3Ab5variation may also be responsible for adverse clinical
outcomes in pdients with recent African ancestry despitehavinga CYP3A5*enotype.

This chapter aims to use bioinformatics tools to analyse all variation identified in a
12,237 base pair region ofCYP3AS5n five Ethiopian populations and a 4448 base pair region
re-sequenced in eight additional subSaharan African populations. Tables 2.2 and 4.1 have
information on populations analysed in this chapter. All PCR and4&quencing conditions are
as outlined in section 2.2. Within the resequenced regions, all identifiedporomoter, exonic,
splice site and 3" UTR variants were analysed for potential effects @lYP3A&ranscription
and protein expression, using bioinformatics software (see section 2.3.9). For all analyses, the
ancestral allele at a given nucleotide positiomas inferred from the NCBI chimpanze€YP3A5

reference sequence.

5.11 Previously reported variation at the CYP3A5 locus

To date a total of 258 variants have been identified withit€YP3AZfrom the 5" UTR of
exon one to the 3° UTR) and 114 of these occuat a gl AAI AOANOAT AU
(http://www.ncbi.nim.nih.gov/). A further 9 variants have been identified within 2500 base
pairs upstream of the ATG start codon: 4 occur in the proximal promoter; none of which occur
in experimentally established transcription factor binding sites and so are unlikely to affect
the initiation of CYP3ASranscription (Nakamura et al. 2001 Xie et al. 2004). 15 variants have
been identified within a 2385 base pair region immediately downstream of the 3" UTR of
CYP3as, £ OEA ATii1T1T OAOEAT OO jEB8A8 xEOE A cCciTAA
non-coding regions. Figure5.1 shows the distribution of all identified variants across the
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CYP3A3ene region; Tables.1 provides details about the type of polymorphismsdentified in

the CYP3AXene and information about the size of each genic region, as listed on the NCBI
database fttp://www.ncbi.nlm.nih.gov/ ). Figure 5.2 shows the outline of theCYP3A5ene

with proportions T £ AT 1 11T 1T OAOEAOQETT jlpb CciIiTAAl EOANOA

Figure 5.1: The distribution of all identified variants across theCYP3ASene region Data
have been compiled from the NCBI databasétfp://www.ncbi.nlm.nih. gov/).
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A comparison of the coding regions (ATG start codon to the 3" UTR) of the faliyP3A
genes:CYP3A4, CYP3A5, CYPa#hd CYP3A43found that CYP3Ashas the highest number of
identified variants (284) compared to its paraloguesCYP3A5(218), CYP&7 (181) and
CYP3A43273). Although only 28% of all identified CYP3A4ariants are olserved at a global
AOANOCAT AU 1T £ | pbn EKiYP3AS65%OG EYPRATADd 829% forCYPEA4Q
(http://www.ncbi.nim.nih.gov/ ). CiONOAOAA OAOOOh xEOE 9&B83#H0Os Al
has significantly more polymorphic sites, relative to fixed sites, than the remainingCYP3A
genes (Table58 ¢ q8 &EOEAO08O0 ABAAO OAOGOO xAOA DPAOAE C
significant inter-CYP3Adifferences in the ratios of common variation (occurs at a global
frequenAU T &£ | pbq Of{presonied h TaDIASEBE GYIPEA&Nd CYP3A%Hoth have
significantly fewer common variants relative toCYP3AAand CYP3A43
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Table 5.1: A summary of global variation at theCYP3A%30ocus, plus 2500 base pairs either side, as repad by NCBI fittp://www.ncbi.nlm.nih.gov/ )

CYP3AS5 region Size of region Total number of Substitutions Insertions/  Microsatellite  Known regulatory Consensus Synonymous Non- Frameshift
(base pairs) variants reported Deletions repeats motifs Splice sites synonymous

5" upstream 1700 11 8 3 0 - = o - -
Proximal promoter 800 11 11 0 0 0 - - - =
3’ untranslated
region 114 3 3 0 0 0 0 = = 0
3’ downstream 2386 15 12 2 1 - - = - -
Exon 1 71 0 = - - - - o - -
Exon 2 94 5 4 1 0 - - 4 0 1
Exon 3 53 0 = - - - - = = -
Exon 4 100 2 2 0 0 = = 2 0 0
Exon 5 114 0 = - - - - = = -
Exon 6 89 0 = - - - = = - -
Exon 7 149 3 3 0 0 = = 2* 1 0
Exon 8 128 0 = - - - - = = -
Exon 9 67 2 2 0 0 - - 1 1 0
Exon 10 161 1 1 0 0 - - 0 1 0
Exon 11 227 4 2 2 0 - - 0 2 2%*
Exon 12 160 2 2 0 0 - - 0 2 0
Exon 13 96 2 2 0 0 - - 0 2 0
Intron 1 3617 32 26 6 0 - 0 - - -
Intron 2 1529 11 10 1 0 - 0 - - -
Intron 3 1853 15 14%** 1 0 - 0 o - -
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Intron 4 5514 39 31 7 1 = 0

Intron 5 262 5 5 0 0 = 0
Intron 6 1286 7 6 1 0 - 0
Intron 7 1070 7 7 0 0 - 0
Intron 8 1085 9 9 0 0 - 0
Intron 9 2156 14 14 0 0 - 0
Intron 10 7719 31 23 7 1 - 0
Intron 11 2320 12 12 0 0 = 0
Intron 12 1672 15 12 3 0 - 0
Note:

* A synonymous substitutions in exon 7 defines th€YP3A5*&ariant, which has been reported to be associated with low/norexpression of
CYP3AGS protein by causing skipping of exon(Hustert et al. 2002, Kuehl et al. 200).

** A frameshift mutation in exon 11 defines theCYP3A5*¥ariant, which has been reported to be associated with low/norexpression of ’P3A5
due to the creation of a premature termination codor{Hustert et al. 200%, Xie et al. 2004

*** A substitution in intron 3 defines the CYP3A5*¥ariant, which has been experimentally shown to reduci vivo CYP3A5 expression, in some
cases to undetectable levelf_in etal. 2002 Busi and Cresteil 200%
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Figure 5.2: A diagram of the distribution of variants reported in theCYP3Agene

e The pink boxes representCYP3A%kexons, although they are not spaced according toae. The red box represents the proximal promoter region of
CYP3A@nd the green box is the 3" untranslated region (UTR). Spacer regions, represented by black lines between adjacent exonisiteoss.

o Xnrefers to a specific exon of numben.
e The 5 upstieam and 3" downstream regions either side of the gene correspond to 1700 base pairs and 2386 base pairs, respectively.
e The exons are ordered from Exon-1L3, although they are not all numbered on the Figure.

e The numbers in the brackets correspond to the tial number of variants reported, on the NCBI databaseh{tp://www.ncbi.nim.nih.gov/ ), in each

region of CYP3AB 4 EA OA1 OAO DOAAAAET ¢ OEA Oro6 ET AEAAOA OEA 111 ABAd 1T & AAOEAA

sign correspond to the total number of reported variants in eacl€YP3A%egion.

CYP3A5%1/%3 locus CYP3A5%6 locus CYP3A5%7 locus

5" upstream region (5/11) 3" downstream region {9/15)

(1/3) (0/0) (0/2) (0/0) (0/0) (2/3) (0/0) (0/2) (011)  (1/4) (0/2) {—L\

4 X3 X4 ___ X» _ X6 __—_ X7 ___ XB __ X9 _ X10 __ X11 __ X112 __ X13
\ J 432y (311)  (10M15)  (18/39)  (1/5) (4IT) (37 (49)  (8M14)  (1431) (6/12) .:j5_.-'15)kﬁ(—}

Proximal promoter (4/11) Exon13(0/2) & 3" UTR (2/3)

& exon 1 (0/0)
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Table 5.2: The results of chisquared tests which compared pairwise differences in th€YP3A
OAQET O T £ DPI 1T UIT OPEEA idiwasAmled #r etk ohgassonthd OA O 6
data compared have been compiled from the NCBI database, build 132
(http://www.ncbi.nlm.nih.gov/ ). Statistically significant differences at the 5% level are highlighted in

green and shown in bold.

CYP3A4 CYP3A5 CYP3A7 CYP3A43
CYP3A4 *
CYP3A5 <0.0001 *
CYP3A7 0.0001 0.2516 *
CYP3A43 0.0001 0.6675 0.0970 *

Table 53 4EA OAOOI OO |1 £ PAEOXEOA &EOEA0OG6O0 AgAA
variation (observed atA C1 T AAT AOANOAT AU T EYP3pgenEs.Ti@ldataO A O A
compared have been compiled from the NCBI database, build 13Bttf://www.ncbi.nlm.nih.gov/ ).
Statistically significant differences at the 5%evel are highlighted in green and shown in bold.

CYP3A4 CYP3A5 CYP3A7 CYP3A43
CYP3A4 *
CYP3AS5 0.0135 *
CYP3A7 <0.0001 0.0173 *
CYP3A43 <0.0001 <0.0001 0.1211 *

Nine CYP3Ab5variants, which include CYP3A5*3, CYP3A5%hd CYP3A5*7 have been
reported to be candidates for low/non enzyme expressioriXie et al. 2004. To date,in vivo
studies have established a role fo€YP3A5*3n affecting enzyme activity and function(Givens
et al. 2003; this is due to high frequencies of this varianbbservedin many populations, and a
bias towards genotyping of this variant alone in previous medical ass@tion studies. There
are fewer data for the effect ofCYP3A5*@Gand CYP3A5*n enzyme activity and expression,
although CYP3AS5 catalytic activity, measured by Western blot, was observed to be lower in
CYP3A5*6heterozygotes than in CYP3A5*1homozygotes, see section 1.2.3.1(Kuehl et al.
2001). CYP3A5*7Awas also observed to be associated with low/non hepatic expression of
CYP3A5 (Hustert et al. 200). A previous study identified an anomalousCYP3A5*1/*3
heterozygote with undetectable levels of CYP3A5 protein. Ehindividual had a CYP3A5*7
mutation on the CYP3A5*1chromosome; providing further evidence that this allele is

associated with decreased CYP3A&pression(Givens et al. 2003.
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For the remaining six candidate low/non expression alleles,in vitro data are available.
However due to the lower global frequencies of these alleles, comparative ©©YP3A5*3,
CYP3A5*6and CYP3A5*7 it has been difficult to elucidate the independent effects of these
alleles in vivo (Xie et al. 2004 and they are often observed in populations with high
frequencies of CYP3A5*3Table 5.4).

There is a general problem with examining the effect d@YP3A%lleles on hepatic and
intestinal drug clearance. There is considerable substrate overlap between CYP3A5, CYP3A4
and a membrane efflux transporter protein Pglycoprotein, present in many tissues in which
CYP3A enzymes act, encoded by tMDR1gene(Kim et al. 1999 Kim et al. 200§. This makes
it difficult to examine the in vivo effects of CYP3A5 protein alondn vitro experiments can
elucidate the dfects of specific variants, on protein activity, but may not reflect what actually
happensin vivo. There are some examples of where there is a strong association between
CYP3AS5 activity and disease pathology, such as ssdinsitive hypertension (Givens et al.
2003; Fromm et al. 2005 Bochud et al. 2006 Bochud et al. 2009, and adverse clinical
outcomes associated with drug therapy, such as with the immunosuppressant drug tacrolimus
(Zhao et al. 200%, although the metabolismof tacrolimus is also influenced by theMDR1gene

and Pglycoprotein (Zheng et al. 2003.

5.1.2 Characteristics of variation at the CYP3A5 locus

Linkage disequilibrium (LD) acrossCYBAS varies between populations genotyped as
part of the HapMap consortium (http://www.hapmap.org/), see Figure5.3. LD is high across
Tuscans from Italy; individuals of Mexican ancestry from Los Angeles; Japanese individuals
from Tokyo; Gujarati Indians flom Houston Texas; Chinese individuals from Metropolitan
Denver and from Beijing; and individuals with Northern and Western European ancestry in
the United States; all nopAfrican populations. This is consistent with previous studies
reporting that LD is higher in populations outside of Africa(Conrad et al. 2008.

There is strong LDacross the ~220kb CYP3Aocus, see Figures.4. One of the most
comprehensive studies of human variation at theCYP3Alocus found that the CYP3A5*3
mutation defined 84% of theCYP3Aaplotypes observed in Han Chinese individuals and 98%
of those in Europeanindividuals (Thompson et al. 200§. Additionally in African-Americans
the authors observed that a number ofCYP3Ahaplotypes were defined by high LD between
the CYP3A5*Allele and aCYP3A7*Zariant, which occurs in exon 11 of theCYP3A®ene and
causes increased enzyme expressiqiRodriguezAntona et al. 2005 and it was suggested that
tight linkage between these two variants, and increased expression of both CYP3A5 and
CYP3A7 enzymes, ay provide a selective advantage in the foetus.
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Table 5.4: Alist of CYP3ARA T | AT AO OEAO
individuals sampled

EAOA AAAT OADPIi OOAA O AA AAT AEAAOAO A& O AA

Variant name Variant Region of gene Coding/non-coding Evidence for low/non expression Population and variant Reference
allele frequency
In vitro observation found 2/5 livers not expressing CYP3A5 .
protein\:;vere hom;zylgous Lf]or CYP;-\S*Z alth)c(JF;gh itI igunknown French Caucasians (Jounaidi et al. 1996;
CYP3A5*2 C>A Exon 11 Coding: non-synonymous; T398N . o . ! R Chou et al. 2001; Lee et
X g ynonymous whether this allele is tightly linked to CYP3A5*3 due to its low (1.25%; n=5) Y al. 2003)
global frequency '
. . . - . ) I - ’ (Hustert et al. 2001;
CYP3A5*3 ASG Intron 3 Non co‘dlng,‘ reported to cause part of intron 3 to In vitro and in V|voldata, |pc|ud|ng medical association stgdles See Table 3.8 Kuehl et al. 2001; Busi
be retained in the mature mMRNA with the immunosuppressant drug tacrolimus .
and Cresteil 2005)
CYP3A5*4 A>G Exon 7 Coding: non-synonymous; Q200R No functional in vitro data due to the low frequency of the variant Chinese (0.36% n=110) (Chou et al. 2001)
CYP3A5*5 T>C Intron 5 Th-IS transition oceurs in intron 5 |_mme_d|ate|y An in vitro study found Fh;\t CYP3A5 5 produced muIFIpIe Chinese (0.99%; n=110) (Chou et al. 2001; Lamba
adjacent to the intron 5 donor splice site. splicing products in Caco-2 cell lines et al. 2002)
cDNA extracted from CYP3A5*1/CYP3A5*6 hepatocytes did not
Coding: synonymous; reported to create a splice have the sequence for exon 7. Heterozygotes also had lower (Hustert et al. 2001;
* >,
CYP3AS6 G>A Exon7 site which causes skipping of exon 7 catalytic activity towards midazolam (a known CYP3A substrate) See Table 3.8 Kuehl et al. 2001)
than CYP3A5*1 homozygotes
. ) Coding: non-synonymous change; creates CYP3A5*1/CYP3A5*7 individuals have lower catalytic activity
YP3A5*7 T E 11 L L . Table 3. H 1. 2001
CYP3AS insertion xon premature termination codon at position 348 towards midazolam than CYP3A5*1 homozygotes See Table 3.8 (Hustert et al. 2001)
In vitro studies found that CYP3A5 with the CYP3A5*8 mutation,
CYP3A5*8 C>T Exon 2 Coding: non-synonymous change; R28C purified from an Escherichia coli system, had decreased ability Africans (4%; n=24) (Lee et al. 2003)
to metabolise testosterone (a known CYP3A substrate)
In vitro studies found that CYP3A5 with the CYP3A5*9 mutation,
CYP3A5*9 G>A Exon 10 Coding: non-synonymous change; A337T purified from an Escherichia coli system, had decreased ability East Asians (2%; n=24) (Lee et al. 2003)
to metabolise testosterone (a known CYP3A substrate)
In vitro studies found that CYP3A5 with the CYP3A5*10 has
. almost complete loss of activity. This is because the mutation .
CYP3A5*10 T>C Exon 12 Coding: non-synonymous change; F446S P Y Caucasians (2%; n=24) (Lee et al. 2003)

occurs within the heme binding site of CYP3AS5, which is
essential for P450 mediated drug metabolism.

N.B. The 24 Africans genotyped in the 2003 paper by Lee et(ake et al. 2003 comprise 15 AfricanAmericans and 9 AfricanPygmies; the 24 Asians are 4 Ind@akistani, 5
native Taiwanese, 5 mainland Chinese from Beijing, 3 Cambodians, 3 Japanese and 4 Melanesian; and the 24 Caucasians ateefté®A and Europe.



Interestingly, across theCYP3Aocus, nucleotide diversity ger base pair is much lower
for CYP3A5than for the remaining genes, in every resequenced population (Table5.5).
Additionally comparisons of allCYP3Agenes found thatCYP3ASs characterised by an excess
of rare variants in each of the AfricarAmerican, Europeanand Han Chinese populations; and
had the lowest amount of sequence divergence from the chimpanz€Ehompson et al. 2006.
LD is highest across th€YP3Acluster in populations in which the CYP3A5*3llele is observed
at high frequencies. These populations also have lower measures mdicleotide diversity
comparative to those in which theCYP3A5*Hllele is at higher frequencies.

Genome scans have identified candidates for positive selection on human
chromosome 7 (Sabeti et al. 2008. An excess of rare variants and regionsf extended
haplotype homogeneity have been identified in a region surrounding the Kell blood antigen
cluster (Sabeti et al. 2009 and a functional polymorphism in the gene encoding the antigen
CD36; found at high frequency in African populatims and associated with differential
susceptibility to cerebral malaria (Aitman et al. 200Q Pain et al. 200). CYP3AMas also been
proposed as a target of selectiofiThompson et al. 2004 Sabeti et al. 2008; given the strong
LD observed within the region and the excess of rare variants at tt@YP3ASocus in these
populations (Thompson et al. 200§. However it is important to note that LD across
chromosome 7 may extend beyond th€YP3Acluster and there may be an alternative target
of selection, tightly linked to the CYP3A5*3llele, which has driven it to high frequencies in
certain populations. Additionally, it is possible thatCYP3A5*3s a young allele which has
recently evolved on an existing haplotype background with a paucity of variation; anghay

mimic a signal of selection. The age @YP3A5*3s addressed in chapter?.
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Figure 5.3: Linkage disequilibrium at theCYP3A3ocus in 11 populations, genotyped as part of the HapMap consortium (http://www.hapmap.org/)Values in boxes
refer to D’; where there is no number the value oD’ is equal to 1. Red and pink boxes indicate a significabtvalue; blue and white indicate nonrsignificant.

Utah residents with Northern and Western European ancestry from the
CEPH collection Chinese in Metropolitan Denver, Colorado
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Figure 5.4: The extent of linkage disequilibrium across the entireCYP3Acluster of genes in three ethnically distinct global populationsThe
image has been taken from(Thompson et al. 200§. Each row is a haplotype and each column is a polymorphsite. Rows with grey shading are the
corresponding chimpanzee sequence, which was used to infer the ancestral allele at each polymorphic position. Derived vasiaare show in blue and
ancestral in yellow. Note the lack of variation in theCYP3ASene (fa right hand side). The most common variant observed, in each of the three populations, is
the CYP3A5*allele; which defined over 80% of allCYP3Aaplotypes in the cohort.
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Table 5.5: Summary statistics of polymorphism data from AfricamrAmerican, HanChinese andeuropeanindividuals re-sequenced at the entire
CYP3Aluster. The image has been taken frofThompson et al. 200§. Note the low measures of nucleotide diversity forCYP3A5in each of the three
T A GA@inGdked Gnite Bidue) T £ 4 AEEI Ab

populations, comparative to the othertCYP3/C AT AOh

Table T Summary statistics of polymorphism data from African-American, European, and Han samples

AT A OEA

Gene Length (bp)

Summary statistics by population sample

African Americans® Europeans® Han?
s°  n° D Oy  Oudivt S° ot D BwS  Bwdivi S°  n° D¢ On®
CYP3A43 17825 49 0.78 0.51 (96) 0.68 7% (8) 28 0.29 -0.87(10) 039 4% (12) 9 0.12 -0.04 0.13
CYP3A4 16822 36 0.48 -0.33(66) 0.53 6% (3) 22 0.16 -1.82(3) 032 4% (10) 9 0.09 -099 0.13
CYP3A7 19071 44 0.72 097 (99) 057 6% (3) 40 0.28 -1.65(3) 052 5% (27) 37 0.38 -0.77 0.48
CYP3AS 14582 22 025 -1.14(14) 037 5% () 13 0.08 -215(1) 0.22 3% (3) 7 006 -1.37 0.11

Samples are a subset of those used in a previous study of CYP3A4 and CYP3A5.2° Here, the summary statistics for these two genes and their percentile rank relative to the

Seattle SNP genes were re-calculated for the sample subset used in this analysis.

PNumber of segregating sites.

“Nucleotide diversity per bp ( x 10~ 7).

“Tajima’s D.*® Numbers in parentheses indicate the percentile rank of the D value relative to the distribution of D values in the Seattle SNP genes.

*Watterson’s estimator of the population mutation rate parameter & (=4Ny) per bp (= 10-%).2°
‘Ratio of fhy to the amount of sequence divergence between human and chimpanzee. Numbers in parentheses indicate the percentile rank of the fw:div value relative to
the distribution of fy:div values in the Seattle SNP genes.
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5.2 Variation at the CYP3ASocus in Ethiopia

52.1 Variation across the entire CYP3A5 locus

76 polymorphic sites were identified within a 12,237 base pair region of chromosome
7, which includes theCYP3ASromoter, coding region and 3" untranslated region (UTR), re
sequenced in five Ethiopian populations. A diagram showing the distribution of all
polymorphic sites observed in the 12,237 base pair region is presented in Figubes. 50 ofall
observed variants (~65.79%) occur in introns 3 and 9, theCYP3A® O1 i T OAO AT A
base pairs of sequence either side of the gene. Tati& shows the full list of polymorphic
sites identified in the five Ethiopian groups and indicates which are novel and which have
been previously identified. 69 variants were singt nucleotide substitutions; 5 were deletions
(2 single nucleotide deletions, 1 double nucleotide deletion and 2 triple nucleotide deletions);
1 insertion (a single base in exon 11); and 1 microsatellite repeat were also observed. A total
of 13 variants, exluding singletons, were private to specific Ethiopian populations.

51 polymorphic sites were identified within an 8571 base pair region comprising the
CYP3A5promoter, full coding region and 3° UTR, and 16 of these were singletons.
Interestingly, every observed exonic polymorphism was a singleton, and the highest
frequency variants were CYP3A5*3and CYP3A5*6 Excluding the singletons, 8 variants were
private to specific Ethiopian groups.

The majority (53%) of all identified variants were observed at arequency of <0.66%
of chromosomes (=758), see Figure55 and 5.6. 23 of the 76 variants(~30.3%) are
singletons, i.e. they were observed in a single heterozygous individual. The only variants
identified on over 50% of all Ethiopian chromosomes were the le defining CYP3A5*3and
rs15524.
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Figure 5.5: A full list of all polymorphic sites identified across the 12,237 base palYP3A5egion re-sequenced in five Ethiopian populations.

e The pink boxes represeniCYP3A%®xons, although they are not spaced acating to scale. The red box represents the proximal promoter region of
CYP3A@nd the green box is the 3" untranslated region (UTR). Spacer regions, represented by black lines between adjacent exonisiteoas.

e The 5" upstream and 3" downstream regionsither side of the gene correspond to 1700 base pairs and 2385 base pairs, respectively.
e The exons are ordered from Exon-13, although they are not all numbered on the Figure.

e The numbers in the brackets correspond to the total number of variants observed five Ethiopian populations.

5'upstream region (9) 3" downstream region (16)

Promoter (9) & exon 1 (2) Exon 13 (0) & 3"UTR (1)
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Table 5.6: A list of all polymorphic sites identified in a 12,237 base pai€YP3A%egion re-sequenced in five Ethiopian populations.

For each Ethiopian populationn refers to the total number of chromosomes on while a particular variant was observed and is the

relative frequency a variant was observed in a particular Ethiopian group and was calculated by dividindor a population by n for the
Ethiopian cohort.

041 OORNOAT AAAS

OA EA OO chrédmogdimes, inGHe EtAidpiar cbhiord ducessfully reequenced at a particular site. In
OEA 041 OAhréfershtd the@otal nGniiper of chromosomes on which a variant allele(s) was seen ahis$ the frequency within the
entire Ethiopian cohort.

light blue shading indicates novel mutations

Afar Amhara Anuak Maale Oromo Total

Position on

chromosome 7: CYP3AS variant and its

(NCBI Build position relative to the NCBI dbSNP

132, February translation initiation codon (A database Total re-
Region of CYP3A5 2009) of ATGis +1) refSNP ID Effect f n f n f n f n f n f n sequenced
5' upstream region 99279710 -2191 C>T rs10270499 0.04 28 0.03 22 0.05 37 0.03 23 0.03 19 0.1702 129 758
5' upstream region 99279307 -1788 G>A 0.00 0 0.00 0 0.00 0 0.00 2 0.00 0 0.0027 2 754
5' upstream region 99279136 -1617 T>C rs776741 0.05 38 0.05 38 0.10 75 0.07 53 0.05 38 0.3210 242 754
5' upstream region 99279051 -1532 T>C 0.00 0 0.00 0 0.00 0 0.01 4 0.00 0 0.0053 4 754
5' upstream region 99278876 -1357 C>T 0.00 0 0.00 0 0.00 1 0.00 0 0.00 0 0.0013 1 758
5' upstream region 99278862 -1343 T>A 0.00 1 0.00 & 0.01 10 0.00 & 0.01 6 0.0303 23 758
5' upstream region 99278827 -1308 C>T 0.00 1 0.00 3 0.01 10 0.00 3 0.01 6 0.0303 23 758
5' upstream region 99278771 -1252 1 base pair deletion 0.00 0 0.00 2 0.00 0 0.00 0 0.00 0 0.0026 2 758
5' upstream region 99278522 -1003 A>C rs36231118 0.01 4 0.00 3 0.02 15 0.01 9 0.01 4 0.0462 35 758
Proximal promoter 99278314 -795 T>A rs3823812 0.00 3 0.00 3 0.01 4 0.01 10 0.01 5 0.0331 25 756
Proximal promoter 99278267 -748 C>G 0.01 5 0.00 2 0.00 1 0.00 1 0.01 6 0.0198 15 756
Proximal promoter 99278224 -705 3 base pair deletion 0.00 1 0.00 1 0.01 5 0.00 1 0.00 & 0.0146 11 756
Proximal promoter 99278223 -704 A>G 0.00 0 0.00 0 0.00 0 0.00 1 0.00 0 0.0013 1 756

15¢



Proximal promoter
Proximal promoter
Proximal promoter
Proximal promoter
Proximal promoter
5" UTR of exon 1
5' UTR of exon 1
Intron 1

Intron 1

Intron 2

Intron 2

Intron 2

Intron 3

Intron 3

Intron 3

Intron 3

Intron 3

Intron 3

Intron 3
Intron 3
Intron 3
Exon 4
Intron 4
Intron 5

Intron 6

99278152

99278146

99278144

99278070

99277988

99277593

99277544

99277392

99277337

99272310

99272290

99272275

99272103

99272009

99271928

99271853

99271808

99271778

99270539

99270504

99270318

99270249

99270164

99264352

99264149

-633 C>A
-627 G>A
-625 A>G
-551 C>A
-469 G>A
-74 C>T

-25 A>C

127 G>A

182 C>A

5209 C>T
5229 G>A
5244 C>T
5416 C>T
5510 T>A
5591 C>T
5666 A>G
5711 A>G

5741 A>G

6980 A>G

7015 3 base pair deletion
7201 C>T

7270 G>A

7355 C>T

13167 T>C

13370 G>A

rs28365079

rs28371764

s28365067

rs41301652

1528969392

rs41301655

rs41301658

rs41258334

Defines the allelic
variant CYP3A5*3

rs776746

rs8175345

G77S

rs28365074

rs68178885

rs41301670

0.00

0.00

0.00

0.01

0.00

0.00

0.00

0.00

0.00

0.01

0.00

0.00

0.00

0.01

0.00

0.00

0.01

0.01

0.13

0.00

0.00

0.00

0.00

0.00

0.00

11

95

0.00

0.00

0.00

0.01

0.00

0.01

0.00

0.00

0.00

0.02

0.00

0.00

0.00

0.01

0.01

0.00

0.01

0.00

0.14

0.00

0.00

0.00

0.00

0.00

0.00

11

102

0.00

0.00

0.00

0.02

0.00

0.00

0.00

0.00

0.00

0.01

0.00

0.00

0.00

0.01

0.00

0.00

0.01

0.01

0.06

0.00

0.01

0.00

0.00

0.00

0.00

a4

0.00

0.00

0.00

0.01

0.00

0.00

0.00

0.00

0.00

0.01

0.00

0.00

0.00

0.01

0.00

0.01

0.01

0.01

0.10

0.00

0.00

0.00

0.00

0.00

0.00

75

0.00

0.00

0.00

0.01

0.00

0.00

0.00

0.00

0.00

0.01

0.00

0.00

0.00

0.00

0.00

0.00

0.01

0.00

0.13

0.00

0.00

0.00

0.00

0.00

0.00

97

0.0013

0.0013

0.0013

0.0476

0.0013

0.0158

0.0013

0.0040

0.0040

0.0580

0.0026

0.0026

0.0026

0.0422

0.0092

0.0185

0.0580

0.0317

0.5581

0.0014

0.0149

0.0014

0.0041

0.0132

0.0027

36

12

32

14

44

24

413

11

10

756

756

756

756

756

758

758

758

758

758

758

758

758

758

758

758

740

740

740

740

740

758

754




Exon 7
Exon 7
Intron 7
Intron 7
Exon 8
Intron 8
Intron 8
Exon 9
Intron 9
Intron 9
Intron 9
Intron 9
Intron 9
Intron 9
Intron 9

Exon 10

Exon 11
Exon 11
Intron 12
Intron 12

Intron 12

3'UTR

3' downstream
region

99262835

99262793

99262642

99261737

99261651

99261583

99260546

99260502

99260407

99260362

99260282

99260170

99258524

99258320

99258316

99258124

99250397

99250381

99247647

99247503

99246026

99245914

99245796

14684 G>A 1s10264272

14726 A>G rs2838372
14877 A>G
15782 T>C rs28969393
15868 A>G
15936 C>A
16973 G>A
17017 C>T
17112 C>T rs28383478
17157 G>T rs4646453
17237 T>G
17349 T>G
18995 C>T rs10247580
19199 G>A

19203 T>C

19395 A>C

27125-27126 T insertion rs41303343
27138 A>G
29872 G>T
30016 1 base pair deletion rs28365093

31493 T>C rs28365069

31605 C>T rs15524

31723 T>A

Defines the allelic
variant CYP3A5*6

Synonymous

K266R

R268Stop

K342T

Defines the allelic
variant CYP3A5*7

V350M

None, although is
often on the
background of
rs776746

0.04

0.00

0.00

0.01

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.01

0.14

0.00

28

105

0.03

0.00

0.01

0.01

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.01

0.01

0.14

0.00

23

11

109

0.05

0.00

0.02

0.01

0.00

0.00

0.00

0.00

0.00

0.01

0.00

0.01

0.02

0.00

0.00

0.00

0.00

0.00

0.00

0.02

0.01

0.09

0.00

39

12

15

11

69

0.03

0.00

0.01

0.01

0.00

0.00

0.00

0.00

0.00

0.01

0.00

0.01

0.01

0.00

0.00

0.00

0.00

0.00

0.00

0.01

0.02

0.11

0.00

23

18

84

0.03

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.01

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.01

0.01

0.14

0.00

21

107

0.1763

0.0013

0.0382

0.0396

0.0013

0.0026

0.0013

0.0013

0.0026

0.0331

0.0013

0.0291

0.0291

0.0013

0.0026

0.0013

0.0026

0.0013

0.0026

0.0450

0.0699

0.6253

0.0013

134

29

30

25

22

22

34

53

474

760

760

760

758

758

758

756

756

756

756

756

756

756

756

756

760

758

758

16C



3' downstream
region

3' downstream
region

3' downstream
region

3' downstream
region

3' downstream
region

3' downstream
region

3' downstream
region

3' downstream
region

3' downstream
region

3' downstream
region

3' downstream
region

3' downstream
region

3' downstream
region

3' downstream
region

3' downstream
region

99245707

99245537

99245499

99245373

99245364

99245311

99245280

99245275

99245267

99245241

99245160

99245013

99244460

99244392

99244032

31812 G>A

31982 2 base pair deletion

32020 C>T

32146 G>T

32155 C>T

32208 G>T

32239 T>G

32244 T>C

32252 C>T

32278 A>G

32359 G>A

32506 A>C

33059 GT microsatellite repeat

33127 T>C

33487 T>C

rs76871422

1s57922842

rs4646457

rs4646456

rs4646458

rs10536492

rs10259288

0.00

0.00

0.00

0.01

0.03

0.01

0.07

0.20

0.00

0.00

0.00

0.06

0.01

0.00

21

53

147

42

0.00

0.00

0.00

0.00

0.02

0.00

0.07

0.18

0.00

0.00

0.00

0.05

0.01

0.00

17

54

135

34

0.00

0.00

0.00

0.00

0.03

0.01

0.14

0.20

0.00

0.00

0.00

0.10

0.02

0.00

21

108

148

76

13

0.00

0.00

0.00

0.00

0.01

0.01

0.11

0.19

0.00

0.00

0.00

0.07

0.01

0.00

79

140

53

0.00

0.00

0.00

0.00

0.02

0.00

0.07

0.19

0.00

0.00

0.00

0.05

0.01

0.00

15

50

143

38

0.0013

0.0013

0.0040

0.0187

0.1080

0.0320

0.4587

0.9507

0.0013

0.0040

0.0013

0.3240

0.0464

0.0013

14

81

24

344

713

243

35

758

758

758

750

750

750

750

750

750

740

754

758

161



Figure 5.6: The number of times a particular variant is observed within the Ethiopian cohort (n=758 chromosomesjhe frequency refers to the
numberofchd I T OT 1T AO 11 xEEAE A DAOOEAOI AO OAOEAT O xAO EAAT OE £E AA8individldlOTRéycT AOT 1
axis shows the proportion of the total amount of identified variation that is attributed to variants of particula frequencies; i.e. singletons account for ~30.3%

of all identified polymorphic sites.
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522 Analysis of variation observed in the proximal promoter of CYP3A5

None of the variants observed in theCYP3A5promoter occur in experimentally
established transcription factor binding sites. There is ~95% sequenceédentity between the
human CYP3AJromoter sequence and lhe homologous primate sequenceésee Table5.7). A
cross-species alignment of primateCYP3A%romoter sequences, Figuré.7, found that 10/11
polymorphic sites were in highly conserved nucleotide positionsn primates. A comparison of
human CYP3ASequence with the mouse Mus musculusjound 51% homology, 60% with the
cow (Bos tauru3 and 61% in the pipid frog (Xenopus tropicalis) indicating that CYP3A5
sequence identityis highestbetween closely related primate species than to other distantly

related species.

Table 5.7: A summary of the sequence similarity between the huma@YP3APpromoter and the
corresponding chimpanzeeQrangutan and rhesus macaque sequences.

% sequence ]
o Human Chimpanzee Orang-utan Rhesus macaque
similarity
Human -
Chimpanzee 99
Orang-utan 93 93
Rhesus macaque 92 92 89 =
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Figure 5.7: An alignment of multiple primate CYP3A5romoter sequences performed usig
ClustalW (http://www.ebi.ac.uk/Tools/msa/clustalw2/).  Stars indicate nucleotide positions
which are identical in all four species. Positions are numbered from the ATG start codon where base A
is +1. All identified human CYP3A5polymorphic sites which ocur in highly conserved primate
nucleotide positions are highlighted in red. Human variants which occur in neoonserved sites are
highlighted in blue.

Human = —omemeemeemeeee TCTATJGCTATCACCACAGAGTCAGAGGGGATGAGAG2
Chimp Sems oo ATTGCTATCACCACAGAGTCAGAGGGGATGAGRT
Orangutan TTGAGTCCCAAGCAACCATTAGTCIAITATCACCACAGAGTCAGAGGGGATGAGAL2
Rhesus —eeeeeememeeeeeeeees CTATTGCTATCACCACAGAGTCAGAGGGGATGACHZA
*%
Human - GCCCAGCAATCTCRCAAGACAACTCCACCAACATTCCTGGTTACCCACGATIST
Chimp - GCCCAGCAATCTCBCAAGACAACTCCACCAACATTCCTGATTACCCACCATIZT
Orangutan - GCCCAGGAATCTOBCAAGACACTCCACCAACACTCCTGGTTACCCACCGBBT
Rhesus CGGGGGCCCAGCAATCTCAC CCAAGTCAACTCCACCAACATTCCTGGTTACCCACCGMAT
*kkkk * %
Human GTA 5 ACCCTGCTAGGAACCAGGGTCATGAAAGTARATSAGACTGTGCCCTF®49
Chimp GTA CAGACCCTGCTAGGAACCAGGGTCATGAAAGAAAACCAGACTGTGCCCTT653
Orangutan GTACAGACCCTGCTAGGAACCAGGGTCATGAAAGTAAATAATACCAGACTGTGM®RETTG
Rhesus GTA CAGACCCTGCTAGGGACCAGGGTCATGACAGTAAATAATACCRE2CTTIG 644
*kkkk
Human AGGAGCTCACCTCTG  [JTAAGEAACAGGCATAGAAACTTACAATGGTGGTAGAGAGESRA
Chimp AGGAGCTCACCTCTG CTAAG@AAACAGGCACAGAAACTTACAATGGTGGTAGAGAGRBA
Orangutan AGGAGCTCACCTQTPAAG@&AAACAGGCACAGAAACCCACAATGGTGGTAGAGAGBAA

Rhesus AGGAGCTCACCTCTG CTAAG@&AAACATGCACAGAAACCCACAATGGTGGCAGAGAGEMA

*k%k *%

Human AGAGGACAATAGGACTGTGTGAGGGGGATAGEBGEGAGGAGGAAATGGTTAGARY
Chimp AGAGGACAATAGGACTGTGTGAGGGGGATAGGAGGCECCAGAGGAGGAAATGGTTAGAB3
Orangutan AGAGGACAATAGAACTGTGTGAGGGGGATAGEREGABGCAGGAGGAAATGGTTAGAD?
Rhesus AGAGGACA ATGGGACTGTGTGAGGGGGATAGGRGGABAGGAGGAAATGE -530
*
Human TTGTGTGAGGAGGTTGGTAAGGAAAAATTTTAGCAGAAGGGGTCTGTCTGGCTGGECTA69
Chimp TTGTGTGAGGAGGTTGGTAAGG AAAAATTTTAGCAGAAGGGGTCTGTCTGGCTGGGETS
Orangutan TTGTGTGAGGAGGTTGGTAAGGAAAAATTTTAGCAGAAGGGGTCTGTCTGGEGTFEGGGTT
Rhesus ---- GTGAGGAGGTTGGTAAGGAAAGATTTTAACAGAAGGGGTCTGTCTGGGTGIIACAT
*%
Human GAAGGATACGTAGGAGTCATCTAGAGGGCACAGGTACACTCCAGGCAGAGGGAATTTCIBY
Chimp GAAGGATACGTAGGAGTCATCTAGAGGGCACAGGTACACTCCAGGCAGAGGGAATTGCHB
Orangutan GAAGGATGTGTAGGAGTCATCTAGGGGGCACAGGTACACACBSCGEBATTGCG8Y
Rhesus GAAGGACATGTAGGAGTCATCTAGAGGGCACAGGTACACTCCAGGCAGAGGGAATTGEAT
* * %
Human GGGTAAAGATGTGTAGGTGTGGCTTGTGAGGATGGATTTCAATTATTCTAGAATGAAGGIZ9
Chimp GGGTAAAGATGTGTAGGTGTGGCTTGTGAGGATGGATTTCAATTATTCTAGAATGAAGGGS3
Orangutan GGGTAAAGATGTGTAGGTGTGGCTTGTGAGGATGGATTTCAATTATTCTAGAATGAAGGC
Rhesus GGGTAAAGATCTGTAGGTATGGCTTGTGAGGATGGATTTCAATTATTCTGGAATGAGGEGES4
*%k%
Human AGCCATGGAG - GGGCAGGTGAGAGGAGGGTTAATAGATTTCATGCCAATGGEIGICAC
Chimp AGCCATGGAGACAGGGGCAGGTGAGAGGAGGGTTAATAGATTTCATGCCAATGGCTCE2E3
Orangutan ACCTATGGAGACAGGGGCAGGTGAGAGGAGGGTTAATAGATTTCATGCCAATGRGETCCGC
Rhesus GGCCATGGAGACAAGGGCAGGTGAAAGGAGAGTTAACAGATTTCATGCCAATGGCTCTZE
*%k kkkkkk dkkkkkkkkk kkkkk kkkkk kkkkkkkkhkkkkkkkkkxkx *
Human TT - GAGTTTCTGATARBAACCCAGAACCCTTGGACTCCCCGATAACACTGATTAAGESATT
Chimp TT - GAGTTTCTGATAAGAACCCAGAACCCTTGGACTCCCCGATAACACTGATTARSBETTT
Orangutan TT- GAGTTTCTGATAAGAAGCSE TGATTAAGTTGT- 234

Rhesus TTTGAGTTTCTGATAAGAACCCAGAA CCCTTGGACTCCCCACTAACACTGATTAAGGTRBH

*% kkkkkkkkkkkkkkkkkkk *kkkkkkk *x %
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Human TCATGATTCCTCATAGAACATGAACTCAAAAGAGGTCAGCAAAGGGGTGTGTGCGATTI74
Chimp TCATGATTCCTCATAGAACATGAACTCAAAAGAGGTCAGC AAAGGGGTGTGTGCGATTCI74
Orangutan TTGTGATTCCTCATAGAACATGAACTCAAAAGAGGTCAGCAAAGGAGTGTGTGECTGATTCT
Rhesus TTATGATTCCTCATAGAACATGAACTCAAAGGAGGTCAGCAAAGGGGTGTGTGTGATTET74

*

*kkk *kk kkkkkk

Human TTGCTATTGGCTGCAGCTATAGCCCTGCCTCCTTCTCCAGCACATAAATCTTTCAGCAGC14

Chimp TTGCTATTGGCTGCAGCTATAGCCCTGCCTCCTTCTCCAGCACATAAATCTTTCAGCAGQ 14

Orangutan TTGCTATTGGCTGCAGCTACAGCCCTGCCTCCTTCTCCAGCACATAAACATTTCAGEAGC

Rhesus TTGCTATTGGCTGCAGCTGCAGCCCCGCCTCCTTCTCCAGCACATAAACATTTCGGCAGT4

*kkkk *kkk kkkkk

Human TTGGCTGAAGACTGCTGTGCAGGGCAGGGAAGCTCCAGAAACAGCCCAGCAAACAGCHM

Chimp TTGGCTGAAGACTGCTGTGCAGGGCAGGGAAGCTAANGHE CCCAGCAAACAGCH

Orangutan TTGGCTGAAGACTGCTGTGCAGGGCAGGGAAGCTAANGHE CCCAGCAAACAGCH

Rhesus TTGGCTGCAGACTGCTGTGCAGGGCAGGGAAGCCCCARBCACAGTCCAGCAAACAGLC
*kkkkkk kk *kkkk k kkkk kkkkkkkkkkkkk

Human GCACTCAGCTAAAAGGAAGACTCACAGA [JCACAGTTGAAGAAGGAAAGTGGEG

Chimp GCACTCAGCTAAAAGGAAGACTCACAGA AGACAGTTGAAGAAGGAAAGTGGEG

Orangutan GCACGCAGCTAAAAGGAAGACTCAABERAGTTGAAGESAAAGTGGCEL

Rhesus GCACGCAGCTAAAAGGAAGACTCAGAGG AGACAGTTGAAGAAGGAAAGTGGEG

*kkk *% %

Given the importance of CYP3A5 in drug metabolistavo previous studies have only
characterised hepatic and intestinal transcription factor binding sitegLin et al. 2002 Burk et
al. 2004). CYP3A5 is the major extrhepatic drug metabolising enzyme and predictive
analysis was used to identify which of theCYP3A5polymorphisms were candidates for
affecting transcription factor binding in tissues in which the enzymes known to be expressed
(Lamba et al. 2002. Bioinformatics analysis predicted that 4 of the 9 identifiedCYP3A5
promoter variants were candidates for affectingtranscription factor binding. There are
problems associated with predicting functionally relevant transcription factor binding sites
given the intricacy of binding complexes in different tissuegJones and Swallow 201}l For
this analysis, variants were only considered to be candidates for affecting transcription factor
binding to the CYP3A5promoter if the identified site was predicted to bind transcription
factors present in tissues in which CYP3A5 protein is expressed and alffothe three
-AO) 1 OPAAOGT O OAT OAOG xAOA 1 wyups | OO0 T AOU T £ -
5.8.
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Table 5.8: A summary of the Matinspector analysis of identifie€YP3A%romoter variants. A detailed outline of the criteria used to choose varias
as candidates for affecting transcriptiorfactor binding is presented in sectior2.3.9.2.

Position on CYP3AS5variant NCBIdbSNP Reference sequence Predicted to Matinspector scores  Variant sequence Predicted to alter ~ Matinspector
chromosome 7: (NCBI and its position database affect transcription scores
Build 132, February relative to the refSNP ID(s) transcription factor binding?
2009) franslation factor to CYPIAS
initiation codon ) ;
(A Of ATG is +1) andin which
tissue(s)?
09278224 -7053 base pair - TGTGTACAGTACCCT ‘fes: testis Opt score: 85% TGTGTA--TACCCT ‘Yes; site is
deletion Core similarity: 100% predicted to be
Matrix score: 99% disrupted
Q0278223 -T04 A=G - ACAGTACCCTGC ‘Yes: testis Opt score: 88% ACAGTGCCCTGC Yes site is Opt score: 86%
Core similarity: 100% predicted to be Core similarity:
Matrix score; 99% disrupted 100%
Matrix score: 86%
Q9278146 -G27 G=A - CTAAGGGAAACAG Yes: liver, prostate Opt score: 88% CTAAGGAAAACAG Yes site is Opt score: 98%
andtestis Core similarity: 100% reportedto be Core similarity:
Matrix score; 98% disrupted 100%
Matrix score: 99%
99278070 -B51C=A rs28355069 GAGGCACCCAGAG Mo - GAGGCAACCAGAG Predictedto create  Optscore: 93%

a hinding site for
kidnev specific
transcription
factors

Core similarity:
100%
Matrixscore: 97%
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52.3 Analysis of variation observed in the CYP3A5 coding region

A total of 39 variants were identified in theCYP3AXoding region (Figure 5.5). There
is ~93% sequence homology between the huma@YP3AXoding region resequenced in this
study and the corresponding regions in other primates; see Tablb.9. An alignment of
primate CYP3A&oding regions found that 28/39 polymorphic sites were in highly conserve
primate nucleotide positions. The highest frequency variants observed were th€YP3A5*3
and CYP3A5*alefining alleles. CYP3A5*#Avas observed in two heterozygous individuals. No
polymorphisms were identified in consensus splice sites and bioinformatics atysis of all
intronic polymorphisms, with BDGP (http://www.fruitfly.org/seq_tools/splice.html), did not
identify any variants which were predicted to affect premRNA splicing.

Table 5.9: A summary of the sequence similarity between the human, chimpanzeg@rang-utan and
rhesus macaqueCYP3ARZoding regions

% Sequence Human Chimpanzee Orangutan Rhesus
similarity macaque
Human =
Chimpanzee 99 -
Orangutan 88 89 =
Rhesus 92 92 84 -
macaque

Of the 76 polymorphic sites, 8 (10.5%) occur within exos and of these 5 (6.58%) of
all identified exonic polymorphisms are predicted to cause changes to the amino acid
sequence. Not all norssynonymous substitutions are damaging to the structure or function of
a protein; there are degrees of similarity betweerdifferent amino acids and the replacement
of an amino acid with a similar one is called a conservative replacement and unlikely to have a
major effect on the protein function or structure. Nonconservative changes (or radical
changes) are much more likelyto affect the structure or function of the protein as they may
alter the polarity, molecular weight and chemical compositior{Graur et al. 2000.

The effect of each nofsynonymous substitution on CYP3A5 protein was analysed
using PolyPhen2 software (ftp://genetics.bwh.harvard.edu/pph2/) (see section 2.3.93). The
results are presented in Table5.10. Only three of the five identified norsynonymous

mutations were predicted to be damaging tahe CYP3A5 protein.
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Table 5.10: The results of PolyPhen2 analsis of nornsynonymous subsitutions on CYP3A5rotein

Region of Position on CYP3A5 Amino acid PolyPhen2 Confidence of
CYP3A5 chromosome 7  variant and its change predicted PolyPhen2
position effect prediction

relative to ATG
start codon

Exon 4 99270249 7270G>A G77S Probably Score: 0.993
damaging Sensitivity:0.69
Specificity: 0.97

Exon 8 99261651 15868A>G K266R Benign Score: 0.009
Sensitivity:0.97
Specificity: 0.76

Exon 9 99260502 17017C>T R268Stop Damaging -
Exon 10 99258124 19395A>C K342T Possibly Score: 0.629
damaging Sensitivity:0.87
Specificity: 0.92
Exon 11 99250381 27138A>G V350M Benign Score: 0.026

Sensitivity:0.96
Specificity: 0.80

The significance of differences in the proportion of synonymous and nesynonymous
variation can be measured bya codorrbased Z test which compares the relative abundance of
either type of polymorphism in a gene sequence and calculates the significance of the
differences using a Bootstrap method described b§Nei and Kumar 200Q. The results were
non-significant for these analyses; Z=0.961 and p=0.169) indicating that the proportion of
non-synonymous variation observed in the gene does not significantly differ from the amount
of identified synonymous variation.

However a paper in 2004 examining the total numér of amino acid changes within
and between primate lineages found that within 103 proteircoding genes (26,999 codons),
147 amino acid changes were observed (0.56%Kitano et al. 2009. However the results for
CYP3A5within Ethiopia (5/502 codons; ~1%) are double that for a fraction of the total
number of codons analysed in the original study. Thisuggests that there are more non
synonymous substitutions observed within theCYP3Agene than for multiple protein-coding
genes. This suggests that variants for low/nofexpression of the protein, in addition to
CYP3A5*3, CYP3A5&hd CYP3A5*7 may be skcted for within Ethiopia (positive selection)

and selection for removing them (purifying selection) is weak.
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524 Analysis of variation observed in the 3" untranslated region of CYP3A5

A single, high frequency, variant was identified in the 3" UTR {5524); see Figure5.5
and Table5.6. This variant has been previously reported to be in high linkage disequilibrium
with the CYP3A5*3efining G allele; although a study found that this variant alone has no
effect on CYP3AS5 protein activityfBusi and Cresteil 200%.

5.2.5 Analysis othe geneflanking sequence

A total of 9 and 16 variants were identified in the 5" and 3" regions feequenced
either side of the CYP3A5gene, see Figure55 and Table 5.6. This included azGT
microsatellite repeat. ~32.9% of all identified polymorphic sites occurred in genomic
sequence flanking theCYP3AXene. The proportion of variation identified in both the 5 (9
variants/1691 fixed sites) and 3" (16 variants/2370 fixed sites) gene flanking regions was
similar to that observed in the gene sequence itself (51 variants/8100 fixed sites). No
significant differences in the proportion of variation observed between the gene seence and
the 5 gene flanking region (chisquare=0.0225,=0.8807, 1 d.f.) or the 3" gene flanking region
(chi-square=0.07301,p=0.7870, 1 d.f.). A comparison of th€ YP3A5sequence with larger
flanking regions on either side of the gene may ascertain vether the proportion of variation

within flanking regions is greater than that for an equivalent region of the gene.

5.3 Variation at the CYP3ASocus in non Ethiopian sub -Saharan
Africans

As reported in chapter 4, anovel 10 base pair deletion, idenfied in intron 1, was not
predicted to affect premRNA splicing by BDGP
(http://www.fruitfly.org/seq_tools/splice.html). However given the close proximity of this
deletion to the intron 1 splice site, experimental evidence will provide an indication of how
this deletion may affectCYP3ASranscription. No other identified polymorphism in the non
Ethiopian African cohort (see Table 4.2) was predicted to affect the initiation o€YP3A5

transcription, mMRNA processing or splicing.



5.4 Comparing intra -African CYP3A5diversity in a global context

To date, e full CYP3A5coding regions have bee re-sequenced in five diverse
populations (see Table 5.12) excluding Ethiopian groups within this study {Thompson et al.
2004) (http:/legp.gs.washington.edu/)]. The proximal promoter has been resequenced in
African-Americans,Europeansand Han Chinese individual§ Thompson et al. 2004. Some re
sequencing data have also been generated as part of the 1000 Genomes database, however the
coverage for the majority of individuals (~700) re-sequenced within this project is still
relatively low at X2 (Zhang and Dolan 201D Consequently rare variants are much more
difficult to identify; since CYP3ASs characterised by an excess of rare varian{§hompson et
al. 2004), the 1000 Genomes data are not ideal to compare with those geatxd for this study
at present.

A total of 36 polymorphic sites were identified within a 13,853 base pair region of
chromosome 7, includng the CYP3A5promoter and coding region, resequenced in 24
African-Americans, 24Europears and 24 Han Chinese individual{ Thompson et al. 2004.
20/36 polym orphic sites were specific to AfricarAmerican individuals. The European and
Han Chinese individuals resequenced had high frequencies of th€YP3A5*3efining allele
and a variant present in the 3" UTR (rs15524) but had very few additional variants.

A total of 81 polymoarphic sites were identified within a 17,222 base pair region of
CYP3A5e-sequenced in 95 individuals from 5 different population groups. Populations with
recent African ancestry had more variation at theCYP3A3ocus than European, Hispaic and
Asian populations.

The African data reported in this and the previous,chapter are consistent with
previous observations that there is more variation at theCYP3AHocus in populations with
recent African ancestry than in other global populations.Sub-Saharan African groups,
including those from Ethiopia, had more variation within a 4448 base pair region c€YP3A5
than a 17,222 base pair region resequenced in East Asian and Hispanic populations from the
NIEHS cohort. Africans also had more variain within a 4448 base pair region than was
reported for a 13,853 base pair region resequenced in European and Han Chinese
populations (Thompson et al. 2004. Across the overlapping 4448 base pair region, a total of
17 identified variants were unique to African populations; although it is interesting to note
that the majority were singletons and none were predicted to have an effect on praRNA

splicing or gene tanscription.
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Table 5.12: A full list of all population groups in whichCYP3A%has been resequenced. Information is provided on the number of variant sites identified in

each group and what regions of the gene have beensequenced.

Population group Numberof  Total amount Regions of CYP3AS5 re-sequenced Number of References
individuals of sequence polymorphic
re-sequenced  (base pairs) sites identified
Promoter Exons Introns 3 UTR

African-Americans 24 13,853 v v Flanking v 25 (Thompson, Kuttab-Boulos et al. 2004)
Europeans 24 13,853 v v Flanking v 13 (Thompson, Kuttab-Boulos et al. 2004)
Han Chinese 24 13,853 v v Flanking v 7 (Thompson, Kuttab-Boulos et al. 2004)
African-Americans 15 17.222 Partly v Al v 37 (http:/fegp.gs.washington.edu/data/cyp3as/)
Yorubain Ibadan, 12 17.222 Partly v Al v 40 (http:f'egp.gs.washington.edu/data/cyp3as/)
Nigeria
Europeans 22 17.222 Partly v Al v 23 {http:/'egp.gs.washington.edu/data/cyp3as/)
Hispanic 22 17.222 Partly v Al v 18 (http:f'egp.gs.washington.edu/data/cyp3as/)
East Asians 24 17.222 Partly v Al v 16 {http:f'egp.gs.washington.edu/data/cyp3as/)

N.B.All*** : some CYP3A5ntronic regions have not been resequenced in NIEHS SNPs populations. The flanking introns have beerseguenced
in all populations although some additional intronic sequence information is missing.
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5.4 Discussion

5.4.1 Variation in the CYP3ABene in diverse Ethiopiapopulations

Multiple variants were identified across the CYP3A5locus in thirteen African
populations (also seen in chapter 4) An interesting observation is that ~30.3% of all variants
identified within the 12,237 base pair regbn, re-sequenced in five Ethiopian populations, are
singletons. Within the gene region itself~40% of all identified Ethiopian variants are
singletons. Additionally the proportion of non-synonymous variants was unusually high and
twice the frequency for amuch larger protein-coding genomic region(Kitano et al. 2009.
Normally protein-coding regionsand regulatory regions have functional constraint and low
tolerance of mutations which can cause low/norexpression. The intensity of purifying
selection (which removes damaging mutations) is determined by the degree of intolerance of
a particular genomic site towards deleterious mutations (Graur et al. 200Q. Studies of
multiple genes have often found that genes which have high rates of protein evolution, or are
losing their function (such as pseudogenes), have higher levels of negnonymous mutatiors
than conserved genegGraur et al. 2000 Bachtrog 2008). The high frequencies oCYP3A5*3n
the Afar, Anhara, Oromo and Maale, coupled with an excess of rare variants and high
frequencies of norsynonymous variationare consistent with signatures of a selective sweep
at the CYP3AS5ocus in Ethiopia. A comparison of the 4448 base pair region between all
thir teen sub-Saharan African groupgsee chapter 4)found that there were more rare variants
within the Ethiopian cohort than in other populations from the sub-continent. This may be
evidence of different regional selective pressures within suisaharan Africa or a result of

differences in population histories

5.4.2 A number of identified novel variants are predicted to affect CYP3A5 transcription and
protein expression in Africans

An intronic novel ten base pair deletion, immediately adjacent to the 3° dpé site of
exon 1,was identified in five heterozygous individuals from West Central Africa (see Table
4.2) and may have implications for gene transcription and protein expression. Ain vitro
splicing assay such as the exemapping technique (Webb et al. 2003 can be performed to
resolve the issue. Briefly, a double stranded DNA fragment, known to contain the ten base pair
deletion, is cloned into a bacterial vetor, transformed into bacterial culture and then isolated
and transfected into eukaryotic cells. Following incubation and extraction of mRNA, and

reverse transcription to cDNA, an examination and comparison of the cDNA sequence from
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the clones containing he ten base pair deletion with a clone containing the ancestral
sequence to see how and whether the sequences differ.

Four identified promoter variants were predicted to have an effect on gene
transcription in Ethiopians. It is important to note that there are significant drawbacks to
forming conclusions from bioinformatics analysis alone. Prediction programs generate a large
number of results, of which the majority are false positives. Transcription factor binding sites
vary considerably in length (~6-20 base pairs), are imprecise and can often bind many
different transcription factors (Lapidot et al. 200§. Although transcription factor binding site
motifs can vary, there are some bases which have a high probability of occurring within the
motifs (Lapidot et al. 200§. Prediction programmes, such as Matlnspector, opare the
observed sequence for motifs and match them against a database of known regulatory motifs
to see if these common bases occur within the sequence and so are characteristic of a binding
site. The probability of the input sequence being similar to@mmon binding site motifs is
calculated. This is called a position weight matrix where the position of a particular nucleotide
(of the input sequence) is compared with known regulatory motifs to calculate the likelihood
that it is a true transcription factor binding site (Lapidot et al. 200§. However, because of the
flexibility in binding site specificity, mutations which occur in regulatory motifs are not
necessarily going to alter the affinity for a transcription factor to a particular site.
Additionally, transcription factors may only influence gene transcription in particular cells
and polymorphic sites within particular motifs may be celitype specific (Jones and Swallow
2011). Matinspector provides tissue information for inferred binding sites, and so the
multiple results can be filtered 1 identify candidate transcription factor binding sites.

However, only experimental methods can provide tangible evidence of the effects of
identified polymorphisms on transcription factor binding. Electrophoretic mobility shift
assays (EMSAs) are a stightforward way to determine the effect of nucleotide substitutions
on transcription factor binding. Briefly, EMSA is a technique used to characterise protein/DNA
interactions. DNA molecules are negatively charged and will migrate rapidly towards a
positive electrode under an electric field, protein molecules which are bound to DNA will
cause it to migrate slower through a polyacrylamide gel; the larger the protein bound to DNA
the slower it moves through an electric field. For this assay, a short DNA fragnt, of specific
sequence and length, is radioactively labelled and incubated with purified proteins and nen
specific DNA competitors. Following incubation the complex is analysed on a polyacrylamide
gel, a positive interaction between the radiolabelled DN and a protein will result in a shift in
the mobility of the DNA fragment, as determined by a comparison with a radiolabelled free
DNA molecule as a contralAlberts 2002).
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EMSAs are often performed alongside DNase footprinting assays; which identify the
DNA sequence a protein binds to. Briefly, a radiolabelled proteinmound DNA fragment, of
known sequence and length, is incubated with a nespecific DNA claving restriction
enzyme. The protein protects the DNA motif from cleavage through strong binding to the site.
The complex is then run on a polyacrylamide gel and a gap, or footprint, is seen where the
restriction enzyme has not been able to cut; thus ideifying the DNA motif that the protein
binds to (Alberts 2002).

Both EMSA and DNA footprintingtechniques will provide evidence that a DNA
fragment is capabé of binding a specific proteinin vitro and will identify the sequence motif.
However it is important to note that in vivo binding is often complicated and a particular
protein may not preferentially bind to the identified motif in vivo.

An interesting observation is that three of the four promoter variants, which are

candidates for affectingCYP3A®D OAT OAOEDPOET T h T AAOO AO AEOANOAT 7

pair deletion, likely to have an effect on prenRNA splicingin five West Central African
individuals, was observed at a frequency of ~0.007%; and all identified nesynonymous
mutations were dngletons. Although the proportion of all variants identified which were
exonic variants was high (~10.5%) and of these 6.58% were nesynonymous changes. Of the
nine previously reported candidates for causing polymorphic CYP3A5 expression (Talied);
only CYP3A5*3, CYP3A5dhd CYP3A5*Avere identified in the African re-sequencing data.
This suggests that CYP3A5*3, CYP3A5*6nd CYP3A5*7are the main determinants of
polymorphic CYP3A5 expression in all global populations that have been-sequenced to

date.

5.4.3 Comparing African CYP3AS5 variability with other global populations

As expected there is more variability in theCYP3ASene in populations with recent
African ancestry than in other global populations. This is consistent with previous reporthat
genetic diversity within populations with recent African ancestry is greater than in non
African populations (Tishkoff et al. 2009. A comparison ofCYP3A5variability between sub-
Saharan African populations and AfricarAmericans found that there was more variation in
sub-Saharan Africa (discussed further in chapterd and 6). Considerable European ancestry
within African-American populations may be influenmg the amount of variation observed in
the CYP3ADyene in this population(Reed 1969 Destro-Bisol et al.1999). Populations with
high frequencies of the derivedCYP3A5*&llele had an excess of rare variants, supporting a

hypothesis of directional selection within these populations. Interestingly, large numbers of
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rare variants were observed in all Ethiopan groups, except the Anuak. Thisiay be evidence
of differential selection on CYP3A5within parts of Africa. Considerable admixture within
North Eastern Ethiopian populations with those from the Arabian Peninsul@De Stefano et al.
2002; Lovell et al. 2009 may also be influencing the pattern o€YP3A%Yariability observed in
the Afar, Amhara and Oromo

The results from this chapter indicate that population structure at theCYP3ASene in
diverse Ethiopian populations is likely to be influenced by novel, rare variants in addition to
CYP3A5*3, CYP3A5%nd CYP3A5*7 The following chapter will examine intraEthiopian
differences alongside resequencing data for Coriell populations. The recent evolutionary
history of CYP3AS5will be examined in detail, including evidence of selection on the gene, in

chapter 7.
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6. Analysing intra -Ethiopia n diversity at the CYP3A5genein a
global context

A number of polymorphic sites, identified in chapter5, are novel candidates for
causing low/non CYP3AS5 expression phenotypes in Africa. Previdyg Gebeyehu et al. 2011
reported collective frequencies of CYP3A5*1, CYP3A5*3, CYP3Am6d CYP3A5*7in
Ethiopians from multiple ethnic groups,not accountingfor inter -ethnic diversity. It has been
consistently shown in this thesis thatthe Ethiopian Afar, Amhara and Oromo significantly
differ from other Africans and arecharacteristic of both African andnon-African populations.
This chapter aims to examine intraEthiopian diversity across the entireCYP3A%gene in detall
and examine theobserved diversity alongsidethree ethnically diverse Coriell populations
from North America. Statistical associations between all identified polymorphic sites will be
analysedthrough haplotype andlinkage disequilibrium analyses In addition, analyses @ the

allele frequency spectrum to test fosignificant departures from neutrality are presented.

6.1 CYP3Abvariation in Ethiopia

6.1.1. Haplotype association of Ethiopian variants

Haplotypes were inferred from genotype data to examine the distributiorf identified
variants on Ethiopian chromosomes. Singleton variants, which could not be inferred onto a
specific haplotype, were omitted from this part of the analysis. 100 haplotypes were inferred
for a 12,237bp region, see Figure6.1lae, and ~81% of these occurred at a frequency of <1%.
~55% of all inferred haplotypes were defined by the CYP3A5*3nutation alone, ~17.7% by
CYP3A5*6and ~0.003% by CYP3A5*7The remaining haplotypes were all defined by the
ancestral CYP3A5*hllele. CYP3A5*3efined the maprity of haplotypes observed in the Afar,
Amhara and Oromo, andCYP3A5*1defined the majority in the Maale, and nearly all in the
Anuak (Figure6.2).

The modal CYP3A5*3haplotype was ~7x more frequent than the second most
frequent within this haplogroup. There were two main CYP3A5*thaplotypes; one ~2x more
frequent than the other. Themodal CYP3A5*3and CYP3A5*Gaplotypes are characterised by
high levels of polymorphisms in theCYP3ASlanking regions and apaucity of variation within
the coding region @ promoter. This is also true for the oneCYP3A5*haplotype.

All non-synonymous and promoter variants predicted toaffect gene transcription and
protein translation (reported in chapter 5), occuron CYP3A5*haplotype backgrounds.Each
identified non-synonymous polymorphism was a singleton; as a result not all exonic
polymor phisms could be inferred ontospecific CYP3A5*haplotypes.
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Figure 6.1a: Inferred CYP3A5*haplotypes for five Ethiopian populations Positions marked in yellow are ancestral allelest each position (as inferred from the chimpanzee

sequence) and blue are the derived. The position definin@YP3A5*3s shown in red. Each row corresponds to a haplotype and each column to a polymorphic site. The numbers above each

column correspond to the position of each polymorphic site relative to the ATG start codon (NCBI, Build 132, http://www.ncbi.nlm.nih.gov/). The nurebs at the end of each row correspond
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Figure 6.1b: Inferred CYP3A5*thaplotypes for five Ethiopian populationsPositions marked in yellow are ancestral alleles at each position (as inferred from the chimpanzee
sequence) and blue are the derivé The position definingCYP3A5*6s shown in red. Each row corresponds to a haplotype and each column to a polymorphic site. The numbers above each
column correspond to the position of each polymorphic site relative to the ATG start codon (NCBI, Build 13&p://www.ncbi.nlm.nih.gov/). The numbers at the end of each row correspond

to the number of Ethiopian chromosomes of a particular haplotype. Each haplotype was assigned a code, as shown inthe coluln | AA O#/ $ %6 8
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Figure 6.1c: Inferred CYP3A5*haplotypes for five Ethiopian populationsPositions marked in yellow are ancestral alleles at each position (as inferred from the chimpanzee
sequence) and blue are the derived. The position definin@YP3A5*1s shown in red. Each row corresponds to a haptgpe and each column to a polymorphic site. The numbers above each
column correspond to the position of each polymorphic site relative to the ATG start codon (NCBI, Build 132, http://www.ncbim.nih.gov/). The numbers at the end of each row correspond
to the number of Ethiopian chromosomes of a particular haplotype. Each haplotype was assigned a code, as shown in the colurhnkcdl O#/ $ %6 8
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Figure 6.1d: Inferred CYP3A5*3#6 recombinant haplotypes for five Ethiopian populationspPositions marked in yelow are ancestral alleles at each position (as inferred

from the chimpanzee sequence) and blue are the derived. The position definil@YP3A5*3and CYP3A5*@are shown in red. Each row corresponds to a haplotype and each column to a
polymorphic site. The nunbers above each column correspond to the position of each polymorphic site relative to the ATG start codon (NCBI, Build &8@;//www.ncbi.nim.nih.gov/). The
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Figure 6.1e: Inferred CYP3A5*haplotypes for five Ethiopian populationsPositions marked in yellow are ancestral alleles at each position (as inferred from the chpanzee
sequence) and blue are the derived. Each row corresponds to a haplotype and each column to a polymorphic site. The humbergeabach column correspond to the position of each
polymorphic site relative to the ATG start codon (NCBI, Build 132, httffwww.ncbi.nlm.nih.gov/). The numbers at the end of each row correspond to the number of Ethiopian chromosomes
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Figure 6.2a: The frequency ofCYP3AShaplotypes (%) within each Ethiopian population The key is numbered according to the haplotype codes assigned in Figuéeta-e;
the numbers in brackets indicate whichCYP3A%aplogroup (CYP3A5*1, CYP3A5*3, CYPZABYP3A5*3/*@r CYP3A5*Y each haplotypebelongs to.
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Figure 6.2b: A map showing the spatial distribution, ofCYP3A5haplotypes, across EthiopiaThe map
image has been taken from: http://commons.wikimedia.org/wiki/File:Ethiopia_location_map.svg?uselang=fr, and

has been adapted by me in MicrogbPowerPoint 2007.
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An interesting observation is that levels of diversity in theCYP3A5*aplogroup are
highest in populations closest to the Arabian Peninsul&YP3A5*haplotypes are observed at
low frequencies in Ethiopia and are also found ithe two populations located furthest from

the Arabian Peninsula (Anuak and Maale).

6.1.2 Examining linkage disequilibrium across CYP3A5

Pairwise linkage disequilibrium (LD), calculated using theD” parameter, was
measured within Ethiopia as a whole andvithin each of the five populations. Genotype data
for all polymorphic loci, except singletonswere included for LD analyses. The results are
consistent with those for haplotype inference. Within Ethiopia, the majority of loci are in
complete LD O’=1), see Supplementary Figure 3on CD, consistent with previous studies
(Thompson et al. 2004 Thompson et al.2006) although not all associations are statistically
significant. Highlevels of nonsignificant LD are a result of an excess of low frequency variants
in the dataset These variants occur on a single haplotype background but, due to their low
frequencies, are not significantly associatedHowever D=1 indicating that there is no
recombination between specific loci, even if the association is not statistically significant.

There are distinct LD patterns, relating to theCYP3A5*3and CYP3A5*6variants, e
Table 6.1. Across the 12,237bp regionCYP3A5*3and CYP3A5*@re in high LD with variants
either side of the gene region. LD extends across a region of up to 35,318bp (bp); between
variants located 2191bp upstream of the ATG start codon; and those loedt 2385bp
downstream of exon 13.

D" between CYP3A5*&and CYP3A5*6s equal to 1 and the association between the two
loci is statistically significant. TheCYP3A5*@&llele almost always occurs on a haplotype with a
CYP3A5*lallele. The high LD betweerCYBAS5*3 and a variant at position 31605 (rs15524)
and another at position 32244 (rs4646456) reflects the most commorCYP3A5*Fthiopian
haplotype. The high LD betweel€YP3A5*&nd variants in the 5 [rs10270499 and rs776741]
and 3" [rs57922842, rs4646456, r4646457, and rs4646458] flanking regions also reflect the
most commonCYP3A5*Gaplotype observed in Ethiopia CYP3A5*allele frequencies are low
and therefore very little can be deduced about LD from this locus alone. The results show that
LD acrossCYP25is likely to extendbeyond the gene region

LD betweenCYP3A5*&And other polymorphic sites isinsignificant (Table 6.1). This is

almost certainly because the variant is observed at low frequency within Ethiopia.
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Table 6.1: Pairwise LD between each d€YP3A5*1/CYP3A5*3s776746), CYP3A5*@rs10264272) and
CYP3A5*(rs41303343) defining loci and all identified polymorphic sites across the Ethiopiarcohort.
Statistically significant D" values, following Bonferroni correction (adjustedp-value =0.00096; for 52 tests), are

highlighted in green.

Position on
chromosome 7

CYP3AS5 region Position of Pairwise D" values

CYP3AS variant
relative to ATG
start codon

99279710

99279308
99279136
99279051
99278876
99278862
99278827
99278522
99278314

99278267
99278224
99278070
99277593
99277392
99277337
99272310
99272290
99272275
99272103
99272009
99271928
99271853
99271808
99271778
99270539
99270504
99270164
99264352
99264149
99262835
99262642
99261737
99261583
99260407
99260362
99260170
99258524
99258316
99250397
99247647
99247503
99246026
99245914

99245499

99245373
99245364
99245311
99245280
99245275
99245241
99245013
99244392

rs776746 rs10264272 rs41303343

(99270539) (99262835) (99250397)

5 flanking -2191 0.944 1 1
region

-1789 0.992 1 1

-1617 0.896 0.923 1

-1532 0.999 1 1

-1343 0.649 0.033 1

-1308 0.649 0.033 1

-1252 1 1 1

-1003 1 0.737 1

Proximal -795 0.894 0.542 1

promoter

-748 0.599 0.071 1

-705 1 0.158 1

-551 1 0.969 1

-74 1 0.736 1

Intron 1 127 1 1 1

182 1 1 1

Intron 2 5209 0.09 0.962 1

5229 1 1 1

5244 0.999 1 1

Intron 3 5416 0.999 0.224 1

5510 0.914 0.973 1

5591 0.22 0.467 1

5666 0.778 0.004 1

5711 0.122 0.962 1

5741 0.881 0.455 1

6980 - 0.91 0.992

7201 1 0.27 1

Intron 4 7355 1 1 1

Intron 5 13167 1 0.368 1

Intron 6 13370 0.09 1 1

Exon 7 14684 0.91 - 1

Intron 7 14877 1 0.837 1

15782 0.909 0.995 1

Intron 8 15936 0.992 1 1

Intron 9 17112 1 1 1

17157 0.894 0.542 1

17349 1 0.593 1

18995 1 0.998 1

19203 0.992 1 1

Exon 11 27125-27126 0.992 1 -

Intron 12 29872 0.992 1 1

30016 1 0.994 1

31493 0.938 1 1

3" untranslated 31605 0.902 0.956 0.999
region

3’ flanking 32020 0.994 0.111 1
region

32146 1 1 1

32155 0.937 1 1

32208 0.881 0.455 1

32239 0.94 0.895 0.991

32244 0.143 0.264 1

32278 1 0.111 1

32506 0.923 0.923 1

33127 0.92 0.737 1
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6.1.3 The CYP3AGS allele frequency spectrum and analyses for departures from neutrality

A total of 76 polymorphic sites were identified in 379 individuals from five Ethiopian
populations (chapter 5). A summary of the number of polymorphic sites, and singleton

variants, identified in each ethnic group is shown in Tablé.2.

Table 6.2: Molecular diversity estimates for the five Ethiopian populations. Percentages expressed in
brackets indicate the proportion of variants, identified within a specific sample set, which are
singletons.

Sample set Number of identified polymorphic  Number of variants which occur on a

sites single chromosome

Afar 37 8 (21.6%)
Amhara 41 6 (14.6%)
Anuak 49 17 (34.7%)
Maale 45 9 (20%)
Oromo 42 23 (57.8%)

The overall nucleotide diversity within the Ethiopian cohortis 4.7 x 18 AT A 4 AEEIl A&
Dis -1.48; indicating a skew tavards rare variants. Nucleotide diversity () varies between all
five sample sets; see Tablé.3. The Afar, Amhara and Oromo all have lower measures of
nucleotide diversity than the Anuak and MaaleNucleotide diversity, in all five Ethiopian
populations, was comparatively lower than for a similarly sized region in AfricarAmericans
(see Table6.8).

OAl AT OEAA AEOAOOGEOU xAO AgAI ET AA Mmru AADPA

AT A D*&an6PAT A Rsdtisiics, see Tablé.3. These methodgvaluate whether there
is an excess of rare variants within the resequenced region; a pattern consistent with a
selective sweep or directional selection. All statistics reported negative values for each
Ethiopian population, indicating a skew towards rarecOAOE AT 008 (1 *&kepdkted 1 11 U
a significant departure from neutrality, in all five Ethiopian populations, before and after
Bonferonni correction (p<0.0001 for all populations).

The Afar, Amhara and Oromo have the largest skew towards rare vanis.
)y T OAOAOOGET Ccl Uh ADGdbthdsditiivee PoputEitions adeAdiripdrahlé to those for
Han Chinese individuals {1.21) (Thompson et al. 2004. Athough the values suggest that the
skew towards rare variants is not as high as reported foEuropears (-2.11) but much more

than for African-Americans (1.13).

18¢



Table 6.3: Molecular diversity indices for a12,237bp CYP3ASegion re-sequenced in five Ethioan
populations. All five Ethiopian groups showed a significant departure from neutrality, following
Bonferonni correction (correction for 5 tests;pS 8 mp qh A A OBSApvalué. OEA & 060

Ethiopian sample set

Afar Amhara Anuak Maale Oromo
Nucleotide 3.91x10™ 3.8x10™ 5.14 x 10" 4.82x 10" 3.55x 10™
diversity (n)
Taji mMads -1.22 -1.57 -0.95 -0.75 -1.35
Fu andD*L -1.14 0.35 -2.09 0.65 0.25
Fu andFL -1.41 -0.34 -1.93 0.08 -0.50
Fud&s -12.13 -34.84 -19.68 -17.20 -24.74

6.1.4 CYP3AS5 haplotype diversity
The entire Ethiopian cohort (379 individuals; 758 chromosomes) was used to analyse

haplotype diversity between inferred CY3A5 expressers and low/norexpressers; and
between the five CYP3Abhaplotype classes:CYP3A5*1, CYP3A5*3, CYP3A5*6, CYP3A5*3/*6
and CYP3A5*7 The highest levels of gene diversity were observed in the Anuak (0.914 +
0.012) and the lowest in the Afar (0.742+ 0.036). Exact tests of population differentiation
were performed to assess the significance of pairwise intgpopulation differences in gene
diversity (Table 6.4). Consistent with the results from the geographic survey (chapter 3jhe
Afar, Amhara andOromo do not significantly differ from each other, i.e. haplotype diversity
estimates are similar in all three groups. The Anuak diffefrom all other Ethiopian sample
sets; as dahe Maale.

Within Ethiopia, gene diversity is highest in the Anuak, Maalend Amhara. The Anuak
and Maale have the highest frequencies @YP3A5*Ihaplotypes; which are the most diverse
haplogroup (Table 6.5, Figure 61). Thisis likely to explain the high levels of gene diversity

observed within these populations.
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. A Ehv&s calculated using Arlequin and the test_h_diff program written by Mike Weal@homas et al.
2002); results from both programmes were identical.Error bars denote standard deviation.Values
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Table 6.4qd,

. REBSO

E

I AEYR3ASRegiop adiosspygpAl®ions. Significance of pairwise

differences, in diversity estimates, was measured using an exact test of population differentiation
(executed in Arlequin software). P-Values, shown in the bottom left corner of the grid, which are
significant after Bonferroni correction (for 5 tests; adjustedp-value = 0.01) are highlighted in green.

Neilbs 0.742 0.833 0.914 0.897 0.781
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Table 6.5: A comparison of heterozygosity in each of the five€YP3A5haplogroups: CYP3A5*1
CYP3A5*3, CYP3A5*6, CYP3A5*3/CYP3ABtECYP3A5*7Significance was measured using the-diff

test (Thomas et al. 2002. Values which were significant after Bonferroni correction (for 5 tests;
adjusted p-value = 0.01) are highlighted in green

Neilds 0.952 0.545 0.571 0.000 0.000
CYP3A5*1 CYP3A5*3 CYP3A5*6 CYP3A5*7 CYP3A5*3/*6

CYP3A5*1 *

CYP3A5*3 <0.0001 *

CYP3A5*6 <0.0001 0.59 *

CYP3A5*7 <0.0001 <0.0001 <0.0001 *

CYP3A5*3/*6 <0.0001 <0.0001 <0.0001 <0.0001 *

The low/non-expresser haplogroups CYP3A5*3, CYP3A5*6, CXB33/*6 and
CYP3A5*Y have significantly less diversity than CYP3A5*1 haplotypes. One possible
explanation is the CYP3A5*3, CYP3A5%hd CYP3A5*efining alleles are younger than the
ancestral CYP3A5*1New, and neutral, haplotypegienerally fluctuate intheir frequencies and
have not had an equivalent amount of time to acquire additional mutations, compared to
ancestrallineages

The most common low/non-expresser CYP3A5*aand CYP3A5*thaplotypes, observed
in Ethiopia, have very little variation over a arge genomic region, i.e. they are characterised
by extended haplotype homogeneity (Figures.la-b). This maybe a result of directional
selection on particular CYP3A5variants (Sabeti et al. 2002. CYP3A5*7s at low frequency in
%OEEI PEA AT A OF 110 1 O6AE AAT AA ET EAOOAA AAT O
calculated score. A recombinantCYP3A5*3/CYP3A5*thaplotype is observed in Ethiopia,
although its low frequency suggests tha€CYP3A5*&and CYP3A5*@re subject to independent
selective pressures and events.

A comparison of diversity in eachCYP3A5haplotype class, by Ethiopian group, is
shown in Figure6.4. CYP3A5*and CYP3A5*3/*6recombinant haplotypes are observed at low
AOANOAT AEAO xEOEET OEA AAOAOGAON AT A OEAO OEAO.
h. CYP3A5*Thaplotypes are the most diverse of all haplotype classes in all Ethiopian sample
sets.CYP3A5*3and CYP3A5*@Gre cansiderably less diverse thanCYP3A5*haplotypes across
the Ethiopian cohort.



Figure 6.4: A comparison of diversity in each of the fiveCYP3A5haplotype classes CYP3A5*1
CYP3A5*3, CYP3A5*6, CYP3A5*3416d CYP3A5*Y by Ethiopian sample se8 . WA &wa® Galculated
using theh-diff sets of function and executed in the programming environment (Thomas et al. 2002.
Error bars denote standard deviation
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m *1 haplotypes

m *3 haplotypes
m*6 haplotypes
m *7 haplotypes
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Gene diversity; Nei'q

Afar Amhara Anuak Maale Oromo

-0.1

Nei6 @ was used to compare diversity betweenCYP3A5expresser and low/non -
expresser haplotypes within each of the five populations, see Figuré.5. Of the novel
mutations predicted to affect CYP3ASene transcription and/or protein translation only one
could be inferred onto a particular (CYP3A5*1 haplotype. However, as outlined in section
5.4.2, bioinformatics software can only predict whether a polymorphism may have an effect
on gene transcription, mMRNA processing or protein translation; no variant can lmnclusively
classed as either expresser or low/norexpresser based on bioinformatics analysis alone.
Therefore individuals carrying this variant were excluded from these analyses. Only variants
which have been shown to affect CYP3A5 expressian vitro/in vivo were classified as
low/non -expresser variants. This meant that, of all identifie€YP3A%ariants, only CYP3A5*3,
CYP3A5*6 and CYP3A5*7 were considered low/non-expresser and the remaining

chromosomes as expresser.
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Figure 6.5: A comparison of heteraygosity between CYP3A5expresser and low/non-expresser

haplotypes in each Ethiopian sample s& . W&hd the significance of differences were measured

using the h-diff test (Thomas et al. 2002. All comparisons were significant following Bonferonni

correction (for 5 tests; adjustedp-OAT OA E n8npg8 %OOI O AAOO hAATT OA OO/

0.9 -

0.8 -

0.7 A

0.6 -
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Gene diversity; Nei's

0.3 A
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0.1 A

Afar Amhara Anuak Maale Oromo

Within each population, significantly higher levels of drersity were observed on
expresser haplotypes than on low/norexpresser haplotype backgroundsn all five Ethiopian

sample sets consistent with the results for nucleotide diversity.

6.1.5 Examining population differentiation at the CYP3A5 locus in Ethiep
Inter-ethnic differentiation at the CYP3A5locus in Ethiopia was measured by

calculating pairwise Fsr values and performing an exact test of population differentiation
(both executed in Arlequin). PairwiseFst values were calculated usingallele frequencies
instead of haplotype information. This allowed for all polymorphic information, including
singleton variants, to be accounted for when evaluating pairwise population differences.
Pairwise Fst values are shown in Table6.6 and p-values from the exacttest of population

differentiation are shown in Table6.7.
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Table 6.6: Pairwise Fsrvalues, based ofCYP3Agenotypic data for five Ethiopian populations Pairwise
Fsrvalues are shown in the bottom left side of the Table, the correspondimqgvalues areshown in the
top right of the Table.P-values which are significant after Bonferroni correction (adjustedp-value =
0.0125; correction for 4 tests) are highlighted in green and the correspondinBsrvalues are shown in
red bold.

Afar Amhara Anuak Maale Oromo

Afar @ 0.47708 + 0.00000 + 0.00881 + 0.56173 +
0.0047 0.0000 0.0010 0.0049

Amhara -0.00102 @ 0.00000 + 0.00703 + 0.91238 +
0.0000 0.0008 0.0028

Anuak 0.0801 0.091 S 0.00208 £ 0.00000 *
0.0004 0.0000

Maale 0.01931 0.0212 0.02614 K 0.00743 =
0.0009

Oromo -0.00205 -0.00375 0.08902 0.02009 *

Table 6.7: The resultant pvalues from an exact test of population differentiation, based on Ethiopian
genotypic data Values shown in the Table correspond tg-values from pairwise population
comparisons. P-values which are significant after Bonferroni correction (adjustedp-value = 0.0125;
correction for 4 tests) are highlighted in green.

Afar Amhara Anuak Maale Oromo
Afar *
Amhara 0.75305 *
Anuak 0.00000 0.00368 *
Maale 0.00000 0.21842 0.01469 *
Oromo 0.60824 0.95138 0.00126 0.00241 *

A principal co-ordinates (PCO) plot was constructed, using pairwisé&st values, to
visualise population substructuring, see Figure6.6. The Anuak significantly differ from the
Afar, Amhara and Oromowhereas the Maale are midway between Afrésiatic speakers and

the Nilo-Saharan speaking Anuak.
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Figure 6.6: A Principal Ceordinates (PCO) plot based on pairwise=st values between the five
Ethiopian populations. Pairwise Fst values were calculated usingethiopian CYP3AGgenotype
data for the 12,237bp resequenced region. Axis labels show the percentage of genetic
distance captured by each axis.
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6.2 Examining Ethiopian data in a global context

6.21 The globalCYP3AS5 alle frequency spectrum
The African CYP3AXata were analysed in a global context by integrating the results

with those previously published for datasets from theCoriell repositories (see chapter 2).A
total of 8063bp of resequencing data, including theCYP3A5promoter and coding region,
overlapped between the Ethiopian andCoriell datasets.

Nucleotide diversity is highest in AfricanAmericans, the Anuak and Maale (Tablg.8).
Nucleotide diversity levels are higher across the Ethiopian cohort than iBuropeans and Han
Chinese. Sliding windows analyses (using DnaSP software) were performed to analyse how
nucleotide diversity varies across the resequenced 8063bp region in each population. A
OAEOAOOEOU xET AT x6 EO A ObAfarBvaehi is OdicUdiel. TRBACET 1
8063bp fragment was divided up into overlapping windows (each 1000bp in length) which
were generated every 100bp of sequencex was then calculated for each window. This
generated a series of values which were plottedtoshh x A OAT 1 OET O1 606 AEAT
see Figure6.7 (executed in the Rorogramming environment using a code written by Mr
Pawel Zmarz).

African-Americans appear to have more diversity across the region than all other
global populations. Within each poplation, there were sharp rises in diversity within a region
at position ~2200-2300 (corresponding to the CYP3A5*1/CYP3A5*3ocus). Within all
populations of recent African ancestry there was also a peak at position 4000, corresponding
to the CYP3A5*6locus. CYP3A5*7was observed at low frequency in the global cohort (2
heterozygous individuals) and so did not affect diversity scores. Every population also had a
peak at position at ~7700, corresponding to the position of the variant rs15524. This variant
is often in high LD with the CYP3A5*3sariant; although has no effect on gene transcription,

MRNA processing or protein translation(Busi and Cresteil 2003.
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Figure 6.7: Sliding window analysis of diversity across an 8063b€YP3A5egion in 8 populations. Increases in pir) at position 2000 and 4000 correspond toCYP3A5*1/CYP3A5*&nd CYP3A5*6
loci; CYP3A5*Ts observed at low frequency in the global cohort and so does not affecvalues significantly. Peaks at position 7700 correspond to rs15524.
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6.22 Tests fordepartures from neutrality

Molecular diversity indices and tests of departures from neutrality are shown in
(Table 6.8). A comparison of the ratio of synonymous to nesynonymous variation within
human populations and between species(chimpanzee and huma comparisons) by a
McDonald-Kreitman test, was not significant. The results of the HKA test, comparing intra
and inter-speciesCYP3AHiversity were not significant (p=0.6346). A nonsignificant result
suggests that the observed intraand inter-speciesdiversity do not significantly differ from
neutral expectations (Kimura 1979). A nonsignificant p-value obtained here may be due to
the paucity of variation, and excess of rare variants, identified ithe global cohort

4EA OAOOI O0D&DAANL BEMEBED AT Rand DHd@parison with
OEA AEEI PAT USdnalyses Atlichtedga@idb@l skew towards rare variants (Table
6.8). Fu and, E3*@nd F* analyses reported a significant departure from neutrality for both
Europears and the Anuak; although the results were only significant fondividuals of recent
European ancestry following Bonferonni correction for multiple testing. Fu and IE 6FS
reported a significant departure from neutrality for 7 of the 8 populations after Bonferonni
AT OOAAOQET 1 Bcal@létésithe bdiialdEi€ of obtaining an equal number, or fewer,
haplotypes than observed based on the gene frequency distributio The results for all 8
populations were significant (p<0.0001 for every comparison); indicating that theCYP3A5
haplotype structures observed in the global cohort, given the gene frequency data are atypical
from neutral expectations. That is the distribtion of all identified variants on haplotypes is
not consistent with neutral expectations.4 EA OAOOI OO /&éré tonsBténOWith A A E 8 C
& O &Swhich found that the number of haplotypes defined by rare mutations significantly
differs from neutral expectations.

An excess of high frequency derived alleles may be seen soon after a selective sweep
has completed or during an ongoing selective sweep. This can be assessed usingHhest
(Fay and Wu 2000. The results of theH test for CYP3A5were not statistically significant
within any population (p>0.05), however nucleotide diversity is low at this locus and this may

be affecting the c&ulation, as reported previously(Thompson et al. 2003.
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Table 6.8: A summary of the tests for departures from neutrality for the 8063bp overlapping region foCYP3A5 Statistically significant departures from
neutrality, following Bonferonni correction (correction for 8 tests; adjustedpS 1 8 1t Ttapecsbo@n in bold and highlighted in green

Global populations Ethiopian populations
African- Europeans Han Chinese Afar Amhara Anuak Maale Oromo
Americans

Sample size 23 24 23 75 76 76 76 76
Nucleotide 5.4x10" 9x10° 1.1x10* 2.1x10" 25x10" 3.6x10™ 3.5x10" 2.2x10™
diversity (m)
McDonald- 0.475 0.50 0.777 0.462 0.475 0.576 1.00 0.777
Kreitman test
Taji mads -1.04 -1.92 -1.21 -1.46 -1.13 -1.26 -0.96 -1.79
Fu andD*Li -0.97 -2.86 -1.82 -1.19 0.12 -2.72 -0.11 -1.05
Fu andrFLi -1.17 -3.00 -1.91 -1.54 -0.43 -2.57 -0.53 -1.58
Fu andD Li -0.64 -1.37 -1.45 -1.56 -0.08 -1.93 0.73 -0.96
Fu andF Li -0.92 -1.81 -1.55 -1.79 -0.52 -1.96 0.13 -1.48
Fuds -31.06 -5.71 -1.54 -9.48 -11.74 -18.44 -11.08 -22.84
Strob e ¢ kSO s 1.00 0.999 0.929 1.00 1.00 1.00 1.00 1.00
Fay andHW -0.13140 -3.25532 -1.89372 0.10774 -0.23998 -0.47177 -0.87086 -1.75514

statistic

N.B: Statistics highlighted in blue were performed using overlapping sequence from the chimpanzee genors@a outgroup. For the McDonald
+OAEOI AT OAOGO j AAGAA 11 AT AET CSvahBs@iesHhownOAOEAOQET T T1T1T1uUuq AT A 3001 AAAESG
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6.2.3 Haplotype associations of CYP3A5 alleles

Figures 6.8a-e show inferred haplotypes, for the 8063bp region, within each of the 8
populations. The inferred haplotypes confirm the results from sliding windows analyses;
there are four main haplogroups each defined by one o€CYP3A5*1CYP3A5*3, CYP3A5*6,
CYP3A5*7although three low frequencyCYP3A5*3/*6haplotypes were observed

CYBA5*3, CYP3A5*&and CYP3A5*7haplotypes are characterised by apaucity of
additional variation. Fewer CYP3A5*3haplotypes were observed inEthiopia than in the
Coriell datasets; althoughCYP3A5*aplotype diversity is higher in the Oromo and Amhara
than in other Ethiopian groups.CYP3A5*thaplotypes are largely homogeneous between all
populations in which they were observed CYP3A5*&vas only observed, at low frequency, in
Ethiopia. Diversity was highest in theCYP3A5*haplogroup.

Approximately 98% of Euopean and 83% of Han Chinese haplotypes are defined by
the CYP3A5*3nutation as are the majority of Ethiopian Afar (~64%), Amhara (~67%) and
Oromo (~67%) chromosomes (Figure 5.8). Notably, the haplotypes observed in these three
Ethiopian groups are typica of those observed in norAfricans. Within an 8063bp region of
CYP3AS5 fewer CYP3A5*3and CYP3A5*6haplotypes have been inferred from the genotype
data than for a 12,237bp region in the same individuals. A comparison of inferred haplotypes
for the two re-sequenced regions suggests there are more high frequency derived variants in
CYP3ASlankingreCET T Oh AO 1 EOOI A AO S¢mnnmADP ET OEUAN
(see section 5.2.5) These can define additionaCYP3A5*3and CYP3A5*thaplotypes, although

are unlikely to affectCYP3ASranscription or translation.
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to the position of each polymorphic site relative to the ATG start codon (NCBI, Build 132, http://www.ncbi.nlm.nih.gov/). Thiecus which defines theCYP3A5*1/CYP3A5*3

from (Thompson et al. 2004, so that only data for the overlapping genomic region are showRositions marked in yellow are ancestral alleles at each position (as inferred from

Figure 6.8a: Inferred CYP3A5*3haplotypes for 8 populations. Haplotype information for African-American, Europeanand Han Chinese populations has been adapted
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Figure 6.8b: Inferred CYP3A5*thaplotypes for 8 populations. Haplotype information for African-American, Europeanand Han Chinese populations has been
adapted from (Thompson et al. 2004, so that only data for the overlapping genomic region are showRositions marked in yellow are ancestral alleles at each
position (as inferred from the chimpanzee sequence) and blue are the derived. Each row corresponds to a haplotype and each column to a polyniosite. The numbers above

each column correspond to the position of each polymorphic site relative to the ATG start codon (NCHBIjld 132, http://www.ncbi.nlm.nih.gov/). The locus which defines the
CYP3A5*@llele is highlighted in green®6 OA AA OO O OEA 101 AAO T &# AEOTI i1 011 A0 OEAO AOA T £# A PAOOGEAOGI AO

*Population codes: AA: AfricanAmericans; AF: Afar; AM: Amhara; & Anuak; ML: Maale; OR: Oromo
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Figure 6.8c: Inferred CYP3A5*haplotypes for 8 populations. Haplotype information for African-American, Europeanand Han Chinese populations has been

adapted from (Thompson et al. 2004, so that only data for the overlapping genomic region are showRositions marked in yellow are ancestral alleles at each
position (as inferred from the chimpanzee sequence) and blue areetderived. Each row corresponds to a haplotype and each column to a polymorphic site. The numbers above

each column correspond to the position of each polymorphic site relative to the ATG start codon (NCBI, Build 132, http://wwagbi.nlm.nih.gov/). The loas which defines the
CYP3A5*allele is highlighted in greendNd6 OA EZA OO O OEA 1T 061 AAO 1T £ AEOTI I 10T T AOG OGEAO AOA T &£ A PAOGEAODI A
*Population codes: AN: Anuak; ML: Maale
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Figure 6.8d: Inferred recombinant CYP3A5*3/*6haplotypes for 8 populations. Haplotype information for African-American, European and Han Chinese
populations has been adapted fron{Thompson et al. 2004, so that only data for he overlapping genomic region are shownPositions marked in yellow are
ancestral alleles at each position (as inferred from the chimpanzee sequence) and blue are the derived. Each row corresptmdshaplotype and each column to a polymorphic
site. The umbers above each column correspond to the position of each polymorphic site relative to the ATG start codon (NCBI, Build, b&p://www.ncbi.nlm.nih.gov/). The
two loci which define the CYP3A5*&nd CYP3A5*@&lleles are highlighted in greendNd O Aofife @ubnbed of chromosomes that are of a particular haplotype

*Population codes: AM: Amhara; ML: Maale; OR: Oromo
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Figure 6.8e: Inferred CYPSAS*hapIotypes for 8 populations. Haplotype information for African-American, European and Han Chinese populations has been adapted from (Thompson et al. 2004),

so that only data for the overlapping genomic region are shown. Positions marked in yellow are ancestral alleles at each position (as inferred from the chimpanzee sequence) and blue are the derived. The numbers

above each polymorphic site correspond to the position of each polymorphic site relative to the ATG start codon (NCBI, Build 132, http://www.ncbi.nim.ni h . gNov /r)ef eirs t o the number of chr ome
particular haplotype.

*Population codes: AS: Han Chinese; EU: Europeans
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Figure 6.9a: The proportion of inferred CYP3ASaplotypes, for an 8063bp region, in each of 8 populationgach halotype has been numbered from 172 and

numbers in parentheses indicate the associated haplogrouCy P3A5*1, CYP3A5*3, CYP3A5*6, CYP3A588/Y P3A5*Y.
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Figure 6.9b: Global diversity in the CYP3A5*haplogroup
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Figure 6.9c: Global diversity in the CYP3A5*haplogroup
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Figure 6.9d: Global diversity in the CYP3A5*thaplogroup
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Figure 6.9e: Global diversity in the CYP3A5*haplogroup
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Figure 6.9f: Global diversity in the CYP3A5*3/*6haplogroup

CYP3A5*3/*6haplotype diversity in 8 global populations
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Note that CYP3A5*6, CYP3A5*@nd CYP3A5*3/*6 haplotypes are not observed in every global
population (see Figures 5.9¢f).

6.24 Analysing Ethiopian haplotype diversity in a global context

Gene diversity appears to be highest in AfricaAmericans and lowest inEuropears
and Han Chinese (Figuré.9a). The CYP3A5*lhaplogroup is most diverse in the Anuak and
Maale (Figure6.9b), but the Anuak have the lowest levels @ YP3A5*haplogroup diversity in
Ethiopia (Figure 6.9c); the Amhara and the Oromo have the highesfrican-Americans also
have high leves of haplotype diversity; which appears to be higher than the Ethiopian groups
(Figures 6.9ad).

A global comparison of haplotype diversity, see Tablk.9, found that all five Ethiopian
groups significantly differ from other global populations. InterEthiopian comparisons were
consistent with all results reported throughout this thesis; the Afar, Amhara and Oromo
cluster together whereas the Anuak differ from every Ethiopian population. The Maale are
intermediate between the Afar, Amhara and Oromo clusteand the Anuak. Similarities
between the Maale, Amhara and Oromo may be due to their similar frequencies and
compositions of CYP3A5*3haplotypes. AfricanAmericans differ from all other global

populations, as doEuropeans and Han Chinese.
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Table 6.99 . W6 dohpare heterozygosity in an 8063bpCYP3ASGN 8 populationss

. A8 Elculated using theh-diff test (Thomas et al. 2002 and

implemented in the Rprogramming environment. Significant pairwise differences were assessed using an exact test of population differentiation (exteclin
Arlequin software). Pairwise comparisons which were significant after Bonferroni correction are highlighted in green [adjustl p-value = 0.00625; correction

for 8 tests].

Neils 0.963 0.514 0.623 0.770 0.865 0.850 0.744
African-Americans Han Chinese Europeans Afar Amhara Anuak Maale Oromo

African-Americans *

Han Chinese <0.00001 *

Europeans <0.00001 0.00046

Afar <0.00001 <0.00001 0.00007 *

Ambhara <0.00001 <0.00001 0.00056 0.002 *

Anuak <0.00001 <0.00001 <0.00001 <0.00001 <0.00001 *

Maale <0.00001 <0.00001 <0.00001 <0.00001 0.032 0.00026 *

Oromo <0.00001 0.00181 0.00040 0.129 0.791 <0.00001 0.011 *
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Table 6.10:. AESO E O1 Al I PAOA EAOAOCYDIA@EpOEpSILladsdsn efglit A E
populations8 . Mwadddlculated using then-diff test (Thomas et al. 2002 and implemented in the R
programming environment. Pairwise comparisons which were significant after Bonferroni correction
are highlighted in green [adjustedp-value = 0.01; correction for 5 tests].

Neilds 0.921 0.481 0.146 0.000 0.6

CYP3A5*1 CYP3A5*3 CYP3A5*6 CYP3A5*7  CYP3A5*3/CYP3A5*6

CYP3A5*1 *

CYP3A5*3 <0.000001 *

CYP3A5*6 <0.000001 <0.000001 *

CYP3A5*7 <0.000001 <0.000001 0.0005 *
CYP3A5*3/CYP3A5*6 0.068 0.849 0.172 0.179 *

Figure 6.10: Pairwise intra-populations comparisons of expresser and low/norexpresser CYP3A5
haplotype heterozygositys . WRaBdBsignificance of differences were measured usirtgdiff (Thomas et
al. 2002).*** indicates comparisons which were significant following Bonferroni correction (for 8 tests;
adjusted p-value=0.00625),** indicates a comparison was significant before, but not after, Bonferonni
correction for multiple testing.

o

M Expresser haplotypes

M Low/MNon-expresser haplotypes

Gene diversity; Nei's i

African European Han Afar Amhara Anusk Mazle Cromo
Americans Caucasians Chinese
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A comparison of expresser and low/norexpresser haplotypes found thatexpresser
haplotypes aresignificantly more diversein every population exceptAfrican-Americans and
the Afar.

The CYP3A5*1haplogroup is significantly more diverse than the other haplotype
classes p<0.0001 for every comparison), and had over twice as much diversity thathe
CYP3A5*haplogroup (Figure 5.11). CYP3A5*haplotypes are significantly more diverse than
CYP3A5*&and CYP3A5*7although the latterare observed at a lower global frequency.

Figure 6.11: Comparisons of gene diversity in each haplotype class by global populatibon . Rvias O
calculated to estimate gene diversity using thé-diff program (Thomas et al. 2002. Error bars denote
standard deviation.
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Gene diversity; Nei'$

A comparison of diversity within expresser and within low/non-expresser haplotypes
between populations found that AfricanAmericans significantly differed from all other
populations; and Han Chinese from three of the five Ethiopian groups. Interestingly, no
significant differences, in diversity levels of low/nonexpresser haplotypes, were observed
between Europears and Ethiopian populations. Leves of gene diversity in low/non-expresser
haplotypes were highest in the Maale. Within the remaining populations gene diversity was
significantly higher in expresser haplotypes than in low/nonexpresser haplotypes (Table
6.11).
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Table 6.11a: Pairwise compaisons of heterozygosity in expresser haplogroupshy an exact test of
population differentiation . P values which are significant after Bonferroni correction are highlighted in
green [adjustedp-value = 0.00625; correction for 8 tests]

Neilbs 0.917 0.000 0.000 0.838 0.915 0.910 0.887  0.926
African- Han European Afar Amhara Anuak Maale Oromo
Americans Chinese

African- *

Americans

Han Chinese <0.0000001 *

European <0.0000001 1.000000 *

Afar 0.297 <0.0000001 <0.0000001 *

Amhara 0.966 <0.0000001 <0.0000001 0.248 *

Anuak 0.888 <0.0000001 <0.0000001 0.252 0.882 *

Maale 0.713 <0.0000001 <0.0000001 0.447 0.680 0.357 *

Oromo 0.848 <0.0000001 <0.0000001 0.175 0.728 0.985 0.359 *

Table 6.11b: Pairwise comparisons of heterozygosit in low/non -expresser haplogroups, byan exact
test of population differentiation. P values which are significant after Bonferroni correction are
highlighted in green [adjustedp-value = 0.00625; correction for 8 tests]

Neihs 0.935 0.329 0.573 0.528 0.667 0.648 0.703 0.607
African- Han European Afar Ambhara Anuak Maale Oromo
Americans Chinese

African- *

Americans

Han

Chinese 4.97 x 10°

European 2x10* 0.05 Z

Afar 1.38x 10  0.06 0.658 2

Amhara 8x 10* 0.001 0.294 0.02 *

Anuak 2x 10" 0.002 0.373 0.02 0.712

Maale 0.0018 0.0003 0.136 0.003 0.531 0.234 t

Oromo 4.17 x 10°® 0.01 0.71 0.225 0.344 0.5 0.114 *

6.2.5 Population differentiation between Ethiopians and other global populations

Population differentiation at the CYP3AS5locus was measured by pairwiseFst

comparisons and by an exact test of population differentiation. Allelic data were used to

evaluate population differentiation, allowing for all polymorphic information, including

singleton variants, tobe accounted for. Pairwisesrresults are shown in Table 6.12 and the

results from the exact test of population differentiation are shown in Table 6.13. Pairwigést

results were used to produce principal ceordinates (PCO) plots to visually represent gegtic

similarities and differences, see Figure 6.12.

The results from all three analyses found that the Ethiopian groups split into two

distinct clusters (as seen in Figure 6.6). The Afar, Amhara and Oromo are intermediate

between the Han Chinese individus and other Ethiopian groups. AfricarAmericans are

much more similar to the Anuak than to other populations with recent African ancestry

(Figure 6.12). These results are an extension of those presented in chag&rand 4, in which
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the Afar, Amhara and @mo are characteristic of nonAfrican populations at the CYP3A5

locus.

Table 6.12: Pairwise Fsr values based on overlappingCYP3A5genotypic data for five Ethiopian
populations and three other global populations Pairwise Fsrvalues are shown in the botbm left side of
the Table, the correspondingp-values are shown in the top right of the TableP-values which are
significant after Bonferroni correction (adjusted pvalue = 0.00625; correction for 8 tests) are
highlighted in green

Afar Amhara Anuak Maale Oromo African- Europeans Han Chinese
Americans

Afar * 0.74597 = <0.00001 0.00436 0.76537 <0.00001 <0.00001 <0.00001

-0.00248 * <0.00001 0.00347 0.93525 <0.00001 <0.00001 <0.00001
Amhara :
Anuak 0.04566  0.05138 * 0.00257 <0.00001  <0.00001 <0.00001 <0.00001
Maale 0.01951 0.01736 0.01061 * 0.00267 <0.00001 <0.00001 <0.00001
Oromo -0.00255  -0.0036 0.04981 0.01547 & <0.00001 <0.00001 <0.00001

. . 0.08997  0.09366 0.01558 0.03432 0.08803 & <0.00001 <0.00001

African-Americans

0.04873  0.03807 0.15448 0.08716 0.03371 0.19028 * 0.00257
Europeans

0.10812 0.0893 0.23763 0.16215 0.09715 0.29154 0.0677 *

Han Chinese

Table 6.13: The results of pairwise exact tests of population differentiation, based on genotype
frequencies at theCYP3AHocus. The values shown in theTable reflect p-values evaluating whether
populations differ from each other based on their genotype frequencies. Statistically significaipk
values following Bonferroni correction are highlighted in pink [adjustedp-value = 0.00625; correction
for 8 testg).

Afar Amhara Anuak Maale Oromo African- Europeans Han
Americans Chinese
Afar *
Amhara 0.40984 *
Anuak 0.00000 0.00002 *
Maale 0.00000 0.06138 0.00238 *
Oromo 0.24611 0.84995 0.00106 0.00697 *
African- 0.00000 0.00000 0.00000 0.00000 0.00000 *
Americans
Europeans 0.00000 0.00000 0.00000 0.00000 0.00000 0.00021 *
Han 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00014 *
Chinese

212



Figure 6.12: A Principal Ceordinates (PCO) plot based on pairige Fst values between eight
populations. Pairwise Fstvales were calculated based on genotype data for an 8063lQ¥ P3A5egion.
Axis labels show the percentage of genetic distance captured by each axis
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6.3 Discussion

6.3.1 CYP3AS5 variation in Ethiopia is characteristic of s@aharan African and non sub
Saharan Afican populations

A consistent finding of all analyses presented in this thesis is that EthiopiaDYP3A5
data are characteristic of African and nofAfrican populations. The Ethiopian cohort split into
two distinct clusters; with the Afro-Asiatic speaking Afar, Amhara and Oromoclustering
closely with non-African populations. Measures of nucleotide diversity for thee three
Ethiopian groupsindicated a skew towards rare variants on a par with the values reported for
Europeanand Han Chineséndividuals. Principal-components analysis (PCA) found that they
cluster closely with Han Chinese individuals. In contrast the remaining populations with
recent African ancestry are separate from the Han Chinese aRdropeanindividuals. There is
a well known European catribution to African-American genetic diversity (Reed 1969
Destro-Bisol et al. 1999 and it is interegting that these individuals are furthest away from the
individuals of recent European ancestry in the PCO plot (Figure6.11). Consistent with the
previous chapters, population structure across the entireCYP3A5gene region in eight
populations is explainedpredominantly by the first principal component and by differences in
frequencies of theCYP3A5*3llele. Resequencing of a largeilCYP3ASegion within diverse
Ethiopian populations found that over 30% of all identified variants were singletons; although
there were a large number which occurred at high frequency. The allele frequency spectrum
in Ethiopians is atypical of what is found for neutral gene regions abere are an excess of
variants at either end of the frequency spectrum(see Figure 5.6)as opmsed to a steady
decline of the number of variants observed athigh frequency in the dataset(Jobling et al.
2004).

Gene diversity is lowest in the low/nonexpresser haplogroups: CYP3A5*3and
CYP3A5*6Low measures of gne diversity in Europears, Han Chinese, the Afar, Amhara and
Oromo are a results of highpopulation frequencies of CYP3A5*3haplotypes. Ancestral
haplotypes are expected to have more diversity @in derived. A particularly interesting
observation is that the haplotype composition reported here is consistent with that seen in
chapters 4; there is a paucity of variation in the gene region on derived haplotypesaplotype
differentiation is largely defined by variants observed in the gene flanking regions, again
demonstrating the paucity of variation observed in the gene sequencEaplotypes were also
defined by high LD between polymorphic sites and suggests that LD across the gene region,
and across he CYP3Aluster, is high inall eight populations.
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Sub-Saharan African populations have been reported to have more diversity than
other global populations (Tishkoff and Verrelli 2003) and therefore it is striking that the five
Ethiopian populations should be less diverse than Africamericans; and that three of the
four Afro-Asiatic speaking groups, are much more characteristic &uropeanand Han Chinese
populations, than other EthiopianpopO1 AOET T O 11T AAOAA SwnmnEI AxAUS
migrations into the continent, via the horn of Africa, in the 19 Century (Richards et al. 2003
Kivisild et al. 2004; Lovell et al. 2005 have influenced CYP3A5haplotypic structure in the
three populations located closest to the Arabian PeninsulgAfar, Amhara and Oromo). Gene
flow may also explain the appreciable frequencies of largely African varianSYP3A5*Gand
CYP3A5*Tn populations from the Arabian Peninsula (reported in chapter 3).

The work presented in this thesisalso extends previouswork on CYP3AXiversity
within Ethiopia (Gebeyehu et a) as it examinesCYP3A%Sliversity within Ethiopia according to
ethnicity and population sub-structure. The previous study by Gebenyehat al pooled CYP3A5
data from multiple Ethiopian ethnic groups and so overlooked the substantial inteethnic
genetic diversity within the region which, as the data presented in this chapter show, is also
reflected at the CYP3ASocus (Henze 200Q Lovell et al. 2009. Considerable interethnic
variability observed in Ethiopia confirms that the criterion for grouping, and analysing
individuals, of recent African ancestry by ethnic group and language family in this thesis was
correct. The data show that an appreciation of individual Ethiopian population histories will
help in the identification of medically relevant genetic variation anddentify groups which are

likely to be separate from a wider patient cohort.

6.3.2 The poterial implications of CYP3A5 variability on clinical outcomes in Ethiopians

The potential medical implications of intraAfrican diversity in the CYP3Agenewere
discussed in chapters 3 and 4. Theesults presented in this chapter focused orintra-
Ethiopian diversity and suggest that there are likely to be differences in disease susceptibility
and treatment outcomes in diverse groups from the country.

Variability in CYP3A5 expression has been previously shown to affect disease risk
(Givens et al. 2003Dandara et al. 2005Zhenhua et al. 2005Bochud et al. 2009 and adverse
clinical outcomes associated with drug therapieGoto et al. 2004. The most significant
finding from the work presentedin this chapter is that additional variants, which are likely to
affect CYP3ASJranscription and protein expression (see chapter 5)pccur almostexclusively
on CYP3A5*haplotype backgroundsA lot of these variants occur atdw frequencies but their

potential effect on protein expression and consequent medical phenotypes reiteratihe
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importance of characterising rare and novel,variation in medically important genes. This is
particularly necessary in populations with recent African ancestry (see section 4.5.3)who
have been largely underrepresented in medical research, yet are some of the most vulnerable
populations to multiple diseases The haplotype backgroundof these variantssuggeststhat
the presence of &YP3A5*henotype, alonemay not predict CYP3A5 expression profiles

The results forthe entire CYP3Agenealso reiterate the importance of notcombining
Ethiopian populations as a single uniform populationas it isoverlooks inter-ethnic diversity,
and may exacerbae disease and/or adverse clinical outcomes in specific groups. Furthermore
the Afar, Amhara and Oromo are not ovdy characteristic of subSaharan African populations.
Throughout this thesis it has been shown thathese three populations are characterist of
non sub-Saharan African groups: namelfeuropears and Han Chinese individuals. Therefore
OEAOA OEOAA CcOI OPO AATTT O AA OACAOAAA AO AAET
and consequently it may not be appropriate to administer drugs, to ttividuals within these
populations, at Africanspecific dosagesFrom a medical perspective, thee three Ethiopian
groups should be considered separately when administering drugs or when calculating
disease risk. This will almost certainly change our persgctive of population-stratified
medicine; by altering our classification of populations as African and neAfrican, as our
Ol AROOOAT AET ¢ T &£ T AAEAATT U EI DI OOAT O CAT AON

populations, increases.

6.33 Thereare signatures ofdirectional selection at the CYP3AS5 locus in Ethiopia

It has previously been reported that there is strong evidence of directional selection,
on the CYP3A5*3allele, in non subSaharan African populations(Thompson et al. 2004
Thompson et al. 2006 Chen et al. 200%. In populations outside of subSahaan Africa the
CYP3A3ocusis characterised by an excess of rare variants, high frequencies of {G&¥P3A5*3
allele and a @ucity of variation onlow/non -expresser haplotype backgrounds. An interesting
observation is that these characteristics are also tml of the EthiopianCYP3ASe-sequencing
data.

Tests for departures from neutrality relied on detecting an excess of rare variants.
4 AEEDhAGAG A & 6radD¥A T ,AE &giabiddicated a skew towards rare variantsn
the Ethiopian cohort;althi O CE 1 THASdetete® & Significant departure from neutrality.
4EA DI xAO 1 Ahd Bekn sholiktd heAvda®when the number of segregating sites
is small (Simonsen et al. 1995 and this may explain why a significant departure from
T AOOOATI EOU xAO 110 1T AOGAOOAA ET OBFARandpddsdtined E Al
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that a single allele has undergone a selecgvsweep; this is almost certainly true of
populations outside of subSaharan Africa However within Ethiopia, given the high
frequencies of CYP3A5*6and CYP3A5*7it is possible that there are alternative or additional
targets of selection within these popilations. As previously reported, there was no evidence of

A OAl AAGEOA OxAAPh ET %OEEIT DbE AtestBlihadughitdsiyi T Oh
be due to the low frequency of derived variants identified from Ethiopian resequencing data.

The Ethiopian data are consistent with a hypothesis of positive selection for the
CYP3A5*3llele in the Afar, Amhara and Oromo. An excess of rare variants is often observed
when an allele has been selected for and risen rapidly to high frequen¢8abetiet al. 2009.
Signatures of selection are often seen around fixed advantageous alleles; notably a reduction
in variation around the selected allele and the creation of an extended region of haplotype
homogeneity (Sabeti et al. 2002. The most common low/nonexpresser haplotypes from the
CYP3A5*&aand CYP3A5*&lasses, and the singl€YP3A5*haplotype, observed in Ethiopia are
all characterised by extended regins of haplotype homogeneity and low levels of variation.
This suggests that theCYP3A5*3and CYP3A5*6alleles may have risen to high frequency
rapidly in parts of Ethiopia, perhaps as part of a selective sweep. However, a sweep was not
detected from Fay a7 (i&edt. It is also feasible thatCYP3A5*3and CYP3A5*6were
initially neutral variants which then became advantageous in certain Ethiopian groups and so
rose rapidly to high frequencies. This phenomenon refers to when a selective sweep occurs on
standing neutral variation. Neutral traits will often fluctuate in frequency unlike those which
are selected for. Once an allele becomes advantageous, it may rise in frequency and there may
be more variation on multiple haplotype backgrounds carrying this vaient than seen on non
neutral, highly positive variants.

However it is important to note that analysis of linkage disequilibrium (LD) across the
12,237bp region found that the region extends beyond th€€YP3A5gene Therefore it is
possible that the CYP3A*3 and CYP3A5*6alleles are in high LD with an additional or
alternative target of selection further up or downstream of theCYP3A5gene region itself.
Strongly selected alleles will often rise in frequency rapidly along with all tightly linked
genetic VOEAOET 18 4EEO 1T £O0AT 1 AAOAO OOECT AOGOOAOGS
across large genomic regions and a paucity of variatiofbabeti et al. 2002. An additional or
alternative selection target which is in high LD with CYP3A5*3and/or CYP3A5*6 and has
risen to high frequency could explain high frequencies of either th&CYP3A5*3and/or
CYP3A5*6A1 1 AT AO ET %OEET PEA8 O eknbrheAdn EvAere OéursE T C o
variation tightly linked to a genomic region under selection also rises to high frequency as a
long extended haplotype(Hofer et al. 2009.
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The following chapter aims to elucidate the evolutionary mechanisms lch have
shaped diversity in the CYP3ASgene; by examining evolutionary relationships between all
haplotypes inferred from the Ethiopian and wider African cohorts; estimating the age of
low/non -expresser CYP3Ab5alleles to establish whether they are recentmutations; and
evaluating the evidence for positive selection on low/norexpresser CYP3ARalleles in norn

African populations.
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7. The recent evolutionary history of CYP3A5

7.1  Overview of chapter

7.1.1 Examining the evolutionary relationships between CY&3haplotypes and haplogroups

All inferred CYP3Amaplotypes broadly fall into five core haplogroups; each defined
by CYP3A5*1, CYP3A5*3, CYP3A&M CYP3A5*7alleles alone or by both CYP3A5*3and
CYP3A5*6Diversity levels differ between haplogroups whih could be the result of different,
or multiple, events such as mutation, recombination or selectiorCYP3A3ow/non -expresser
haplotypes have a paucity of variation, other than the low/norexpression defining alleles.
The mechanism(s) by which haplogroupdiversity arose are unclear from the CYP3A5
haplotype data alone. Haplotype information can be used to infer evolutionary relationships;
particularly between individuals within a species(Salzburger et al. 201).

Differences in population frequencies ofCYP3A5*3coupled with extended haplotype
homogeneity, has been cited as evidence for positive selection for the low/nexpresser
allele in populations furthest from the equator (Thompson et al. 2004. Whilst there are
signatures of positive selection for low/nonexpresser alleles in populations outside of Africa,
the data presented inthis thesis suggest that this may also be true for at least three of the five
Ethiopian populations; Afar, Amhara and Oromo. However, it is important to differentiate true
targets of positive selection, from new, low/norexpresser alleles which have arise on
haplotype backgrounds with little/no variation, and so mimic selection signaturegNielsen et
al. 2009).

The age of an allele is the time since it waseaated by mutation(Slatkin and Rannala
2000; Rannala and Bertorelle 200). There are multiple methods ly which the age of a
specific allele can be estimated. These can be broadly split into phylogenetic and population
genetics approaches(Rannala and Bertorelle 200). A phylogenetic approach aims to
estimate the age of an liele by coalescing the time to its most recent common ancestor
(MRCA). A representation of inferred evolutionary relationships (in the form of a tree or a
network) between each datapoint, and the gradual differentiation of all identified
chromosomes froman MRCA is created, and the age of the allele is then estimated. A rooted
haplotype network, such as one which shows differentiation of the humafYP3ASineage
from closely related species such as the chimpanze®dn troglodytes) Orangutan (Pongo
pygmeeus) and the more distant rhesus macaqueMacaca mulattg can provide a relative

chronology; changes close to an ancestral taxon occurred prior to those furthest aw@pbling
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et al. 2004. Haplotypes are useful as they incorporate information on markers linked to the
allele of interest. However treelike phylogenies are often unable to account for
recombination in lineages; unlike networks which are representatins of all possible trees
inferred from a given dataset(Jobling et al. 2004.

Microsatellite data are also very useful in estimating allele age; due to thekigh
mutation rates (Wilson and Balding 199§. The stepwise mutation model, frequently used to
model microsatellite evolution, assumes that microsatellks mutate at a fixed rate,
independent of repeat length, and with the same probability of the number of repeats
increasing and decreasing(Kimura and Ohta 1978§. However the processes by which
microsatellites mutate are often complex and the methods which enable the accurate
incorporation of such data into plylogenies; such as stepwise mutation models, are often over
simplified (Rannala and Bertorelle 200). Microsatellite mutation rates differ depending on
repeat length and where they are located in the genom@Vhittaker et al. 2003 Xu et al.
2005). In the absence of data on the strength of selection at particular loci or th&diihood of
mutations occurring at particular microsatellite loci, models such as the stepwise mutation
model are useful. The high mutation rate of microsatellites can help to coalesce dates to
common ancestors within particular clades and in estimating tB mutation rate(s) on
particular chromosomes(Wilson and Balding 199§.

Population genetics based approaches incorporate information on recombination and
variation linked to a specific mutation of interest to estimate a value of the number of
generations, prior to the present, at which a specific mutation is likely to have arisen on a
particular haplotype. Initially the underlying population demography is modelled i.e. all
possible evolutionary relationships are inferred from the dataset and are modelled in the
form of phylogenetic trees/networks. The allele age is inferred from the decay of linkage
disequilibrium with nearby markers; either by recombination or mutation, and from the
distribution of mutations among descendants from a common ancestofRannala and
Bertorelle 2001). Both phylogenetics and populatiorgenetics methods aim to establish the

underlying causative fators of observed diversity; such as mutation and recombination.

7.1.2 Examining evidence of positive selection at the CYP3A5 locus

In addition to examining how CYP3AMaplotype diversity arose in the eight global
populations, this chapter aims toevaluate the evidence for positive selection on th€ YP3A5*3
allele in populations from the HapMap phase Il and HGBEEPH datasetsising data extracted
from the Haplotter website (http://haplotter.uchicago.edu/ ) (Voight et al. 200§ .
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The majority of tests designed to detect positive selection measure the degree of decay
of linkage disequilibrium (LD) within the genome using one of two basic statics; Extended
Haplotype Homazygosity (EHH) and Fraction of Recombinant Chromosomes (FRQ)ang et
al. 2006; Huff et al. 2010. Over time LD breaks down over large genomic distances as a result
of mutation and recombination. The retention of LD over large distances is a signature of
recent positive selection; which results after a selective sweep has driven &lscted allele
(and all tightly linked variation) to high frequency (Sabeti et al. 2002 Sabeti et al. 2006 Huff
et al. 2010. An examination of the decay of LD over large distances in the genome has been
applied to whole genome scans to identify large genomic regions which may have been the
target of postive selection; although some tests also have sufficient power to detect
signatures of selection at single gene lo¢Huff et al. 2010.

The LRH test, and EHH statistic, was first described in 2002 by Sabgiabeti et al.
2002). EHH is defined as the probability that two randomly chosen chromosomes, carrying a
core haplotype of interest, are identical by descent; i.e. they have the same SNi3ell
haplotype over a predefined region. EHH detects the transmission of an extended haplotype
that has not undergone recombination(Sabeti et al. 2002 Huff et al. 201Q. The LRH test
examines the relationship between allele frequencies and the extent of linkage disequilibrium
(LD); a selected allele will rise in frequency at a rate that is quicker than recdsimation is able
to break down (Sabeti et al. 2002 Biswas and Akey 200%. The result is a long haplotype
characterised by high LD between all markers relative to neutral expectationgSabeti et al.
2002). The LRH tesstAACET O AU AAZET ET C A nebabdocinfed witk AD1 1 O
particular SNP. The test then calculates EHH; i.e. the probability that two chromosomes carry
OEA OAI A OAT OA6 3.0 10 EADPIT OUPAS8 01 OEOEOA OA]
which have elevated EHH relative to other hdptypes at the same locus

An alternative to EHH is the Cross Population Extended Haplotype Homozygosity ¢(XP
EHH) statistic (Sabeti et al. 2007, which has ben calculated for populations from the Human
Genome Diversity Panel (HGDP). XEHH is designed to detect sweeps in which the selected
allele has reached fixation in one or more population but remains polymorphic in the global
human population (Sabeti et al. 200J. Whereas LRH and iHS detect partial selective sweeps,
XP-EHH detects selected alleles that have risen to, or near, fixation in one but not all global
populations and as a result is more powerful than LRH or iHS aloii8abeti et al. 2007.

The iHS statistic was proposed byVoight et al. 200§ and is also based on the EHH
statistic. The iHS test applies to individual SNPs and the test initially calculates a statistic
called the integrated EHH (iIEHH). If EHH estimates against distance fromcare allele are
plotted graphically then iEHH is the area under the curvéVoight et al. 200§. The estimates
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of IEHH are then standardized by log transformation so that iEHH valuesv¥@a mean of 0 and

a variance of 1. Large negative iHS value2(5) indicate unusually long haplotypes carrying

the derived allele; whereas large positive values indicate long haplotypes carrying the
ancestral allele(Voight et al. 2009. iHSis a standardized statistic which provides a measure

of how unusual haplotypes around a core SNP are, relative to the genome as a whole, as is not
itself a formal significance test.

A previous sudy which examined the relative power of multiple statistics used to
infer positive selection found thatiHS is more powerfulin a singlegene candidate test than
LRH (Huff et al. 2010. As this thesis is concerned with selection o€YP3A5,only iHS data for
HapMap phase Il and HGBEBEPH populations are presented in this chapter.

7.2 Specific chapter aims

There are three specific aims of this chapter; the primary aim is to examine the
evolutionary relationships between CYP3Athaplotypes to infer the mechanism(s) by which
low/non -expresser alleles arose on separate chromosomes, from an MRCA. This will be
achieved by constructing haplotype networks for each population and haplogroup; an
additional aim is to use microsatellite data, forif’e ethnically diverse Ethiopian populations,
to estimate the ages of the most frequent low/norexpresserCYP3ARlleles under a stepwise
mutation model; the final aim is to examine whether there is evidence of positive selection on
the CYP3A5ene within populations from HapMap phase Il, the Human Genome Diversity
Panel (HGDP) and Ethiopia (resequenced for this thesis), by differentiating between

mimicked signatures of selection (by young and recent mutations) and true signatures.
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7.3 Methods

7.3.1 Haplotype networks

Haplotype networks were constructed using Network, version 4.6.1.0 (freely available
from http://www.fluxus -engineering.com/netwinfo.htm). The software can construct
networks using two different algorithms; medianjoining (Bandelt et al. 1999 and reduced
median joining (Bandelt et al. 1995. The latter is useful for binary data but media#joining
networks are useful for all types of data, for constructing rooted phgigenies/networks and in
reducing reticulations. Both algorithms produce networks which represent all shortest
possible trees; however this can sometimes produce unnecessary cross links (reticulations).
The medianjoining algorithm is useful for reducing the number of unnecessary links in a
network and was used to infer evolutionary relationships for this thesis. Data on haplotype
composition and frequency information were input into the programme and all networks
were manually rooted with an ancestral hapldype. The ancestral haplotype was inferred

using information, extracted from NCBI fittp://www.ncbi.nlm.nih.gov/ ) on the chimpanzee

allele at each polymorphic site. The ancestral haplotype was identical to @YP2&5*1
haplotype observed in humans (labelled ROOT in the networks; see sectidi.1). Networks
were created using Network software and then exported to Adobe Photoshop CS4 software

for re-colouring.

7.3.2 Estimating the age of common low/ncexpresser CYJAS5 alleles

The ages of theCYP3A5*3, CYP3A54hd rs15524 mutations were estimated using
microsatellite data obtained for Ethiopians. Microsatellites are highly informative genetic
markers due to their high mutation rates which vary depending on the lertg and size of the
repeat (Payseur et al. 2002Whittaker et al. 2003 Xu et al. 2005 and where they are in the
genome. A study examining differences in microsatellite repeat numbers between parents and
their offspring (Whittaker et al. 2003) found that the average mutation rate of dinucleotide
microsatellite repeats, across the entire genome, is ~4.5x30 This mutation ratewas used in
the analyses to dateCYP3Amlleles and is consistent with independent estimategFarrall and
Weeks 199§. However, a mutation rate of~4.5x10-4 does not necessarily accurately define
the microsatellite mutation rate for the region of the genome which has been genotyped for
this chapter. In the absence of the known mutation rate for this region, the use of an average
dinucleotide mutation rate may provide an indication of the approximate age of th€EYP3A5

variants genotyped for this thesis.
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The gametic phase o€YP3A3nutations and the zGT microsatellite (rs72492208) was
not determined empirically; therefore the age of eaclCYP3ASnutation was estimated using
data for homozygotes for particular variants. As no Ethiopian individual was identified to be a
CYP3A5*7homozygote, this variant could not be dated. The distribution of microsatellite
repeats associated with each of th€ YP3A5*1, CYP3A5thd CYP3A5*@lleles was plotted.
Allele ages were estimated using data for individuals homozygous for particular haplotypes.
Under the steowise mutation model the variance (ASD) in the microsatellite repeat length,
AOI T OEA 1100 OAAAT O ATiIiiT1T AT AAOGOI Oh EO A |
AT Al AOAAT AR OEI A ET (Gadsteikedal dmdsSiatkin 1995qN ! 3$Et O

ASD and t were calculated using Ytime softwar@ehar et al. 2003. Ytime is a set of
Matlab/Octave  functions, written by Dr Mike Weale and available at

http://www.ucl.ac.uk/tcga/software/ . Ytime uses the following formula to estimate ASD:

ASD—izm: 1zn:(L -L7)?
mE(nz "
where the term within the large brackets defines, for a given microsatellite locuis the average

difference (over a sample ofn chromosomes) in the repeat size between each sampled

chromosome (Lij) and the repeat size of the MRCAL()). The complete formula, therefore,

gives the average of this average over all microsatellite loci sampled.

Ytime estimates the Time to the Most Recent Common Ancestor (TMRCA) in a clade
for which microsatellite data are available. The micrsatellite length of the ancestral MRCA is
assumed to be known. For this study the length of the microsatellite on the ancestral
haplotype was assumed to be 35; as the majority a@YP3A5*1haplotypes had 35 repeats.
Confidence intervals for the age estimate were obtained from calculating the distances
between the ancestral and derived chromosomes under a staenealogy model; based on the
results of network analysis of CYP3Abhaplotypes (see section7.4.1). A generation was
assumed to be 32 years, based dhe average estimate for females (~29 years) and males
(~35 years) (Tremblay and Vezina 2000.

7.3.3 Testing for selection at the CYP3AS5 locus

There are a mmber of different methods which aim to identify genomic regions which

are likely to have been targets of positive selection (see sectighl.2). In addition to those
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used to examine departures from neutrality inchapter 4 and 6 this thesis utilisesiHS data for
the CYP3Ageneavailable online for HapMap phase Il and HGB®EPH populations.

Data extracted from Haplotter provided a visual comparison of iHS estimates for
genomic regions surrounding theCYP3ASyene and around theCYP3A5*&llele in different
populations. The data were then compared with those for other genes for which positive
selection is known to have acted.

iHS estimates could not beaccurately obtained for the Ethiopian datadue to the
smaller size of the resequenced region (~13kb)and the method of resequencing meant that
large intronic regions, that are part ofCYP3A5¢ould not be assessed and this may influence

the iHS estimates.

7.4 Results

7.4.1 Network analysis of CYP3Aghole genéhaplotypes

Networks were constructed for CYP3A haplotypes inferred for an 8063bp region in 8
populations (see Figure7.1 and the corresponding key in Tablg.1). CYP3AHhaplotypes are
the taxa and are connected by branches. The size of each taxon corresponds to its global
frequency. Taxa are colourecdcoded according to which haplogroup they belongCYP3A5*1
haplotypes are coloured in yellow;CYP3A5*3n red, CYP3A5*6n blue; CYP3A5*1n green and
CYP3A5*360A AT | AET AT OO ET bHOODPI A8 4EA EAmahublipUD A
root the network and corresponds to the CYP3A5haplotype with no mutations identified
across the gene region (Tabl&.1). This haplotype is also identical to that observed in the
closely related chimpanzee sequence.

A star like network phylogeny was inferred from the CYP3A5haplotype data. Star
phylogenies are consistent with rapid growth and differentiation of haplotypes from an
MRCA or with a selective sweepMany expresser haplotypes were rare in the global dataset
and the modal haplotypes were low/norexpresser; each 12 point mutations away from the
MRCA. The expresser haplotype is the ancestral state and high frequencies of low/non
expresser haplotypes, copled with an inferred star phylogeny, is consistent with a hypothesis
that there has been a rapid increase ICYP3AS53 and CYP3A5*6allele and haplotype
frequencies. The network confirms the results of gene diversity analyses (see chapter 5);
diversity is higher in the CYP3A5*lhaplogroup than in the low/non-expresser haplogroups.

Of the low/non-expresser haplogroups; dsersity is highest in the CYP3A5*Zluster.
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Figure 7.1: A haplotype network of all inferred CYP3AHhaplotypes from an 8063bp region in 8 populationgEthiopians and Coriell populations) Networks
assume single mutational stepsHaplotypes are coloured acording to the haplogroup to which they belongCYP3A5*haplotypes are shown in redCYP3A5*1
in yellow; CYP3A5*in green; CYP3A5*6n blue and CYP3A5*3/*6recombinant haplotypes are shown in purple. The size of each haplotype is proportional to
its frequency in the global database. Tablé.1 contains information on the exact composition of each codedplotype in accordance withFigure 7.1.
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Table 7.1: A table showing the composition of haplotypes analysed in Figural. The positions of polymorphic sies (numbered from the ATG start codon
where base A is +1) are shown along the top. The codes correspond to those used in Figuteandn is the frequency of each haplotype in the global dataset.
Haplogroup refers to whether each haplotype belongs to th€YP3A5*1, CYP3A5*3, CYP3A5*6, CYP385EY P3A5*3/*6cluster of haplotypes. Ancestral alleles
at each nucleotide positions are coloured in yellow and derived alleles in blue.
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1h 1 T ¢ T €C € G €C A G C C G C C A C T T G G A A T C G C C C G G T G A A G A T T C G *1
1hh 1 T ¢ ¢c ¢c ¢c 6 €C A G C C G €C C A ¢ T T 66 G A A T C G €C C €C G C G T G A A C G A T T C G 1
1 1 T ¢ T ¢ ¢ G €C A G C C G C C A CcC T T G G A A T C G C C C cC G T G A A C G A T T C G *1
Lii 13 T T ¢ ¢c 6 C A G C C G C C A Cc T T G G A A T C GG C C C G C G T G A A C G A T T C G 1
1 2 T ¢ T ¢ ¢ G €C A G C C G C C A C T T G G A A c G *1
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There is evidence of recombinationwhich is seen asreticulations in the network.
Recombination has occurredmostly between expresser CYP3A5*) and low/non -expresser
haplotypes from the CYP3A5*3and CYP3A5*6haplogroups; which manifested itself in
haplotypes 3AA3BB, 3Z, 6B, 6F and 6G. There is also evidence of recombinabetween the
high frequency CYP3A5*and CYP3A5*taplotypes, resulting in haplotypes 36A and 36BThe
majority of recombination events have occurred in Ethiopian and AfricasAmerican
populations (see Figure7.2). CYP3A5*@Gppears to have arisen on three differenCYP3A5*1
haplotypes. The two recombinantCYP3A5*3/CYP3A5*haplotypes are separated by a single
point mutation; it appears that CYP3A5*6evolved twice on two separate CYP3A5*3
backgrounds generating two recombinant haplotypes.CYP3A5*7is a point mutation away

from the root haplotype.

7.4.2. Network analyss of entire gene haplotypes population

Nearly all haplotypes observed irEuropears and Han Chinese individualsre defined
by the CYP3A5*3nutation. A number of private CYP3A5*haplotypes were observed in each
population (see Figure7.2); although they were observed at low frequencies. Consistent with
the results presented in chapter6, all populations with recent African ancesty had more
differentiation of CYP3Abhaplogroups; although surprisingly the Anuak had low levels of
diversity in the CYP3A5*Haplogroup. Recombination was observed in all populations with
recent African ancestry and in Han Chinese individuals; suggestirtbat CYP3A5haplotype
diversity within these populations is a result of both mutation and recombination events. In
contrast, Europeanhaplotypes arose exclusively by mutation alone.

No one individual, from the global cohort, was homozygous for the anceéti  O2/ / 4 6
haplotype. The modal haplotype in every population was the derivedCYP3A5*3(3B)
haplotype. Within populations with recent African ancestry, a number of rareCYP3A5*6
haplotypes were only observed in the Anuak and Maale. A comparison of a larggmomic
region in all populations may lead to further differentiation of haplotypes. When theCoriell
populations were re-sequenced across th€ YP3/Acluster; diversity was lowest in theCYP3A5
gene; andCYP3Ahaplotypes which are defined by theCYP3A5*3nutation are characterised
by distinctive LD patterns(Thompson et al. 200§. Little differentiation of CYP3ASaplotypes

is seen; consistent with the low nucleotide diversity estimates.
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Figure 7.2: Networks of inferred CYP3A5haplotypes from an 8063 base pair region within 8 populationsNetworks assume single mutational steps.
Haplotypes are coloured according to the haplogroup to which they belon@YP3A5*haplotypes are shown in red;,CYP3A5*1n yellow; CYP3A5*1n green;
CYP3A5*@n blue and CYP3A5*3/*6recombinant haplotypes are shown inpurple. The size of each haplotype is proportional to its frequency in the global
database. Table7.1 contains information on the exact composition of each coded haplotype in accordance with Figli@ p 8 4 EA EADPI T OUPA
used to root each netvork and is equivalent to the chimpanze€€YP3ASequence and to haplotype 1 (Tabl&.1).
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7.43 Examining the evolutionary relationships between CYP3A5 haplotypderred for a
~4kb region in sixteen populations

A network of all haplotypes inferred for a 4448bp region, in thirteen African
populations is presented in Figure 7.3; all haplotypeinferred for a 4006bp region in sixteen
populations (see chapter 4)in Figure 7.4, and by geographic region in Figure 3. The
corresponding key for all haplotypes in each network is presented in Table 7.2.

The modalCYP3A5*3, CYP3A5&hd CYP3A5*haplotypes are defined by a paucity of
variation. It is possible that there ae additional variants, found onCYP3A5*3, CYP3A5&51d
CYP3A5*haplotype backgrounds, within a larger gene regiotin these populations A single,
synonymous, exonic variant (observed in suisaharan Africa) was inferred on aCYP3A5*1
haplotype background.The five individuals (four Afro-Asiatic speakers and one Nige€ongo
B speaker) identified as having a novel intronic ten base pair deletion (see chapter 4) were all
CYP3A5*3homozygotes. This suggests that a novel variant, likely to affed€YP3A5
transcription, has evolved onto an existing low/non expresser haplotype background in West
Central Africa (haplotype 18).It is possible thatCYP3A5*haplotypes are more diverse, over a
larger genomic region, in NigefCongo populations tha in Europears and Han Qinese
analysed for this thesis.

As for a largerCYP3A5egion, see sections 7.4.47.4.2, starphylogenies were hferred
from the haplotype data; consistent with rapid population growth or of a selective sweep
(Martins and Housworth 2002 Jobling et al. 2004. Single point mutations separate each
haplotype and there was evidence of recombination which mafésted itself in haplotypes 3, 9,
18, 21, 24, 25, 27 and 29.

Across geographic regions (Figure 3) diversity was highest in East Africa and West
Central Africa. Overall African populations were more diverse thamopulations from the
Coriell Repositories(diverse populations sampled from North Americd. CYP3A5*haplotype
diversity is higher in Coriell populations than in Africa (with the exception of East Africa).
CYP3A5*thaplogroup differentiation is greatest in West Central Africa; wherea€YP3A5*1s
consistent across regions in which it was observedperhaps due to this allele having arisen
from a recent mutation. West Central African diversity is likely to be influenced by the
presence of both AfreAsiatic and NigerCongo speaking groups, sampled fro the region;
groups which differ from each other interms of CYP3A5variation (see chapters 3 and 4)
Across Niger-Congo speaking groups are homogeneous in terms béplotype diversity and
structure is similar; which is due to shared recent ancestry as gesult of the Bantu expansion
(Beleza et al. 2005Berniell-Lee et al. 2009.
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Figure 7.3: A network ofall haplotypes inferred for a 4448 base paiCYP3ABegion, in thirteen African populations. Networks assume single mutational #ps.

The size of each haplotypépies) is proportional to its frequency in the African cohort. Haplotype codes refer to thosksted in Table 7.8 021 1 06 OAEAOC
ancestral sequence for the polymorphic sites; inferred from the closely related chimpanzee sequence; and identical to hagletit. Haplotypes defined by the
CYP3A5*3nutation are coloured in red; those defined byCYP3A5*6in blue; CYP3A5*1n yellow; CYP3A5*in green; andCYP3A5*3/*6recombinant in purple.
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Figure 7.4: A network of allhaplotypes inferred for a 4006 base pailCYP3ASegion in sixteen populations Networks assume singe mutational steps. The size

of each haplotypes (pies) is proportional its frequency in the global cohort. Haplotype codes refer to those listedTiable 7.8 021 1 66 OAZEZAOO O
sequence for the polymorphic sites; inferred from the closely rated chimpanzee sequence; and identical to haplotype 1. Haplotypes defined by th¢P3A5*3
mutation are coloured in red; those defined byCYP3A5*6n blue; CYP3A5*1n yellow; CYP3A5*Tn green; andCYP3A5*3/*6recombinant in purple.
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Figure 7.5: Networks of haplotypes within each geographic regionPopulationspecific haplotype frequencies are presented in Figures 7.1dp The size of each
OAZEAOO Oi OEA

haplotypes (pies) is proportional its frequency in the global cohort. Haplotype code®fer to those listed inTable 7.8 021 1 06
polymorphic sites; inferred from the closely related chimpanzee sequence; and identical to haplotype 1. Haplotypes definedty CYP3A5*3nutation are coloured
T £ A
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Table 7.2: Atable showing the composition of haplotypes analysed in Figures #85. The positions of polymorphic sites (numbered from the ATG start codon
where base A is +1) are shown along the top. The codes correspond to those used in FiguresrB3andn is the frequency of each haplotype in the global

dataset. Haplogroup refers to whether each haplotype belongs to th@YP3A5*1, CYP3A5*3, CYP3A5*6, CYP3A5CYP3A5*3/*6cluster of haplotypes.

Ancestral alleles at each nucleotide positions are coloured in yelloand derived alleles in blue.
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7.44. Network analysis of CYP3A5 haplogroups

Network analysis of CYP3ASaplogroups is presented in Figures 74.7. Overall, for
both the entire CYP3ASene, and a 4kb region, the greatest differentiation of haplotypes wa
observed in the CYP3A5*1and CYP3A5*haplogroups. Recombination was observed in the
CYP3A5*1land CYP3A5*3haplogroups suggesting that diversity, within both haplogroups,
arose by mutation and recombination events. Star phylogenies were inferred for the
CYP3A5*1and CYP3A5*haplogroups also, and theaCYP3A5*etwork was characterised by
multiple, low-frequency (often singleton) haplotypes. The CYP3A5*3 haplogroup has
differentiated into more haplotypes than the remaining low/non-expresser haplogroups;

although diversity is highest in the ancestraCYP3A5*Xexpresser) haplogroup overall.

7.45. The distribution of microsatellite counts associated with low/neexpresser CYP3A5
alleles

A ZGT microsatellite was genotyped in each of 379 Ethiopian individis, in addition
to re-sequencing of the entireCYP3A5coding region, exonflanking introns and proximal
promoter. CYP3A5Shaplotypes were not inferred using microsatellite data due to the wide
variation in the number of repeats and the inability to accuratly infer microsatellite counts
onto the chromosomes of heterozygous individuals. The microsatellite repeat distribution
associated with homozygotes for particularCYP3A5alleles is presented in Figure7.8. The
differences in the collective number of chromsomes defined by a specific varianin Figure
7.8 reflect the different number of chromosomes used for analysis of each variartlo
individual was homozygous forCYP3A5*7and so the associated distribution of variation irg
GT repeats could not be plotteddr this allele.

The range of microsatellite repeats associated witlCYP3A5*328-39 GT repeats) is
higher than that for CYP3A5*1(33-41) and CYP3A5*§32-38); although the distribution of
microsatellite variation associated with the CYP3A5*1land CYP3A5*@Glleles is more spread
out than for CYP3A5*3 A striking observation about the distribution of -GT repeats in
CYP3A5*homozygotes is that the spread is narrow and almost aCYP3A5*hromosomes
have 3536 GT repeats. Given that microsatellites normally dve a high mutation rate the
narrow spread of data inCYP3A5*3carriers is consistent with the idea that theCYP3A5*3

allele has risen to high frequency rapidly.
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Figure 7.6: Networks of a) CYP3A5*Thaplotypes; b) CYP3A5*haplotypes; c) CYP3A5*Ghaplotypes; and d) CYP3A5*haplotypes inferred for a ~4kb region.
Networks assume single mutational steps. The size of eachcle is proportional to haplotype frequency. Haplotype codes réer to those listed in Table 7.2
0211 66 OAEAOO O1  Odt ke polynforkiticdsides;iinferded RatnAthie AcldselyHelated chimpanzee sequence; and identical to haplotype 1.
Haplotypes defined by theCYP3A5*3nutation are coloured in red; those defined byCYP3A5*6n blue; CYP3A5*1n yellow; and CYP3A5*in green.
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Figure 7.7: Haplotype networks of three CYP3A5haplogroups, inferred for an 8063bp region.
Haplotypes are colared according to the haplogroup to which they belongCYP3A5*haplotypes are
shown in red; CYP3A5*1n yellow; CYP3A5*in green; CYP3A5*6n blue and CYP3A5*3/*6recombinant
haplotypes are shown in purple. The size of each haplotype is proportional ttsifrequency in the global
database. Table7.1 contains information on the exact composition of each coded haplotype in
accordance with Figure7.18 4EA EADI T OUDPA 1T AIi AA 02711486 xAO
equivalent to the chimpanzeeCYP3ASequenceand to haplotype 1 (Table7.1).
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