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"Gilgamesh, per qué vagues d'un costat a un altre?

No aconseguiras la vida que persegueixes.

Quan els déus van crear la humanitat,

van decidir que el seu desti fos morir

i van reservar la Vida per a si mateixos.

Tu, Gilgamesh, omple't el ventre, gaudeix de dia i de nit.
Celebra cada dia una alegre festa, balla i juga dia i nit.
Posa't vestits flamants, renta't el cap i banya't.

Atén el nen que t'agafa de la ma i alegra't,

alegra't abragant la teva dona.

Ja que aquest és el desti de ['home."

Tauleta X; columna III
La Epopeia de Gilgamesh

“Gilgamesh, where are you hurrying to?

You will never find that life for which you are looking.

When the gods created man they allotted to him death,

but life they retained in their own keeping.

As for you, Gilgamesh, fill your belly with good things,

day and night, night and day, dance and be merry, feast and rejoice.
Let your clothes be fresh, bathe yourself in water,

cherish the little child that holds your hand,

and make your wife happy in your embrace;

for this too is the lot of man.”

Table X, column III
The Epic of Gilgamesh
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Prefaci
Les poblacions humanes han estat objecte d’estudi des que les

inicials civilitzacions s’esfor¢aren per justificar la seva preseéncia i desti. La
diversitat observada en els diferents grups humans ha estat ampliament
documentada per antropolegs segons els coneixements 1 técniques
disponibles en cada moment. A mesura que les técniques moleculars han fet
accessible la informacid continguda en el nostre genoma, vells models de
descripcié fenotipica 1 historia poblacional han estat substituits o
complementats per models més sofisticats.

Actualment, un dels aspectes en els quals s’esta invertint molt
d’esfor¢ és en la modelitzacid dels fenotips anomenats complexos. Entre
aquests fenotips, fruit de la interaccido d’un elevat nombre de components
genetics 1 ambientals, hi trobem moltes malalties que tant poden apareixer en
un estadi inicial de la vida com que es manifestin a edats tardanes. Alguns
d’aquests fenotips presenten grans diferéncies entre les poblacions humanes,
1 per tant, també els seus factors causants. Per tal d’entendre la distribucid
observada d’aquests fenotips 1 els seus factors determinants, és necessari fer
una ullada a la historia demografica de les poblacions. Per entendre el
present 1 obtenir-ne un benefici futur, hem de conciliar-nos amb el passat.

En aquest context, el treball presentat en aquesta tesi €s un estudi
antropogenetic de diferents gens, el gen del factor de coagulacio XIII
(F13A41) 1 els gens de les sintases d’oxid nitric (NOS), implicats en un
fenotip complex amb variacid poblacional com son les malalties
cardiovasculars. Les nostres poblacions d’estudi es situen al voltant de la
Mediterrania 1 al continent europeu, on, tot 1 tractar-se d’una area geografica
no molt extensa, la variacié en la preséncia de les malalties cardiovasculars

¢s considerable. En la primera seccid, la Introduccio, situarem el treball
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present dins d'un context general. La Introduccio te sis parts; en la primera
part s’introdueix les malalties cardiovasculars com a fenotip complex 1 se’n
descriu els seus causants principals per tal de generar una visi6 de la
problematica cardiovascular. La segona 1 la tercera part es centren en la
informacid genctica estudiada, els components genctics F 1341 1 NOS 1 els
tipus de polimorfismes, alhora es dona una visié de com es genera variacid
en la nostra estructura genctica. En la quarta, es dona una pinzellada d’una
amplia area de coneixement 1 recerca com és I’epidemiologia genetica, amb
les seves estratégies per tal de generar un model explicatiu dels fenotips
complexos utilitzant I’exemple de les malalties cardiovasculars. En la
cinquena part, es realitza una aproximaci®é a una altra gran area de
coneixement i1 recerca com ¢&s la genética de poblacions humanes, amb les
seves eines d’estudi de la distribucid de la variacio present en les poblacions
humanes 1 amb les inferéncies poblacionals que s’obtenen, posant com
exemple les poblacions d’Europa 1 la Mediterrania. Finalment, la sisena part
descriu les mostres poblacionals utilitzades en la majoria de treballs
presentats en aquesta tesi.

La Introduccid és seguida per les fites a assolir en aquest treball en la
seccio d’Objectius. La seccio de Resultats conté quatre apartats. El primer és
un informe dels supervisors d’aquesta tesi sobre la qualitat dels articles
publicats. I en els apartats restants, cadascun conté un dels articles amb el
seu resum en catala. El primer article descriu la identificaci6é de variacié de
risc en el gen F13A41 per malalties cardiovasculars en poblacié espanyola. El
segon article detalla la identificacié de factors de risc en el gens NOS per
malalties cardiovasculars en poblacid europea, 1 com la seva distribucio es
correlaciona amb la incideéncia cardiovascular observada en el continent

europeu. El tercer article estima les relacions entre les poblacions d’Europa 1
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la Mediterrania obtingudes per un conjunt de variacio genetica de risc i no de
risc de les regions genomiques NOS, 1 la seva relacid6 amb la incidéncia
cardiovascular. Finalment, les segueixen les seccions de Discussio 1

Conclusions.
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1.INTRODUCCIO






1.1 Malalties cardiovasculars com a fenotip complex

Aquesta tesi doctoral gira al voltant de les malalties cardiovasculars
com a fenomen biologic que es presenta amb considerable freqiiencia a les
poblacions humanes. Per tal d'entendre'n la actual preséncia 1 distribucié a
través de la geografia, aquest treball n'intenta identificar algunes de les
causes genetiques 1 descriure la seva distribucio poblacional des del prisma
de la historia demografica recent de les poblacions humanes del continent
europeu i de la Mediterrania.

Es coneix com a fenotip I'expressio biologica observable d'un
caracter o conjunt de caracters. Quan aquesta expressio ¢€s el resultat de la
interaccid de diversos factors es parla de fenotip complex. Les malalties
cardiovasculars son expressions biologiques que acaben manifestant-se quan
es donen una serie de condicions més o menys encadenades o, de forma
paral-lela, després de I'acumulacié de diversos factors normalment dificils de
controlar. Per aquest motiu, a les malalties cardiovasculars, junt amb d'altres,

son anomenades malalties complexes.

1.1.1 Bases fisiologiques de les malalties cardiovasculars

Les bases fisiologiques que intervenen en el desenvolupament d'una
malaltia cardiovascular son diverses, pero un procés clau és l'anomenat
aterosclerosis. Aquest procés patologic consisteix en la formacié de plaques
aterosclerotiques a les parets dels vasos sanguinis, que en redueixen el flux
degut a l'estrenyiment i enduriment dels vasos (Figura 1). La progressiva
expansio d'aquestes lesions en estadis avancgats pot produir una ruptura de la
paret vascular, 1 una oclusié del vas degut a un efecte trombotic. Finalment,
la interrupcio del flux sanguini pot produir necrosis en el teixit afectat. Quan

aquest procés es desenvolupa en una arteria coronaria s'anomena CAD (de
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l'anglés Coronary Artery Disease). La trombosis 1 la necrosis del teixit
muscular cardiac (miocardi) acaben produint un infart de miocardi (MI de

l'angles Myocardial Infarction), més comunament conegut com a atac de cor
[1] (Figura 1).
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Figura 1- Estadis de I’aterosclerosi [1].
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La formacié de les plaques aterosclerotiques és deguda inicialment a
una elevada absorcio de lipids (triglicerids 1 colesterol) per part de I'endoteli
vascular que s'acumulen a la matriu endotelial del vas sanguini. Aquesta
elevada absorcio pot ser estimulada per una disfuncié de l'endoteli (afectat
pel tabaquisme o la diabetis) i/o per nivells elevats de lipids en sang
(producte d'una deficiéncia en el transport de les lipoproteines 1 sintesi dels
lipids, o una ingesta elevada de greixos) [2] (Figura 2). Aquests lipids
dipositats a la matriu del vas son absorbits 1 oxidats per macrofags (globuls
blancs), que esdevenen les anomenades cel-lules escumoses, 1 per cel-lules
musculars, que proliferen 1 entren en apoptosis (mort cel-lular). Aquest
procés d'inflamacid, proliferacio 1 apoptosis acaba generant la matriu fibrosa,

endurida 1 farcida de lipids coneguda com placa aterosclerotica.
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Figura 2 — Absorcio, sintesi 1 excrecio del colesterol [2].
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Aquestes plaques aterosclerotiques son altament susceptibles de patir
ruptures 1 d'alliberar el seu contingut al torrent sanguini. L'alliberament dels
diferents components de les plaques al torrent sanguini desencadena una
série de reaccions conegudes com a cascada de coagulacié en les que
intervenen les c¢l-lules plaquetaries 1 multiples factors de coagulacid, que
poden acabar formant un trombe o coagul de fibrina [3] (Figura 3). La
regulacio de la cascada de coagulacid, junt amb la fibrinolisi (reabsorcid del
coagul), esta dissenyada per tal de generar una resposta adequada i evitar

hemorragies o trombosis no desitjades.

1. Initiation 2. Amplification 3. Propagation

Figura 3- Estadis de la coagulacio [3].

Aquest procés global de regulacid per tal de mantenir la integritat
d'un sistema circulatori tancat i amb una pressi6 vascular adequada
s'anomena hemostasia. En I’hemostasia de la pressid vascular sén multiples
les vies de regulacid. Aquestes inclouen tant la regulacié a nivell endocri,
com seria el mecanisme de renina-angiotensina, com la regulacid mitjangant
la contraccio o relaxacio de la paret muscular del vas sanguini, com seria la

via de 1’0xid nitric [4] (Figura 4).
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VESSEL LUMEN

Figura 4 — Generacid 1 alliberament d’oxid nitric 1 induccio de la relaxacid

muscular [4].

En concret, la disponibilitat d’0xid nitric en el torrent sanguini és
considerat un fenomen clau del trencaclosques cardiovascular, ja que no
només es troba involucrat en la flexibilitat de la paret muscular per tal de
respondre a variacions de pressid, sind que aquest procés evita possibles
ruptures de la paret. A més, 1’0xid nitric es troba involucrat dins de processos
anteriorment anomenats com en la induccid de la resposta inflamatoria
generada pels macrofags 1 en la inhibicid de 1’agregacio plaquetaria en la
formacié dels coaguls sanguinis. Pel fet que 1’0xid nitric es troba involucrat
en bastants processos relacionats amb la malaltia cardiovascular, els gens
responsables de la disponibilitat d’0xid nitric sén un dels elements estudiats

en aquesta tesi doctoral.

25



1.1.2 Factors implicats en la malaltia coronaria complexa: Gens i
Ambient

Tal 1 com la Organitzaci6 Mundial de la Salut (OMS o WHO, de
l'angles World Health Organitzation) ha constatat, els factors de risc més
importants identificats per les malalties cardiovasculars son deguts als habits
1 estils de vida. Dietes no saludables, inactivitat fisica, tabaquisme o un
consum no moderat d'alcohol, es troben presents en el 80% dels casos de
malaltia coronaria [5]. Aquests habits generen desequilibris fisiologics que
acaben expressant-se com a sobrepes, hipertensio, hiperglucémia 1
colesteroléemia. Aquestes expressions biologiques també s'anomenen
fenotips, o endofenotips en el cas que generalment precedeixin fenotips més
complexos com seria l'aparicio d'una malaltia cardiovascular.

Tot 1 aixi, els antecedents o historia familiar respecte la malaltia
també és un factor de risc important. L'agregacido familiar apareix quan
existeix major freqiiencia de malaltia en parents proxims a individus amb la
malaltia. Aquest fet indica que existeix un component hereditari. La
molecula responsable de I'heréncia, DNA (de l'angles Deoxyribonucleic
Acid), conté la informacid estructural 1 funcional dels diferents elements
biologics que conformen els éssers vius en forma de gens. Per tant, aquest
component hereditari és atribuible als gens.

La quantificacio del component hereditari es pot realitzar mitjangant
estudis de bessons monozigotics 1 dizigotics que creixen conjuntament o per
separat. Aixi, s'ha estimat que I’heretabilitat dels casos d'infart es troba en un
60% en homes 1 un 40% en dones [6—8]. De la mateixa manera, els
desequilibris fisiologics (endofenotips) generats pels mals habits 1 estils de
vida també presenten un component hereditari. A la taula 1 es pot observar

una llista de factors de risc ambientals 1 endofenotips de risc amb els seus
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components hereditaris. Per tant, aixo ens indica que la combinacié d'una
predisposicid genetica amb una exposicid a l'ambient (mals habits en el cas
de CAD) son els factors causants de les malalties complexes com €s el cas de

la CAD.

Factors de risc amb component genétic Heretabilitat
Infart de Miocardi 25-60%
Colesterol Total 40-60%
Colesterol HDL 45-75%
Triglicerids Totals 40-80%
Index de massa corporal 25-60%
Pressié sanguinia sistolica 50-70%
Pressi0 sanguinia diastolica 50-65%
Lp(a) 90%
Homocisteina 45%
Diabetis Tipus 11 40-80%
Fibrinogen 20-50%

Taula 1 — Heretabilitat de les malalties cardiovasculars 1 els seus factors de

risc [9].

Tot 1 que la contribucid genctica a la malaltia es pot quantificar, la
identificacié del nombre de factors genctics implicats i I’efecte de la seva
contribucid sén aspectes actualment encara per resoldre. Recentment, s'han
incrementat les evidéncies que la susceptibilitat genetica a les malalties
complexes involucren molts gens, inclosos en la patofisiologia molecular, la

majoria dels quals tenen un efecte o contribucié modesta. Un model teoric
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que explica aquest tipus de contribucio genetica s'anomena “malaltia comuna
— variant comuna” (CDCV de l'anglés common disease-common variant).
Aquesta hipotesi prediu que fenotips complexos habitualment presents en la
poblacio son causats per multiples variants genetiques també de freqiiencia
comuna o elevada en la poblacid, cadascuna contribuint en una proporciod
molt petita al fenotip final [10]. Estudis de simulacié computacional han
intentat estimar el nombre total de variants genctiques que conformarien
l'arquitectura genetica de les CAD. Aquestes simulacions prediuen que el
nombre necessari rondaria des dels pocs centenars de variants genétiques de
baixa freqiiencia poblacional i elevada contribucio al fenotip, fins a diversos
centenars o pocs milers de variants d'elevada preséncia en la poblacio 1
modesta contribucié a la malaltia [11,12].

Finalment, degut a l'elevada complexitat que presenta la malaltia
cardiovascular, la preséncia clinica de la malaltia pot ser deguda o
desencadenada a partir de multiples processos. Cada pacient pot haver-hi
arribat amb una combinacié quasi Unica de factors i cada pacient pot
presentar diferents proporcions de factors ambientals 1 factors genetics, amb
un fenotip final majoritariament degut a factors ambientals, a factors

gengtics, o a una contribucio similar d'ambdds.
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1.2 Elements genetics estudiats: gen F1341 i gens NOS

El treball desenvolupat en aquesta tesi doctoral s'ha centrat en 1'estudi
de variacid genctica present en diferents regions genomiques. Aquestes
regions comprenen el gen del factor de coagulacio XIII (F7341) 1 els tres

gens de les sintases d'0xid nitric (NOS de l'angles Nitric Oxide Synthases).

e Gen FI3A1

El gen FI3A1 codifica per la subunitat A del factor de coagulacio
XIIT (FXIII). Aquest factor de coagulacid €s una pro-transglutaminasa
essencial per l'equilibri hemostatic. El FXIII €s activat per la trombina junt
amb la preséncia de calci (Ca™") i juga un paper molt important en les etapes
finals de la coagulaci6 sanguinia i en la regulacié de la fibrinolisi. EI FXIII
activat (FXIIla) uneix covalentment monomers de fibrina adjacents 1
estabilitza l'estructura del coagul sanguini [13] (Figura 3). El FXIII esta
format per dues subunitats A (unitats funcionals) i dues subunitats B
(molecules portadores). El gen FI3A41 es troba localitzat en la regid
cromosomica 6p25-p24, mentre que el gen FI3B, que codifica per la
subunitat B, es troba localitzat en la regido genomica 1q31-q32.1. La variacid
genctica en el gen FI3A41 ha estat previament associada amb malalties
aterotrombotiques 1 variacions en els nivells 1 activitat de FXIII en sang

[14,15].

e Gens NOS
Els gens de la sintases de 0xid nitric (NOS) es troben relacionats amb
un fenomen clau del trencaclosques cardiovascular: la disponibilitat d'oxid
nitric. L’0xid nitric (NO de l'anglés Nitric Oxide) es troba implicat en la

regulacio de 1’hemostasia de la pressid vascular, la perfusid tissular i
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l'agregacio plaquetaria [16,17] (Figura 4). Gens candidats per un efecte
patologic del NO son la familia dels gens NOS. Existeixen tres gens de les
sintases que codifiquen per tres isoformes de l'enzim: NOS endotelial (eNOS
o NOS3), NOS neuronal (nNOS o NOSI) 1 NOS induible (iNOS o NOS2A).
NOS3 1 NOSI s'expressen constitutivament en les cel-lules musculars de
I'endoteli dels vasos sanguinis i al teixit neuronal, respectivament [16].
Ambdos son regulades a través de la unid reversible del conjunt calci-
calmodulina. Per contra, NOS2A ¢s activada en situacions critiques a través
de senyals inflamatoris, principalment en l'endoteli dels vasos sanguinis 1 en
els macrofags. Perd, a la vegada, alts nivells de l'enzim induits per
I'expressié de NOS2A poden generar citotoxicitat 1 interferir en les activitats
beneficioses de l'enzim expressat constitutivament [16]. A demés dels gens
NOS, existeix el gen NOS3AS o ATGYB que codifica per un mRNA antisentit
anomenat SONE que regula post-transcripcionalment l'expressio de NOS3
[17]. El gen ATGYB es troba localitzat a la cadena de DNA complementaria a
la que trobem el gen NOS3 en la regié cromosomica 7q36, de manera que el
mRNA antisentit SONE 1 el mRNA de NOS3 es solapen 1 son
complementaris en 662 nucleotids. Els gens NOSI 1 NOS24 es localitzen a
les regions cromosomiques 1224 1 17q11 respectivament.

D'acord amb el buscador Human Genome Epidemiology (HuGE)
Navigator (www.hugenavigator.net), el NOS3 es el segon gen amb més
publicacions relacionant-lo amb la CAD, amb 139 articles, i1 el quart per
l'infart de miocardi amb 75 articles (Abril, 2014). El gen NOS3 també ha
estat estudiat en casos afectats per hipertensid 1 diabetis. Tot 1 aixi, els
resultats obtinguts no han acabat de ser concloents degut a la diversitat de
resultats [18-23]. Els gens NOSI 1 NOS2, a més a més, s'han vist associats a

malalties com asma, esquizofrenia, Parkinson 1 Alzheimer [24-27].
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1.3 Bases de la diversitat genética

L’estructura de la molécula de DNA va ser proposada pels doctors
Watson 1 Crick I’any 1953. La molecula esta formada per dues seqiiéncies de
nucleotids definides per la base nitrogenada que porta incorporat cada
nucleotid. Les dues seqiiencies son complementaries de manera que les bases
adenina (A) 1 timina (T) es complementen entre elles tal i com ho fan

citosina (C) 1 guanina (G).

1.3.1 Organitzacio del genoma huma

El 98% de les molecules de DNA es troben aparellades, i
organitzades en 22 parelles de cromosomes autosomics 1 el cromosoma X,
aquest ultim present en una copia en homes i dues en dones. Els parells de
cromosomes provenen un de cada progenitor 1, per tant, cada individu conté
la mateixa informacid per duplicat. El 2% restant compren els peculiars
segments de DNA només heretats d'un dels dos progenitors (uniparentals):
un es el cromosoma Y, que €s transmes de pares a fills masculins ja que és el
determinant del sexe, mentre que l'altre ¢s el DNA mitocondrial (mtDNA),
una molecula circular present tant en homes com en dones, pero transmes

només de mares a fills (masculins 1 femenins).

1.3.2 Generacio de variacio genetica: mutacio i recombinacio

A mesura que el DNA és transmes a través de les generacions, es
produeixen canvis en la seqiiencia degut a dos fenomens basics: mutacid 1
recombinacio.

Els canvis de seqiiéncia on es generen noves variants s'anomenen
mutacions 1 poden ser produits per factors mutagenics (radiacio, virus,

quimics) o per errors de copia durant la replicacio del DNA. A nivell
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evolutiu només es tenen en compte aquelles mutacions que es generen en les
cel-lules reproductores (via germinal) i, per tant, son transmeses a la
descendencia 1 passen a formar part de la poblacid. Aquest mecanisme ¢&s
I’tinic que genera nous polimorfismes, o sia noves variacions genetiques
alternatives (al-lels) en una posicio de la seqiiencia, 1 fa que les seqiiencies
entre individus es vagin diferenciant.

Un altre factor que també genera variacié genetica no €s la generacio
de noves variants sind combinacions diferents entre les ja existents. La
combinacié de variacions genétiques en una seqiiéncia ve donada per la
molécula rebuda d'un dels progenitors. Perd existeix un mecanisme
anomenat recombinacid que entrecreua molecules de DNA aparellades que
contenen la mateixa informacid perd amb diferents variants genctiques
(informaci6 duplicada on cada copia prové d'un dels dos progenitors) 1
genera noves combinacions de variants genctiques que soOn transmeses en
bloc a la segiient generacid. Per tant, per cada cromosoma, la molecula de
DNA que es transmet a la segiient generacid ¢€s una combinacio de les dues
molecules rebudes de la generacid anterior. Aquest procés de recombinaci6 1
la combinaci6 en qué generalment es troben les diferents variants genetiques
¢s matematicament mesurable i s'anomena lligament.

Aquest fenomen de recombinaci6 es dona en els cromosomes
autosomics 1 en el cromosoma X (només en dones). Per tant, 1'estudi del
mtDNA 1 del cromosoma Y només ens dona informacio dels llinatges
uniparentals matern 1 patern respectivament. En canvi, la diversitat
autosomica ¢€s biparental 1 ens dona informacio sobre la ascendéncia genctica

dels dos progenitors a la vegada.
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1.3.3 Tipus de variacio genética o polimorfismes

Grans avengos s'han realitzat en els ultims 25 anys pel que fa l'estudi
de la variacid genetica humana. Diferents tecniques de genotipacid han
permes descobrir moltes 1 diferents variacions genetiques. Segurament, la
tecnica més popular, 1 emprada per obtenir els resultats d'aquesta tesi
doctoral, ha estat I’anomenada PCR (de I’angles Polymerase Chain
Reaction), que permet obtenir moltes copies d'una regié gendmica per la
seva posterior determinacid genetica. Tot 1 aixi, han estat les técniques de
seqilienciacio les que han permes tenir la millor visié general, fins al moment,
del nombre total de polimorfismes genetics 1 de la seva combinacid en el
genoma.

A principis del anys 90 del segle passat, es va engegar el projecte
internacional Genoma Huma (Human Genome Project) per tal d'obtenir les
primeres seqiiencies completes del genoma huma [28,29]. Es va trigar més
de 10 anys en obtenir el primer esborrany del genoma complert d'un individu
(Figura 5), 1 cap a 15 per obtenir la versio definitiva. Ara sabem que el
genoma huma haploide conté 3.000 milions (3x10”) de parells de bases, i que
els aproximadament 25.000 gens identificats n'ocupen tan sols el 2%. A
mesura que el projecte Genoma Huma avangava, les tecniques de
seqiienciacid progressaven radicalment. De manera que a principis del segle
XXI, un cop obtingut un genoma sencer de referéncia 1 amb les noves
técniques de seqiienciacio, es va proposar el projecte 1000 Genomes.

El projecte 1000 Genomes (Figura 6) consisteix en seqiienciar milers
d'individus d'arreu del mon per tal d'obtenir una referéncia de la quantitat 1
tipus de variacio genetica present en la espécie humana 1 el patrd geografic
global que presenta. En l'actualitat, 1 en el marc d'aquest projecte, s'han

descrit 1092 seqiiencies complertes d'individus d'arreu del mon 1 en els
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proxims anys se n'esperen unes 1500 més [30].

Figura 5 — Portades de les revistes Science 1 Nature publicant els resultats de

Projecte Genoma Huma

TTHOLSIND CENONES

Pilot studies prepare the way for populatic

Figura 6 — Portada de Nature publicant els resultats del Projecte 1000

Genomes

e Polimorfismes d'una sola base o SNPs (de l'angles Single
Nucleotide Polymorphism).
Representen la variacié genetica més comu, regularment distribuida

al llarg de tot el genoma, 1 es caracteritzen per la substitucid d'una base de la
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seqiliencia per una altra. Aquest tipus de variacid genctica ha estat utilitzada
en l'actual tesi doctoral.

Degut a les seves caracteristiques d'estructura quimica, les bases T i
C son anomenades pirimidines, mentre que les A 1 G s'anomenen purines.
Quan una base és substituida per una de la seva mateixa condicid, aquest
canvi s'anomena transicid, mentre que quan és substituida per una altre, la
substitucio s'anomena transversid. Independentment de la seva classificacid
aquests polimorfismes son basicament bial-I¢lics, presentant una de les dues

formes possibles (Figura 7).

S'II'R
Sequence 1 ATAcEGTAATCACTG[ACT ACT ACT ACTITCACE[TGT
Sequence 2 ATGICLGTAAIGTCACTG|ACT ACT ACT . . .|TCACGICITGT
Sequence 3 ATGTCGTAGIGTCACTG|ACT ACT ... ... [TCACHQTGT
Sequence 4 ATGICCGTAGIGTCACTG|ACT ACT ... ... TCACGTTGT
Sequence 5 ATQTCGTAAGTCACTG|ACT ACT ACT ACT TCAC-ZL%1_'|_FI5T

I
SNPs

Figura 7 — Exemples de variacio en la seqiliéncia dels tipus de polimorfismes

estudiats en aquesta tesi doctoral, SNPs 1 STRs.

Fins a l'actualitat, s'han descrit un total de 38 milions de
polimorfismes SNP, amb una mitjana de 4 milions d'SNPs per individu [30].
La majoria es troben en regions no codificants (sense gens), pero els que es
troben en les seqliencies codificants poden afectar la seva expressio i/0
alterar les caracteristiques de 'element estructural o funcional (proteina) pel
qual codifiquen. Polimorfismes que no alteren el producte del gen

s'anomenen sinonims, mentre que els que modifiquen aminoacids de la
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proteina resultant s'anomenen no-sinonims. Els SNPs sense sentit produeixen
una interrupcio en la formacio de la proteina, 1 els que es troben en regions
reguladores del gen poden alterar-ne l'expressid. S'estima que de mitjana
cada individu és portador d'entre 50 1 100 polimorfismes SNPs que causarien

malalties hereditaries si es trobessin en les dues copies del gen.

e Repeticions en tandem de nombre variable 0 VNTR (de 1'angles

Variable Number Tandem Repeat)

Aquests polimorfismes genetics es caracteritzen pel nombre de
repeticions en que s'observa la seqiiéncia o motiu de repeticid. Segons si el
motiu de repeticio és de 2 a 10 parells de bases s'anomenen microsatel-lits o
STRs (de I’angleés Short Tandem Repeats). Si la seqiiencia repetida €s de 10 a
100 parells de bases, llavors s'anomenen minisatel-lits. Aquests marcadors
genetics es troben ampliament distribuits pel genoma i son deguts a errors en
la replicacié del DNA. La caracteristica més especial que presenten els
polimorfismes VNTR és que generalment son multial-1¢lics, ja que el motiu
de la seqiiencia es pot trobar repetit des de 2 fins a diverses desenes de
vegades (Figura 7). Cada nombre de repeticions observat designa un al-lel
diferent pel mateix polimorfisme. Degut al seu elevat nombre d'al-lels, els
microsatel-lits o STRs son el tipus de polimorfismes utilitzats en
identificacié de mostres forenses, ja que el perfil genétic resultant és tinic per
cada individu, mentre que dos individus presentaran diferents graus de
similitud segons el tipus de parentiu entre els dos.

En aquesta tesi doctoral s'han estudiat polimorfismes STR que
presenten com a motiu de repeticid seqiiencies de tres, quatre i cinc bases.
Aixi, son considerats tri-, tetra- 1 penta-nucleotids, respectivament. La

majoria d'aquest elements es consideren neutrals ja que no es troben en
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zones estrictament codificants, perd poden trobar-se implicats en la regulacio
de l'expressid genica 1 causar variacions fenotipiques.
e Insercions/Delecions

Aquestes variacions genetiques comporten la insercid o delecio
(INDEL) de seqiiencia 1 es classifiquen segons la mida de la seqiiéncia
inserida o suprimida. També son bial-I¢lics ja que es poden presentar o
descriure com a preseéncia o abseéncia de la seqiiencia determinada.

Petits INDELSs poden variar des de 1 base fins a pocs centenars de
bases. Aquests son majoritariament deguts a errors de replicacid 1 poden
comportar alteracions en l'expressid, estructura o funcid dels productes
genics. Hi ha descrits fins a 1.4 milions de petits INDELs, amb una mitjana
de 340 mil per individu.

Els elements inserits més grans en mida, de 300 a 10.000 parelles de
bases, s'anomenen elements mobils. Tenen la peculiaritat que poden “saltar”
de la regié on es troben 1 ubicar-se incliis en un altre cromosoma. Aquests
elements son molt diversos 1 es classifiquen segons la mida i la manera de
“transposar-se”. S'estima que el 45% de tota la seqiiencia genomica proveé
d'algun d'aquests elements mobils tot i que només 140 mil elements mobils
presenten variacid entre individus, amb una mitjana de 700
insercions/delecions per individu.

Tot 1 els diferents tipus i nombre de diferéncies genctiques en
l'especie humana, €s important destacar que les seqiiencies de DNA de totes
les poblacions humanes sén un 99.8% ideéntiques entre dos individus
qualsevol [30]. Pero cal recordar que, si bé les diferéncies genomiques entre

individus son petites, aquestes son estadisticament significatives.
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1.4 Variacio genética i malaltia: Epidemiologia genética

Segons la International Epidemiolgy Association; “Epidemiology:
The study of the occurrence and distribution of health-related states or
events in specified populations, including the study of the determinants
influencing such states, and the application of this knowledge to control the
health problems.” [31]. Per tant, 1'epidemiologia es dedica a 1'estudi de la
distribucié de les malalties, les seves freqiiencies (incidéncia i1 prevalenga),
les causes 1 el control dels factors relacionats. A més a més, l'epidemiologia
es considera la ciéncia basica per a la medicina preventiva i una font
d'informacio per a la formulacio de politiques de salut publica.

Conseqiientment, 1'epidemiologia genética enfoca el seu estudi en la
identificacid dels factors genctics relacionats amb les malalties 1 n'estudia la
seva distribucio poblacional 1 la seva interaccid amb la resta de factors

implicats.

1.4.1 Identificacio dels factors de risc genétics

Un cop obtingudes evidencies d'un probable component genetic com
a causant d'una malaltia complexa, el segiient pas ¢és la identificacio 1
localitzacio dels gens i1 variacions genetiques causants.

L'estrategia basica utilitzada, 1 emprada en aquesta tesi doctoral, és
l'estudi de gens candidats per implicacidé en I'etiologia de la malaltia.
Recentment, s'ha aplicat la estrategia d'analitzar variants genctiques
distribuides al llarg de tot el genoma, independentment de si es troben en
regions amb gens rellevants o no. Els estudis on s'aplica aquesta estratégia
s'anomenen GWAS (de l'anglés Genome-Wide Association Study).

Independentment de l'estratégia, la metodologia de deteccié d'una

variant genetica relacionada amb la malaltia en una poblaci6 és anomenada
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estudi d'associacio. Aquests estudis poblacionals d'associacié indiquen que
aquella variant genética és la que contribueix directament a modificar el
fenotip 0, més habitualment, es troba en lligament amb la variant realment
causant de la contribuci6 a la malaltia.

Existeixen diferents tipus de dissenys 1 tests d'associacid genctica,
perd ens centrarem en els més comuns 1 alhora utilitzats en aquesta tesi

doctoral:

e Estudi Cas - Control

Aquest disseny basat en la poblacié general consisteix en la
recol-leccié d'una mostra d'individus afectats (casos) i1 no afectats (controls)
per la malaltia. Els estudis cas-control son els més utilitzats en epidemiologia
gengtica per la relativa facilitat de recollir mostres de pacients afectats 1
poblacio general de control. Per tal d'equiparar al maxim el grup d'afectats 1
el grup control 1 obtenir individus amb caracteristiques similars unicament
diferenciats en l'estat de la malaltia, les mostres solen recollir-se aparellades.
De manera que les mostres aparellades reflecteixen proporcions similars
d'edat, sexe 1 altres caracteristiques que es tinguin en compte. Aquest tipus
de disseny estima els efectes de les variants genctiques sobre el fenotip
malaltia a través de la diferent proporcid en que les variants genetiques son
observades en el grup de casos i el grup de controls. Aquesta estimacié de
l'efecte genctic sobre el fenotip ve determinat pel parametre Odds Ratio
(OR) 1 quantifica la probabilitat d’ocurréncia del fenotip o malaltia en els

portadors del factor genetic respecte la poblacid general.
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Casos Controls

% presencia de al-lel
Preséncia de al-lel de risc A B _
de risc general

% absencia de al-lel
Absencia de al-lel de risc C D )
de risc general

% total de
% total de controls 1
casos

On Odds Ratio; OR = (A/B) / (C/D)

El principal problema que presenta aquest disseny és que, si casos i
controls no han estat adequadament aparellats, les diferents freqiiencies
genetiques entre els dos grups poden ser degudes a altres factors no tinguts
en compte durant I'analisi 1 no a la malaltia. Aquest factors que generen
confusié s'anomenen d'estructuracid poblacional ja que estructuren la
poblacio en subgrups amb possibles diferéncies genétiques que detectariem
en l'analisi, pero sense estar relacionades amb la malaltia. El factor de
confusio més habitual sol ser l'estructuracido genctica de la poblacid (el
concepte estructuracid genctica sera detallat dins el seglient apartat 1.5

d’aquesta seccié d’introduccid).

e Test de desequilibri de la transmissio (TDT)

Dins dels dissenys basats en families es troba el test de desequilibri
de la transmissid al-l¢lica o TDT. Els tests basats en families tenen la gran
avantatge que no es veuen afectats per l'estructuracié poblacional, ja que la
unitat d'analisi no ¢és la mostra general sind cada mostra familiar
individualment. En aquest cas, les mostres sén trios d’individus afectats de la

malaltia 1 els seus progenitors. Aquest test s'anomena de desequilibri de
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transmissio, ja que davant d'una transmissio genetica a l'atzar d'un pare/mare
heterozigot (amb dos variants o al-lels diferents en un polimorfisme),
s'espera que cada al-lel sigui transmes a la seglient generacid amb una
probabilitat del 50%. Quan s'observin proporcions de transmissions d’al-lels
significativament diferents al 50% en la mostra seran indicatius de
transmissio no aleatoria entre progenitors 1 fills afectats de la malaltia. En la
figura 8 pot veure-se’n un exemple, on en una mostra de 5 trios pels quals
s’estudia un marcador genetic amb 3 al-lels diferents (A, B 1 C) ’al-lel A és
transmes als fills afectats en 4 ocasions de les 5 possibles, sent major que les

2 o 3 vegades que s’esperaria que s’observés transmissio per atzar.

BB| AB AB | AC BC | AB BB| BC AB | BC

AB AC AB BC AC

Figura 8 - Exemple de TDT o test de desequilibri de transmissio

(http://www.smd.qmul.ac.uk/statgen/dcurtis/lectures/assoc5.html).

A data d'avui, centenars de variants genetiques han estat identificades
com a associades a la malaltia cardiovascular. Aquestes variacions
genetiques s'han trobat tant en gens implicats en mecanismes fisiologics
relacionats, com en regions genetiques aparentment no funcionals. Tot 1 aixi,
el principal problema que presenten aquests estudis d'associacio €s la falta de
replicacid de resultats en diferents poblacions, cosa que dificulta la

interpretacio dels resultats.
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1.4.2 Estimacio de risc individual a la malaltia cardiovascular

La identificacié dels factors de risc tradicionals (TRF de I'anglés
Traditional Risk Factors) ha millorat el grau de deteccio d'individus amb
elevat risc cardiovascular. Entre aquests factors tradicionals es troben els no
modificables (com el sexe 1 l'edat) 1 els modificables. Els factors de risc
modificables sén els que acaben expressant-se quan es tenen mals habits de
vida (sobrepes, hipertensid, hiperglucémia, colesterolémia, etc..). Ja que una
correccid en els habits (dieta, exercici, consum reduit d'alcohol, practica de
la paciéncia, etc..) genera una disminucié dels nivells de risc. Diferents
consorcis internacionals de recerca han contribuit a desenvolupar taules
d'estimaci6 del risc basats en els TRF, tal com el Framingham Risk Score
[32], el Reynolds Risk Score [33], el Prospective Cardiovascular Munster
Heart Study (PROCAM) [34] 1 el Systematic Coronary Risk Evaluation
(SCORE) [35]. Aquestes taules d'estimacio del risc tenen una habilitat de
prediccid entre moderada i bona [6]. Tot 1 aixi, al voltant del 15-20% dels
afectats cardiovasculars son mal classificats com a individus de baix risc per
aquestes taules basades en els TRF [7].

La presencia del component genetic en aquesta malaltia ens dona una
bona hipotesi de base de perque individus sense simptomes previs acaben
mostrant la malaltia, 1 perque individus amb els mateixos habits de vida
presenten diferents nivells dels anomenats TRF. A mesura que s'han anat
identificant factors genetics de risc, la voluntat de millorar les taules de
prediccio de risc ha anat en augment. Pero, diferents causes no han permes
encara la millora d'aquestes taules de risc. Els principals factors que ho
dificulten soén la petita contribucid individual a la malaltia que mostren les
variants genctiques de risc (<1%) 1 la falta de replicacié de resultats en les

diferents poblacions [36—38]. Inclus les puntuacions de risc genetiques (GRS
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de l'angles Genetic Risk Score) calculades a partir de desenes o un centenar
de variants genctiques de risc no han estat del tot satisfactories ja que
milloraven la classificacid entre malalts 1 no malalts en algunes poblacions
pero no en d'altres [39-48].

La porci6 del fenotip que roman inexplicada €s anomenada “missing
heritability” o heretabilitat perduda o amagada, ja que molt probablement és
deguda a la porcié del component genetic encara no identificat [36,37].
Aquesta dificultat en la identificacid de tots els factors genctics implicats és
deguda a la petita contribucido de cada un d'ells i/o al fet que les causes
genctiques siguin de freqiieéncia molt baixa en la poblacid general 1 diferents
entre els malalts. Ambdos casos només son detectables estadisticament amb
mostres epidemiologiques molt grans i donen una visié d'un fenotip molt

complex de determinar 1 predir [8,49].

1.4.3 Distribucio poblacional de la malaltia cardiovascular i factors de
risc

Les malalties cardiovasculars presenten una prevalenga (presencia)
en la poblacid bastant considerable del 6-10% segons la regid geografica
continental. Ja des dels anys 50 del segle passat, estudis epidemiologics a
Europa han destacat diferencies geografiques en la incidencia (aparicid) de
les malalties coronaries. Aquestes diferéncies es basen en un gradient on els
valors més baixos es troben al sud-oest del continent (Espanya, Franga) i
incrementen fins a valors quatre vegades superiors al nord/nord-est (Regne

Unit, Finlandia) [50-52] (Figura 9).
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Figura 9 — Distribucié de la incidéncia cardiovascular estimada pel
projecte MONICA de la OMS. La incidéncia cardiovascular és determinada

pel nombre d'accidents coronaris per cada 100000 habitants [51].

Alhora, aquests estudis epidemiologics han estimat la distribucio
poblacional dels factors de risc tradicionals per tal d’observar si expliquen el
gradient de mortalitat coronaria. Probablement, la major contribucid en
aquest camp d’estudi I’ha aportat el projecte internacional MONICA de la
OMS [51], on es va estudiar I'evolucié de la malaltia cardiovascular 1 de
factors de risc associats al llarg d’uns 20 anys en un total de 38 poblacions en
21 paisos del continent europeu. En aquest projecte, es van registrar els casos
mortals 1 no mortals d’infart de miocardi, 1 els nivells mitjans de colesterol
total, pressid sanguinia sistolica, index de massa corporal 1 tabaquisme en les

poblacions estudiades. Aquest i altres projectes han valorat la contribucié de
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la distribucié poblacional dels factors de risc classics en un 30-40% del total
de variacio observada en malaltia coronaria. Al mateix temps, es va observar
una major incidéncia cardiovascular al Regne Unit 1 Finlandia en comparacio
amb Franga que no es corresponia amb una diferent proporcio de factors de
risc, ja que aquestes poblacions presentaven nivells similars, especialment de
consum de greixos d'origen animal [53-55]. Aquesta contradiccio ecologica
es va anomenar paradoxa francesa, sud europea o mediterrania. Perd més
recentment, s’ha proposat com a factor que podria explicar aquesta paradoxa
geografica el consum de diferents tipus d’alcohol, especialment el vi, que
afavoriria les poblacions mediterranies de patir malalties cardiovasculars
[56].

El fet que les distribucions poblacionals dels factors de risc
tradicionals no expliquin la totalitat de les diferéncies geografiques en
malaltia coronaria suggereix que les distribucions poblacionals de factors de
risc genetic podrien ajudar a explicar-les. Poques aproximacions s’han
realitzat en aquest ambit. A data d’avui, un parell d’estudis han intentat
correlacionar les freqiiencies poblacionals d’algunes variants genctiques
identificades com a risc amb la incidencia cardiovascular al continent
europeu. Unicament s’ha trobat correlacionada positivament la isoforma E4
del gen APOE. Per contra, altres variants de risc es van trobar
correlacionades negativament. Aquests resultats van estendre la paradoxa
mediterrania al component genetic, ja que poblacions amb freqiiéncies més
baixes de variants genétiques de risc presentaven incidéncies coronaries més
clevades [57,58].

Probablement, una alternativa més realista per tal d’estimar la
contribucid de la distribucio genética de risc a la incidéncia cardiovascular

poblacional seria utilitzar scores de risc genetic (GRS). En aquesta tesi
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doctoral, es proposa 1’is dels GRS per tal de poder aglutinar en un sol
parametre tota la informacio genética que es vulgui analitzar, de la mateixa
manera que s’utilitza en la valoracié del risc a nivell individual. D’aquesta
manera en cada poblacidé estudiada es podria calcular el GRS de cada
individu 1 fer-ne una mitja poblacional, que podria ser comparada entre
poblacions. Aquests GRS poblacionals no dependrien de 1’efecte d’una sola
variant genetica 1 la seva distribucid poblacional podria ser comparada amb
la distribucié de la malaltia.

Pel que sabem a dia d’avui, cap estudi epidemiologic previ ha
analitzat els GRS com a avaluadors del risc genétic d’una poblacio a patir

malalties cardiovascular.
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1.5 Genética de Poblacions Humanes

La genctica de poblacions humanes ¢és l'estudi de les diferencies
genetiques entre individus humans d'una mateixa poblacid 1/o diferents
poblacions. Generalment, el patrd de variacid entre individus sol ser similar
dins d'una mateixa poblacid 1 sol presentar diferencies similars entre
individus de dos poblacions diferents. Per tant, la similitud en la variacid
entre individus d'una mateixa poblacid es pot considerar com el patrd de
variacio representatiu d'aquella poblacio. D'aquesta manera, la genetica de
poblacions pot mesurar el patrd de variacid entre poblacions caracteristic per
cada regié gendmica o gen, i la seva comparacid amb d'altres regions o gens
ens pot informar de l'efecte de les forces evolutives, com la potencial
seleccio, sobre aquests gens. Tanmateix, 1’analisi comparatiu del patr6 global
o mitja de variacid genomica permet obtenir inferéncies demografiques, es a
dir, la reconstruccié de la historia genctica de les poblacions humanes
(migracions, expansions, colonitzacions) [59,60].

Un dels objectius de la recerca realitzada en aquesta tesi €s
reivindicar la contribucid que la genéetica de poblacions pot realitzar en el
camp de Il'epidemiologia genctica a 1'hora de descriure la distribucid
poblacional dels factors genctics de risc per malalties complexes, determinar
la seva contribucid a la incidéncia poblacional i1 estimar els processos

evolutius /0 moviments poblacionals que els han modelat.

1.5.1 Distribucio de la diversitat genética en les poblacions humanes
Cada polimorfisme genetic pot ser descrit en una poblacié segons la

diversitat en qué €s observat, o sia el nombre d’al-lels que presenta 1 la

freqiiéncia en que s'hi troben. Per exemple, un SNP (polimorfisme bial-1¢lic)

que presenta els al-lels A 1 G, es pot trobar en unes determinades freqiliencies
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de A1 G (p.e. A30% 1 G 70%), que representen la probabilitat d’observar els
al-lels en una poblacid, 1 son generalment simbolitzades algebraicament com
apigq:

p(A)=p=03

p(G)=¢g=1-p=07

Pero els al-lels no sén observats directament de forma individual en
les poblacions, sind que son observats en genotips, combinacions de dos
al-lels ja que la majoria de cromosomes es troben aparellats 1 existeixen dues
copies de la seqiiéncia (una provinent de cada progenitor). Els genotips
poden ser homozigots (si presenten la mateixa variant genctica en les dues
copies) o heterozigots (si presenten diferents variants genétiques). Per tant,
les freqiiencies al-leliques venen determinades per les freqliencies
genotipiques, o sia, el nombre de vegades que un al-lel és observat (dues en
cada homozigot 1 una en cada heterozigot) comparat amb el total d’al-lels a

la poblaci6 (dues vegades el nombre de genotips totals) :

Si en una poblacio: Naa =9, Nag =42 1 Ngg = 49, llavors Ny = 100
pP(A) = p = (2Naa + Nag) / ZNiora1 = p(AA) + p(AG)/2
p(A) = p = (2%9 + 42) / 2*100 = 0.09 + 0.42/2 =0.09 + 0.21 = 0.3
p(G) = ¢ = (2NGG + Nag) / 2Niotar = p(GG) + p(AG)/2
p(G) = g = (2*49 + 42) / 2%100 = 0.49 + 0.42/2 = 0.49 + 0.21 = 0.7

Aquesta propietat que s’observa de determinar les freqiiéncies
al-leliques a partir de les genotipiques, també es dona en sentit contrari
(determinar les freqiiencies genotipiques a partir de les al-1¢liques) si es

compleixen una serie de requisits en la poblacid sota I’anomenat equilibri de
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Hardy-Weinberg (HW). La llei de Hardy-Weinberg prediu que en una
poblacio, amb una mida suficientment gran on 1’aparellament entre individus
¢s aleatori 1 en abseéncia de seleccid, migracid 1 mutacid, les freqliencies
genotipiques es poden derivar de les freqiiencies al-leéliques 1 es mantenen
constants de generacio en generacid. A més a més, en una poblaciod que no es
trobi en equilibri HW, en una generacid de panmixia es restauren les
condicions d’equilibri. Una manera intuitiva de visualitzar la situacid
d’equilibr1 HW seria la amb la segiient taula de contingencia on es descriuria

la combinacié aleatoria de gametes o al-lels independentment dels genotips:

p(A) p(G)
p(A) p(A)p(A) p(A)p(G)
p(G) p(G)p(A) p(G)p(G)

On les freqiiencies genotipiques d’una poblacid en equilibri de HW
son descrites de la segiient manera:

P(AA) = p(A)p(A) = p(A)’

p(AA) = 0.3%0.3 = 0.3%= 0.09

P(AG) = p(A)p(G) + p(G)p(A) = 2p(A)p(G)
P(AG) = 0.3%0.7 + 0.7%0.3 = 2¥0.3*0.7 = 0.42

p(GG) = p(G)p(G) = p(G)*
p(GG) = 0.7*0.7 = 0.7° = 0.49

Una mesura global de la diversitat d’'una poblacié és I’anomenada
heterozigozitat, que representa la proporcid mitjana d’heterozigots per tots
els polimorfismes analitzats. Aquesta mesura d’heterozigozitat informa de la

diversitat genética 1 €s comparable entre poblacions.
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1.5.1.1 Processos de diferenciacio genética: deriva genética, seleccio i
migracio

Els canvis en les freqiiencies al-lcliques dels polimorfismes ja
existents en les poblacions biologiques soén deguts a forces o processos
evolutius lligats als moviments demografics com la seleccio, la deriva

genetica o la influéncia migratoria.

e Deriva genetica

La deriva genética és la diferenciacio poblacional no direccional per
efecte de mostratge, €s a dir, a la generacid segiient només trobem una porcid
de la variacid genética de la generacid anterior. L’efecte de la deriva és
particularment evident en poblacions un nombre reduit d’individus. Una
situacid que afavoreix la deriva ¢és el cas de I’efecte fundador, on a partir
d’un subgrup poblacional molt reduit, que freqiientment no €s representatiu
de la poblacid parental, es genera una nova poblacid. La probabilitat de
fixacid genctica (perdua d’un dels dos al-lels, en el cas de polimorfismes
bial-I¢lics, 1 per tan de diversitat) ¢s molt elevada. La conseqiieéncia a nivell
poblacional €s la reduccié de la diversitat genetica intra-poblacional 1

I’increment de la diversitat inter-poblacional.

e Seleccio
La seleccid6 ¢és la diferenciacid poblacional dirigida com a
conseqiiencia d’una adaptacio al medi. La seleccido en les poblacions ve
donada pel fet que en una poblacid els diferents genotips presenten unes
taxes de supervivéencia i/o reproduccié diferencials. En els processos
selectius, un grup d’individus €s capa¢ de generar més descendéncia,

reproduint-se amb més freqiiéncia o generant descendéncia més fértil o amb
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menys mortalitat associada al medi, que un altre grup d’individus. La
seleccio actua directament sobre els fenotips (i només indirectament sobre
els genotips associats a aquests fenotips) 1 en un context ambiental
determinat. El resultat és el canvi en la composicid genética de les
successives generacions. La probabilitat de fixacid genética depen de la
magnitud de I’efecte selectiu.

Un aspecte particular i important en 1’espécie humana d’adaptaci6 al
medi serien els processos de colonitzacid de nous territoris 1 els canvis
produits en I’economia de subsisténcia degut a les adquisicions culturals. Un
cas relativament recent seria 1’adquisicié de I’agricultura durant el Neolitic.
L’augment de produccio de recursos alimentaris va augmentar la possibilitat
de superviveéncia i va permetre la preséncia de poblacions amb un nombre
més elevat d’individus, 1 també comporta un contacte constant amb els
animals. Aquests factors van tenir importants conseqiiéncies en la incidéncia
de malalties infeccioses ja que van facilitar-ne la transferéncia de parasits
d’animals a humans. Entre les implicacions genetiques d’aquesta adaptaciod
hi trobem la persistencia de la lactasa (capacitat de digerir llet 1 lactics en

edat adulta) 1 segurament d’altres adquisicions immunologiques.

e Migracio
Els moviments migratoris en totes les seves modalitats (continus o
puntuals, flux genétic 0 moviments en massa) han contribuit a modular la
composicio genctica de les poblacions provocant-ne la diferenciacio. Les
seves conseqiiencies son I’augment de la diversitat genetica intra-poblacional
1 la disminucié de la diversitat inter-poblacional. En els humans aquest ha
estat un dels fenomens més importants alhora de descriure el paisatge

genetic que observem avui dia ja que, un cop colonitzats tots els territoris,
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les diferents revolucions culturals (agricultura, era dels metalls, expansions
de civilitzacions, etc..) han generat uns fluxos genétics entre poblacions
completament allunyades geograficament incomparables amb cap altre

especie biologica.

1.5.1.2 Diversitat genética en humans

A finals dels segle passat, per tal d'explorar la magnitud de la
diversitat genetica en humans 1 la seva distribucid, es va originar el projecte
Diversitat del Genoma Huma (HGDP de I’anglés Human Genome Diversity
Project) on es van col-leccionar mostres de DNA de 1050 individus
procedents de 52 grups ¢etnics diferents distribuits pels cinc continents [61],
mostres sobre els que s’han anant analitzant diferent nombre 1 tipus de
polimorfismes.

Un dels primers resultats a destacar que van sorgir d’aquest projecte
¢s la relacid inversament proporcional entre la diversitat genctica
intrapoblacional (heterozigositat) 1 la distancia de cada poblacié a I'est
d’Africa [62] (Figura 10). Aquesta relacié observada va ser interpretada com
una confirmacidé més de la hipotesi “Origen Africa” (Out of Africa en
angles), on ’especie humana anatomicament moderna es va originar a ’est
d’Africa central fa 150.000 anys i, a través de successives migracions, acaba
poblant tota la superficie planetaria. Seguint la hipotesi prevalent, coneguda
com a efecte fundador en scrie, en el curs de I’expansid6 humana sobre el
planeta, subgrups de poblacid abandonaven les poblacions parentals
africanes per tal d’establir nous assentaments en territoris encara no
colonitzats. Aquests subgrups de poblacions eren portadors només d’una part
de la diversitat genctica total de la colonia parental, produint una reduccid

progressiva de la diversitat genetica poblacional a mesura que incrementava
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la distancia geografica a I’origen de la diversitat. En la figura 11 es pot
observar la localitzacid geografica de les 52 mostres poblacionals dels
Human Genome Diversity Project, alhora que s’observen rutes migratories

estimades en la colonitzacio dels continents.
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Figura 10- Relacio entre heterozigositat (diversitat genetica) esperada i
distancia geografic a I’Est d’Africa central de les 52 poblacions del projecte

HGD [63].
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Figura 11 - Distribucié geografica dels 52 grups etnics que inclosos al
projecte HGD 1 rutes migratories estimades en la colonitzacio dels continents

[63].

1.5.1.3 Mesures de distribucio i estructuracio genética

Comparant genéticament diferents poblacions, independentment de si
son mes o menys diverses genéticament, les freqiiencies dels polimorfismes
estudiats poden ser bastant similars o bastant diferents. En comparacié amb
I’exemple mencionat anteriorment, en una altra poblacio les freqiiéncies dels
dos al-lels exemple poden ser diferents (A 60% 1 G 40%). Aquesta diferéncia
entre poblacions en la freqiiencia dels polimorfismes acaba dibuixant una
distribucid de les freqiiencies genetiques a través de la geografia poblacional
que pot ser mesurada 1 representada de diverses formes, donant una idea de
les relacions genetiques poblacionals 1 de la possible estructuracio genética.

Una de les mesures més comuns de diferenciacid o estructuracio

genetica entre poblacions és I’anomenat index de fixacio o Fsr. Aquest index
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¢s una mesura de la variancia de les freqiiencies al-leliques entre poblacions
o subgrups de poblacions, és a dir, és una estimacio de la diferenciacid

genetica deguda a les diferencies entre poblacions.

Fsr = Variancia entre poblacions (s) / variancia total (t)

Aquest index varia entre 0 1 1, on O significaria abséncia de
diferenciacio genetica entre les poblacions analitzades. La resta de proporcid
de la variancia total és I’atribuida a diferéncies genétiques entre individus
dins de les poblacions. A la vegada, la variancia entre les poblacions (Fsr)
pot ser descomposta o jerarquitzada en variancia entre diferents grups de

poblacions (ex. entre continents) (Fsc) 1/0 dins d’un continent (Fcr)

Fsr=Fsc+Fcr

La magnitud d’aquestes variancies pot ser testada estadisticament,
per tal de comprovar si la diferenciacid6 genetica observada és
significativament diferent a una diferenciacié genética nul-la (Hy) entre
poblacions, dins dels continents 1 entre continents.

Per tal d’observar graficament les diferencies poblacionals, es pot
representar la matriu de distancies genctiques Fsr entre cada un dels
individus o poblacions. Aquesta matriu de distancies genetiques ¢s
projectada en pocs eixos de variacid o dimensions (normalment dos)
mitjancant un analisi d’escalat multidimensional (MDS de [’angles
Multidimentional Scaling). L’ analisi MDS assigna a cada poblacio o individu
unes coordenades dels eixos o dimensions estimades que poden ser

representades graficament en uns eixos de coordenades. Un altre metode pel
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qual s’obté una representacio similar de semblanga genctica entre poblacions
o individus és 1’analisi de components principals (PCA, de I’anglés Principal
Component Analysis), on la variacid genctica observada es reduida a poques
components que poden ser representades també en un eix de coordenades
[64].

Finalment, una altra analisi molt emprada per tal d’estimar
l'estructuracid genetica poblacional és 1’estimacid del nombre de grups o
“clusters” genetics a partir dels quals es podria haver generat tota la
diversitat trobada i la seva proporcid en els individus estudiats ignorant
inicialment la poblacié de procedeéncia. Aquest metode estima un nombre de
grups, clasters o “pools” genétics que poden ser interpretats com els
originals o ancestrals dels quals els individus actuals en so6n originaris.
També n’estima la proporcidé de cadascun d’ells en els individus
proporcionant una idea del component genetic dels individus en funcié de les
porcions relatives dels components ancestrals [65]. Els individus son
posteriorment agrupats en poblacions 1 s’observa com els individus de cada
poblacid comparteixen proporcions similars de components ancestrals.
D’aquesta manera es pot identificar poblacions representatives de “pools”
genctics ancestrals o originaris 1 poblacions fruit de la barreja poblacional

amb proporcions de components genetics caracteristics.

1.5.1.4 Distribuciéo i estructuracio genética global i del continent
Europeu

Gracies a projectes on s’han genotipat diferent nombre 1 tipus de
polimorfismes en poblacions d’arreu del mon, entre ells el projecte Human
Genome Diversity, s’ha estimat que la diferenciacio genetica entre individus

de diferents poblacions a nivell mundial és considerablement baixa. Com es
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pot observar a la taula 2, la magnitud de diferenciacid genetica entre
poblacions de tots els continents es troba al voltant del 10%, el que significa
que el 90% de tota la variabilitat genetica entre individus €s observada dins
de les poblacions. Dins d’aquest 10% de variacido entre poblacions, les
diferéncies genetiques més grans es troben entre grups de poblacions
continentals (~8%), mentre que la variacid entre poblacions d’un mateix
continent és considerablement baixa (~2%). Tot 1 que aquestes magnituds de
diferenciacid genetica entre poblacions presenten valors baixos, son

estadisticament significatives.

Entre poblacions

Poblacions Polimorfismes Dins poblacions dins continents Entre continents
Tots els continents 377 STRs 94.1 2.4 3.6
100 ALUs 88.6 1.9 9.6
650K SNPs 88.9 2.1 9
Europa 377 STRs 99.3 0.7
100 ALUs 99 1
Africa 377 STRs 96.9 3.1
100 ALUs 95.8 4.2
Asia 377 STRs 98.7 1.3
100 ALUs 97.7 23
Oceania 377 STRs 93.6 6.4
America 377 STRs 88.4 11.6

Taula 2 - Diferenciacid genetica poblacional (%) a partir de 1’analisi

molecular de la variancia (AMOVA) [66—68].

Com es pot observar en els valors de diferenciacid genetica entre
poblacions d’un mateix continent, Europa 1 Asia son els continents on la

diferenciacio genética entre poblacions €s més baixa (1-2%). Els valors més
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elevats que presenta el continent africa (3-4%) s’han relacionat amb la
possible major antiguitat d’aquestes poblacions. En I’altre extrem, els valors
m¢és alts de diferenciacid entre poblacions d’un mateix continent es presenten
en Oceania 1 America (6-11%), degut a una diferenciacid poblacional per
reduccid de la diversitat durant el procés colonitzador amb un posterior
aillament gencétic.

A Europa, tot i la poca diferenciacié genetica poblacional, aquesta
diferenciacio €s significativa 1 pot arribar a agrupar els individus segons la
regio geografica reflectint d’aquesta manera la geografia europea (Figura
12). La representacié observada en la figura 12 correspon a una analisi de
components principals (PCA) de la variacidé genética observada en 500,000
SNPs de 3192 individus europeus del projecte Population Reference Sample
(POPRES) [69]. La variacido genctica dels individus és reduida a dos
dimensions 1 els individus queden agrupats segons la seva semblanga
genetica, que alhora es correspon geograficament.

La gran part de variaci6 genetica observada a nivell de tot el genoma
presenta un patrd poblacional selectivament neutre [70]. Per tant, podem
afirmar que les causes principals de diferenciacié genética entre poblacions
humanes han estat la mutacid i la deriva genctica. La seleccio ha contribuit
en processos 1 regions genctiques puntuals, pero forma part de I’excepcio
dins del genoma. Aquests processos de diferenciacid selectivament neutres
son els principals causants de les diferenciacions continentals inicials. En
canvi, els posteriors fluxos migratoris, especialment dins dels continents, han
modulat la baixa diferenciacido poblacional (Fcr) 1 el continuum genétic

observat.

58



Figura 12 — Representacié de ’estructuracid genética, mitjangant un analisi
de components principals (PCA), observada en 500,000 SNPs de 3192
individus europeus del projecte Population Reference Sample (POPRES)
[69].

Aquest procés es pot visualitzar facilment mitjangant I’estimacié dels
anomenats components genctics (conceptualment ancestrals) en 938
individus del projecte Human Genome Diversity genotipats per 650,000
SNPs assumint la preséncia de 7 components genetics (K) [67] (Figura 13).
En aquesta figura es pot observar com cada individu €s representat per una
linia vertical fraccionada en segments de colors la longitud dels quals

corresponen a la proporcid inferida de cada component ancestral. La
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identificacié poblacional dels individus s'ha realitzat amb posterioritat a
I’estimacio ancestral 1 només s'ha utilitzat per tal d'ordenar els individus en
el grafic. S’observa com cada regio geografica te el seu component genetic
“ancestral” propi. També s’observa com els individus d’una mateixa
poblacié presenten proporcions similars dels diferents components
ancestrals, convertint aquestes proporcions en caracteristiques de la poblacio.
Les poblacions del Proxim Orient, tot 1 presentar el seu component genetic
propi, son les que presenten major influéncia d’altres components genetics,
degut a la seva situacid geografica tradicionalment de transit per moltes

expansions culturals.
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Figura 13 — Estimacié de components ancestrals en 938 individus del

projecte HGD assumint K (components ancestrals) igual a 7 [67].

1.5.2 Moviments poblacionals al llarg de la Historia i les seves
empremtes al genoma

Les estructures genetiques observades en les poblacions utilitzant
aquests tipus d'analisis no aporten informacid temporal, per tant, no es pot
determinar quan es van generar. Una dificultat afegida rau en que la
distribucid 1 diversitat actuals no son fruit d'un Unic fenomen, sind de
multiples fenomens que es sobreposen parcialment els uns als altres, des dels

origens fins els ultims processos de migracio i/o diferenciacio, cadascun

60



deixant el seu eco en el patrd de diversitat 1 distribuci6 actuals.

Pel que fa a la distribucid geografica dels marcadors uniparentals
(mtDNA 1 cromosoma Y), degut a la abséncia de recombinacio en la
seqliencia es pot estimar 1'edat de la seqiiéncia mitjancant la freqiiéncia de
mutacio de les variants genetiques. Observant la distribucid geografica de les
seqliencies es poden fer inferéncies dels fenomens passats que millor
expliquin la distribucid observada. Perd només es tracta de la informacid
d’un sol locus, en cada cas, que s’hereten via materna (mtDNA) o paterna
(ChrY).

En el cas de la variacié autosomica la possibilitat de disposar de
informacié genetica independent augmenta bastants ordres de magnitud, si
bé la recombinacio complica bastant la datacié dels patrons de variacio. Tot 1
aixi, es poden fer inferéncies sobre I’edat de divergeéncia entre components
genetics ancestrals a partir de distancies Fgr entre components, mides
efectives de poblacio 1 temps de generacio.

A mesura que s’han anat inferint moviments poblacionals descrits per
la genética, aquests corroboraven o complementaven el registre de troballes
arqueologiques que fins el moment donaven un model als poblaments 1
migracions humanes. Tal i com s’ha vist, 1'origen africa de l'especie humana
moderna fa 150.000 anys rau en l'elevada diversitat genetica present en el
continent africa [71], i en una série de migracions que sortiren d’Africa pel
nord-est i poblaren Asia central (fa 60.000 anys), Europa (fa 40.000 anys),
I’est d’Asia (40.000 anys) i més tard América (fa 15.000 anys) (Figura 14).
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Figura 14 - Rutes migratories de 1’especie humana moderna que poblaren el

planeta. (http://www.studyblue.com/notes/note/n/anthr-100-study-guide-2012-13-mariellasquire/deck/9715563)

S’estima que les poblacions humanes inicials que sortiren de I’ Africa
pel nord-est 1 colonitzaren tot el territori no superaven els 1000 individus en
nombre. Aquest processos migratoris es caracteritzen pel que s'anomenen
efectes fundadors on el grup migrant no era gen¢ticament representatiu ni tan
divers com l'original, generant patrons de diversitat genctica inferiors a
mesura que les poblacions s’escindien i s'allunyaven d'Africa [62]. Perd en
instal-lar-se a les noves arees colonitzades, aquestes poblacions
experimentaven un creixement demografic considerable. S’estima que el
nombre d’humans colonitzant tots els continents fa 10.000 anys deuria ser ja
d’entre 1 1 15 milions d’individus [72].

El fet diferencial d’espeécie que va permetre colonitzar tots els racons
del planeta van ser les innovacions culturals 1 socials per tal d’adaptar-se als
nous ambients 1 territoris. L’aprofitament dels recursos caracteristics de cada

regid es va optimitzar generant eines més sofisticades, inicialment de pedra,
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noves eines de pesca, 1’arc 1 la fletxa, 1 elaborant diferents peces de vestir per
protegir-se del clima. Pero, sobretot, la millora en la navegacié va permetre
la colonitzacid de les illes de Nova Guinea 1, posteriorment, de la Polinesia.

Tot aquest procés inicial de colonitzacié es va dur a terme amb una
economia cagadora-recol-lectora, on els assentaments de poblacions eren
nomades 1 es movien regularment per tal d’obtenir I’aliment.

Posteriorment, la domesticacid dels primers conreus de cereals (blat,
blat de moro 1 arrds) 1 les primeres cries d’animals aparegueren dins d’un
mateix interval de temps (fa 12—10.000 anys) 1 d’una forma independent en
diferents regions del planeta. Aquesta inicial produccié d’aliments, que
després esdevindria I’expansié de 1’agricultura i la ramaderia, 1 per tant del
Neolitic, apareix al Proxim Orient 1 Turquia, a la Xina (nord i sud
independentment), al Sahara, a Nova Guinea, a Méxic i a 1’oest d’Africa
central. Aquesta adquisicid técnica 1 cultural comporta un canvi important
en la dieta de les poblacions 1 un increment del sedentarisme. Les poblacions
patiren un creixement demografic que augmenta la densitat poblacional 1
originaren noves migracions que expandiren la técnica neolitica a les regions
veines [73]. S’estima que aquesta cultura neolitica de produccio de I’aliment
es va expandir a un ritme de 1-2 km per any, fet que s’ha interpretat tant per
I’expansi6 demografica dels agricultors com per 1’adquisicidé de la tecnica
per part de les poblacions cacadores-recol-lectores veines.

Aquest increment de la densitat poblacional també comporta
I’especialitzacid del treball, I’estratificacié social 1 les primeres societats
complexes amb diferents formes de govern. Posteriors revolucions técniques
permeteren noves expansions poblacionals, com ’adquisicié de nous metalls
(dins de I’edat del bronze fa 5000 anys i 1’edat del ferro fa 3500 anys) i la

domesticacid del cavall 1 del camell. Els augments de poblacid,
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l'estratificacid social 1 les revolucions tecnologiques van propiciar I’aparicid
de grans guerres entre governs veins.

Per tant, els moviments poblacionals al llarg de la historia de les
poblacions humanes han dibuixat fortament la distribucid genctica actual de

la nostra especie sobre el planeta.

1.5.2.1 Moviments poblacionals a Europa i al Mediterrani

Observant la distribucid genéetica al continent europeu 1 al nord
d'Africa, destaca que els eixos de variacid genética segueixen els eixos
geografics nord-sud 1 est-oest [69,74-77]. De fet, les primeres descripcions
geografiques dels polimorfismes proteics classics ja mostraven un gradient
continental des del Proxim Orient 1 Turquia cap al nord-oest continental
europeu (Illes Britaniques) 1 cap al Sahara nord-africa tot seguint la costa
africana. Aquesta distribucid genética ha estat tradicionalment interpretada
com el reflex de les rutes migratories adoptades per les poblacions humanes
tant des de I’inicial poblament continental per part de les societats cacadores-
recol-lectores fa 40.000 anys, com durant el desenvolupament de
I’agricultura fa aproximadament 11.000 anys, ja que ambdoés partiren de la
regid oriental de la Mediterrania. Pel que fa als patrons de variacié amb més
caracter nord-sud, aquests han estat tradicionalment interpretats com el
reflex del repoblament del continent europeu des dels refugis glacials del sud
d’Europa, després de 1’ultim periode glacial fa 15.000 quan les regions més
septentrionals d’Europa es van fer habitables per I’espécie humana [72,78].

Hi ha diverses qiiestions referents a com es van desenvolupar aquest
moviments poblacionals o culturals que han estat ampli tema de debat i1

investigacio.
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Segurament, la principal qliestié ¢és si durant 1’expansio de
I’agricultura les poblacions neolitiques substituiren completament les
poblacions paleolitiques ja presents en el territori (difusio démica), o bé, si
van ser les poblacions paleolitiques les que adquiriren la nova técnica
neolitica de les poblacions veines (difusio cultural). Un model o Daltre
suposaria una composicio genctica de les poblacions europees actuals ben
diferent. EI model de difusié démica comportaria un gran substrat genetic
original de les poblacions neolitiques del Proxim Orient, mentre que el
model de difusio cultural comportaria un gran substrat genétic procedent de
les poblacions paleolitiques ja presents en el continent europeu abans de
I’arribada de 1’agricultura. Alguns estudis han intentat resoldre aquesta
questid [79-81], 1 han descrit una aportacid neolitica a la composicio
gengtica europea actual també amb un patrd clinal, amb una forta contribucid
genetica a la regio dels Balcans (70%) que progressivament disminuiria fins
arribar a la peninsula Ibérica (30%), sent la poblacié del Pais Basc la que
mostraria menys contribucid neolitica de tot Europa. Actualment aquesta
qiiestid no es troba encara resolta. De fet, recentment han incrementat les
evidencies arqueologiques, 1 també algunes paleogenetiques, defensant la
dispersio del Neolitic en el continent europeu mitjancant una serie de
moviments maritims 1 terrestres al llarg de dos rutes principals, una
resseguint les costes mediterranies 1 una altre avangant a través de les valls

fluvials d’Europa continental [82] (Figura 15).
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Figura 15 — Mapa d’Europa que il-lustra el temps d’arribada aproximat (en

anys abans del present) de les primeres cultures neolitiques a cada regio [82].

Al centre d’Europa, la cultura neolitica aparegué fa 7.500 anys
caracteritzada per la ceramica d’estil Linearbandkeramik (LBK). Aquesta
cultura neolitica probablement procedia de la regié nord dels Balcans 1
avangava seguint la ruta que marcava el riu Danubi. Per contra, I’emergéncia
del Neolitic a I’oest del Mediterrani es produi lleugerament abans (8-7.500
anys) caracteritzada per la ceramica d’estil Cardial. Aquesta dispersio
neolitica al Mediterrani arriba a les dues costes més occidentals del
Mediterrani (Peninsula Iberica 1 Magrib) en un periode molt curt de temps 1
s’atribueix als colonitzadors anomenats maritime pioneers, capagos de

recorrer grans distancies maritimes [83].

66



Un altre tema de debat és la possible preséncia d’alguna barrera
genetica al llarg del Mediterrani. La preséncia del Mediterrani (barrera
geografica) entre les dues costes hauria originat un aillament genetic entre
les poblacions del nord 1 del sud diferenciant-les geneticament. Per contra, la
historia cultural compartida per les poblacions mediterranies (moviments
poblacionals 1 les civilitzacions) entre les dues costes haurien fet del
Mediterrani un mar permeable al flux genétic entre les poblacions del nord i
les del sud. Els estudis més recent que han abordat aquest tema apunten cap
a una continuitat genctica entre les poblacions del nord i del sud del
Mediterrani, especialment en la regid més occidental (Peninsula Iberica i

Magrib) on la distancia entre les dues costes és minima [76,84,85].
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1.6 Poblacions estudiades: Europa continental i area mediterrania

En aquesta tesi doctoral s’han caracteritzat genéticament les regions
dels gens NOS d’un total de 1451 individus provinents de 35 poblacions
humanes. Aquestes poblacions es troben distribuides a Europa (22
poblacions), Orient Mitja (2), nord d’Africa (7), Africa sud sahariana (2) i
Sud-Ameérica (2). A I'hora d’analitzar les dades, es va incloure la informacio
genctica de 4 poblacions europees del projecte 1000 Genomes junt amb les
nostres dades. L’estratégia de mostrejat va consistir en tenir ampliament
representades les poblacions humanes de la regié mediterrania, alhora que
també apareguessin representades poblacions nord-europees 1 algunes
poblacions externes al marc europeu 1 mediterrani, com les poblacions sud-
saharianes 1 amerindies. Detalls de les mostres poblacionals poden observar-
se a la Taula 3 1 una representacio de la localitzacio geografica de les mostres
europees 1 mediterranies s’observa a la Figura 16.

Aquesta representacid de poblacions del Mediterrani 1 Europa va ser
recollida per tal d’abordar diferents qiiestions poblacionals dins de I’ambit de
les malalties cardiovasculars com a fenotip complex de les poblacions.

D'una banda, el primer objectiu ¢s descriure la distribucio
poblacional dels factors genctics identificats com de risc en els estudis
epidemiologics. Tal 1 com s’ha explicat anteriorment, no només es pretén
descriure la variacio poblacional de les freqiiencies d’aquests factors de risc,
sind que es proposa descriure la variacid poblacional dels scores de risc
genetic (GRS) obtinguts a partir dels factors de risc individuals per tal de
descriure la covariacid geografica del GRS amb la incidéncia coronaria
poblacional descrita pel projecte MONICA de la OMS. Aquesta estratégia no
ha estat utilitzada préviament en cap estudi eco-epidemiologic fins a

'actualitat.
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Origen geografic Pais Poblacio Codi N Lat Lon
Europa Regne Unit Orcades ORK 48 59.00 | -3.00
Polonia Varsovia POL 44 52.25 | 21.00
Franga Frang¢a nord - Lille NFR 48 50.60 3.05
Franga sud - Tolosa SFR 48 43.65 1.50
Corsega nord NCO 33 42.60 9.50
Corsega sud CCO 45 41.90 8.60
Espanya Pais Basc -Guipuiscoa BQC 41 42.80 | -2.60
Catalunya - Girona CAT 43 41.95 2.75
Castella-Lle¢ est -
Burgos/Valladolid NSP 3 210 37
Andalusia oest -
Sevilla/Cadis SSp 46 37.38 | -5.97
Illes balears - Menorca MEN 49 40.00 3.80
Italia Italia central - Lazio CIT 37 43.15 | 13.40
Italia sud — Napols SIT 39 40.60 | 15.78
Sardenya nord NSR 43 40.33 9.40
Sardenya sud SSR 41 39.20 9.12
Sicilia SIC 32 38.20 | 12.50
Bosnia-Hercegovina Bosnia-Hercegovina nord ~ NBH 40 4480 | 17.20
Krajina
Bosnia-Hercegovina sud —
Costa adriatica SBH 37 4340 | 17.80
Grecia Grecia nord - Tesaloniki NGR 48 40.60 | 22.98
Grécia sud — Atenes SGR 43 37.50 | 22.45
Creta CRT 44 3525 | 25.00
Turquia Poblaci6 general TRK 48 39.95 | 3290
Orient Mitja Jordania Poblacid general GJD 48 31.65 | 36.50
Beduins de Jordania BID 42 30.20 | 35.75
Nord d’Africa Marroc Alt Atlas - Asni ASM 48 31.15 -8.00
Alt Atlas - Khenifra KHM 43 3290 | -5.60
Baix Atlas - Bouhria BOM 35 34.60 | -3.69
Algeria M'zab MZB 50 28.00 3.00
Tunisia Tunisia centre-nord NTS 47 36.80 | 10.16
Tunisia sud STS 49 33.88 | 10.03
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Egipte Siwa SIW 23 29.15 | 25.50
Sud Sahara Costa d'Ivori Ahizi AHZ 26 6.12 -3.82

Nigeria Bamileké BAM 25 4.25 9.25
Sud America Bolivia Aimara AYM 43 -16.63 | -68.47

Quitxua QCH 36 -19.45 | -66.20

Total mostres DNA 1451
1000 Genomes Regne Unit GBR GBR 89 5222 | -0.97

Europe central CEU CEU 85 52.38 8.14

Finlandia FIN FIN 93 62.02 | 24.07

Italia TSI TSI 98 4320 | 11.67
Total 1000G 365
TOTAL 1816

Taula 3 - Detalls de les mostres poblacionals
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Figura 16 - Distribucié geografica de les mostres poblacionals europees i

mediterranies. La codificacid es pot observar a la taula 3.

70




D'altra banda, el segon objectiu €s identificar quins son els patrons de
variacid genctica que expliquen la diferent incidéncia cardiovascular en les
poblacions europees. En apartats anteriors d’aquesta tesi, s’ha observat com
la diferenciacié genctica entre poblacions europees &és petita pero
significativa, alhora que els patrons de distribucid genetica al continent
segueixen patrons geografics. Per tant, aquest fenomen genetic ampliament
conegut al continent europeu podria estar influenciant la variacidé en la
incidencia cardiovascular, ja que els factors de risc genétic es trobarien
distribuits seguint els mateixos patrons que la resta de variacid genética
neutra no associada a cap fenotip. Per tal de determinar la validesa d’aquesta
hipotesi, es vol comprovar si els factors genétics identificats de risc tenen
patrons poblacionals modulats per algun efecte selectiu o, per contra,
presenten un patrdo de variacid neutra similar al de la resta de variacid
genetica estudiada. I per una altra banda, també s’ha avaluat si parametres
d’estructuracio genetica obtinguts amb les nostres dades (com els descrits
anteriorment: distancies genétiques, components principals 1 components
ancestrals) son capacos d’explicar la variacidé geografica de la incidéncia
coronaria aportada pel projecte MONICA de la OMS.

Estudiar la relacid entre les distribucions poblacionals de la variacid
genetica 1 les malalties complexes des del prisma de la historia demografica
recent de les poblacions humanes del continent europeu 1 de la Mediterrania
pot ser de gran ajuda per la comprensié de la historia natural d’aquestes
malalties a la Mediterrania i tamb¢ per a la prevencio 1 tractament d’aquestes

malalties.
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2. OBJECTIUS






2.1 Objectius de la tesi

Aquesta tesi es centra en la exploracid de la diversitat genctica del
gen FI1341 1 de regions gendOmiques corresponents als tres gens NOS 1
adjacents, mitjancant polimorfismes SNPs 1 STRs, en mostres
epidemiologiques cardiovasculars, i en un conjunt de mostres poblacionals
representatives del continent europeu i de la regié mediterrania, 1 la seva
interpretacid des del punt de vista de la incidencia cardiovascular i la historia

demografica d’aquestes poblacions.

Amb aquests proposits, 1’estudi ha estat dissenyat per tal d’assolir els

seglients objectius:

e Identificar variacio genetica de risc present al gen F/341 per infart de
miocardi 1 el rol de les seves possibles interaccions en una mostra de
101 families amb fills afectats. Aquestes analisis epidemiologiques van
incloure:

a) Identificar marcadors genctics de risc per infart de miocardi al
gen F13A41 en poblacid espanyola.

b) Identificar interaccions entre els factors genetics dins del gen
F13A1 1la seva contribucid al risc.

c) Comprendre el possible efecte poblacional a I'hora d’identificar

marcadors de risc.

e Identificar variacid genetica de risc present als gens NOS per infart de
miocardi en diferents mostres cas-control europees, i1 descriure i
analitzar la seva distribucié poblacional 1 les seves conseqiieéncies

epidemiologiques a Europa i al Mediterrani, dins del marc de la diferent

75



incidéncia cardiovascular observada a Europa. El desenvolupament

d’aquest objectiu s'ha portat a terme mitjangant els seglients objectius

especifics:

a)

b)

d)

Determinar la variacido d'un conjunt de SNPs de les regions
genomiques dels gens NOS 1 adjacents en mostres cas-control de
la Peninsula Iberica 1 comparar-la amb mostres cas-control
europees, per tal d’identificar factors de risc per l'infart de
miocardi.

Valorar la capacitat dels factors genctics de risc identificats per
discernir entre afectats i no afectats mitjancant el calcul d’una
puntuacio de risc.

Descriure la variacié poblacional a través d’Europa 1 el
Mediterrani dels marcadors de risc 1 també de la puntuacid
genetica de risc mitjana de cada poblacio.

Correlacionar la puntuacid genctica de risc dels gens NOS amb la
incidéncia cardiovascular descrita al continent europeu i
determinar la proporcio de variacid que n’explica.

Valorar les aportacions que 1’s dels GRS poden oferir a futurs

estudis eco-epidemiologics.

Descriure 1 analitzar la variacid poblacional a Europa i al Mediterrani

dels marcadors genetics (tant de risc com no de risc) dels gens NOS per

tal d’identificar quins processos demografics i/o adaptatius poden haver

modulat la variaci®6 observada 1 estudiar si aquests processos

demografics poblacionals permeten explicar la diferent incidéncia

cardiovascular al continent europeu. Aquestes analisis poblacionals

s'han assolit amb els segiients objectius especifics:
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g)

h)

1)

Determinar la variacié d’un conjunt de 114 SNPs 1 17 STRs en
1451 mostres procedents de 35 poblacions localitzades
principalment a Europa, nord d’Africa i Orient Mitja, amb
algunes referéncies externes localitzades a I'Africa sud-sahariana
1 Sud America.

Valorar I’efecte de 1’adaptacio al medi sobre els marcadors
genetics estudiats (relacionats o no amb les malalties coronaries)
mitjan¢ant 1'estudi de possibles senyals de seleccid.

Caracteritzar les relacions genctiques de les mostres europees i
mediterranies mitjancant distancies genetiques 1 estimacions de
distribucio 1 estructuracid genetica.

Estimar 1 interpretar el nombre 1 proporcié de contribucions
genetiques “ancestrals” al patrimoni genctic actual de les
poblacions estudiades.

Estimar la contribucio6 de 1’estructuracié genética poblacional a la
incideéncia coronaria observada a Europa 1 valorar quins processos

poblacionals ens explicarien les relacions observades.
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3. RESULTATS






3.1 Informe dels directors de tesi del factor d'impacte dels articles
publicats

La tesi doctoral “Variacié genomica de les Sintases d’Oxid Nitric i
de regions associades amb Risc Cardiovascular en Poblacions Humanes”
es basa en els resultats obtinguts per Robert Carreras Torres 1 presentats en
tres articles, dos d’ells ja publicats en revistes cientifiques internacionals

mentre que el tercer es troba llest per presentar a consideracio editorial.

La importancia dels resultats obtinguts es demostra per la qualitat de

les revistes cientifiques:

Thrombosis Research ¢€s la revista cientifica oficial de la European
Thrombosis Research Organization (ETRO). Aquesta revista es troba
indexada a SCI 1 SSCI amb un factor d’impacte de 3.133 (2012) 1
classificada en 1’area Hematology 25/67, Q2; 1 a 1’area Peripheral Vascular

Disease 18/68, Q2.

PLoS ONE ¢és una revista cientifica multidisciplinar d’accés obert,
revisada 1 arbitrada per experts de la organitzacid Public Library of Science
(PLoS). Aquesta revista es troba indexada a SCI 1 SSCI amb un factor
d’impacte de 3.730 (2012) i classificada en el primer quartil (Q1) de I’area
Multidisciplinary Sciences, posicid 7/56.

Signat per Dr. Pedro Moral Castrillo 1 Dr. Marc Via Garcia
Barcelona, 22 Abril 2014.
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3.2 Resultats I: Carreras-Torres et al., 2010

Allele-allele interaction within the F13A41 gene:

A risk factor for Ischaemic Heart Disease in Spanish population

Robert Carreras-Torres, Georgios Athanasiadis, Marc Via, Joan Trenchs,

Magda Gaya-Vidal, Josep Santamaria, Esther Esteban, Pedro Moral.

Thrombosis Research 126 (2010) e241-e245.

3.2.1 Resum en Catala
Interaccio al-lel-al-lel dins del gen FI13A41:
Un factor de risc per I’infart de miocardi en la poblacio espanyola

El factor plasmatic de coagulacio XII (FXIII) és una pro-
transglutaminasa essencial per l'equilibri hemostatic amb un rol molt
important en la coagulacié sanguinia. La variacid genética present al gen del
factor de coagulacido (gen FI13A41) pot trobar-se entre les causes dels
processos moleculars que ocasionen una malaltia cardiovascular. Existeixen
dos polimorfismes genetics SNPs (rs5985 1 rs5982) en el gen FI1341 que
provoquen un canvi aminoacidic en el factor FXIII, modulant lleugerament
la seva funcid. El canvi al-lelic Leu34 per Val34 del polimorfisme rs5985
provoca el canvi aminoacidic de leucina per valina, mentre que la variacio
al-1elica Leu564 per Pro564 de rs5982 genera el canvi de leucina per prolina.
Aquestes modificacions aminoacidiques en el FXIII s'han trobat previament
relacionades amb un caracter protector davant fenomens trombotics o de risc
davant fenomens hemorragics, sobretot en poblacions nord-centre europees
pero no en poblacions del sud d'Europa, com és el cas d'Espanya.

En aquest article s'ha estudiat en una mostra de 101 families de I’area
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de Barcelona la transmissio entre pares/mares 1 fills afectats d'infart de
miocardi d'aquest dos polimorfismes bial-lelics SNP (rs5985 1 rs5982)
juntament amb dos polimorfismes multial-Ielics de repeticions en tandem
STR (F13A41-STR 1 D6S477), que es troben flanquejant a banda 1 banda el
gen F'13A41. El test de desequilibri de la transmissid (TDT) es va aplicar tan a
la mostra global com als subgrups de mostra obtinguts en agrupar els
pacients segons els seus genotips dels polimorfismes SNPs.

Com a resultats es va observar que la variant al-lelica Pro564 de
rs5982 es trobava transmesa en 34 casos d'un total de 42, sense ser
significativament diferent del 50% esperat. Mentre que en el subgrup de
mostra on els fills afectats presentaven el genotip Val34-Val34 per rs5985, la
transmissio de 1’al-lel Pro564 de rs5982 fou significativament diferent a
l'esperada a I'atzar amb 21 casos d'un total de 23. Aquest desequilibri de la
transmissioé de Pro564 observat sobretot en el grup de pacients Val34-Val34
suggereix una interaccid entre aquestes dues variants genetiques (Pro564 1
Val34) que incrementaria el risc de patir un infart de miocardi. Aquests
resultats, conjuntament amb d'altres de la bibliografia, indicarien que una de
les causes del paper pro-trombotic del FXIII vindria donat per la combinacio
de les dues variants Val34 i Pro564 en una mateixa seqiiencia del gen F13A41.
De la mateixa manera, un paper pro-hemorragic de FXIII seria afavorit per la
combinacido Leu34 i Leu564, mentre les combinacions Val34 1 Leu564, 1
Leu34 i Pro564 equilibrarien el FXIII. Per tant, efectivament aquests
polimorfismes també es troben associats a d’infart de miocardi en la
poblacio espanyola pero 1'associacid només es manifesta quan es consideren
els dos polimorfismes conjuntament degut al seu rol interactiu dins de FXIII.
Pel que fa als polimorfismes multial-l¢lics STR, es va observar que 1’al-lel

més curt (3.2 repeticions) de F1341-STR es trobava infratransmes, mentre
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que I’al-lel més llarg, d'entre els de més freqiiencia poblacional (7
repeticions), s’observava sobretransmes tan individualment com combinats
amb 1’al-lel Pro564. Aquest STR es troba localitzat a la regié promotora del
gen 1 els resultats, juntament amb d'altres de la bibliografia, podrien apuntar
cap a un paper regulador de F'1341-STR en l'expressio del gen FI13A41 1, per
tant, en la disponibilitat en sang del FXIII.
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3.2.2 Informe dels directors de tesi de la participacio del doctorant en
I'article i de la singularitat de 'article en la elaboracio de la tesi.

Dr. Pedro Moral Castrillo, professor del Departament de Biologia
Animal de la Universitat de Barcelona, 1 Dr. Marc Via Garcia, professor del
Departament de Psiquiatria 1 Psicobiologia Clinica de la Universitat de
Barcelona, supervisors de la tesi doctoral “Variacié genomica de les
Sintases d’Oxid Nitric i de regions associades amb Risc Cardiovascular
en Poblacions Humanes”, manifesten que I’estudiant de doctorat Robert
Carreras Torres ha participat en el treball titulat “Allele-allele interaction
within the FI3A1 gene: A risk factor for Ischaemic Heart Disease in
Spanish population”, publicat a la revista Thrombosis Research, en les
seguents tasques:

- Disseny del pla de recerca (90%).
- Genotipaciod dels STRs en el laboratori (100%).
- Creacio de las bases de dades genctiques 1 seleccio de resultats

disponibles a la bibliografia per tal de realitzar comparacions (100%).

- Analisis estadistics (100%).
- Redaccio de I’article (95%).

Cap dels coautors de D’article ha utilitzat els resultats d’aquest estudi de
manera implicita o explicita per elaborar una altra tesi doctoral. Per tant,
aquest article forma part de manera exclusiva de la tesi doctoral de Robert

Carreras Torres.

Signat per Dr. Pedro Moral Castrillo 1 Dr. Marc Via Garcia
Barcelona, 22 Abril 2014.
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Letter to the Editors-in-Chief

Allele-allele interaction within the F13A1 gene: A risk factor for
Ischaemic Heart Disease in Spanish population

To the Editor,

Atherothrombotic diseases are a group of diseases that cause the
majority of population morbidity in industrialized countries. Genetic
variation in causative or susceptible genes constitutes the basis of
molecular mechanisms, that together with environmental factors,
lead to disease development [1].

Plasma coagulation factor XIII (FXIII) is a pro-transglutaminase
essential for haemostasis which, after being activated by thrombin and
Ca2+, plays an important role in the final stages of blood coagulation
and in the regulation of fibrinolysis. Plasma FXIII consists of two A
subunits and two B subunits (carrier molecule), encoded by genes
located on chromosomes 6p25-p24 and 1q31-q32.1, respectively.
Activated FXIII cross-links covalently adjacent fibrin monomers and
stabilizes the structure of blood clot [2]. Genetic variation in the
sequence of FXIII A subunit (F13A1) has been associated with
atherothrombotic disease and functional changes in FXIII levels and
activity.

The Val34Leu polymorphism (rs5985) is a non-synonymous
single-nucleotide polymorphism (SNP) located in exon 2 of F13A1,
three residues away from the thrombin cleavage site [3]. Studies of
fibrin structure and clot permeability showed how Leu34 allele
modulates the association of loss of permeability with high fibrinogen
concentrations [4]. Individuals carrying Leu34Leu34 genotype pro-
duced fibrin with thicker fibres at elevated fibrinogen concentrations,
preventing physiological conditions associated with thrombotic risk
and pointing out a gene-environment interaction. Controversial
results on its potential role in coronary artery disease (CAD)
susceptibility have been reported. Whereas some epidemiological
studies indicated a main protective role of Leu34 against thrombosis in
different populations in the UK, Finland, Northern France, Northern
Italy, and Turkey [5-10], it has not been confirmed in other
populations, such as Spain, Southern France, Netherlands, Italy,
Sardinia, and Hungary [11-17], as reviewed by Voké et al [18].

Another important non-synonymous SNP, Pro564Leu (rs5982),
located in exon 11 of F13A1 on the barrel 1 domain of the FXIIIA
subunit [3], is implicated in the interactions between the A and B
subunits of FXIII [19], affecting the supply of activated FXIII. Although
this polymorphism has been less studied, evidence of association of
the Leu564 allele with hemorrhagic stroke has been reported [20].

As well as SNPs, two additional tetranucleotide microsatellite
polymorphisms (STR) flanking the F13A1 coding sequence have also
been described: the F13A1-STR [21] and the D6S477. The former is
located 704 bp upstream from the transcription initiation site and the
latter 3692 bp downstream the end of transcription. To date, there are
no data from association studies for these microsatellite polymorphisms.

The lack of replication in genetic epidemiological studies could be
attributed to gene-gene interactions. Moore [22] suggested that

0049-3848/$ - see front matter © 2010 Published by Elsevier Ltd.
doi:10.1016/j.thromres.2010.04.021

epistasis is a ubiquitous component of the genetic architecture of
common human disease and complex interactions are more important
than independent gene effects. As interactions among polymorphisms
in different gene regions, interactions among polymorphisms within the
same gene could be important to test the contribution of a gene to the
development of complex human diseases. Previous studies tested
interaction of the Val34Leu and Pro564Leu polymorphisms of F13A1
gene with hemorrhagic stroke [20], ischaemic stroke and myocardial
infarction [23] in young European-American women without finding
any association. Although these two polymorphisms were jointly
analysed in a European sample from the UK [24], they had not been
tested for interaction.

In this context, this paper presents the first approach to assess the
importance of allele interactions within the F13A1 gene in the
susceptibility to CAD in a European population. This has been carried
out through a family-based association study of the above reported
makers in the F13A1 gene in a sample of ischemic heart disease (IHD)
patients from Spain.

A total sample of 101 nuclear families (N=302 individuals) were
recruited from the area of Barcelona, Spain, including classic cardio-
vascular risk factors related information. One individual diagnosed for
[HD and both parents formed each family trio. When sampling from
both parents was not possible (56 families), brothers and sisters were
also studied to reconstruct parental genotypes and haplotypes.
Patients were characterized by being younger than 55 and affected
by Ml or angina pectoris. MI was diagnosed by clinical, enzymatic (CPK
levels >200 U/1), and electrocardiography changes typical in myocar-
dial ischaemic injury and necrosis, and AP by coronariography with an
obstruction of more than 50% in a main coronary artery. A
comprehensive description of DNA extraction methods and lipid
level measurements has been reported by Via et al [25].

Both SNPs (Val34Leu and Pro564Leu) were determined by PCR
amplification followed by RFLP analysis and allele identification as
described in Reiner et al [20].

F13A-STR and D6S477 microsatellite polymorphisms were typed
by DNA fragment analysis [PCR conditions in a total volume of 20 pl:
25 ng of template DNA; 10 pmol of each primer; 0.25 mM of each
dNTP; 2.5 mM MgCl; 1 unit of Tag DNA polymerase and 2 pl buffer 10X
(Biotools B&M Labs S.A., Madrid, Spain). Used primers for the F13A1-
STR (unlabelled forward primer 5’GAGGTTGCACTCCAGCCTTT3’ and
the labelled reverse primer 5’GCCCCAAGGAAGATGAGTAA3’ with
fluorescent FAM) and for the D6S477 (the labelled forward primer 5’
GATTTGCCATGATAGATGGC3’ with fluorescent HEX and the unla-
belled reverse primer 5’GGGGGATATCTCAAACAACC3’). Amplification
program (initial 5 min denaturation step at 94 °C, 30 cycles of 1 min
at 95 °C, 1 min at 62 °C for the F13A1 polymorphism and 58 °C for the
D6S477 polymorphism, and 1 min at 72 °C, followed by a final step
of 5 min at 72 °C)]. The size standard used in the capillary electro-
phoresis was CST ROX 70-500 (BioVentures. Inc., Murfreesboro, TN).
DNA from homozygote individuals was directly sequenced to establish
the exact number of repeats and control allele designations. Analyses
were performed on an ABI PRISM 3700 analyser and results were
visualized using the GeneMapper 3.0 software (Applied Biosystems,
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Foster City, CA). Allele designation for D6S477 was according to Barral
et al [26].

Allele frequencies were calculated through SPSS for Windows
(SPSS Inc., Chicago, USA). Goodness-of-fit to Hardy-Weinberg law and
linkage disequilibrium were calculated using Genepop v. 4.0 [27].
Genetix v. 4.04 [28] was used to estimate gene diversities and other
standard population genetics statistics. Cardiovascular risk factors
frequencies and lipid mean values were also calculated and analyzed
by SPSS for Windows.

The transmission disequilibrium test (TDT) was performed by the
PBAT/FBAT software [29]. Bonferroni correction was applied for
multiple testing. Statistical power of the used sample was assessed
in two different ways: i) an a priori value through QUANTO vs 1.2.3
software assuming a disease prevalence of 0.07 [30], and ii) an a
posteriori estimation based on allele frequencies under an additive
model through PBAT/FBAT software [29]. Potential allele interactions
were tested stratifying the 101 family trios according to the patients’
genotype. Allele relative risk (RR) and confidence interval (CI) were
calculated with Epi InfoTM v. 3.4.3 [31].

Allele frequencies of the two SNPs and the two STRs in IHD
patients, their parents, and the total sample are shown in Table 1.
Non-biased heterozygosity ranged from 0.277 to 0.410 for SNPs and
from 0.718 to 0.771 for STRs. In all cases, genotype distributions were
in H-W equilibrium. No significant linkage disequilibrium (LD)
between loci or significant differences between patient and parent
subgroups were detected (data not shown). Allele combinations
between the two SNP loci pointed out the Val34-Pro564 as the most
frequent.

The distribution of several risk factors CAD is shown in Table 2.
Heavy smoking (>15 cigarettes per day), alcohol consumption, fat-
rich diet, and elevated triglyceride levels, as well as low HDL
cholesterol levels, were characteristics of our IHD patients. Interest-

ingly, patients with Val34Val34 genotypes showed significant low
levels of triglycerides.

As far as TDT analysis, “a priori” power estimations indicated that
our sample had a power >80% to detect risks of around 2.8 using
minor allele frequencies (MAF)>5%, and 2.05 using SNP MAF
frequencies >15%.

TDT results for allele and allele combinations are shown in Table 1.
Transmission disequilibrium was observed for F13A1-STR*3.2 and
D6S477*18 alleles and Val34-Pro564 haplotype (Table 1). Also
deviations were present for Pro564-F13A1-STR*3.2 (risk ratio (RR) =
0.2; 95%ClI: 0.06-0.73) and Pro564-F13A-STR*7 (RR=3.2; 95%Cl: 1.67-
6.47) allele combinations. Allele interaction results between the two
SNP loci indicated a significant transmission deviation for Pro564 allele
in the patient subgroup of Val34Val34 genotype (Table 3). Also
transmission deviation was detected for the Pro564-F13A-STR*7 allele
combination in patients with Val34Val34 genotype (RR=6.0; 95%Cl:
1.63-22.03). However, all STR-involved deviations were insignificant
when the stringent Bonferroni correction was applied. Interaction
between genetic factors and classic cardiovascular risk factors of
Table 2 were not observed (data not shown).

In general, our results in IHD Spanish patients agree with published
data reporting no remarkable individual effect of F13A1 polymorph-
isms in Mediterranean populations. However, positive significant
association of Pro564 allele in Val34Val34 homozygote patients was
found in this survey. Recently, it has increased awareness that genetic
and environmental interactions are involved in susceptibility to
atherothrombotic diseases. Some previous reported studies highlight-
ed the importance of interactions between Val34Leu polymorphism
and acquired/environmental factors, such as features of insulin
resistance [32] and fibrinogen concentrations [17]. In this way, our
association results suggest an allele-allele interaction within F13A1
that could help to explain previous controversial results on the genetic

Table 1
Allele and allele combination fequencies and TDT analyses of Val34Leu, Pro564Leu, F13A1-STR and D65S477 polymorphisms.

Locus Allele or allele Gene Frequencies TDT analyses
Sombitn Patients Parents Total sample T/NT§ RR (95%CI )}

Val34Leu (n=098) (n=133) (n=280)
Val34 0.714 0.744 0.734 20/16 1.25 (0.78-2.00)

Pro564Leu (n=101) (n=139) (n=294) 4.25 (2.24-8.06)
Pro564 0.835 0.791 0.808 34/8

Haplotypes Val34Leu/ Pro564Leu Val34-Pro564 0.620 0.580 0.607 36/9 4(2.19-7.31)*
Val34-Leu564 0.096 0.168 0.147 4/25 0.16 (0.06-0.40)
Leu34-Pro564 0.210 0.214 0.192 10/10 1 (0.54-1.86)
Leu34-Leu564 0.074 0.038 0.054 2/7 0.29 (0.08-1.02)

F13A1-STR (n=093) (n=199) (n=255)
3.2 0.032 0.071 0.063 2/15 0.13 (0.04-0.50)**
4 0.010 0.017 0.012 1/1 1 (0.48-2.10)
5 0.247 0.235 0.239 15/18 0.83 (0.51-1.36)
6 0.290 0.348 0.319 24/18 1.33 (0.86-2.06)
7 0.371 0.289 0.322 21/11 1.91 (1.11-3.28)
8 0.006 0.013 0.009 1/3 0.33 (0.06-1.99)
16 0.032 0.013 0.024 31 3 (0.50-17.95)
17 0.006 0.013 0.008 0/2
18 0.006 0 0.004

D6S477 (n=65) (n=96) (n=200)
13 0.008 0.016 0.013 0/1
15 0.015 0.026 0.018 1/2 0.5 (0.08-2.99)
16 0.023 0.031 0.033 2/2 1 (0.25-4.00)
17 0.215 0.188 0.208 8/8 1 (0.50-2.00)
18 0.208 0.188 0.190 14/3 4,67 (1.63-13.34)*
19 0.346 0.375 0.368 8/17 0.47 (0.25-0.88)
20 0.154 0.151 0.153 6/7 0.86 (0.40-1.86)
21 0.015 0.016 0.010 11 1 (0.48-2.10)
22 0.015 0.010 0.010 2/0

§ Number of transmitted (T) and untrasmitted (NT) alleles.  Relative Risk with 95% Confidence Interval. * p<0.05 before Bonferroni correction. ** p<0.01 before Bonferroni

correction.



Letter to the Editors-in-Chief e243
Table 2
Sample description: classic cardiovascular risk factor distribution in sample subgroups.
Patient's subgroups according to genotype (n) Whole Parents Siblings p
Val34 Val34 Leu34 pvalue Pro564 Pro564 Leu564  p value E’fg]e)"ts () & wellie
Val34 (50) Leu34 (40) Leu34 (8) Pro564 (68) Leu564 (32) Leu564 (1)
Gender (%)
Male 91.7 92.3 87.5 ns 89.7 96.8 100.0 ns 92.1 36.8 42.1 <0.01
Age (mean years)
4534+7.0 43.04+£5.9 415482 ns 444469 43.34+6.1 52.0 ns 44246.6 72.6+£7.2 438492 <0.01
BMI (%)
<25 29.8 18.9 125 32.8 103 255 27.3 412
25-30 46.8 75.7 75.0 53.7 69.0 100.0 59.2 50.8 353
>30 234 54 125 ns 134 20.7 ns 15.3 21.2 235 ns
Cigarettes/Day (%)
0 45 171 12.7 3.7 9.8 67.8 31.7
<15 9.1 114 9.5 3.7 100.0 8.7 9.9 9.8
15-25 29.5 28.6 714 31.7 29.6 30.4 9.1 244
>25 56.8 429 28.6 ns 46.0 63.0 <0.05 51.1 13.2 34.1 <0.01
Alcohol consumption (%)
No 39.1 40.0 28.6 37.5 393 100.0 39.4 61.3 39.0
<30 mg/day 435 54.3 714 54.7 429 50.0 328 58.5
>30 mg/day 174 5.7 ns 7.8 179 ns 10.6 59 24 <0.05
Diet (%)
Normal 38.1 40.0 66.7 424 36.4 415 713 66.7
Fat-rich 59.5 56.7 333 55.9 59.1 56.1 25.2 31
Diabetic 33 4.5 12 2.6 2.4
Others ns 1.7 ns 1.2 0.9 <0.05
Hypertension (%)
Yes 383 29.7 0.0 ns 284 34.5 0.0 ns 30.6 46.6 18.6 <0.05
Lipid mean levels (mean mg/dl)
Total cholesterol 193.7 +£41.3 19424462 194.1+59.6 ns 193.54+41.7 198.84+50.7 173.2 ns 19434446 207.54+42.7 208.14+44.7 ns
HDL 353+8.6 36.2+8.2 343+6.0 ns 355+8.0 36.7+£9.2 37.0 ns 36.0+84 46.84+13.1 4754149 <0.01
ApoB 9444225 9954295 9944333 ns 96.5+233 99.6+£329 1033 ns 9734265 99.14£253 9884288 ns
Triglyceride 11184614 1269+53.0 15824656 <0.05 119.6+754 139.0+£64.3 151.0 ns 125.6+71.7 110.0+£62.6 98.74+57.8 <0.05

susceptibility of F13A1 gene. Physiological results have suggested that
these alleles can be associated to thrombotic risk, through more
effective binding of subunits A and B of the FXIII molecule by Pro564
allele [19] and disability at modulating clot permeability in risen
fibrinogen conditions [4]. In other words, the combination of both
alleles in F13A1 would lead to increase the risk of thrombosis, not
always detected with simple genetic association analysis.

Similarly to studies linked to CAD disease, some population-based
studies involving venous vhromboembolism (VTE) also reported a
protective effect of Leu34 allele in populations of Northern UK, Austria
and France [33-36]. The latter studies failed to report associations in

Table 3
Interaction analyses among Val34Leu and Pro564Leu polymorphisms.
Allele Family sample according to TDT analyses
patients' genotype (N° families) T/NTS RR (95%C1 )i
Pro564 Val34Val34 (50) 21/2 10.5 (2.78-39.71)#
Val34Leu34 (40) 10/5 2 (0.90-4.45)
Leu34Leu34 (8) 111 1 (0.14-7.10)
Val34 Pro564Pro564 (68) 13/9 1.4 (0.78-2.66)
Pro564Leu564 (32) 7/7 1 (0.48-2.10)

Leu564Leu564 (1)

§ Number of transmitted (T) and untrasmitted (NT) alleles. T Relative Risk with 95%
Confidence Interval. # p<0.05.

the populations of Spain, Hungary and Southern Italy [11,37,38], as
reviewed by Wells et al [39]. Besides, an increased risk of the Leu34
allele associated with intracranial hemorrhage was observed in
populations of Northern UK and Northern Italy [9,40], but was not
reported in populations of Spain, Austria and Poland [41-43].
Accordingly, the Leu34 allele has been reported both to be protective
against thrombosis and involved in the pathogenesis of bleeding.
Thus, the final physiological role, thrombotic or hemorrhagic, of the
plasmatic FXIII could be due to combined effects of different
polymorphic sites of F13A1. This might be the case of the interaction
between Val34Leu and Pro564Leu polymorphisms found in this study
that could help to explain previous controversial results on the
genetic variation of the F13A1 gene with vascular disease. A balanced
combination of prothrombotic (such as Pro564 plus Val34) and
prohemorrhagic (such as Leu564 and Leu34) variants in different FXIII
sites can lead to negative association results when only single FXIII
gene variants are examined. This situation is reflected with the
decrease of RR values detected for the Pro564 allele in the different
Val34Leu genotypes (RR=10.5 in Val34Val34; RR=2.0 in Val34-
Leu34). As far as the reported differences between Northern & Central
Europe and Mediterranean populations, Moore suggested [22] that,
under an interacting model, independent effects can only be detected
depending on the allele frequencies in the population. So, the
protective or risk effect of Leu34 allele described in the former can
be masked in Mediterranean populations by other interacting
polymorphisms such as Pro564 allele. Likewise, another factor that
can also increase the probability of detecting independent
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associations is linkage disequilibrium. In this point, both low
heterozygosity and high linkage disequilibrium are characteristic of
Northern Europe as compared with Mediterranean region [44]; a fact
that could explain positive associations in the former but not in the
later.

Concerning STRs markers, we have detected a protective effect of
the F13A1-STR*3.2 allele, the shortest in size, and a risk role of F13A1-
STR*7 allele, the largest in size among common alleles. These findings
are consistent with experimental data pointing out that the region
around this STR is an effective enhancer of the F13A1 promoter [45].
F13A1-STRis located between DNA sequences for binding of myeloid-
enriched factors (GATA-1 and Ets-1) responsible for the enhancer
activity. F13A1-STR extension enlarges the distance between GATA-1
and Ets-1 binding site sequences possibly affecting the stability of
binding factors and possibly varying the levels of FXIII expression.

The biological plausibility of our results makes them enough
interesting to suggest additional studies testing the connection
between the F13A1-STR variation, F13A1 levels and CAD risk.
Likewise, the interactive effect between Pro564 and Val34 alleles
detected in our IHD sample underlines the importance of considering
allele-allele interaction models in future studies of genetic suscepti-
bility to vascular diseases.
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3.3 Resultats II: Carreras-Torres et al., 2014

Genetic risk score of NOS gene variants associated with myocardial

infarction correlates with coronary incidence across Europe

Robert Carreras-Torres, Suman Kundu, Daniela Zanetti,
Esther Esteban, Marc Via, Pedro Moral.
PLoS ONE (2014). doi:10.1371/journal.pone.0096504

3.3.1 Resum en Catala
La puntuacio (score) de risc genétic de les variants dels gens NOS
associades a l'infart de miocardi es correlaciona amb la incidéncia
coronaria a Europa
La incidéncia 1 mortalitat de les malalties coronaries al continent
europeu presenta un gradient poblacional des del sud (Espanya i Frang¢a), on
els valors sén més baixos, cap al nord (Finlandia 1 Regne Unit), on sén
quatre vegades superiors. Aquesta gradacidé poblacional ha estat descrita,
entre d'altres, pel projecte MONICA de ’OMS que va recollir dades de
factors de risc anomenats tradicionals lligats a la dieta i a I’estil de vida. La
distribucié poblacional d’aquests factors de risc tradicionals només explica
aproximadament un 30% de la incidéncia observada, 1 dona peu a una
fal-lacia ecologica, anomenada paradoxa Mediterrania, ja que poblacions
com Franca i1 Finlandia amb nivells similars de factors de risc presenten
incidéncies ben diferents. Estudis anteriors han intentat explicar aquesta
variacid en la incidéncia a partir de les freqiicncies poblacionals de
marcadors genctics de risc, perd la majoria de marcadors observats no

presenten correlacions poblacionals.
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En aquest estudi es proposa 1’is de les puntuacions de risc genetic
(GRS, de I’angles Genetic Risk Scores) per tal d’aglutinar la informacio
genetica de risc en un sol parametre quantitatiu 1 observar la seva correlacid
poblacional amb la incidencia cardiovascular. Amb aquest objectiu, els gens
candidats escollits han estat els gens de les sintases d’0xid nitric (NOS, de
I’angles Nitric Oxide Synthases), ja que son els responsables d’un paper clau
en el trencaclosques cardiovascular; la disponibilitat de 1’0xid nitric. L’oxid
nitric és responsable de 1’hemostasia vascular regulant la vasopressio, 1
també intervé en 1’agregacio plaquetaria. Un conjunt de 61 SNPs presents als
tres gens NOS (NOS3, NOSI 1 NOS2A) van ser analitzats per associacido amb
I’infart de miocardi en 2165 casos 1 2153 controls D’aquests, 4 SNPs
geneticament independents (LD<0.2) van presentar indicis d’associacié amb
la malaltia (p<<0.1). La puntuacio de risc genética a partir d’aquests 4 SNPs
va explicar una contribucié a I’infart de miocardi inferior a 1’1%, 1 una
capacitat de discernir entre casos 1 controls nul.la o molt limitada
(AUC<0.53). Per contra, en un conjunt de 34 mostres poblacionals d’Europa
1 la Mediterrania, la mitjana poblacional d’aquesta puntuacié de risc genetica
presentava una distribucid concentrica amb valors més baixos a la regid
nord-oest del Mediterrani (est Pirineus, illes de Corsega i Sardenya 1 sud
d’Italia) 1 valors més elevats al allunyar-nos d’aquesta regié en funcio de la
distancia geografica (p=0.024). Aquest GRS poblacional es correlaciona
positivament amb la incidéncia coronaria registrada en 10 poblacions del
projecte MONICA (p<0.01) 1 n’explica fins a un 67% en dones i un 86% en
homes (p<0.001).

Aquesta gran contribucid6 del GRS a la incidéncia coronaria al
continent europeu deu ser un reflex de la colinearitat d’aquesta puntuacio

genetica de risc amb molts altres factors de risc amb la mateixa distribucid
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poblacional. Tenint en compte que els factors de risc tradicionals només
expliquen el 30% de la incidencia, els factors de risc amb la mateixa
distribucid poblacional que el GRS i que n’ajuden a explicar fins al 65-85%
deuen de ser també genetics. Aquest fet ens indica que els majors causants
genetics de la malaltia cardiovascular es troben dins I’espectre de freqiiencia
comuna (>5%) 1 que I’estudi de la seva distribucid, mitjancant els GRS, ens

pot ser molt util per elaborar estratégies de prevencio en salut publica.
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3.3.2 Informe dels directors de tesi de la participacio del doctorant en
I'article i de la singularitat de 1'article en la elaboracio de la tesi
Dr. Pedro Moral Castrillo, professor del Departament de Biologia
Animal de la Universitat de Barcelona, 1 Dr. Marc Via Garcia, professor del
Departament de Psiquiatria 1 Psicobiologia Clinica de la Universitat de
Barcelona, supervisors de la tesi doctoral “Variacié genomica de les
Sintases d’Oxid Nitric i de regions associades amb Risc Cardiovascular
en Poblacions Humanes”, manifesten que I’estudiant de doctorat Robert
Carreras Torres ha participat en el treball titulat “Genetic risk score of NOS
gene variants associated with myocardial infarction correlates with
coronary incidence across Europe”, publicat a la revista PLoS ONE, en les
seguents tasques:
- Disseny i seleccio de les mostres 1 marcadors analitzats (90%).
- Recol-leccid 1 preparacié de les mostres poblacionals (90%).
- Creacio de las bases de dades genctiques 1 seleccio de resultats
disponibles a la bibliografia per tal de realitzar comparacions (100%).
- Analisis estadistics (100%).
- Redaccio de I’article (95%).

Cap dels coautors de D’article ha utilitzat els resultats d’aquest estudi de
manera implicita o explicita per elaborar una altra tesi doctoral. Per tant,
aquest article forma part de manera exclusiva de la tesi doctoral de Robert

Carreras Torres.

Signat per Dr. Pedro Moral Castrillo 1 Dr. Marc Via Garcia
Barcelona, 22 Abril 2014.
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3.3.3 Article 11

Genetic risk score of NOS gene variants associated with myocardial

infarction correlates with coronary incidence across Europe

Robert Carreras-Torres®, Suman Kundu®, Daniela Zanetti®, Esther Esteban®,

Marc Via¥", Pedro Moral®",

*Departament Biologia Animal - Antropologia, Universitat de Barcelona, Barcelona, Spain;
®Department of Epidemiology, Erasmus University Medical Center, Rotterdam, The
Netherlands;

‘Institut de Recerca de la Biodiversitat (IRBio), Universitat de Barcelona, Barcelona, Spain.
Departament Psiquiatria i Psicobiologia Clinica and Institute for Brain, Cognition and
Behaviour (IR3C), Universitat de Barcelona, Barcelona, Spain;

* These authors contributed equally to this work.

Abstract

Coronary artery disease (CAD) mortality and morbidity is present in the
European continent in a four-fold gradient across populations, from the
South (Spain and France) with the lowest CAD mortality, towards the North
(Finland and UK). This observed gradient has not been fully explained by
classical or single genetic risk factors, resulting in some cases in the so
called Southern European or Mediterranean paradox. Here we approached
population genetic risk estimates using genetic risk scores (GRS) constructed
with single nucleotide polymorphisms (SNP) from nitric oxide synthases
(NOS) genes. These SNPs appeared to be associated with myocardial
infarction (MI) in 2165 cases and 2153 controls. The GRSs were computed
in 34 general European populations. Although the contribution of these GRS

was lower than 1% between cases and controls, the mean GRS per
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population was positively correlated with coronary incidence explaining 65-
85% of the variation among populations (67% in women and 86% in men).
This large contribution to CAD incidence variation among populations might
be a result of colinearity with several other common genetic and
environmental factors. These results are not consistent with the
cardiovascular Mediterranean paradox for genetics and support a CAD
genetic architecture mainly based on combinations of common genetic
polymorphisms. Population genetic risk scores is a promising approach in
public health interventions to develop lifestyle programs and prevent
intermediate risk factors in certain subpopulations with specific genetic

predisposition.

Keywords
European CAD incidence, genetic risk scores, population distribution,

genetic Mediterranean paradox,

Introduction

The development of coronary artery diseases (CAD) is the result of complex
interactions between numerous environmental factors and genetic variants at
many loci. Consequently, understanding CAD needs a multidisciplinary
research effort.

Initially, epidemiologic research was largely based on cohort studies and
clinical trials identifying and quantifying the relative importance of risk
factors. As the World Health Organization (WHO) stated, the main identified
risks for heart disease are behavioral factors: unhealthy diet, physical
inactivity, tobacco use or harmful use of alcohol are present in about 80% of

coronary events [1]. Different consortia had contributed to the development
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of estimation risk charts based on traditional risk factors (TRF), such as the
Framingham Risk Score [2], the Reynolds Risk Score [3], the Prospective
Cardiovascular Munster Heart Study (PROCAM) [4] and the Systematic
Coronary Risk Evaluation (SCORE) system [5]. The prediction ability of
these risk estimates is moderate-good [6]. Nevertheless, it has been estimated
that nearly 15-20% of CAD patients are misclassified as “low risk” by TRF-
based charts [7].

Genetics provided a plausible explanation for disease outcome in people
without previous symptoms, and to the observed symptomatic variability in
people exposed to similar behavioral risk factors. At the time that genetic
disease architecture was partially unveiled, the idea of improving
cardiovascular risk prediction was targeted. However, lack of replication,
modest genetic risks and the small proportion of heritability explained by
genome-wide association (GWA) studies have prevented the improvement of
genetic CAD prediction [8,9]. Even polygenetic risk scores, proposed as a
way of improving already existing estimation risk charts, have not been
completely satisfactory in different epidemiologic samples [10-16]. All the
approaches mentioned above used individuals as the units of analysis.

From another perspective, in which general populations were the units of
analysis, ecological/epidemiological (from now on: eco-epidemiologic)
studies have assessed the disease population burden through the geographic
distribution of CAD incidence and risk parameters. In this field, an important
contribution has been made by the international WHO MONICA Project [17]
which surveyed 38 populations from 21 countries. As far as CAD mortality
was concerned, early cross-sectional studies reported an existing four-fold
gradient across populations in the European continent, from the South (Spain

and France) with the lowest CAD mortality towards the North (Finland and
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UK) [18-20]. Several studies have attempted to correlate this observed CAD
incidence variation with the distribution of both traditional and genetic risk
factors. It was assessed that classical risk factors contribute to 30-40% of
CAD population incidence. Furthermore, an ecological fallacy was described
when populations with remarkable differences in coronary mortality had
similar classical risk factor levels, especially animal fat intake [21-23],
leading to the idea of a French, southern European or Mediterranean
paradox. However, a more recent study pointed towards wine consumption
as an alternative explanation for this phenomenon [24]. The lack of strong
correlations between CAD incidence and traditional risk factors suggests that
genetic variation could be behind the interpopulation gradient of coronary
mortality.

Some researchers have analyzed the geographic distribution of genetic risk
variants to predict variation in both TRF and CAD mortality. So far, these
studies have demonstrated that only the APOE*E4 risk allele is clearly
correlated with CAD incidence among MONICA populations in the
European continent. The lack of correlation for the vast majority of tested
genetic markers led to extending the Mediterranean paradox to genetics
[25,26].

This study proposes an alternative approach to estimating the population
genetic CAD burden using genetic risk scores (GRS). GRS appear to be a
more realistic tool because they summarize the potential multiple risk
genetic influences into a single quantitative parameter and do not depend on
single genetic variants. As far as we know, no previous epidemiology studies
have considered GRS as ecological risk predictors of CAD incidence. In
order to describe geographic patterns of genetic risk variation, this study

maps the population mean GRS using the geostatistical method known as
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kriging. Kriging is a geostatistic method for interpolating the spatial
distribution of a variable by means of linear regression. Contour maps
depicting interpolated spatial distribution patterns have previously been used
to represent biologic anthropological data [27].

In order to explore these population approaches, we focused on a key piece
of the CAD jigsaw: the role of nitric oxide (NO) in regulation of vascular
tone homeostasis, tissue perfusion, and platelet aggregation [28,29]. Three
nitric oxide synthases (NOS) are responsible for NO availability: endothelial
NOS (eNOS or NOS3), neuronal NOS (nNOS or NOSI) and inducible NOS
(iNOS or NOS24). NOS3 and NOSI are constitutively expressed mainly in
vessel endothelium and neuronal tissue, respectively [28]. Both are acutely
regulated through reversible calcium-calmodulin binding. Conversely,
NOS2A4 is activated through inflammatory signals in critical situations,
mainly in the vessel endothelium and macrophages. However, induction of
high-output NOS24 may lead to direct oxide cell toxicity or interfere with
the beneficial activities of constitutive NOS isoforms [28]. Besides NOS,
sONE i1s an antisense mRNA derived from a NOS3A4S or ATGYB transcript
unit on the complementary DNA strand from which the NOS3 mRNA is
transcribed. ATG9B and NOS3 genes are oriented in a tail-to-tail
configuration, and the mRNAs encoding sONE and NOS3 overlap for 662
nucleotides. There is evidence supporting a role for ATGY9B in the post-
transcriptional regulation of NOS3 expression [29]. According to the Human
Genome Epidemiology (HuGE) Navigator browser
(www.hugenavigator.net), the NOS3 gene is the second most reported gene
for CAD, with 134 related papers, and the fourth most reported for
myocardial infarction, with 74 reports (February, 2014). Variation in NOS3

has also been tested for hypertension and diabetes. However, large meta-

105



analysis on NOS3 gene polymorphisms reported inconsistent results for
CAD [30-33] and hypertension [34,35] showing an excess of positive results
associated with small sized studies and Asian populations. NOSI and NOS2A4
genes have been associated with CAD, hypertension, inflammation and
diabetes [36-39], but also with a broader spectrum of diseases. All the above
mentioned association studies only considered a few polymorphisms per
gene region, and no one surveyed these chromosomal regions with a dense
genetic coverage.

In this context, the present work had three main objectives. The first
objective was to assess the prediction ability of GRS computed from NOS
risk variants detected by association analyses among CAD patients and
control samples. The second objective was to estimate, for the first time, the
population NOS CAD burden computing GRS in general population
samples, and to describe geographic patterns of GRS across Europe and the
Mediterranean area. The third objective was to assess whether the population
GRS are able to predict ecological risk. With this aim, population GRS were
correlated with population distribution of CAD incidence and other

traditional risk factors reported by the MONICA Project.

Materials and methods

Ethics Statement

The study has been specifically approved by the Ethical Committee of the
University of Barcelona (Institutional Review Board: IRB00003099) and all

the participants provided a written informed consent.

Association and prediction analyses sample description

DNA samples of 324 myocardial infarction (MI) patients and 366 controls
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from the general Spanish population, obtained from the Spanish National

DNA Bank (NDB) (www.bancoadn.org), were genotyped in this study. This

sample will be referred to from now on as NDB cardiovascular (NDBC)
sample. Additionally, genotype data from four European matched case-
control samples from the Myocardial Infarction Generation (MIGen)
Consortium [FINRISK (Finland), MDCS (Sweden), ATVB (Italy) and
Regicor (Spain)] were obtained through the database of Genotypes and
Phenotypes (dbGAP; www.ncbi.nlm.nih.gov/gap) [40]. In summary, a total

of 2575 MI cases and 2617 controls were used in this stage. Extensive details
on the clinical characteristics of these samples have been previously

described (www.bancoadn.org/en/introNCa.htm) [40]. Briefly, fatal and

nonfatal MI were reported or diagnosed by general practitioners based on
autopsy reports, electrocardiographic data, cardiac biomarkers, and

additional clinical information.

Eco-epidemiologic analyses sample description

A total of 34 populations (n=1663 individuals) from Europe, North Africa,
and the Middle East were analyzed (see Figure S1). Thirty populations
(n=1298) corresponded to healthy unrelated individuals of both sexes that
were genotyped in the present study and whose four grandparents had been
born in the same geographical region. Additionally, genetic data from four
other European samples from the 1000 Genomes Project [41] were included

in the analyses.

Polymorphisms and genotyping
The NDBC sample (324 cases and 366 controls) and 1298 individuals from
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the 30 general populations were genotyped for 78 single nucleotide
polymorphisms (SNP) using a GoldenGate Genotyping Assay (Illumina Inc.,
San Diego, CA). This SNP set was selected as being representative of the
common variation in the three genomic regions of the NOS genes, with an
average coverage of 1 SNP every 5kb with a minor allele frequency higher
than 0.05 (MAF>0.05) in the CEU population as reported in the HapMap

project (www.hapmap.org). Out of the 78 determined SNPs, 13 were located

in chromosome 7 spanning 41.4 kb in the NOS3 and ATGYB genes region,;
43 SNPs in chromosome 12 that include the NOS/ gene along 177.4 kb, and
22 SNPs in chromosome 17 covering 92.2 kb in the NOS24 gene region.
SNP details are shown in Supporting Table (ST) Tab 1.

Genotype data for the MIGen samples were generated in the corresponding

original project using the Affymetrix 6.0 GeneChip [40].

Quality control and imputation

Genotyping rate, allele frequencies, and deviations from the Hardy-Weinberg
equilibrium (HWE) were calculated using PLINK software [42]. SNPs with
a genotyping rate lower than 0.75 or not polymorphic in any sample were
removed from the analysis. Individuals with a genotyping rate lower than
0.75 or not genetically homogeneous compared with individuals of the same
population group were also removed for the analysis. Missing genotypes
were inferred using MACH 1.0 software [43] taking as reference the rest of
the genotypes ascertained in the same population. Linkage disequilibrium
was calculated and visualized using Haploview software [44].

Datasets from the MIGen study already included 27 out of the 78 SNPs in
the NOS regions. In order to have the same genetic information, SNPs not

directly genotyped in the MIGen samples were imputed using two different
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imputation softwares, MACH 1.0 [43] and IMPUTE2 [45]. In both
imputations the computational effort was controlled performing 200
algorithm iterations when phasing and imputing data sets, and considering
300 haplotypes to use as templates when phasing observed genotypes. This
imputation effort is four times higher than the standard effort recommended
by software developers. Phased chromosomes from the most similar 1000
Genomes Project samples were used as reference panels: the FIN sample for
the FINRISK case-controls, the TSI sample for the ATVB and Regicor case-
controls, and the CEU sample for the MDCS case-controls.

As a control approach to validating the genotyping strategy of this study
(SNPs selected as representative of NOS regions common variation), in our
population sample from Central Italy (CIT) we imputed all the variation
described in TSI sample from the 1000 Genomes Project in the studied three
chromosomal regions. And then we checked the imputation quality indices

regarding allele frequency thresholds.

Association and prediction analysis

A two-step analysis of association and prediction was performed with the
PredictABEL R package [46]. These analyses were performed in duplicate,
in the MACH imputed data set and in the IMPUTE2 imputed data set. In the
first step, associations were tested by logistic regression analysis in the three
case-control samples with the largest sample size: FINRISK from northern
Europe, and ATVB and Regicor from southern Europe. The other two case-
control samples (MDCS and NDBC) were kept as cross-validating samples
for the posterior prediction step. In the association analyses, only SNPs with
a LD measure (r?) lower than 0.8 between pairs and imputation quality

indexes (1> for MACH 1.0 and i for IMPUTE2) higher than 0.6 in all three
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used case-control samples and the two imputation methods were included.
Estimates of beta coefficients for each SNP were obtained using multivariate
logistic regression analyses and adjusted for age, gender and the remaining
genetic variables. In order to get a single robust estimate of the level of
association for each genetic marker, a meta-analysis of the three previous
association analyses (n=4318) was conducted with the METAL software
[47].

In the second step, NOS genetic risk scores for MI were computed in all five
case-control samples. Risk scores were constructed using allele dosages of
low P value (p<0.1) risk alleles identified in both meta-analysis from MACH
and IMPUTE2 data sets. Thus, homozygotes for the reference allele were
coded as 0 and homozygotes for the risk allele as 2. The risk SNPs were
pruned by LD (r?) lower than 0.2 in order to obtain a set of unequivocally
independent SNPs to calculate the risk scores. This LD pruning was
performed by Tagger [48], implemented in Haploview [44], preferentially
picking the SNPs with the lowest P value. As an approach to checking for the
epidemiological relevance of the estimated risk scores, predictive models
were constructed based only on these NOS risk scores in all five case-control
samples. These models were performed to assess the fraction of
interindividual variance of the MI affection status explained by NOS risk
score through Nagelkerke's R?. Moreover, discrimination accuracy of the
NOS risk score between patients and healthy controls was estimated as the
area under the receiver operating characteristic (ROC) analysis curve (AUC)

index.

Eco-epidemiologic analysis

NOS genetic risk scores for MI were computed in the general population
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samples as previously described. NOS risk scores were tested for normality
in each population sample using the nortest R package. Spatial distribution
of mean risk score across populations was mapped using the geostatistical
method known as kriging from the ArcGIS software (ESRI, Redlands, CA,
USA). Since anisotropy was not detected in the semivariogram, we used the
ordinary spherical interpolation kriging method [27]. The covariation of the
observed spatial distribution with geography was assessed by Moran’s I and
Geary’s C randomization tests for spatial autocorrelation [49] using ade4 R
package. Also, the spatial structure of mean risk scores was assessed using
correlograms, which estimate autocorrelation coefficients for different
spatial relationships, with the PASSaGE software [50]. Population pair
relationships were classified in different classes representing increasingly
larger distances. Autocorrelation coefficients were then calculated for each
distance class and plotted against distance [51]. Data related to coronary
event rates and prevalence of traditional risk factors in middle-aged
individuals were compiled from the MONICA Project [52] for the 11
European populations genetically tested here. Among the genotyped
populations in this work, four of them (POL, NFR, SFR, and CAT) had a
MONICA counterpart and seven additional populations (ORK, GBR, CEU,
FIN, TSI, CIT and NBH) had a MONICA population within a 200-km radius
or from the same country. The CEU sample was considered counterpart of
the MONICA German-Bremen population according to Lao et al. [53].
Average annual coronary event rates over 5 years and average levels of
systolic blood pressure (SBP), total cholesterol (TCH), body-mass index
(BMI), and daily smoking rate (SMK) by gender were obtained from
Kuulasmaa et al. [52].

Spearman's correlation and univariate linear regression analyses were
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performed to estimate the contribution of traditional risk factors to
population variation in coronary event rates using the stats R package. Since
NOS genes are involved in blood pressure homeostasis, NOS genetic
parameters (population mean risk scores and allele frequencies) were also
correlated and regressed with population variation in coronary event rate and
systolic blood pressure levels. Moreover, since geography could underlie the
distribution pattern of several environmental and genetic risk factors, latitude
and longitude were also tested for correlation and regression with coronary
event rates. Finally, multivariate regression analyses were performed with
factors that were significant in univariate analyses in order to estimate the

contribution of genetic risk factors beyond geography.

Results

Genotyping, quality control, and imputation.

Genotyping rates and status for the 78 SNPs initially tested in our samples
are shown in ST Tab 1. Genotyping rates ranged from 81.01 to 91.21%. Ten
SNPs were not successfully genotyped, and three SNPs were not
polymorphic in the tested populations. These 13 SNPs were removed from
the study. As for the data coming from the international project, genotyping
status and imputation quality indexes are presented in ST Tab 1. Four SNPs
had an imputation quality lower than 0.6 in at least one case-control sample
used in the association analyses. Hence, 61 SNPs were considered consistent
for analytical epidemiologic analyses.

After quality control, a total of 5096 samples for the epidemiologic survey
and 1298 for the population analysis were included. The largest case-control
sample was ATVB with a total of 3352 individuals, and the smallest samples
were FINRISK and MDCS with 339 and 184 individuals (ST Tab 2). Among

112



the general populations, sample sizes ranged from 32 to 50 individuals
except the populations from the 1000 Genomes project (n=85-98) as can be
seen in ST Tab 3.

Minor allele frequencies (MAF) can be found in ST Tab 4 and 5 for case-
control samples imputed with MACH and IMPUTE?2 respectively, and in ST
Tab 6 for population samples. None of the SNP showed significant
departures from Hardy-Weinberg equilibrium expectations in any case-
control or population sample (data not shown). Concerning linkage
disequilibrium patterns, our data indicate that the three NOS genes are not
regions of high LD. For instance, the LD pattern of the three NOS regions in
the CEU sample can be visualized in Figure S2 for NOS3 gene, Figure S3 for
NOS1 gene and Figure S4 for NOS2A4 gene. LD values were similar in the
different case-control samples used in this study. After applying the LD
pruning criteria for association analysis, 38 SNPs with low LD (r* < 0.8)
were considered.

Assessing the validity of our genotyping strategy, 71% of the common
variants (MAF>0.1) present in the 1000 Genomes TSI sample were imputed
with high accuracy (MACH r>>0.75) in our population samples from Central
Italy, CIT (ST Tab 7). Hence, this result indicates that our genotyping
strategy (I1SNP each 5kb) efficiently captures more than 70% of the common
variation reported by the 1000 Genomes Project in the three genomic

regions.

Meta-analysis and interindividual prediction analysis.

Five SNPs had low P value (p<0.1) in both MI meta-analysis from MACH
and IMPUTE2 data sets, four in the NOS3 and one in the NOSI gene regions
(highlighted in ST Tab 4 and 5). After LD pruning criteria (1> < 0.2) to select
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completely independent SNPs, four SNPs remained dropping one SNP from
NOS3. Genetic effects of these four SNPs with their standard error were
similar for meta-analyses from MACH and IMPUTE2 data sets (Table 1).
Association parameters of all tested markers for both multivariate logistic

regression analyses and for both meta-analysis are shown in ST Tab 4 and 5.

ID Risk MACH P IMPUTE2 P
Gene Alleles SE SE
reference Allele Effect value Effect value
rs3793342 NOS3 A/IG G 0.18 0.10 | 0.071 0.20 0.10 | 0.046
rs1799983 NOS3 TIG G 0.44 0.16 | 0.006 0.53 0.18 | 0.004
rs3918188 NOS3 A/C C 0.29 0.09 | 0.001 0.30 0.09 | 0.001
rs3782219 NOS1 T/C C 0.15 0.09 | 0.088 0.18 0.09 | 0.055

Table 1 — Meta-analyses association parameters of risk variants with P
value<0.1 in both analysis (from MACH and IMPUTE?2 datasets) after being
pruned by LD lower than 0.2. SE: Standard Error.

The assessment of interindividual predictive ability was almost identical
using MACH and IMPUTE2 imputations and showed limited power in
differentiating between cases and controls (Table 2 for MACH data set, and
ST Tab 8 for IMPUTE2 data set). The distribution of NOS risk scores was
similar in cases and controls, showing almost overlapping distributions.
Besides, NOS risk score explained less than 1% of interindividual variance in
affection status according to the Nagelkerke’s R?. NOS risk score was only a
significant discriminating factor in the ATVB case-control sample. This was
also reflected by the discrimination accuracy assessed through AUC index

slightly higher than 0.5 in this sample.
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Case-control Mean risk score * SD [min - max] Nagelk AUC [95%CI]
sample Cases Controls R?

FINRISK (Findland) 6.11+0.80 [4.00-7.97] | 6.05+0.85 [3.96 - 7.98] <0.01 0.517 [0.455-0.578]
ATVB (Italy) 5.88 +0.68 [3.17-7.81] | 5.81+0.70 [3.60 - 7.83] <0.01 0.527 [0.508-0.547]
Regicor (Spain) 5.79+0.70 [3.88-7.46] | 5.88+0.71 [3.92 -7.87] <0.01 0.470[0.425-0.515]
MDCS  (Sweden) 5.84 +£0.72 [4.01-7.67] | 5.96 +0.64 [4.47 -7.75] 0.01 0.448 [0.364-0.532]
NDBC  (Spain) 5.79+0.84 [4.00-8.00] | 5.85+0.88 [3.00- 8.00] <0.01 0.469 [0.426-0.513]

Table 2 — NOS genetic risk score (GRS) distribution for cases and controls
and discrimination accuracy for MACH imputed dataset. SD: Standard
Deviation; Nagelkerke’s R?: explained interindividual variance of MI by
NOS risk score predictive model; Nagelk R*: Nagelkerke’s R? AUC: Area
Under the receiver operating characteristic (ROC) curve; CI: Confidence
Interval.

Population distribution of NOS risk scores

The geographical distribution of mean NOS risk scores across European and
Mediterranean populations is represented in a smoothed spherical contour
map in Figure 1. Population values are shown in ST Tab 9. The lowest score
values corresponded to southwestern European populations, specifically to
the islands of Corsica and Sardinia (<5.5 risk alleles), North-East Spain
(5.65) and South Italy (5.69). Variation in the map fitted a global pattern of
concentric distribution departing from a center of low risk score values in the
North-West of the Mediterranean Basin and gradually increasing according
to geographical distances. This concentrical pattern significantly covariated
with geography as reflected by the spatial autocorrelation analysis (p=0.024).
At European continental level, the pattern is consistent with a gradual
increase towards North and North-East, with highest values in Great Britain
(6.04), Poland (6.07) and Finland (6.14). A similar cline is also observed in
the northern shore of the Mediterranean, with increasing values from Spain

to Turkey (6.14) and Middle-Eastern populations, GJD (6.02) and BJD
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(6.22). This clinal pattern in the European continent and the Middle East was
statistically assessed plotting Moran’s 1 and Geary’s C autocorrelation
coefficients by distance between population pairs (Figure S5). Six distance
classes of population pairs with an average of 30 observations per class were
obtained. Autocorrelation coefficients for population pairs at short distances
denoted significant positive autocorrelations while for population pairs at
long distances Moran’s I and Geary’s C coefficients detected negative
autocorrelations. Concerning the distribution between the northern and
southern Mediterranean shores, a gradual variation can be observed in the
westernmost part (Spain and Morocco), but the pattern is sharper in the

central part of the region (i.e. Tunisia and Italy).

Figure 1 — Contour map of NOS risk score in the European and
Mediterranean samples.
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Eco-epidemiology of NOS gene variation and cardiovascular events.

The eleven populations with both NOS genotype data and MONICA
information are shown in ST Tab 10. From the MONICA parameters, only
daily smoking rate appeared as slightly correlated with coronary event rates
in women (rho=0.57; p=0.064) and explained 39% of the population
variance of coronary event rates (p=0.022).

Mean NOS risk score values in the eleven populations considered were
positively correlated with coronary event rates in men (rho=0.82; p<0.01)

(Figure 2A) and women (rho=0.76; p<0.01) (Figure 2B).
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Figure 2 — Correlation plots between average NOS risk scores and coronary
events in men (A) and women (B). Coronary events: rates per 100,000
people from the MONICA project.

In these figures, the ORK sample appeared as substantially different from the
others. In the regression analysis, variation in mean risk scores explained
53% of interpopulation variance in coronary event rates in men and 19% in
women (Table 3), and the ORK sample was confirmed as an outlier sample

(Bonferroni p<0.01 for both men and women). The ORK sample and its
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MONICA counterpart were excluded from the regression analyses. The
outlier character of the Orkney Islands sample was probably due to an island
genetic drift phenomenon when only a few markers are analyzed. Following
this trend, any MONICA parameter was correlated with coronary events in
the remaining ten MONICA samples, and the NOS risk score of the ten
continental samples significantly explained 86% of coronary events in men
and 67% in women (Table 3). Regarding SBP, 35% for men and 27% for
women of the population variance was accounted for by the NOS risk score
(Table 3). Individually, frequency distributions of 11 SNPs were associated
with population coronary event rates or systolic blood pressure levels in men
or women as estimated by correlation and univariate regression analyses
(Table 3). Eight SNPs were correlated with coronary events in both men and
women, explaining a remarkable proportion of the coronary rates variance:
34-67% in men and 36-52% in women. Out of these eight SNPs, 5 belonged
to the shortest (42kb) region examined comprising the NOS3 and ATG9B
genes. This region was initially tested by nine SNPs, indicating that most of
the tested genetic variation of this region had a similar geographic
distribution pattern to coronary event rates. Among these SNPs correlating
with CAD incidence, only the G risk allele of the rs1799983 was included in
the risk score. Moreover, the same allele was the only one to be positively
correlated with SBP in both men and women, explaining similar proportions
of interpopulation variation, 40% in men (p<0.05) and 51% in women
(p<0.01) (Table 3).

Since north-to-south and east-to-west geographic patterns of variation in
genetic and environmental risk factors could underlie the observed
associations between polymorphisms in NOS regions and coronary events,

we then assessed the influence of geography in the distribution of coronary
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events. Latitude was strongly correlated in men (rho=0.87; p<0.01) and
women (tho=0.75; p<0.05) explaining a high proportion of population

incidence (66% in men and 38% in women).

Correlation and univariate linear Correlation and univariate linear
regression analysis in men regression analysis in women
Coronary event SBP Coronary event SBP
rate rate
rho R? rho R? rho R? rho R?
NOS GRS 0.82** | 0.53** ns 0.36* | 0.76** | 0.19' 0.52' 0.28'
Continental NOS GRS 0.93*** | 0.86™** ns 0.35* | 0.85** | 0.67** ns 0.27'
ID Gene MAF
reference region | Allele
rs11771443 | NOS3 T 0.68* ns ns ns ns ns ns ns
rs1799983 NOS3 -0.85** | 0.61** | -0.80** | 0.40* | -0.79** | 0.45* | -0.86** | 0.51**
rs753482 NOS3 G -0.82** | 0.65** ns ns -0.71* | 0.52* ns ns
rs7830 ATG9B T 0.84** | 0.56** ns ns 0.74* 0.49* ns ns
rs2373929 ATGY9B T 0.78* | 0.49* ns ns 0.63* ns ns ns
rs13307588 | ATG9B A -0.83** | 0.48* ns ns -0.72* | 0.38* ns ns
rs10774907 | NOS1 A 0.87** | 0.67* ns ns 0.81** | 0.64** ns ns
rs2271986 NOS1 T 0.65* ns ns ns 0.71* ns ns ns
rs1889024 | NOS2A G ns 0.33* ns ns 0.63* ns ns ns
rs953527 NOS2A A ns ns ns ns ns ns 0.65* ns
rs8072199 | NOS2A T 0.75* | 0.34* ns ns 0.65* 0.36* ns ns

Table 3 - Spearman's Rho and % of explained interpopulation variance
(adjusted R?) of coronary event rates and SBP by gender of significantly
correlated minor allele frequency (MAF) variants and population NOS risk
scores. ‘: P wvalue<0.1; *: P wvalue<0.05; **: P wvalue<0.01; ***P
value<0.001. ns: non-significant.

Grouping the different parameters that were independently correlated with
coronary events rates, a multivariate analysis was performed including the

NOS risk score and the latitude in both male and female models. The result
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showed latitude was no longer significant, and the proportions of population
coronary incidence for both men and women accounted for by the
multivariate models were not higher compared with the NOS risk score
univariate models. For men, the multivariate model explained 85% of
population coronary incidence (p<0.001; NOS risk score p=0.01, latitude
p=0.45). And for women, it explained 62% of the population coronary events

rate (p=0.01; NOS risk score p=0.04, latitude =0.82).

Discussion

This study analyzes the role of molecular variation from NOS genes in
cardiovascular patients and assesses the population distribution of genetic
risk scores as an ecological predictor of the CAD burden across the
European and Mediterranean landscape for the first time. The NOS GRS
included the 4 genetically independent SNPs with lower P value associated
with MI in a meta-analysis of three European case-control studies. Since
NOS genes regulate the physiological availability of NO, this GRS
constitutes a polygenic approach to the potential contribution of NO to CAD.
The interindividual contribution of the GRS was lower than 1%. However,
from an ecological perspective, GRS values across Europe were positively
correlated with the incidence of coronary events explaining 65-85% of
interpopulation variation of CAD incidence. These contrasting contributions

and the usefulness of GRSs as ecological predictors are discussed below.

Interindividual (intrapopulation) and interpopulation contribution to CAD of
NOS GRS
In the context of case-control studies, the NOS GRS was only a significant

MI risk factor in the sample with the largest size (ATVB) but not in the other
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studies. Also, the AUC indicated that the predictive value of the GRS was
null or very limited (AUC of 0.527).

The weak effects of our GRS performed in terms of both association and
prediction are in complete accordance with previous reports in the literature.
The proportion of variance explained by the relatively large number of loci
associated with CAD is lower than 1% [54]. In addition, the improvement in
risk prediction provided by genetic markers appeared to be null or
insufficient [55], even with the strongest and most replicated CAD risk
factor identified in the 9p21.3 locus [7,56]. When we move from single
genetic risk variants to a genomic profile, the combined effect of dozens of
risk variants generally explains only a small proportion of disease variance
[56] and shows a limited predictive ability (AUC of 0.55-0.62) [6,55]. For
instance, in the MIGen Consortium, the effect of the nine top-associated loci
explained 2.8% of phenotype variance [40]. Even a more comprehensive
genetic risk score of 101 SNPs associated with MI and other cardiovascular
risk factors explained less than 5% of interindividual variance [57]. In spite
of the low genetic contribution of genomic profiles, the genetic basis of
CAD is strong as reflected in family aggregation data (40% for women and
60% for men) [6,7,58]. The proportion of heritability that remains
unaccounted for (referred to as “missing heritability” elsewhere) would be
explained by common genetic variants (MAF > 0.05) having very small
effects and rare variants with a larger contribution to the complex phenotype
[9,58-60].

The geographic distribution of GRS presented an interesting variation
pattern across European and Mediterranean populations. This distribution
showed a concentric pattern from a center of lower risk scores in North-

Western Mediterranean, specially the Islands of Corsica and Sardinia (Figure
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1). The gradual increase towards North (UK) and North-East Europe (Poland
and Finland) through the scarcely sampled area of North-Central Europe
does not seem unreasonable given the general trends across the European
continent and does not suggest any major problems with spurious
interpolation. This European south-to-north cline in population GRS
explained a large proportion of variance in coronary incidence across 10
MONICA populations, 67% in women and 86% in men (Figure 2). This
large contribution contrasts with the intrapopulation (i.e. interindividual)
contribution of the GRS (<1%). Looking at single genetic markers to
understand this phenomenon, we have identified some genetic variants,
mainly in the NOS3/ATG9B region, with frequencies correlating with CAD
incidence. According to these correlations all these variants would explain a
similar proportion of variance in CAD incidence (35-65%), but lower than
GRS (Table 3). Out of this group of correlating variants only rs1799983 was
included in the GRS. The other genetic variants correlating with CAD
incidence were not associated with CAD phenotype. In the literature,
empirical data on the ecological applications of GRSs are lacking, but some
studies have been done using single markers. Previous studies on the
correlation between risk allele frequencies and CAD incidence across
MONICA populations did not find conclusive results [25,26]. One of these
studies [26] extended the Mediterranean paradox discussion into genetics
due to the observed negative correlations between some genetic risk factors
and CAD events. These authors concluded that the observed north-to-south
cline in the frequency of some genetic risk variants was most probably the
result of spatial distribution of the whole genome variation present in the
European continent, which has been mainly shaped by the history of

populations [61-63]. In this context, the variance explained by the markers
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correlating with CAD incidence in this study cannot be considered a specific
effect of each variant, but rather the combined effect of many risk variants
showing the same distribution. Thus, the apparent high effect (46% in
women and 61% in men) of the risk SNP rs1799983 is likely to be a
colinearity effect with other risk genetic factors in the regression analysis. In
the same way, the estimated contribution of GRS (67% in women and 86%
in men) would be the consequence of the joint effect of risk variants from the
common frequency spectrum, with similar population patterns as the 4 SNPs
included in the GRS. In other words, the contrasting contributions from
interindividual variance (<1%) to interpopulation variance (65-85%)
suggests that this GRS population approach most probably suffers from
colinearity with other genetic as well as environmental risk factors. These
results would support that a high proportion of population CAD incidence is
determined by common genetic variant distributions because classical risk
factors contribute in 30-40% of CAD population incidence, and because rare
variants are basically population-specific and are not distributed in
population gradients [41,60].

The important genetic contribution to CAD incidence variation suggests
some considerations about the role of genetic factors on the individual risk to
CAD. High incidence of CAD in a population would be determined by high
frequency of genetic risk combinations and, hence, a high proportion of
individuals carrying these genetic risk combinations. In this ecological
approach, the GRS is capturing the contribution to CAD incidence of the
myriad of genetic risk variants with similar geographic distribution. Thus,
only the joint inclusion of this myriad of genetic variants would explain a
considerable proportion of the genetic contribution to CAD outcome at the

individual level. In accordance with these results, previous studies have dealt
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with the number and the effect sizes of the genetic variants involved in the
genetic architecture of CAD. These simulation models predicted that the
number of genetic variants needed to explain the estimated heritability, under
a purely additive model, would range from few hundred low frequency
variants with large effect to several hundred or few thousand for common
variants with small effect [6,64,65].

In addition to the "Finland-to-Spain" axis, the variation in GRS is also clinal
between the West and East in the northern Mediterranean shore. Although
the correlation with CAD incidence is not easy to demonstrate due to a
sizeable lack of epidemiological data in these populations, some partial data
[66] point in this direction. This constitutes an additional insight into our
working hypothesis on the correlation between CAD incidence and GRS in
Europe. So, the population distribution of both our GRS and cardiovascular
incidence are deeply influenced by similar demographic processes that have
modulated genetic variation in current human groups. Available data in
North Africa [67] are too scarce to extend any conclusion to the southern

shore of the Mediterranean.

Usefulness of population GRS approach

In the European continent, environmental factors as well as genetic variation
seem to be structured in south-to-north clines that can be correlated with
observed CAD incidence as reflected by latitude in our study. In previous
data such as the original MONICA project, modifiable risk factors explained
only 30% of coronary incidence variance [24]. And in this study,
multivariate analyses stressed the importance of GRS to explain the
distribution of CAD incidence, especially in men. These results reflect that

most variance in CAD incidence among populations is accounted for by
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genetic background. A priori, this would contrast with the fact that at the
interindividual level (within a population) environmental and behavioral
factors are involved in 80% of all cardiovascular events. However, they are
two complementary sides of the same phenomenon that explain different
features of the disease: individual outcome and population incidence.
Whereas within a population environmental factors explain a large
proportion of individual events, the total amount of coronary events in
populations under similar environmental pressures would depend on their
genetic predisposition. The potential incidence of CAD in a population
would be mainly determined by its genetic risk background but it would be
triggered by behavioral and life style factors.

Our results highlight the usefulness of GRSs as population estimates of the
genetic burden of disease or as ecological predictors. It has been stated that
the assessment of disease risk and its temporal trends is of critical
importance to predict incidences of CAD [68]. An ideal GRS would include
all CAD risk variants in the genome. Nevertheless, an exploratory strategy
could include the design of different GRSs for different pathophysiological
processes related to CAD, such as endothelial dysfunction, accelerated
atherosclerosis or thrombosis, each one having its own genetic basis [68].
These GRSs could provide a solid basis for developing lifestyle intervention
programs to prevent intermediate risk factors (e.g. obesity, high levels of
blood pressure, glucose and lipids) in population subgroups before
environmental factors trigger a potentially high genetic predisposition for the
disease.

Another particular advantage of GRS is that they can be constructed from
samples of a few hundreds of individuals per population. High potential

benefits, no interventional harms and low cost make this approach very
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promising for future public health studies.

Limitations

The analyses of this study have some limitations that can be commented on.
A first aspect refers to the genotyping strategy; with the aim of capturing the
maximum common genetic variation in NOS genes we genotyped 1 SNP
every 5 kb in our samples (65 SNPs in total). The accuracy of this strategy
was assessed by imputing all variants present in the TSI 1000 Genomes
population sample in our general population sample from Lazio, Italy
(genotyped with our set of 65 SNPs). From the result, we concluded that this
genotyping strategy was representative of >70% of common genetic
variation. Therefore, a remaining 30% of common genetic variation of NOS
genes 1s not well represented in these analyses. Secondly, in MIGen case-
control samples a considerable proportion of genotypes (~60%) were
imputed, and, even though imputation quality controls were performed, this
fact could have affected the association and meta-analysis results. In any
case, this fact does not invalidate the GRS population approach because the
distribution of a robust (large number of polymorphisms) GRS does not
depend on the distribution of single polymorphisms. Thirdly, the GRS in this
study correspond only to a small piece of the genetic basis of cardiovascular
diseases jigsaw. So, this initial study should be further developed beyond
polymorphisms in NOS genes. Finally, the size of the general population
samples was robust enough to check the frequency distributions of
polymorphisms. However, future studies should include larger sample sizes

if less common (<5%) polymorphisms are to be included.
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Conclusions

This study of cardiovascular NOS-GRS in European populations shows for
the first time that GRSs are a powerful way of analyzing the distribution of
genetic risk and a promising tool for ecological predictions of disease.
Although the contribution of GRS to CAD at the individual level was lower
than 1%, GRS explained a large proportion of interpopulation differences in
CAD incidence (65%-85%). This large contribution to CAD incidence
across populations might be the result of colinearity with several other
common genetic and environmental factors. From the GRS perspective, the
so-called cardiovascular Mediterranean paradox would be no longer held and
CAD genetic architecture would be mainly based on common genetic
polymorphisms. The genetic risk score population approach seems very
promising in future public health interventions to develop lifestyle programs
and prevent intermediate risk factors in population subgroups with especially

high genetic predisposition.
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3.4 Resultats III: Carreras-Torres et al., (article I1I)

Clinal genetic structures from NOS genes explain geographical
differences in European coronary incidence and fit a dual Neolithic

expansion across Europe and the Mediterranean

Robert Carreras-Torres, Albert Ferran, Daniela Zanetti, Esther Esteban,
Giovanni Destro-Bisol, Laurent Varesi, Naris Pojskic, Hassen Chaabani,

Marc Via, Laurent Excoftfier, Pedro Moral.

3.4.1 Resum en Catala
Les estructures genétiques en clina observades pels gens NOS expliquen
les diferencies geografiques en la incidéncia coronaria a Europa
i s’ajusten a una expansio Neolitica doble a Europa i la Mediterrania

La distribucio en les poblacions humanes de les bases genctiques de
les malalties complexes pot trobar-se darrera la diferent susceptibilitat a
aquestes malalties. La distribucido poblacional de polimorfismes genetics
associats a les malalties coronaries no sembla respondre a efectes de pressio
selectiva. Per tant, existeix la possibilitat que 1’arquitectura genctica de les
malalties coronaries es trobi estructurada entre les poblacions europees de
manera similar a la variacio genética global.

En aquest estudi, s'ha analitzat la variacio genetica de 114 SNPs 1 17
polimorfismes de repeticions en tandem (TRP, de I’angles tandem repeat
polymorphism) localitzats en les regions dels gens de les sintases d’oxid
nitric (NOS, de D’anglés Nitric Oxide Synthases) en 1451 individus
corresponents a 35 poblacions majoritariament d’Europa, nord d’Africa i

Orient Mitja. Es va testar si la incideéncia coronaria registrada pel projecte

135



MONICA de I'OMS en 11 de les poblacions europees genotipades podia ser
explicada per les estimacions d'estructura genetica en les poblacions. Com a
resultats, es va observar que la diferenciacié genctica entre les poblacions
d’Europa, nord d’Africa i Orient Mitja era molt baixa perd significativa (Fsr
= 1.2% per SNPs 1 Fsr = 1.6% per TRPs). Mitjancant [’analisi de
components principals espacial (sPCA) en aquestes poblacions, es va
determinar que les principals estructures de variacid genética eren gradients
de continuitat genética distribuits seguint eixos similars a nord-sud 1 est-oest.
L’estimacio de components genétics “ancestrals” va indicar I’existéncia de 3
components similars en SNPs i TRPs que van ser interpretats com
components genctics d’origen Paleolitic europeu, Paleolitic nord africa 1
Neolitic europeu. La majoria de poblacions estudiades presentaven una
contribucid elevada (>60%) de la component genética d’origen paleolitic.
D’aquest conjunt de resultats destaquen quatre grups de poblacions que
presenten les estimacions més extremes dins d’aquest continuum genetic
observat: la poblacié del Pais Basc, les poblacions jordanes, les poblacions
de Bosnia-Hercegovina i1 les poblacions nord africanes. En els tests per
determinar el possible efecte de la seleccid natural a I'hora de modular la
distribucid genetica en les poblacions, es va observar com els polimorfismes
detectats com a associats a la malaltia coronaria en estudis anteriors no
presentaven cap senyal de seleccio. A més, aquests tests tampoc van revelar
cap efecte selectiu sobre un grup de polimorfismes localitzats al gen NOS3
que presenta cert gradient poblacional correlacionat amb la incidéncia
coronaria. Finalment, les nostres estimacions d’estructuracidé genctica
poblacional (distancies genétiques, components principals espacials 1
proporcions ancestrals) van explicar altes contribucions a la incidéncia

coronaria de les 11 poblacions analitzades (36-98%).
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Aquests resultats reflecteixen la continuitat genetica entre les
poblacions del continent europeu 1 la Mediterrania i, per tant, I'abséncia de
barreres geografiques 1 culturals al flux genetic entre les ribes nord 1 sud de
la Mediterrania. L’elevada contribucid paleolitica al patrimoni genétic actual
contrastaria amb la marcada distribucio genetica nord-sud 1 est-oest fruit de
processos meés recents. Perd aquests resultats s’ajusten a simulacions
computacionals on aquesta distribucié s’explicaria per un doble procés de
Neolitzacio: una expansio neolitica al continent europeu lligada a la cultura
ceramica Linearbandkeramik 1 una expansid neolitica a la Mediterrania
lligada a la cultura ceramica Cardial. El fet que les nostres estimacions
d’estructuracido genética expliquin la gairebé totalitat de la incidéncia
cardiovascular indica que la predisposicid poblacional a la malaltia
cardiovascular es relaciona amb el patrimoni genetic poblacional 1 que és
fruit de la demografia historica de les poblacions i no a efectes d’adaptacid al
medi. De fet, el gradient nord-sud en la incideéncia coronaria al continent
europeu seria conseqiiencia d’aquest doble procés de Neolitzacio, ja que
s’haurien generat poblacions de baixa diversitat genctica al centre-nord del
continent (elevant-ne la predisposicid coronaria) 1 poblacions de diversitat
genctica més elevada al sud del continent, alla on els patrimonis genétics de
les dues expansions neolitiques van convergir (disminuint-ne la

predisposicid coronaria).
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3.4.2 Informe dels directors de tesi de la participacio del doctorant en
I'article i de la singularitat de 1'article en la elaboracio de la tesi
Dr. Pedro Moral Castrillo, professor del Departament de Biologia
Animal de la Universitat de Barcelona, 1 Dr. Marc Via Garcia, professor del
Departament de Psiquiatria 1 Psicobiologia Clinica de la Universitat de
Barcelona, supervisors de la tesi doctoral “Variacié genomica de les
Sintases d’Oxid Nitric i de regions associades amb Risc Cardiovascular
en Poblacions Humanes”, manifesten que I’estudiant de doctorat Robert
Carreras Torres ha participat en el treball titulat “Clinal genetic structures
from NOS genes explain geographical differences in European coronary
incidence and fit a dual Neolithic expansion across Europe and the
Mediterranean”, i llest per publicacio, en les segiients tasques:
- Disseny i seleccio de les mostres 1 marcadors analitzats (90%).
- Recolleccio i preparacid de les mostres poblacionals (90%)
- Genotipaciod dels STRs en el laboratori (90%).
- Creacio de las bases de dades genétiques 1 seleccio de resultats
disponibles a la bibliografia per tal de realitzar comparacions (100%).
- Analisis estadistics (100%).
- Redacci6 de ’article (95%).

Cap dels coautors de D’article ha utilitzat els resultats d’aquest estudi de
manera implicita o explicita per elaborar una altra tesi doctoral. Per tant,
aquest article forma part de manera exclusiva de la tesi doctoral de Robert

Carreras Torres.

Signat per Dr. Pedro Moral Castrillo 1 Dr. Marc Via Garcia
Barcelona, 22 Abril 2014.
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3.4.3 Article 111

Clinal genetic structures from NOS genes explain geographical
differences in European coronary incidence, and fit a dual Neolithic

expansion across Europe and the Mediterranean

Robert Carreras-Torres', Albert Ferran', Daniela Zanetti', Esther Esteban'?,
Giovanni Destro-Bisol’ , Laurent Varesi4, Naris Poj skic’, Hassen Chaabani6,

Marc Via’, Laurent Excofﬁerg, Pedro Moral'*.

'Departament Biologia Animal - Antropologia, ,Universitat de Barcelona, Barcelona, Spain;
*Institut de Recerca de la Biodiversitat (IRBio), Universitat de Barcelona , Barcelona, Spain.
*Department of Animal and Human Biology, University La Sapienza, Rome, Italy.

*Faculté des Sciences et Techniques, Université de Corse, Corte, France.

*Institute for Genetic Engineering and Biotechnology, Sarajevo, Bosnia and Herzegovina.
®Laboratory of Human Genetics and Anthropology, Faculty of Pharmacy, University of
Monastir, Monastir, Tunisia.

"Departament Psiquiatria i Psicobiologia Clinica and Institute for Brain, Cognition and
Behaviour (IR3C), Universitat de Barcelona, Barcelona, Spain;

$Computational and Molecular Population Genetics Lab, Institute of Ecology and Evolution,

University of Bern, Berne, Switzerland;

Abstract

The distribution of the genetic basis of complex diseases across human
populations could be behind different population susceptibility to the
diseases. Population distribution of genetic polymorphism associated with
coronary artery disease (CAD) does not seem to be the consequence of
selective pressures. There is the possibility that CAD genetic architecture
among European populations is structured similarly to whole genome

variation. In this study, inferences of genetic structure were obtained using
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114 single nucleotide polymorphisms (SNP) and 17 tandem repeat
polymorphisms (TRP) from the nitric oxide synthases (NOS) gene regions in
1451 individuals from 35 populations mainly from Europe, North Africa and
the Middle East. Moreover, we tested whether coronary events in 11 of these
European populations could be explained by population genetic structure
estimates. Our results confirmed the lack of a Mediterranean barrier for gene
flow and highlighted that the European and North African genetic clines
constitute a continuous pattern. Three main ancestral genetic pools were
identified and interpreted, with major European and North African
Palaeolithic genetic contribution (>60%) for most populations. Surprisingly,
these large amounts of Palacolithic ancestral components depicted a recent
population distribution as a consequence of a strong impact from a dual
Neolithic expansion: one expansion in the European continent and another in
the Mediterranean basin. Finally, the main objective of the survey was
achieved when population structure estimates explained large proportions of
coronary event rates (39-98%). These results were interpreted as a possible
consequence of dual Neolithisation. In the FEuropean context, this
differentiated Neolithisation generated populations of low genetic diversity
and high CAD incidence in the core area of European continental expansion
(Central-North Europe) and populations with higher genetic diversity and
low CAD incidence on the boundaries of differentiated expansion areas

(Southwest Europe) where different genetic backgrounds would converge.
Keywords

NOS genes, European genetic stratification, Neolithic expansion, European

CAD incidence
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Introduction

Population distribution of coronary artery disease (CAD) traditionally
presents a southwest-to-northeast cline of incidence and prevalence in
Europe, from the South (Spain and France), with the lowest CAD mortality,
towards the North (Finland and UK) [1,2]. It has been assessed that classical
risk factors contribute to 30-40% of CAD population incidence [3.,4].
Moreover, it has been suggested that geographic genetic differences could
also be behind the population gradient related to coronary incidence. A
recent companion study [5] has shown that the distribution of a few genetic
cardiovascular-associated markers from nitric oxide synthase (NOS) genes
explained a large proportion (65-85%) of CAD incidence. Given the
polygenic nature of cardiovascular disorders, the few NOS associated
markers explained only a modest contribution to CAD phenotype (<1%), so
it is reasonable to think that other cardiovascular-associated markers would
have a similar population distribution.

Genetic differences among populations are mainly caused by
demographic processes linked to human migration and adaptation to new
environments. Phenotype differentiation, as a response to the environment,
could imply unusual allele frequency patterns in populations. This seems to
be the case in Type II Diabetes and pigmentation [6—8] under different
evolutionary pressures [9,10]. However, this has not been observed for CAD
or hypertension, for which risk genetic differences among world-wide
populations have been explained by random processes [6,11]. Indeed,
sustained selection processes that drive alleles near to fixation have been rare
during recent human evolution [12]. On the European continent, broad
human groups share a demographic history with similar genetic profiles and

thus, low genetic differentiation. However, a strong correlation between
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genetic and geographic distances has produced a genetic continuum [13,14]
shaped by north-to-south and east-to-west clines of genetic diversity [13,15].
Therefore, this well-known phenomenon could parallel the continental north-
to-south geographic variation in some complex traits and diseases.

In this study, we hypothesize that the genetic bases of CAD are
similarly structured to whole genomic variation in European populations.
This general genetic structure would also reflect the geographic differences
in CAD incidence and prevalence on the European continent.

To assess this, we have described variation in and around nitric oxide
synthases (NOS) genomic regions. NOS genes are responsible for nitric
oxide (NO) availability. The role of NO in regulation of vascular tone
homeostasis, tissue perfusion, and platelet aggregation [16] is considered a
key piece of the CAD jigsaw. There are three NOS genes: endothelial NOS
(eNOS or NOS3), neuronal NOS (nNOS or NOS1) and inducible NOS (iNOS
or NOS24) [16]. According to the Human Genome Epidemiology (HuGE)
Navigator browser (www.hugenavigator.net), the NOS3 gene is the second
most reported gene for CAD, with 139 related papers, and the fourth most
reported for myocardial infarction, with 75 reports (April, 2014). We have
analysed single nucleotide polymorphisms (SNP) and tandem repeat
polymorphisms (TRP), covering coding and non-coding regions around NOS
genes. Non-coding regions have been included in the analyses because
variation in intergenic regions is under-represented among disease-associated
markers [17] and can provide a broader evolutionary perspective.
Concerning populations included in this study, some of them were selected
taking presumably European ancestral genetic pools into account. The
observed genetic diversity patterns in Europe have been interpreted as an

indicator of recent demographic events since Palaeolithic times [18—20]. And
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according to some authors, European genetic background would be provided
by the first Palaeolithic Europeans, Neolithic farmers [19] and migration
from North Africa [21].

In order to test our working hypothesis, we have followed two
different approaches: 1) we have tested several genetic NOS markers for
selection, both associated and non-associated with CAD; and 2) we have
performed, a systematic correlation analysis of NOS molecular population

estimates and coronary incidences in European populations for the first time.

Materials and Methods

Ethics Statement

The study has been specifically approved by the Ethical Committee of the
University of Barcelona (Institutional Review Board: IRB00003099) and all

the participants provided a written informed consent.

Sample description

A total of 35 world-wide population samples from Europe, Middle
East, North Africa, South-Saharan Africa, and South America were
genetically tested. Blood samples of 1451 individuals were collected for
DNA extraction from healthy unrelated individuals of both sexes whose four
grandparents had been born in the same geographical region. Population
details of all samples, including sample size, geography and ethnic group
when available, are recorded in Supporting Table (ST) Tab 1. The geographic
distribution of the European and Mediterranean population samples are
displayed in Figure S1. The European samples corresponded to populations
from UK, Poland, Spain (5 samples), France (4 samples), Italy (5 samples),

Bosnia-Herzegovina (2 samples), Greece (3 samples) and Turkey. The
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Middle East samples are represented by Jordan (2 samples), and North
Africa by Tunisia (2 samples), Morocco (3 samples), Algeria and Egypt.
Finally, two samples from Africa (the Ivory Coast and Cameroon) and South
America (two Bolivian Andean groups) have been included to give a broader
context to our European and Mediterranean analyses. In addition to DNA

samples, genetic data from four European 1000 Genomes Project samples

(GBR, FIN, CEU and TSI) [22] were included in the analyses (ST Tabl).

Polymorphisms and genotyping

DNA samples were genotyped for a combined set of 144 SNPs, 1
variable number tandem repeat (VNTR) of 27 base pairs (bp), and 16
microsatellites or short tandem repeats (STR) (tri- tetra- and penta-
nucleotides; 13 of them were novel STRs). All polymorphisms were located
in the three NOS genes regions and in three non-coding regions 300-500
kilobases (kb) apart from NOS genes. The SNPs were selected as a
representative set of the common variation existing in these six genomic
regions, according to an average coverage of 1 SNP every 5kb and high
heterozygosity in CEU population as reported in the HapMap project
(www.hapmap.org). SNPs were genotyped using a Golden Gate Genotyping

Assay (Illumina Inc., San Diego, CA). Genomic location of genetic variants
is shown in ST Tab 2.

The 27bp VNTR and the 16 STRs, from now on coded as TRP, were
selected according to previously reported descriptions [23,24] or as
potentially polymorphic loci described by the UCSC Genome Browser
website (http://www.genome.ucsc.edu/). TRPs were determined by DNA
fragment analyses with fluorescent-labeled primers. PCR amplification was

carried out in a total volume of 10 pl using 10-20 ng of template DNA, 1 pl
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Buffer 10x, 1 mM of MgSO4, 0.2 mM of each dNTPs, 0.25 uM of each
primer and 0.2 pul KOD Hot Start DNA Polymerase (Novagen, Merck
KGaA, Darmstadt, Germany). The amplification program consisted of an
initial 5 min denaturalization step at 92 °C, followed by 30 cycles of 30 s at
92°C, 30 s at annealing temperature (61-62°C) and 30 s at 72*C, and with a
final 5 min extension step at 72°C. PCR products were 1:4 standardly diluted
and electrophoresed on ABI PRISM 3700 DNA sequencer (Applied
Biosystems, Foster City, CA) using CST ROX 70-500 (Bioventures. Inc,
Murfreesboro, TN) as size standard. GeneMapper 3.0 software (Applied
Biosystems, Foster City, CA) was used to genotype individuals. Standard
positive and negative controls were included and DNA from homozygote
individuals was directly sequenced to establish the exact number of repeats
and control allele designations. The results from the analysis of the TRPs
were submitted to GenBank and are available in dbSNP Build B139. The
newly assigned reference IDs, genomic location, repeat motive descriptions,
PCR primers descriptions and annealing temperatures are indicated in ST

Tab 3.

Statistical Analyses

Genotyping rate was assessed using PLINK v1.07 [25]. Non
polymorphic SNPs, or with a genotyping rate lower than 0.75, were removed
from the analyses. Since mutation mechanisms and rates are different for
SNPs and TRPs, analyses were performed separately.

Population allele frequencies, gene diversities and fitting for Hardy-
Weinberg equilibrium were performed with Arlequin v3.5 software [26].
Analyses of molecular variation (AMOVA) using Wright's F-statistics have

been conducted by clustering samples according to geographic criteria.
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AMOVA indices were calculated in the whole set of populations grouped
into South-Saharan Africa, South America, and the European-Mediterranean
region; and also in the reduced set of European and Mediterranean
populations according to North-Central Europe, South Europe, Middle East,
and North Africa. Population genetic relationships were assessed by pairwise
Fsr genetic distances for the SNP data set and pairwise Rgr genetic distances
for the TRP data set. Both AMOVAs and genetic distances were carried out
using Arlequin v3.5 [26]. Genetic distances were represented by
multidimensional scaling (MDS) analyses using stat and graphics R
software packages (R Development Core Team).

Spatial genetic patterns were estimated in the FEuropean and
Mediterranean populations through the georeferenced analysis known as
spatial principal component analysis (sPCA) [27]. This method provides
evidence of geographic global or local genetic structures. The neighboring
graph of populations was built using Delaunay triangulation. The main
results are maps of scores provided by positive and negative eigenvalues.
Positive eigenvalues correspond to global patterns (spatial grouping or
genetic clines), whereas negative eigenvalues indicate local patterns
(considerable genetic differences between neighbors). The significance of
the global or local patterns was assessed through Global and Local Monte-
Carlo tests with 10000 permutations. The sPCA, and the Global and Local
Monte-Carlo tests were performed using adegenet R package [28].

Genetic admixture in the Mediterranean and European samples was
estimated using STRUCTURE [29]. According to previous studies [19], no
more than four parental populations are expected in the analyzed samples.
Thus, to assess the number of clusters (K) that best fitted the genetic data

studied in this work, successive numbers of clusters were estimated (K from
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2 to 7) iterating the estimation five times per K. The optimal K was inferred
performing the Evanno’s method [30] implemented in the STRUCTURE
HARVESTER web-based program [31]. In order to visualize the spatial
distribution of estimated ancestral genetic contributions across populations,
membership coefficients for each cluster per polymorphism datasets were
mapped using the geostatistical method known as kriging from ArcGIS
software (ESRI, Redlands, CA, USA). Since anisotropy was not detected in
the semivariogram, we used the ordinary spherical interpolation kriging
method [32]. To standardize the visualization of ancestral genetic
proportions among the different contour maps, eight equal categories were
established for all contour maps. Furthermore, the covariation of observed
spatial distribution of ancestral components with geography was assessed by
Moran’s I and Geary’s C randomization tests for spatial autocorrelation [33]
using ade4 R package.

Detection of potential loci under selection was assessed from two
different perspectives based on the patterns of genetic diversity among
populations. The first method is based on the probability of observing locus
by locus AMOVA statistics as a function of heterozygosity, given a null
distribution generated under a hierarchically island model of population
differentiation [34]. This test detects the effects of balancing and positive
selection through loci with comparative significant low or large differences
between populations. This method was performed using Arlequin v3.5
software [26] on both SNPs and TRPs in European and Mediterranean
populations. The second approach was spatial ancestry (SPA) analysis [35].
In this analysis, only SNP data were used to model allele frequency
distributions in the geographic space. Applying the SPA approach,

polymorphisms showing steep geographic gradients in allele frequencies can
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be identified through SPA scores reflecting the steepness of the geographic
gradient. Large SPA scores (higher than the 95th percentile) were taken as
indicators of potential selection. In order to detect continental adaptation
events, analyses were performed in two different groups of samples:
continental Europe plus the Middle East; and North Africa plus the Middle
East, excluding the Mediterranean Islands.

Finally, in order to assess the relationship between genetic population
structure and variation of coronary incidence among European populations,
several genetic parameters from our tested populations were correlated with
coronary event rates in 11 populations. Average annual coronary event rates
over 5 years by gender in middle-aged individuals were compiled from the
World Health Organization (WHO) MONICA Project [36] for the European
populations. Among the analyzed populations, four of them (POL, NFR,
SFR, and CAT) had a MONICA counterpart and seven additional
populations (ORK, GBR, CEU, FIN, TSI, CIT and NBH) had a MONICA
population within a 200-km radius or from the same country (ST Tab 4). The
CEU sample was considered a counterpart of MONICA German-Bremen
population according to Lao et al. [13]. For TRP data correlations, the GBR,
CEU, FIN and TSI populations were excluded from the analysis because of
the lack of genetic data. Three different genetic parameters were correlated
with coronary event rates: 1) genetic distances between the above matched
populations and those populations in our study that showed the highest
genetic differentiation to the whole set; 2) sSPCA scores of significant global
or local eigenvalues; and 3) ancestral membership coefficients observed in
the admixture analyses. Spearman's correlation, and wunivariate and
multivariate linear regression analyses between genetic stratification

estimates and coronary event rates were performed and plotted using stats
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and graphics R packages.

Results

Levels of diversity

SNP genotyping rates and polymorphic status are shown in ST Tab 2.
Genotyping rates ranged from 81.0 to 91.2%. Twenty-two SNPs were not
successfully genotyped, and 8 SNPs were not polymorphic in the tested
populations. These 30 SNPs were removed from the study and, hence,
subsequent analyses were based on the variation in 114 SNPs. After
Bonferroni correction no SNP or TRP showed a significant departure from
the Hardy-Weinberg equilibrium in any population sample (data not shown).
SNP minor allele frequencies (MAF) in population samples and global
heterozygosities per marker and population are presented in ST Tab 5.
Global heterozygosities per SNP were moderate-high, ranging from 0.12 to
0.51. Per population, global heterozygosities ranged from 0.30 to 0.43;
populations with the lowest overall heterozygosity were the South-Saharan
African and Amerindian groups, most likely as a result of ascertainment
biased in the SNPs selected for this study.

All tandem repeat markers (TRPs) were successfully genotyped and
were polymorphic in the tested populations. Genotyping rates were slightly
lower compared to SNPs, ranging from 65.1 to 87.1% (ST Tab 3). Allele
frequencies and global heterozygosities per marker and population are
described in ST Tab 6. VNTR 55825679095 and STR ss825679089 were
biallelic, both presented alleles of 4 and 5 motive repeats and showed similar
heterozygosities (0.236 and 0.240, respectively). The other STRs ranged
from 6 to 21 alleles, with core repeats ranging from 2 to 28. Global

heterozygosities per marker revealed moderate-high diversity (from 0.37 to
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0.84). The population with the highest overall TRP diversity was the
Egyptian Siwa sample (0.62) whereas the populations with the lowest

diversity were the two Bolivian samples (0.42 and 0.41).

Population relationships and genetic structure

Among European, African and Amerindian populations, global
AMOVA indices were Fsr = 0.150 (P<0.0001) and Fcr = 0.140 (P<0.0001)
for SNPs; and Fsr = 0.122 (P<0.0001) and Fcr = 0.105 (P<0.0001) for TRPs.
As expected, variance among groups explained an important part of the
global variance among populations (see MDS plots in Figure 1A for SNPs,
and Figure 2A for TRPs).

In the case of the European and Mediterranean populations, the SNP
data set revealed a relatively homogeneous cluster, with the only exception
being the Egyptian Berber Siwa (SIW) population which was slightly closer
to the South-Saharan African samples (Figure 1A). The TRP data set (Fig
2A) also showed a general homogeneous cluster, with a certain separation of
some European and Mediterranean populations. AMOVA estimates were Fgr
=0.012 (P<0.0001) and Fcr = 0.008 (P<0.0001) for SNPs, and Fsr = 0.016
(P<0.0001) Fer = 0.002 (P<0.76) for TRPs. These values suggested a
geographic structure of genetic variation only for SNPs. MDS analyses using
SNP data (Figure 1B) represented rough North-South and East-West axes in
the first two dimensions. Moroccan, Algerian and Tunisian groups clustered
together in the lower right quadrant, while the Egyptian Siwa and Jordan
populations were placed in the upper right quadrant. The European
populations clustered in the left quadrants, with few exceptions.
Interestingly, the Basque Country is located opposite the Middle Eastern

group, and the Bosnia-Herzegovinian samples opposite the North African
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group. Populations of these four groups show high averaged Fsr genetic

distances per populations (ST Tab7) compared with the rest.
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Figure 1- MDS plots for Fsr genetic distances between populations for the
SNP dataset. A: European-Mediterranean, South-Saharan and Amerindian
populations (observed stress 0.052). B: Only European and Mediterranean
populations (observed stress 0.186). United Kindom: ORK and GBR;
Finland: FIN; Warsaw: POL; Central Europe: CEU; France: NFR and SFR;
Corsica: NCO and CCO; Spain: BQC, CAT NSP, SSP and MEN; Italy: TSI,
CIT, SIT, NSR, SSR, SIC; Bosnia-Herzegovina: NBH and SBH; Greece:
NGR, SGR and CRT; Turkey: TRK; Jordan: GJD and BJD; Morroco: ASM,
KHM and BOM; Algeria: MZB; Tunisia: NTS and STS; Egypt: SIW; Coté
d’Ivory: AHZ; Cameroon: BAM; Bolivia: AYM and QCH.

Concerning TRP data, most European and Mediterranean samples
clustered together in the MDS plot without any geographic structure (Figure
2B), as reflected by the non-significant Fcr index. This lack of geographic
structure indicates that the TRP dataset is not powerful enough to
discriminate between European-Mediterranean geographic groups. However,
a similar trend of higher averaged Rgr distances per population has also been

observed for populations from the four groups mentioned above (ST Tab7).
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Figure 2- MDS plots for Rgr genetic distances between populations for the
TRP dataset. A: European-Mediterranean, South-Saharan and Amerindian
populations (observed stress 0.169). B: Only European and Mediterranean
populations (observed stress 0.244).

Spatial structure

The Egyptian Siwa population was excluded from this analysis due to
its characteristics of genetic outlier within the European and Mediterranean
context (Figure 1). In the SNPs, sPCA suggested the existence of a global
pattern (Global test max(t)=0.175 , P=0.077), whereas it did not detect any
local structure (Local test max(t)=0.113, P=0.56). The detected global
patterns depicted genetic continuums orientated south-to-north in the first
global sPCA score (Figure 3A) and east-to-west in the second (Figure 3B),
with relative peaks in the first global score corresponding to the samples of
Bosnia-Herzegovina and Italian TSI. For TRPs, sPCA confirmed the
presence of a global structure (Global test max(t)=0.057, P=0.032); Local
test max(t)=0.043, P=0.83). The observed global patterns were north-to-
south (Figure 4A) and east-to-west in the Mediterranean, or southwest-to-

northeast in continental Europe (Figure 4B). Samples from Bosnia-

154



Herzegovina and the Basque Country slightly contrasted with their
neighbours in the first global component. These results indicate the lack of

sharp genetic boundaries among the studied populations.
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Figure 3- Maps displaying the first (A)  Figure 4- Maps displaying the first (A)
and second (B) global eigenvalues and second (B) global eigenvalues
scores of sPCA from SNP data. scores of SPCA from TRP data.

Genetic admixture

STRUCTURE likelihood estimates and Evanno's method results are
summarized in ST Tab8. The highest Delta K estimate corresponded to K=3
for both SNPs and TRPs. The ancestral genetic pools were designed as
cluster A, B and C. Contour maps representing the spatial distribution of

estimated parental genetic pools across populations are depicted in Figure 5.
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Figure 5- Contour maps of estimated parental genetic pools across
populations. A: SNP's A cluster; B: SNP's B cluster; C: SNP's C cluster; D:
TRP's A cluster; E: TRP's B cluster; F: TRP's C cluster. The legend indicates
the top membership coefficient for each category. See ST Tab9 for
population membership coefficients.

Estimated population membership coefficients of cluster A, B and C
for SNPs and TRPs showed only slight differences. In both analyses, the
population with the highest proportion of cluster A was the Basque County
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(0.434 for SNP analyses and 0.525 for TRP analyses) (Figures 5A and 5D
and ST Tab9). Regarding cluster B, the populations with the highest
proportion were the Bosnian-Herzegovinian samples in both analyses
(0.410-0.438 for SNPs and 0.431-0.512 for TRPs) (Figure 5B and 5E).
Finally, in the case of cluster C, Mediterranean populations showed the
highest proportions. However, for SNP analyses they were the Western
North-African samples of Morocco and North Tunisia and the islands of
Corsica and Sardinia (0.418-0.502), whereas for STR analyses, they were the
Eastern Mediterranean samples of Siwa and General Jordans (0.395-0.409)
(Figures 5C and 5F). No population had a membership coefficient close to 1,
which would mean that none of the studied populations could be considered
as representative of ancestral or parental genetic pools. Moreover, almost all
parental genetic pools covariate significantly with geography as reflected by
the spatial autocorrelation analysis (p=0.88 for SNP cluster A; p<0.01 for
SNP cluster B; p<0.05 for SNP cluster C; p<0.05 for TRP cluster A; p<0.05
for TRP cluster B; and p<0.05 for TRP cluster C).

Detection of potential selection

The results of the locus by locus Fgr statistics and their significance
as potential result of selection are presented in the ST Tab 10 (SNPs) and ST
Tab 11 (TRPs). SNP Fgr values ranged from <0.0001 to 0.050 and 14 loci
were potentially under selection (highlighted in ST Tab 10). Out of these 14
loci, four had large Fst values (0.039-0.050) indicating potential positive
selection, and the other ten showed low Fst values (<0.0001-0.002)
suggesting balancing selection. TRP Fgr indices ranged from 0.001 to 0.078
and 5 loci were potentially under selection (highlighted in ST Tab 11). Out of
these 5 loci, three presented large Fst values (0.043-0.078), and the other
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two had low Fgr values (0.001- 0.002).

The second method applied for detection of selection provided SPA
scores for SNPs (ST Tab 10). Since no SPA score showed an extreme value,
no SNP presented an extreme steep gradient of allele frequency across
geography. SPA scores above the 95th percentile (1.55) across Europe
identified seven SNPs (highlighted in ST Tab 10), and SPA scores across
North-Africa above the 95th percentile (1.52) indicated six SNPs (ST Tab
10).

No genetic marker associated with CAD in our previous study [5]

was detected as being under potential selective pressure.

Epidemiological analyses

As an approach to the contribution of population genetic structure to
coronary event variation in Europe, mean genetic distances, SPCA scores,
and ancestral admixture values were correlated with coronary incidences.
Average Fsr and Rgr genetic distances were those between the population
samples with CAD incidence data (see Materials and Methods section) and
the four population groups (the Basque Country, Bosnia-Herzegovina, the
Middle East, and North Africa) found to be most differentiated from the
whole set of populations. The Egyptian Siwa sample was excluded from the
North African group due to its outlying position. Correlation and regression
results for all population pairs (11 for SNPs and 7 for TRPs) by gender are

summarized in Table 1.
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Genetic structure

All populations

Populations with
low-medium incidence

parameters Men CER |Women CER| Men CER |Women CER
rho R? rho R? Rho R? rho R?
sPCA score
First Global Com. | 0.72* | 0.28' | 0.61' | 0.20' | 0.89* | 0.65* | 0.71' | 0.55*
Second Global Com. | 0.05 |<0.01| 0.02 |<0.01|-0.49 | 0.02 | -0.54 | 0.07
First"Second Coms. 0.09 0.02 0.97** 0.89*
Fst distance to
Basque Country 048 | 0.04 | 0.36 | 0.02 | 0.61 | 0.31 | 0.54 | 0.23
:;"t: Bosnia-Herzegovina | -0.29 | <0.01 | -0.29 | <0.01 | -0.78* | 0.24 |-0.79*| 0.29
Middle East 0,70* | 0,39* | 0.52 | 0.42* | 0.86* |0.73**| 0.68 | 0.63*
North Africa 0,63 | 0.11 | 0.49 | 0.19 | 0.86* |0.82** | 0.79* | 0.82**
Admixture coeficients
cluster A 0.13 | <0.01 | 0.02 |<0.01| 0.04 |<0.01|-0.17 |<0.01
cluster B 0.06 | <0.01| 0.21 | <0.01| 0.05 | 0.32 | 0.75" | 0.43'
cluster C -0.17 | <0.01 | -0.18 | <0.01 | -0.32 | 0.14 | -0.39 | 0.21
sPCA score
First Global Com. | 0.82* | 0.51* | 0.75' | 0.41' | 0.90' |0.98**| 0.70 |0.97**
Second Global Com. | 0.46 |<0.01| 0.43 |<0.01| 0.90' | 0.31 | 0.80 | 0.29
First*Second Coms. 0.90* 0.85* 0.98' 0.95
Rst distance to
Basque Country 0.76* | 0.61* | 0.75' | 0.70* | 0.70 | <0.01| 0.60 | <0.01
;;Z Bosnia-Herzegovina | -0.46 | 0.07 | -0.57 | <0.01 | -0.70 | 0.79* | -0.9" | 0.82*
Middle East 0.28 | <0.01 | 0.36 | <0.01| 0.00 | 0.60" | 0.10 | 0.59'
North Africa 0.32 | <0.01| 0.39 [ <0.01| 0.10 | 0.64' | 0.20 | 0.64'
Admixture coeficients
cluster A -0.89* | 0.43' |-0.86* | 0.36' |-1.00* | 0.65' | -0.9' | 0.67'
cluster B 064 | 0.31 | 0.75" | 0.24 | 0.40 | 0.81* | 0.70 | 0.83*
cluster C 0.04 | <0.01 | -0.11 | <0.01 | 0.40 |<0.01| 0.20 |<0.01

Table 1- Spearman's rho and % of explained interpopulation variance
(adjusted R?) of coronary event rates by genetic structure parameters for SNP
data and for TRP data. CER: Coronary event rate. (:P<0.1; *: P<0.05;

*##:p<0.01.).
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For SNPs, the first global sPCA score and genetic distances with the
Middle East and North Africa in men yielded significant positive correlations
with coronary event rates. Regression analyses of the same data yielded
significant results for Fgr distances with the Middle East, explaining 39%
and 42% of the variance in coronary incidence in men and women,
respectively.

For TRPs, coronary event rates were positively correlated with the
first global sPCA score and Rgr distance to the Basque Country, and
negatively with cluster A coefficients. In the regression analyses, the first
global scores contributed to 51% of coronary event variance in men, while
Rgsr distance with the Basque Country accounted for 61% of coronary
incidence variance in men and 70% in women. Finally, the interaction
between the first and second global components explained 90% and 85% of
the coronary event variance in men and women.

When correlations of SNP data in Table 1 were plotted, two groups of
samples were observed: a group of high coronary incidence and a group of
low-medium incidence (Figure 6 for sPCA scores, Figure S2 for Fgr
distances, and Figure S3 for admixture proportions). For TRPs, samples with
a low-medium coronary incidence showed a correlation trend similar to the
one observed for SNPs (Figure 7 for sPCA scores, Figure S4 for Rgr
distances, and Figure S5 for ancestral coefficients). Given this observation,
post hoc regression and correlation analyses were carried out in the low-
medium coronary incidence group (Table 1). The number of samples with
high incidence was too small to test for correlation and regression.

For SNPs, coronary events were positively correlated with the first
global sPCA component score (Figure 6) and Fsr distances to the Basque
Country, the Middle East and North Africa , and negatively with distances to
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Bosnia-Herzegovina (Figure S2) in both men and women. However,

regression analyses were only significant for the first global sPCA score

contributing in 65% and 55% of coronary events in men and women),
g y

distances to Middle East (R* = 73% in men and 63% in women) and North

Africa (R> = 82% in both men and women). It is interesting to note that

multivariate regression analyses of the first and second global components

explained almost all coronary variance (97% in men and 89% in women).

Trends observed in the samples from the high incidence group were

frequently similar to those described for the low-medium incidence group

(Figure 6, Figure S2 and Figure S3).
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Figure 6- Correlation plots between coronary event rates and SNPs' global
sPCA scores by incidence group and by gender (A and B men incidence vs
global scores; C and D women incidence vs global scores).
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TRP data analysis yielded similar results (Figure 7, Figure S4 and
Figure S5). Variance in coronary events in the low-medium incidence group
(98% in men and 97% in women) could be almost entirely explained by the
first global sPCA component scores (Figure 7). Rgr genetic distances to
Bosnia-Herzegovina and B ancestral coefficients explained around 80% of
coronary incidence (79-83%) in both men and women (Figure S3 and Figure

S4).
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Figure 7- Correlation plots between coronary event rates and TRPs' global
sPCA scores by incidence group and by gender (A and B men incidence vs
global scores; C and D women incidence vs global scores).

Discussion

Our working hypothesis in this study was that the distribution of
CAD genetic variants follows the same pattern as the whole genome across
the European continent. To test this hypothesis, we have analyzed the

molecular variation of 114 SNPs and 17 TRPs from six genomic regions (the
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three NOS genes and 3 adjacent non-coding regions) in 35 European and
Mediterranean populations and we have compared the population structure
revealed by these markers with the distribution of CAD incidence across

Europe.

Global population variation

Diversity indices for world-wide populations (Fsr: 0.15 SNPs-0.14
TRPs) as well as for the European-Mediterranean group (Fsr: 0.016 SNPs-
0.012 TRPs) are in accordance with previous publications where other
autosomal markers were analyzed in a similar group of populations [37-39].
Interestingly, the proportion of genetic variance attributable to differences
among groups is lower for TRPs as compared with SNPs, both for
worldwide and European-Mediterranean populations. This phenomenon has
also been described by other authors [37] and could be due to the higher
mutation rate of tandem repeats, which can produce alleles identical by state
but not by descent, thereby rubbing out the effect of genetic drift

differentiation in these populations [37].

Selection signs in NOS gene regions

In a previous survey of NOS genes [5], we found that NOS regions
had low levels of linkage disequilibrium, 4 genetically independent SNPs
were found associated with CAD, and several SNPs in NOS3 correlated with
CAD incidence in Europe. In this current study, the CAD-associated SNPs
did not show any sign of selection. The CAD-correlated NOS3 SNPs seemed
to present mild allele frequency gradients across Europe, as revealed by the
SPA scores, but they are not related to positive selection. However, some

signs of selection have been detected in other markers. The VNTR
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$s825679095 in the NOS3 gene, associated in some previous reports with
CAD and vessel diseases [40-42], appeared to be related to balancing
selection processes. In general, our results are consistent with the absence in
the literature of clear signs of selection for genetic variants associated with
CAD [6,11] without excluding particular cases. In the NOSI gene, cases of
positive and balancing selection have been detected. These markers might be
related to neuronal pathophysiology since the NOSI gene has been
associated with genetic predisposition to some mental disorders [43]. Also in
the NOS2A4 gene, a few possible positive selection signs have been observed,
most probably as a result of the role of this gene in acquired immunity [44].
In non-coding regions, signs of positive as well as balancing selection have
been found in NOS3 and NOS2A adjacent regions. In the absence of
additional functional information, our results showing slightly differential
patterns could be compatible with selection but random processes cannot be

discarded.

European and North African genetic continuity

Population relationships provided by genetic distances and their
graphical representation reflected an homogeneous genetic cluster for the
European and Mediterranean populations with the exception of the well-
known outlier population of the Egyptian Siwa Berbers [45] in the SNP set
(Figure 1A), and a few samples in the TRP set (Figure 2A) probably due to
data missingness. The European and Mediterranean populations showed a
genetic continuum in the sPCA characterized by orthogonal north-to-south
and east-to-west genetic clines for both kinds of markers. Therefore, the NOS
genome variation is consistent with genetic variation described in other

surveys [13,15], and the lack of genetic barriers between South Europe and
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North Africa [21,37,39], especially in the westernmost part. These results
highlight that both the genetic continuity around the Mediterranean basin and
the well-known European genetic clines are two pieces of the same genetic

structure phenomenon.

NOS variation patterns support the dual Neolithisation model.

Our hypothesis-free admixture analyses detected three ancestral
components for both kinds of markers. The estimated ancestral contributions
ranged between 15-55% and identified the following as populations with the
highest ancestral proportions: Basque Country (for cluster A), Bosnia-
Herzegovina (for cluster B), North Africa (for cluster C from SNPs), and
Jordan (for cluster C from TPRs). The slight discrepancy between SNPs and
TRPs on the identification of the populations with the highest cluster C
component could be related to different features of the analysed datasets.
The limited number of analysed markers, the ascertainment bias for the
selected highly polymorphic SNPs, together with the different mutation rate
of SNPs and TRPs could influence the results of admixture analysis [46].

These results contrast with classical Palaeolithic vs Neolithic
interpretation. Previous admixture analyses [18-20] estimated a large
Neolithic contribution of 70% in the Balkan region decreasing westwards to
30% in Iberia, using current Basque Country and Middle East populations as
representative of parental populations. However, it was argued that if the
chosen parental populations were not representative of the ancestral ones,
these results would show a longitudinal genetic variation as a result, not only
of admixture events, but also of isolation by distance [20]. Indeed, our
results showed the Basque Country and Jordan (second variation axis), and

Bosnia-Herzegovina and North Africa (primary variation axis) to be poles of
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the observed continuous genetic frame. Since no ancestral genetic proportion
was close to 100%, choosing any given population as representative of
ancestral pools would not be justified, and they cannot be considered outlier
genetic entities as was previously suggested for the Basque Country [47].
Our data suggest that these four groups of samples simply represent the
extremes of the European and Mediterranean continuum of genetic variation
studied in this survey.

However, our results support a model of dual Neolithic dispersal in
Europe and the Mediterranean region. A synthesis of archaeological records
and ancient DNA analyses indicates that Neolithic transition in Europe,
around 11 thousand years ago (kya), involved two main routes [48]. Early
Neolithic man had appeared in Central Europe 7.5 kya associated with the
Linearbandkeramik (LBK) culture [49], whereas the diffusion in the West
Mediterranean (8-7.5 kya) was linked to Cardial culture and attributed to
“maritime pioneers” [50]. Recent genetic data based on ancient DNA
supported the dual model of Neolithic diffusion for maternal and paternal
lineages showing genetic discontinuity among Neolithic samples [48,51-53].
This dual Neolithic expansion has been also described using autosomal data
related to the lactase persistence gene in Neolithic samples [52,53]. This
context provides a general framework to interpret the ancestral components
showed by NOS genes. Accordingly, the ancestral cluster A component could
be attributed to a component of Palaeolithic European origin since it presents
the highest proportion in the Basque Country and the lowest in groups where
Neolithic economy set up. Cluster B, with the highest frequency in Bosnia-
Herzegovina, could be interpreted as coming from early farmers with LBK
culture dwelling along the Danube River. This ancestral pool would have

separated from Levant and Middle East farmers 12 kya in consistency with
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recent genetic data [54]. Thus, our results highlight the need to properly
genetically characterize the populations from the Balkan region, because
these populations' genome might carry key information about 8 kya
European continental Neolithisation. Finally, cluster C could represent the
North African genetic background and its dispersion could be a product of
the Mediterranean maritime Neolithisation route. This interpretation is in
agreement with the recently described gradient of Palaeolithic “Maghrebi”
ancestral component decreasing eastwards [55], also being observed in South
European populations [56]. These results would also be consistent with
recent spatial simulations in the West Mediterranean showing that current
genetic patterns were mostly constituted in pre-Neolithic times [37]. On the
other hand, the C ancestral component from TRP data showed the highest
frequencies in the Eastern Mediterranean decreasing towards the West. These

differences could be related to the intrinsic features of these markers.

European and North-African Palaeolithic components shaped by a Neolithic
distribution

Genetic variation in the NOS regions shows two main orthogonal
axes of variation, North-South and East-West, as revealed by sPCA and
genetic distance analyses. Besides, ancestrality estimation in NOS regions
variation is interpreted as a substantial presence of Palacolithic gene pool in
the current genetic variation in Europe and the Mediterranean region
(>60%).

These results are explained by recent population expansion
simulations. According to these simulations, the east-to-west variation axis
would be a result of allele frequency clines generated in range expansions

[46,57]. In addition, a high proportion of Palaeolithic component can be
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explained by introgression, however small, of Palaeolithic elements during
the Neolithic “wave of advance” [46,57]. Thus, North African Palacolithic
introgression in Mediterranean maritime Neolithic expansion led to the
spread of the ‘“Maghrebi” ancestral component across the Western
Mediterranean. Interestingly, the orthogonality of the main north-to-south
axis of genetic variation is explained by the expansion in parallel sectors
differentiated by drift aligned along the direction of expansion [58,59]. The
dual Neolithic expansion through continental Europe and the Mediterranean
area initially generated two highly differentiated regions of low genetic
diversity, especially in their westernmost part. Later on, migrations and gene
flow related to metal ages and flourishing civilizations might blur the
sectorial boundaries, thus genetically enriching these areas and generating
current orthogonal patterns of genetic diversity.

In summary, the NOS gene variation described in this study could
indicate that the current north-to-south and east-to-west patterns of genetic
gradient, diversity, and admixture were generated by the deep impact of dual

Neolithic expansion, and have not yet been eroded by posterior migrations.

Neolithic expansion and European coronary incidence

Since it was assessed that classical risk factors (e.g. fat consumption,
alcohol intake, smoking habits) contribute to 30-40% of CAD population
incidence [3,4], the population distribution of CAD genetic architecture may
explain the remaining (60-70%) variance. The multivariate analysis of TRPs
first and second sPCA scores in the eleven tested populations already explain
a larger 85-90% of coronary incidence. As several classical risk factors
present a latitudinal distribution (cultural differences in food and drink

production), when the north-to-south distributed first global sPCA
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component is included in the regression models, a percentage (not higher
than 30-40%) of the variance estimations could be accounted for by those
factors. In the correlation plots, two groups of populations differentiated by
high or low-moderate incidence were observed. They can be interpreted as
groups with similar environmental conditions in food and drink production.
Thus, considering these groups separately will considerably reduce the
amount of coronary incidence variance explained by these risk factors, at the
expense of losing statistical power. At this point, it is worth mentioning that
the sPCA components of both markers in the low-moderate incidence group
of populations explained almost the total amount (97-98%) of coronary
events rates. In conclusion, these results suggest that the main parameters of
genetic population structure of the European and North African populations
tested in this survey explain a substantial proportion of the observed
differences in CAD incidence across European populations. This reinforces
our working hypothesis that CAD genetic architecture is commonly
structured in the European continent and contributes to the geographic
differences in CAD incidence.

Correlations between coronary events and genetic structure
parameters could at first glance suggest that a high proportion of the
“European Neolithic” ancestral cluster (B) and shorter genetic distances
from Bosnia-Herzegovina would represent higher coronary incidence,
whereas the “Maghrebi” ancestrality (C) would provide FEuropean
populations with genetic CAD protective factors. However, a more plausible
explanation would be that the observed coronary incidence is related to
genetic diversity in the populations. Thus, high proportions of both
“European Neolithic” and “Maghrebi” ancestral components in the South

European populations would constitute protective factors for CAD.

169



These initial interpretations need to be further assessed in order to be
confirmed and refined with studies including both more polymorphisms and
samples with a better geographic representation of Central European
populations. In any case, the inferred genetic structure and admixture
components of this survey, as well as the interpretation of a dual
Neolithisation, appear to be reliable insofar as they have been able to explain
the distribution pattern of a complex phenotype with a genetic architecture

commonly structured across populations.

Conclusions

This survey provides data on the distribution of molecular variation in the
NOS genes regions and non-coding adjacent regions among European and
Mediterranean populations for the first time. No selective forces seem to
have modulated the variation of these genetic markers related with CAD:
neither in those associated with the coronary phenotype nor in those
correlated with the distribution of cardiovascular incidence. On the other
hand, geographic differences in European CAD incidence can be explained
by parameters of genetic structure. This suggests, for the first time, that CAD
genetic bases are commonly structured in the European continent. Regarding
population structure inferences, the lack of a Mediterranean genetic barrier
has been confirmed. In addition, a major European and North African
Palaeolithic genetic contribution, instead of continental European Neolithic
ancestrality, has been identified for most populations. Surprisingly, these
large amounts of Palaeolithic ancestral components depict a recent
population distribution that can be explained by dual Neolithic expansion in

the European continent and the Mediterranean basin.
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4. DISCUSSIO






4.1 Discussio general

En aquesta tesi diferents tipus de polimorfismes son analitzats en
diferents regions genetiques tan a nivell epidemiologic com poblacional en
mostres europees 1 mediterranies. Aquesta discussio es troba estructurada

d’acord amb els objectius proposats en la seccio segona.

4.2 Identificacio de polimorfismes del gen F13A41 de risc per ’infart de
miocardi en poblacio espanyola i possible interaccio genética de risc dins
del gen

L’analisi conjunt de diferents polimorfismes localitzats en el gen
F13A41 ha permes obtenir un possible model interactiu entre els marcadors

genetics que explicaria les contradiccions obtingudes en estudis anteriors.

4.2.1 Marcadors de risc per infart de miocardi al gen F1341 en poblacio
espanyola

Inicialment, en aquest treball es va realitzar una aproximacio
epidemiologica individual als polimorfismes analitzats, on els resultats
obtinguts no van destacar cap efecte individual remarcable, tal 1 com s’havia
observat en altres mostres mediterranies.

Pel que fa als SNPs analitzats, el polimorfisme Val34Leu (rs5985) va
ser observat a una freqiiéncia similar a altres poblacions europees (0.2-0.3) i
no va mostrar associacid per I’infart de miocardi en la nostra mostra de
malalts espanyols. En altres estudis realitzats préviament per altres autors,
aquest polimorfisme tampoc s’havia trobat associat a malalties vasculars en
poblacions del sud d’Europa [86,87], perd si havia destacat 1’al-lel Leu34
com a protector davant trombosis en poblacions del centre-nord d’Europa

[86,87]. Aquesta associacid s’atribueix a la proximitat de 1’aminoacid
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corresponent al centre d’activacid del factor de coagulacid per part de la
trombina produint fibres de fibrina més sensibles a la fibrinolisi [15]. El
polimorfisme Pro564Leu (rs5982) també va ser observat a freqiiéncies
similars en poblacions europees (0.1-0.2) sense mostrar associacid
significativa en el nostre estudi. Per aquest polimorfisme, altres estudis
havien destacat el rol de risc de I’al-lel Leu564 en accidents cerebrovasculars
hemorragics [88], atribuible a 1’accid del polimorfisme en la interaccid entre
la subunitat A 1 la subunitat B del factor de coagulacid 1, per tant, en la
disponibilitat de factor de coagulacid activat [14].

En canvi, cap dels STRs analitzats havia estat estudiat
epidemiologicament per cap malaltia vascular. Un d’aquests polimorfismes,
el F1341-STR localitzat a 704 pb de I’inici de transcripcid, és utilitzat en
analisi forense 1, per tant, ampliament descrit en moltes poblacions d’arreu
del planeta. En el nostre estudi, destaca inicialment 1’al-lel més petit en
nombre de repeticions (3.2) per presentar un paper protector cap a I’infart de
miocardi. L’altre STR, el D6S477 localitzat 3.6 kb enlla del punt final de
transcripcid, va mostrar freqiiencies similars a altres estudis [89,90] 1 no va

mostrar cap associacid destacada amb ’infart de miocardi.

4.2.2 Interaccio de la variacio genética de risc dins del gen F13A1

En el segon pas estrategic d’aquest estudi, les analisis que tingueren
en compte més d’un polimorfisme a la vegada mostraren efectes interactius
entre els marcadors de risc.

Es va observar com la combinaci6 al-I¢lica o haplotip Val34-Pro564
presentava una sobretransmissio significativa (36 de 45 casos possibles) de
pares heterozigots a fills afectats. Aquesta interaccio significativa també es

va observar en la sobretransmissid (21 casos dels 23 possibles) de 1’al-lel
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Pro564 del polimorfisme 1s5982 quan s’analitzava separadament la
submostra de pacients amb genotip Val34Val34 pel polimorfisme rs5985. A
la vegada, pel que fa el F1341-STR, la combinacio dels al-lels d’aquest STR
amb I’al-lel Pro564 mostrava com es mantenia el rol protector de 1’al-lel de
3.2 repeticions i1 com apareixia 1’al-lel de 7 repeticions, el de més repeticions
entre els freqiients, com a factor de risc.

Aquests resultats s’expliquen des d’un punt de vista epistatic o
interactiu entre els factors de risc. S’estima que en les malalties complexes
les interaccions entre factors de risc genétics 1 ambientals son més
importants que els efectes individuals [91]. De fet, aquestes interaccions
serien la causa de la manca de replicacio de resultats en la majoria de estudis
d’associaci6. De la mateixa manera que interaccions entre diferents gens
poden implicar un risc important per una malaltia complexa com la
cardiovascular, interaccions de polimorfismes dins d’un mateix gen poden
ser els responsables del rol de risc o protector que presenti una determinada
versidé d’un producte génic. A més, un altre factor a tenir en compte, ¢€s el
doble rol que les variants genetiques poden mostrar en les malalties
complexes. Pel que fa als polimorfismes estudiats, en similars poblacions
nord-centre europees on I’al-lel Leu34 ha destacat com a protector davant
trombosis [86,87], aquest mateix al-lel s’ha mostrat de risc davant fenomens
hemorragics [92,93]. Per tant, probablement, aquest és el cas del nostre
estudi on la implicacid del factor de coagulacio XIII en processos vasculars
depeén de la combinacid de variants genétiques en el gen F1341, que son les
que acabarien conformant una condicido hemorragica o trombotica del factor
de coagulaci6. Una combinacié equilibrada o neutralitzada de variants pro-
trombotiques (com Val34, Pro564 1 FI341-STR*7) 1 variants pro-
hemorragiques (com Leu34, Leu564 1 F'1341-STR*3.2) en diferents llocs del
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gen FI13A41 pot originar resultats negatius d’associacid quan aquests

marcadors son analitzats individualment.

En el cas del polimorfisme FI341-STR, aquest STR es trova
localitzat a la regid6 promotora del gen entre seqiliencies reguladores,
anomenades GATA-1 1 Ets-1, responsables d’estimular la transcripcio del
gen [94]. Aquest polimorfisme en nombre de repeticions variables provoca
un distanciament entre aquestes regions reguladores i, possiblement, podria
debilitar ’estabilitat del complex estimulador de la transcripcid 1 acabar
afectant als nivells d’expressio del gen. Aquesta alteracié funcional per part
de polimorfismes STR ha estat préviament descrita en altres regions
genetiques promotores 1 ha estat proposat com a mecanisme de regulacid
capa¢ d’una regulacid quantitativa dins d’un espectre continu d’expressio
[95]. Per tant, aquest polimorfisme F/341-STR podria mostrar-se com a
funcional generant diferents nivells d’expressié de FXIII segons el nombre
de repeticions 1 explicant el rol protector de I’al-lel amb un nombre més petit
de repeticions (3.2) 1 el rol de risc de I’al-lel amb un nombre més elevat de

repeticions entre els freqiients (7) davant malalties trombotiques.

4.2.3 Efecte poblacional en la identificacio de marcadors de risc amb rol
interactiu

Tal 1 com s’ha esmentat anteriorment, els estudis previs d’associacio
on el polimorfisme Val34Leu apareixia relacionat amb malalties vasculars
trombotiques 1 hemorragiques van ser realitzats principalment en poblacions
del centre-nord d’Europa. En canvi, en la majoria d’estudis on el
polimorfisme no mostrava cap efecte significatiu les mostres utilitzades eren
provinents de poblacions mediterranies del sud d’Europa.

Inicialment aquesta contradiccid podria ser explicada pel fet que les
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malalties complexes presenten diferents detonants genétics segons la regio
geografica de la poblacid on apareixen. Per tant, estariem davant d’una
especificitat de factors genctics associats segons 1’origen poblacional. Pero
els nostres resultats no apunten en aquesta direccid. El fet que en la nostra
mostra sud europea els polimorfismes estudiats no presentin associacid
individual perd si en combinacido dona peu a proposar un model interactiu
entre marcadors genetics de risc que son detectats segons les caracteristiques
intrinseques d’aquests marcadors en la poblacio on es troben. Per exemple,
ha estat suggerit que, sota un model interactiu, factors independents de risc
només poden ser estadisticament detectats depenent de les freqiiéncies
al-1eliques en que es presentin en la poblacid [91]. Alhora, el desequilibri de
lligament entre els marcadors de risc pot contribuir a la seva deteccio quan la
interaccid es produeix dins d'un mateix gen. Al continent europeu és
ampliament coneguda la baixa diferenciacid genctica entre poblacions que
alhora es correlaciona amb la geografia [75]. Les caracteristiques que en
destaquen d’aquesta distribucio geografica sén una major heterozigositat
global 1 un menor desequilibri de lligament global de les poblacions del sud
d’Europa comparades amb les del nord-centre d’Europa [75]. Per tant, en un
model interactiu, estudis realitzats en poblacions nord-centre europees
tindran una tendéncia major a assolir significacio estadistica que estudis
realitzats en poblacions sud europees. Aquest és precisament el cas del nostre
estudi realitzat amb polimorfismes del gen FI/34/ en una mostra
epidemiologica mediterrania on 1’associacid estadistica no apareix de manera
individual i, per contra, si sota un model interactiu entre els marcadors

genetics.
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4.3 Identificacio de factors de risc en els gens NOS i distribucio
poblacional de risc a Europa i la Mediterrania en relaci6 a la incidéncia
coronaria

La incorporacid de 1’ts de scores de risc genétic en I’estudi de la
distribucid geografica dels factors de risc dels gens NOS ha permes
interpretar la diferent incidéncia cardiovascular al continent europeu degut a

una possible diferent susceptibilitat genética de les poblacions.

4.3.1 Identificacio de marcadors de risc genétic dels gens NOS per infart
de miocardi en poblacio europea

Del conjunt de 61 SNPs analitzats en els tres gens NOS (NOS3, NOS1
1 NOS2A4) 5 polimorfismes van presentar indicis d'una certa associacid
(p<0.1) amb el fenotip infart de miocardi. El nombre final de marcadors
associats un cop es va comprovar la independéncia genética (desequilibri de
lligament r* < 0.2) entre aquests marcadors va ser de 4 SNPs, 3 en el gen
NOS3 iunen el gen NOSI.

Segons la literatura disponible, el gen més associat a les malalties
cardiovasculars del tres gens NOS és el gen NOS3, ja que és el maxim
responsable de la disponibilitat d'0xid nitric a I’endoteli de la paret vascular,
1 per tant, de la vasodilatacid 1 vasocontraccid. Aixi, no €s sorprenent que la
majoria de variacio genetica associada al nostre estudi es trobi en aquest gen.
Un dels polimorfismes detectats en el nostre estudi (rs1799983) ha estat
ampliament estudiat per malalties cardiovasculars 1 hipertensid, perd amb
resultats ben contradictoris. La majoria de publicacions en qué¢ aquest
polimorfisme es troba associat sén treballs amb un nombre de mostres baix,
alhora que sembla trobar-se associat amb més facilitat en mostres asiatiques

que europees [18-23]. Fins 1 tot, s’han observat els dos al-lels com de risc
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cardiovascular, fenomen comunament anomenat de “flip-flop” [96]. L’al-lel
determinat com de risc en aquest estudi és 1’al-lel G. En suport a aquest
resultat tenim que el nombre de mostres europees utilitzades s’aproxima a
les 5.000, 1 en contra, que aquest polimorfisme presenta uns dels index de
qualitat d’imputacid més baixos (0.6-0.7) entre els marcadors utilitzats en
I’estudi. Per tant, la determinacié de factor de risc per part d’aquest
polimorfisme no es troba ni de bon tros resolta. Futurs estudis que explorin
el paper que juga aquest polimorfisme en la malaltia coronaria son encara

necessaris.

4.3.2 Habilitat predictiva de la puntuacio de risc genétic dels gens NOS

Un model de score de risc genetic (GRS) va ser obtingut per les
mostres cas-control calculant el nuamero d’al-lels de risc dels 4
polimorfismes dels gens NOS associats que presentava cada individu. El
valor mig de GRS en les mostres era d’uns 6 al-lels de risc, oscil-lant entre 3
1 8 al-lels de risc. Aquest GRS, com a nou parametre quantitatiu, va mostrar
associacid significativa amb la malaltia només en la mostra cas-control
italiana ATVB, pero explicant menys del 1% del fenotip infart de miocardi.
De fet, aquesta mostra cas-control era la més nombrosa de les utilitzades
(~3.000 mostres) 1, per tant, la que més pes va tenir a I'hora d’identificar els
marcadors de risc. En la resta de mostres cas-control, el GRS no es va
mostrar com un parametre significativament associat. Alhora, la capacitat del
GRS de discernir entre afectats 1 no afectats per la malaltia va ser nul-la o
molt limitada, tal i com mostrava el parametre AUC (0.45-0.53).

La debil contribucio del nostre GRS dels gens NOS en termes
d’associacio 1 prediccio es troba en plena coheréncia amb 1’efecte mostrat

per altres variants genetiques associades a les malalties complexes. Tal 1 com
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s’ha observat en la seccid 1.4.2 d’aquest tesi, la proporcid de variancia
fenotipica explicada (contribucié a la malaltia) per la gran majoria de
polimorfismes associats a la malaltia cardiovascular es inferior al 1% [38].
Generalment, la millora en la capacitat predictiva del risc per part dels
factors de risc genetic sol ser nul.la o insuficient [46], inclus per
I’ampliament replicat polimorfisme del locus 9p21.3 [7,47]. Pel que fa a
puntuacions de risc utilitzades en altres estudis, la variancia explicada per
dotzenes de marcadors de risc no sol superar el 5% del fenotip [48,97],
bastant lluny del 40-60% estimat a partir d'altres metodes, 1 donant una visié

de la complexitat genética de la malaltia coronaria.

4.3.3 Distribucio poblacional del GRS a través d’Europa i la
Mediterrania

El score de risc genétic dels gens NOS també va ser calculat en els
individus representants de les poblacions, 1 la distribucid geografica de la
mitjana poblacional va ser representada mitjancant un mapa de contorns
(Figura 1 de la seccio 3.3.3). Es va observar la regi6 de les illes de Corsega 1
Sardenya 1 les regions continentals nord mediterranies properes com les
poblacions amb menor risc genétic NOS (5.4 - 5.7 al-lels de risc). A mesura
que augmentava la distancia a aquesta regio geografica, el risc genetic NOS
augmentava de manera esglaonada en totes direccions, covariant
significativament amb la geografia.

Aquesta covariacid geografica de la variacié genética que s’observa
pel score de risc (GRS) dels gens NOS respon a un patrd similar al patrd
d'estructuracido genética global que mostren les poblacions europees 1
mediterranies [69,75]. Aquesta estructuracid genetica ampliament descrita a

Europa 1 a la Mediterrania on les diferéncies genetiques son poques, pero
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significatives, 1 es mostren en un gradient poblacional, és precisament el que
s’observa per aquests polimorfismes detectats de risc en els gens NOS, tal 1
com es discutira en la seccido 4.4.2 juntament amb la resta de variacio

gengtica analitzada.

4.3.4 Correlacio del GRS i de la variacié genetica individual amb la
incidéncia coronaria descrita a Europa

La variacio geografica del GRS dels gens NOS al continent europeu
destacava per presentar els valors més baixos a I’est dels Pirineus 1 els valors
més alts a les poblacions de Gran Bretanya, Polonia i Finlandia. Aquest
increment gradual cap al nord 1 nord-est correlacionava considerablement
amb la incidencia coronaria registrada pel projecte MONICA de la OMS al
continent europeu (Figura 2 de la seccio 3.3.3) i arribava a explicar-ne una
gran proporcid (67% en dones 1 86% en homes). Pel que fa a la variacio
geografica de les freqiiéncies dels polimorfismes analitzats individualment,
un grup de polimorfismes, basicament localitzats a la regio del gen NOS3,
presentava freqiiencies poblacionals correlacionades amb la incidencia
coronaria de les poblacions MONICA, explicant-ne un proporcio
considerable (35-65%), tot i que inferior al GRS dels gens NOS (Taula 3
seccid 3.3.3). D’aquest grup de SNPs la freqiiencia dels quals correlaciona
amb la incidéncia, només un d’ells (rs179993) es va trobar associat a la
malaltia coronaria i, per tant, inclos al GRS.

Inicialment la gran contribucié del GRS a la incidéncia coronaria
poblacional va contrastar amb la mindscula contribuci6 que el GRS
presentava per la malaltia a nivell individual. No existeixen dades previes en
la literatura on s’hagi analitzat la distribucio poblacional d’altres GRS 1, per

tant, que es puguin comparar amb aquest estudi. Pero si es troben estudis on
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s’ha descrit la variacid poblacional de marcadors de risc genctic 1 la seva
correlaci6 amb la incidéncia coronaria. Aquests estudis van revelar una
correlacio significativa de la isoforma 4 del gen de la APOE amb la
incidéncia coronaria a Europa, perd de cap altre marcador dels estudiats
[57,58]. En un d’aquests estudis fins i tot es van detectar clines genetiques
correlacionades negatives amb la incidéncia, on a major freqiicncia
poblacional de risc genetic menor incidéncia observada [58]. Aquest fet va
fer que la idea de la paradoxa mediterrania, on els factors de risc tradicionals
no explicaven la incidéncia observada (només un 30%), s’ampliés també als
factors de risc genetic. La interpretacid d’aquests autors a les clines
genetiques observades de nord a sud fou que amb molta probabilitat eren el
reflex de la distribucid 1 estructuracid genctica global al continent europeu
fruit de la historia demografica d’aquestes poblacions [78,98,99]. Per tant, en
aquest context d'estructuracié genctica de les poblacions europees, la
variancia de la incidéncia coronaria explicada per cada polimorfisme
correlacionat no pot ser considerada com a especifica d’aquell polimorfisme
ja que molt probablement la proporcid d'incidencia explicada ¢s fruit de
I’efecte combinat o additiu de moltes variants de risc genctic amb la mateixa
distribucid poblacional. Per exemple, I’aparent elevada contribucié (46% en
dones 1 61% en homes) del polimorfisme de risc rs1799983 es deu molt
probablement a un efecte de col-linealitat d’aquest factor amb molts altres
factors de risc amb el mateix patré geografic. De la mateixa manera, la gran
contribucid del GRS (67% en dones 1 86% en homes) deu reflectir 1’efecte
conjunt de totes les variants genctiques de risc, 1 també de possibles factors
de risc ambiental, que presenten un patrd poblacional similar als 4 SNPs
inclosos en la puntuacid. Aixi, els nostres resultats donen peu a proposar que

una elevada proporcio de la incidéncia coronaria de les poblacions europees
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es troba efectivament determinada per la distribucid geografica de variants
genetiques de risc, ja que els factors de risc tradicionals només son capagos
d’explicar entre un 30 1 un 40% de la incidencia. A més, aquests factors
genetics de risc serien comuns en la poblacio (freqiiencies superiors a 5%),
ja que les variants rares solen ser especifiques de cada poblacidé 1 no es
presenten distribuides en gradients geografics [10,30].

Pel que fa la variacido geografica del GRS en la costa nord de la
Mediterrania, també s’observa una gradacid esglaonada amb valors baixos
de risc genetic NOS a I’oest 1 valors de risc elevats a I’est de la Mediterrania.
Existeixen poques dades epidemiologiques que cobreixin a la vegada
aquestes regions, perd aquests estudis també apunten a una incidéncia
coronaria més elevada a la regid est de la Mediterrania [100]. Per tant, també
hi ha correlacid entre el nostre GRS dels gens NOS 1 la incidéncia coronaria,
reforgant la interpretacié de que tan el GRS com la incideéncia es troben
profundament influenciats per I’estructuracié genetica global fruit de la
historia demografica de les poblacions actuals.

Pel que fa la distribucié del GRS per la costa del nord d’Africa, es fa
dificil estimar si ’estructuracid genetica poblacional reflecteix una diferent
incidéncia cardiovascular ja que les dades epidemiologiques disponibles son
excessivament minses [101]. Tot 1 aixo, els elevats valors del score
poblacional observats en aquesta area geografica estimulen futures

aproximacions en aquest ambit d’estudi eco-epidemiologic.

4.3.5 Incidéncia coronaria poblacional, predisposicio genética i habits i
estil de vida
La important contribucié genética observada en el nostre estudi a la

incidéncia coronaria suggereix algunes consideracions sobre el rol que
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aquests factors de risc genetic tenen sobre el risc individual de la malaltia
coronaria. Elevades incidéncies poblacionals estarien determinades per
elevades freqiiéncies de combinacions genetiques de risc 1, per tant, d’una
proporcid considerable d’individus portadors d’aquestes combinacions
genetiques de risc.

En aquest estudi d’epidemiologia ecologica, es podia interpretar que
el GRS dels gens NOS capturava la contribucid a la malaltia de la miriada de
variants genetiques de risc que tenen una distribucid geografica similar als 4
SNPs utilitzats. Per tant, només la inclusié d’aquesta miriada de variants
genctiques en les analisis epidemiologiques podria explicar una considerable
proporcio de la variabilitat en malaltia coronaria a nivell individual. En
aquest context, estudis previs han intentat obtenir un model simulat de
I’arquitectura genetica de les malalties complexes, per tal de determinar el
nombre de polimorfismes genétics necessaris per a assolir una contribucid
significativa. Les prediccions d’aquests models de simulacid sén que, sota un
model purament additiu entre marcadors, el nombre de marcadors genetics
necessaris per tal d’explicar I'heretabilitat observada variaria entre pocs
centenars de marcadors de baixa freqiiéncia 1 contribucio elevada i bastants
centenars o pocs milers de marcadors d’elevada freqiiencia 1 baixa
contribucid [6,11,12]. Tenint tot aix0 en compte, les nostres dades apunten
cap a un model d’arquitectura genética bastant complexa on els
polimorfismes genctics implicats son majoritariament d'elevada freqiiencia
poblacional, ja que es distribueixen en gradients geografics, 1 de baixa
contribucid al fenotip.

Dins la contribucié de factors de risc al desenvolupament de la
malaltia cardiovascular, també tenen molt de pes els factors ambientals. Al

continent europeu, la majoria de factors ambientals també es troben
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distribuits en clines nord-sud correlacionant-se amb la incidéncia coronaria,
perd la seva contribucié a la incidéncia poblacional no és superior al 30-
40%, tal 1 com ja va reflectir ’estudi MONICA de la OMS [55]. A nivell
individual, diferents estudis epidemiologics han determinat que els factors
ambientals de risc es troben relacionats en el 80% del casos de malaltia
coronaria en una poblacio. Aixi, existeix una discrepancia on els factors
ambientals semblarien ser més determinants a nivell individual 1, en canvi, a
nivell ecologic el factor més determinant en la malaltia és la predisposicio
genetica. De fet, aquestes observacions conformarien dues cares del mateix
fenomen. Tot 1 que els factors ambientals expliquen una gran proporcid dels
casos de la malaltia en una poblacio, el nombre total de casos en aquesta
poblacio depén de la predisposicio genética dels seus individus. Per tan, dues
poblacions sota la mateixa pressi6 ambiental de risc mostraran incidéncies
poblacionals en funcido de la seva predisposicido genetica. La incideéncia
coronaria potencial d’una poblacié estaria determinada per la predisposicid
genetica dels seus habitants pero seria disparada pels habits 1 estils de vida

dels mateixos.

4.3.6 Utilitat dels GRS per futurs estudis eco-epidemiologics

Els resultats d’aquesta tesi subratllen la utilitat que les puntuacions de
risc genetic poden tenir a 1'hora de determinar la carrega o predisposicio
genctica de les poblacions i, per tant, com a predictors ecologics. La
valoracio dels riscos poblacionals cap a les malalties és de gran utilitat en
salut publica , aixi com cong¢ixer la seva variacio al llarg del temps per tal de
predir possibles brots no desitjats d’aquestes malalties [102]. E1 GRS ideal
seria aquell que inclogués totes les variants genctiques de risc coronari que

existeixen en el genoma, tasca dificil d’aconseguir actualment i segurament
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durant els propers anys. No obstant, en una estratégia exploratoria es podrien
dissenyar diversos GRS per diferents processos patofisiologics relacionats
amb les malalties cardiovasculars, com per exemple per la disfuncid
endotelial, la aterosclerosis accelerada, 1’hemostasia en coagulacid
sanguinia, etc.. cadascuna amb la seva propia base genctica [102]. Aquests
GRS podrien aportar una base solida per tal de desenvolupar programes
d’intervencid en els estils de vida dels individus, prevenint factors de risc
intermedis (com l'obesitat, la hipertensid, la hiperglucemia, la
hipercolesterolémia) en subgrups de poblacions amb elevada predisposicio.
Aixi, la carrega sanitaria associada a aquestes patologies podria disminuir-se
considerablement abans que els factors ambientals provoquessin la seva
aparicio degut a la predisposicid genéctica dels individus segons la seva
poblacio d'origen. Cal afegir, que una gran avantatge d’aquesta estratégia
seria la necessitat de poques mostres representatives per poblacio, 1 per tan
un baix cost per tal de dur-la a terme. Tot aixo fa pensar que els GRS poden

ser una gran eina per futurs estudis en salut publica.
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4.4 Variacio dels gens NOS a Europa i la Mediterrania: identificacio dels
processos demografics i/o adaptatius en relacio a la incidéncia coronaria

La distribucid poblacional de la variaci6 analitzada a les regions
cromosomiques dels gens NOS ha permes identificar el tipus d’estructures
genetiques 1 processos adaptatius 1 demografics associats als gens NOS en les
poblacions d'Europa i la Mediterrania, alhora que s’han inferit models
poblacionals que ens expliquen la diferent incidéncia cardiovascular al

continent europeu.

4.4.1 Estimacio del grau de diferenciacio genetica entre les poblacions
analitzades, especialment d’Europa, nord d’Africa i Orient Mitja
L’analisi dels conjunts de 114 SNPs 1 17 polimorfismes de repeticions
en tandem (TRPs) de les sis regions genomiques estudiades (tres d’elles
incloien els gens NOS3, NOSI 1 NOS2A4) van revelar magnituds de
diferenciacio similar en les 39 poblacions analitzades (Fsr: 15% SNPs —
12.2% TRPs). En la jerarquitzacié d’aquesta diferenciacié poblacional, la
major contribucid I’aportava la diferenciacid entre poblacions de diferents
continents (entre continents: Fer: 14% SNPs — 10.5% TRPs). En canvi, la
magnitud de diferenciacié observada entre poblacions d’Europa i la
Mediterrania va ser bastant reduida (Fst: 1.2% SNPs — 1.6% TRPs) pero
similar a la detectada utilitzant altres marcadors autosomics en un grup
similar de poblacions [84,85,103]. Alhora, la proporcié de la variancia
atribuible a diferéncies entre grups fou més baixa en els TRPs que en els
SNPs tant pel conjunt total de poblacions analitzades com pel grup de
poblacions europees 1 mediterranies. Aquest fenomen ha estat descrit
previament per altres autors [85] 1 es pot deure a l'elevada taxa de mutacid

que presenten les repeticions en tandem, on es poden generar al-lels identics
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per estat perd0 no per descendeéncia, que contribuirien a difuminar la

diferenciacio entre-poblacions [85].

4.4.2 Processos d’adaptacio genética al medi reflectits en els gens NOS

L’analisi de possibles senyals de seleccid en la variacid genctica
estudiada va aportar informacio molt rellevant pel que fa la funcionalitat dels
gens NOS 1 la seva relacidé amb la malaltia cardiovascular.

Primer de tot, cal destacar que cap dels 4 marcadors genetics
associats al fenotip malaltia coronaria (inclosos al GRS) van mostrar patrons
de diferenciaci6 poblacional (Fst) diferents a la majoria de variacid gencética
estudiada ni, per tant, senyals d’adaptacid al medi. Alhora, la variacio
genctica  correlacionada geograficament amb la incidéncia coronaria
(majoritariament en el gen NOS3) presentava lleugers gradients de
freqiiéncia al-1¢lica al continent perd no associats a cap senyal de seleccid
positiva (alta diferenciacio). Per tant, la variacio geografica del conjunt
polimorfismes de risc (GRS) dels gens NOS respon a un patré similar al
patro d'estructuracid genctica global que mostren les poblacions europees 1
mediterranies. Tot 1 aixi, alguns senyals de seleccid van ser detectats en
altres marcadors estudiats. El polimorfisme de repeticid6 en tandem
$s825679095 del gen NOS3, associat en altres estudis a malalties vasculars
[104—106], aparegué relacionat amb processos de seleccid equilibradora
(baixa diferenciacidé poblacional). Per tant, en general, els nostres resultats
foren consistents amb 1’abséncia d’una clara deteccio de senyals de seleccio
en variants genctiques associades a malalties cardiovasculars, tal 1 com
s’havia observat anteriorment [107,108].

Altrament, senyals de seleccio positiva 1 seleccio equilibradora van

ser detectats en els gens NOSI 1 NOS2A4, aixi com en regions no codificants.
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Les variacions genetiques amb patro poblacional diferenciat del gens NOSI 1
NOS2A poden trobar-se relacionades amb diferents processos biologics com
la formacié 1 funcionament de xarxes neuronals [109], o com processos
immunologics adquirits 1, per tant, d’adaptacido a nous patogens [110]. Els
casos detectats en les regions no codificants no poden ser descartats com a
fruit de processos estocastics a falta d’informacid sobre la seva funcionalitat,

d'igual manera que pels casos de les regions codificants.

4.4.3 Estructuracio geneética observada a Europa i la Mediterrania per
les regions genomiques dels gens NOS

Les relacions poblacionals aportades per les distancies genetiques 1 la
seva representacio geografica mostraren un cluster genétic homogeni per les
poblacions europees 1 mediterranies, amb 1'excepcio de la poblaci6 aillada de
'oasi de Siwa a Egipte [111] pel conjunt de SNPs (Figura 1A seccid 3.4.3), 1
d’algunes poblacions pel conjunt de TRPs (Figura 2A seccio 3.4.3),
probablement degut a la baixa taxa de genotipacid en aquestes mostres. Les
poblacions europees 1 mediterranies mostraren una estructura de gradient
genetic continu, tal 1 com va revelar I’analisi de components principals
espacial (sPCA), caracteritzada per dos eixos de variacid ortogonals simulant
els eixos nord-sud 1 est-oest (Figures 3 1 4 seccid 3.4.3). Per tant, el patrd de
variacié observat pels gens NOS és similar a I’observat per altres marcadors
on la diferenciacid poblacional és baixa, pero significativa, i estructurada en
gradients longitudinals 1 latitudinals [74,75]. Alhora, aquest patrd observat
pels gens NOS reforga la percepcid d’abseéncia de barreres genctiques entre
el sud d’Europa 1 el nord d’Africa [76,84,85], especialment en la regid de
I’estret de Gibraltar. Aixi, els nostres resultats subratllen que ambdods

fenomens de clines genctiques al continent europeu i continuitat genetica
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entre les dues costes mediterranies sén dos peces de la mateixa fotografia

d’estructuracio genética.

4.4.4 Components “ancestrals” estimats del patrimoni genétic actual de
les poblacions d’Europa i la Mediterrania

Els resultats d’estimacidé de components genctics ‘“‘ancestrals”
detectaren que la variacid genética observada en les poblacions era més
optimament explicada per la preséncia de 3 components genetics. Les
proporcions d’aquests components genetics oscil-laven segons la poblacid
entre el 15 1 el 55% del patrimoni genetic actual. Les poblacions
identificades per mostrar les proporcions més altes de cada component foren
el Pais Basc pel component anomenat A, les poblacions de Bosnia-
Hercegovina pel component anomenat B, i les poblacions del nord d’Africa
pel component anomenat C dels SNPs 1 les poblacions de Jordania pel
component C dels TRPs. Aquesta lleugera discrepancia en la identificacié de
les poblacions amb major proporcié de C entre SNPs 1 STRs pot trobar-se
relacionada amb el limitat nombre de polimorfismes utilitzats 1, alhora, amb
les diferents caracteristiques dels marcadors, on la diferent taxa de mutacio
pot influir en 1’analisi donant més pes a uns processos demografics o a uns
altres.

Aquest resultats contrasten amb la visio classica de dos components
genctics ancestrals a Europa: un provinent de les poblacions paleolitiques
que colonitzaren per primer cop el continent 1 1’altre provinent de les
poblacions neolitiques que difongueren la nova economia sedentaria. Estudis
previs, que consideraren la poblacio del Pais Basc 1 poblacions del Proxim
Orient com a poblacions ancestrals (representants del Paleolitic 1 del Neolitic

respectivament), estimaren una considerable contribucid neolitica del 70%
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per les poblacions de la regio dels Balcans que decreixia en direccid oest fins
al 30% en la Peninsula Ibérica [79-81]. Aquests mateixos estudis,
argumentaren que si 1’eleccid de les poblacions ancestrals fos erronia, els
seus resultats estarien reflectint un gradient de variacid genetica longitudinal
no nomeés compatible amb barreja poblacional ancestral, sind també amb
diferenciacio per distancia geografica [81]. De fet, els resultats d’aquesta tesi
indiquen que les poblacions del Pais Basc 1 Jordania (segon eix de variacid
gendtic observat), i Bosnia-Hercegovina i nord d’Africa (primer eix de
variacid) representen els pols o extrems del marc genétic continu observat. I
pel fet que no mostren proporcions de components “ancestrals” propers al
100%, aquestes poblacions no poden ser escollides com a representants de
cap component genetic parental o ancestral ni tampoc considerades com
aillats genetics poblacionals, tal 1 com ja s’ha suggerit préviament en el cas
de la poblacio del Pais Basc [112]. Les nostres dades suggereixen que
aquests quatre grups poblacionals simplement representen els extrems o pols
del continuum de variacid genctica de les poblacions europees i
mediterranies seleccionades en aquest estudi.

Per contra, els nostres resultats sén consistents amb el model de
doble dispersio del Neolitic a Europa 1 la Mediterrania exposat en la seccio
1.5.2.1. En resum, la transicid neolitica a Europa es va dispersar a través de
dues rutes principals [82], una ruta terrestre a través de les valls fluvials
centre europees (Danubi-Rin) fa 7.500 anys lligada a la cultura ceramica
Linearbandkeramik (LBK), 1 una ruta maritima a través de les costes nord 1
sud de la Mediterrania fa 8-7.500 anys lligada a la cultura ceramica Cardial
[83]. Dades paleogenctiques recents, basades en DNA antic, donen suport a
aquest doble model de difusié del Neolitic degut a la discontinuitat genctica

observada en les linies haplotipiques parentals (mtDNA i1 ChrY) entre les
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mostres neolitiques [82,113—115]. En mostres neolitiques que se’ls ha pogut
extreure DNA, el llinatges uniparentals mitocrondrials 1 del cromosoma Y no
coincideixen entre les mostres centre 1 sud europees, indicant que els grups
poblacionals no eren genc¢ticament idéntics. Alhora, aquesta diferenciacio
genetica poblacional de les mostres del Neolitic també es va observar pel gen
de la lactasa [114,115]. Les mostres centre europees presentaven la variant
genctica de persisténcia a la lactasa que permet digerir lactosa en edat adulta,
per contra, les mostres mediterranies presentaven intolerancia total a la
lactosa. Aquest context de dades arqueologiques 1 genctiques ens permet
interpretar els components genetics observats en la variacio analitzada dels
gens NOS. D’acord amb aquest model, el component “ancestral” o cluster
anomenat A es podria atribuir a un component paleolitic europeu pel fet de
presentar-se en major proporcid en la mostra del Pais Basc 1 en menor
proporcid en les poblacions on el Neolitic es va originar. El clister B, amb
major proporcid en les poblacions de Bosnia-Hercegovina, es podria
interpretar provinent dels primers agricultors de cultura LBK habitants de la
vall del Danubi. Segons estudis recents, aquesta porcid ancestral centre
europea s’hauria diferenciat de les poblacions del Llevant mediterrani i
Proxim Orient fa 12.000 anys [116], just abans d’adquirir la economia
neolitica. Tot 1 aixi, els seus portadors ancestrals haurien estat els principals
responsables de difondre el Neolitic al centre d’Europa. Les nostres dades
subratllen la necessitat de caracteritzar gencticament les poblacions dels
Balcans 1 el Mar Negre d’una forma més detallada per tal d’obtenir més
informacid sobre aquest component genetic “ancestral”, els portadors del
qual van difondre el Neolitic per I’Europa continental. Finalment, el cluster
C podria estar representant un component genctic nord-africa 1 la seva

dispersi6 seria producte de la ruta de dispersié maritima del Neolitic per la
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Mediterrania. Aquesta interpretacio encaixaria amb la recent descripcid d’un
component genetic “ancestral” caracteristic de les poblacions actuals del
Magrib procedent de poblacions paleolitiques que decreix en proporcio
d'oest a est en les poblacions del nord d’Africa [117]. Aquest component
paleolitic “magribi” també ha estat observat en poblacions del sud d’Europa
[118]. Aquesta interpretacid casaria amb dades provinents de simulacions de
difusié espacial de les poblacions de I’oest de la Mediterrania, on s’observa
que el patr6 de variacid genetic observat en la actualitat per diferents tipus de
marcadors genctics hauria d’haver-se generat en ¢époques anteriors a la
difusid neolitica [85]. D'altra banda, el component ancestral C obtingut amb
els marcadors de repeticions en tandem mostra les proporcions més elevades
en les poblacions de I’est del Mediterrani 1 un gradient decreixent cap a
I’oest. Aquestes diferéncies es podrien deure a les diferents caracteristiques
dels marcadors genétics que accentuarien de manera diferent la importancia
de determinades poblacions o porcions genetiques en la composicid de les

poblacions actuals.

4.4.5 Interpretacio dels processos poblacionals que originaren
Pestructuracio genética en gradients ortogonals i la distribucio de
components ancestrals observats

Les dades genetiques analitzades per les regions dels gens NOS
presenten dos eixos ortogonals principals de variacio, simulant els eixos
Nord-Sud 1 Est-Oest, tal i com revelen les distancies genétiques i I’analisi de
components principals espacial (sSPCA). A més, els resultats de 1’estimacid
de barreja genetica ancestral son interpretats amb una preséncia considerable
de porcid genctica d’origen paleolitic (>60%) en les poblacions actuals

d’Europa 1 la Mediterrania.
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Aquests resultats encaixen amb resultats provinents de simulacions
computacionals d’expansions poblacionals. Aquestes simulacions indicarien
que I’eix de variacid est-oest €s degut a la formacié de clines geografiques
de freqiiencies al-lI¢liques a mesura que les poblacions es van expandint 1
colonitzant nous territoris [119,120]. Alhora, aquestes simulacions mostren
com petites incorporacions o introgressions de porcido genetica d’origen
paleolitic en les poblacions difusores del Neolitic, en 1’anomenat limit de
“I’onada d’avan¢”, provoquen que poblacions inicialment gencticament
ideéntiques a les neolitiques originaries incorporin progressiva i rapidament
component genetic d’origen paleolitic [119,120]. Aquest procés
d’introgressio genetica d’origen paleolitic en 1’onada poblacional d’avang
neolitica, fa que al final les poblacions que difonen el Neolitic continguin
majoritariament patrimoni genétic paleolitic. Per tant, el fort impacte del
creixement demografic associat a 1’adquisicid de la tecnica neolitica
redistribueix en clines geografiques tant el patrimoni genetic nou com també
el ja existent , seguint la direccid d’expansid. Aquest seria precisament el cas
de la introgressio de patrimoni genetic de les poblacions paleolitiques del
nord d’Africa en la ruta de dispersié maritima del Neolitic en la Mediterrania
que explicaria la distribucié observada del component ancestral “magribi”
per tot I’oest de la Mediterrania.

Un fet molt interesant és 1'observacido de que el principal eix de
variacid genetica en les poblacions europees observat en aquest i altres
estudis és nord-sud, de forma ortogonal a la direccio d’expansio 1
diferenciacio poblacional est-oest tipica del continent europeu. Aquest fet tan
interesant també és explicat per models de simulacid, on en el procés
d’expansid poblacional es generen diferents sectors geografics en paral-lel a

I’eix d’expansido que es diferencien de 1’origen a mesura que avanca la
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colonitzacié [121,122]. Aquesta diferenciacié poblacional dins de cada
sector és completament a 1’atzar, degut al nombre reduit del grup que facilita
la deriva genetica, 1 independent dels altres sectors. Per tant, als extrems
d’expansi6 de cada sector es trobarien poblacions que sén considerablement
diferents genecticament. En el nostre cas, en la doble expansio neolitica a
través de I’Europa continental i la Mediterrania, inicialment s haurien
generat dues regions geografiques amb baixa diversitat genctica 1 altament
diferenciades entre elles, especialment a l'extrem oest. Posteriorment, altres
moviments migratoris 1 de flux genétic entre aquestes dues regions, originats
per expansions poblacionals en I’era dels metalls 1 de civilitzacions més
modernes, haurien difuminat els contrastos genetics entre els diferents grups
neolitics enriquint genéticament aquestes poblacions frontereres 1 generant
els principals patrons de variacid genética nord-sud, ortogonals a I’eix
d’expansi6 inicial.

En resum, la variacid genctica en les regions NOS observada en
aquest estudi indicaria que els actuals patrons genetics est-oest 1 nord-sud de
gradient de freqiiencies, diversitat 1 barreja poblacional podrien explicar-se
com a generats per I'impacte d’un doble procés de Neolitzacio a Europa i la
Mediterrania que encara no han estat esborrats per moviments poblacionals

posteriors.

4.4.6 Estimacio de I’estructuracio poblacional de I’arquitectura genética
de les malalties coronaries i processos poblacionals que determinarien la
diversa incidéncia coronaria a les poblacions europees

En I’estudi de la distribucié geografica de la incidéncia coronaria en
les poblacions europees, s’ha determinat freqiientment que els factors de risc

considerats com a classics (per exemple, consum de greixos, ingesta
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d’alcohol, tabaquisme) contribueixen tan sols en un 30-40% en la diferent
incidéncia coronaria observada en els poblacions [54,55]. Per tant, s’espera
que la porcio restant (60-70%) sigui explicada per la distribucié poblacional
dels factors genétics que originen les malalties.

En els nostres resultats de correlacid entre parametres genetics
poblacionals i la incidéncia coronaria, destacava I’analisi multivariant dels
TRPs que incloia el primer i el segon component (eix) de variaci6 espacial 1
explicava una gran proporcid (85-90%) de la variacid poblacional de la
incidéncia coronaria. S’ha de tenir en compte que, pel fet que molts factors
de risc classics presenten una distribucio latitudinal (Iligat a diferéncies
culturals en produccié alimentaria 1 consum de begudes alcoholiques), quan
el component de variacié genética nord-sud és inclos en un model de
regressio, un percentatge de la variacié estimada (no superior al 30-40%) pot
ser deguda a aquest factors classics 1 no propiament a la variacid genetica.
En els nostres grafics de correlacions (Figures 6 1 7 seccid 3.4.3), es van
observar dos grups de poblacions diferenciades segons la incidéncia que
mostraven, alta o baixa-moderada. Aquests grups de poblacions es van
interpretar com grups amb condicions ambientals i1 de produccié alimentaria
similars. Per tant, 1’analisi per separat d’aquests grups redueix
considerablement la variacio en la incidéncia lligada als factors de risc
classics, amb I’inconvenient de la pérdua de poder estadistic de I’analisi. En
el grup de poblacions amb incidéncia baixa-moderada, €s remarcable que els
dos principals components (eixos) de variacid genctica espacial dels dos
tipus de marcadors genetics (SNPs 1 TRPs) explicaven gairebé la totalitat
(97-98%) de la variacio en la incidéncia coronaria d’aquestes poblacions. Per
tant, les estimacions d'estratificacio poblacional dels gens NOS expliquen les

diferéncies en incidéncia coronaria de les poblacions estudiades. Aquest
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conjunt de resultats indicarien que la variacio en la incidéncia cardiovascular
¢s deguda a la distribucié dels factors genctics de risc que predisposen per
malalties cardiovasculars 1 que aquests es troben estructurats en les
poblacions de la mateixa manera que s’hi troba la variacid dels gens NOS
estudiada.

Les correlacions entre la incideéncia coronaria 1 els altres parametres
d’estructuraci6 analitzats podrien donar una falsa visi6 si fossin interpretades
sense cura. Per exemple, es podria interpretar que una elevada proporcio de
component ancestral provinent del Neolitic europeu (B) 1 una proximitat
genctica a les poblacions de Bosnia-Hercegovina implicaria una elevada
incidéncia coronaria en les poblacions, mentre que el component ancestral
“magribi” (C) aportaria proteccidé genetica enfront de malalties coronaries.
Pero6 una interpretacid més plausible relacionaria la incidéncia coronaria amb
la diversitat genética que presenten les poblacions de manera que poblacions
amb elevada contribucié dels dos components ancestrals “Neolitic europeu”
1 “magribi”, enriquides gencticament per la confluéncia d’aquests dos
components, mostrarien diversitat poblacional més elevada, menor
predisposicié genctica cardiovascular (degut als efectes equilibradors
discutits a la seccié 4.2.2), i per tant, menor incidéncia coronaria en la
poblacio (tal 1 com s’ha discutit a la secci6 4.3.5).

Aquesta interpretacio necessita ser valorada més endavant per tal de
ser rebutjada o refinada amb estudis que incloguin més marcadors genetics i
més poblacions. De totes maneres, 1’estructuracid 1 barreja genética estimada
en aquest estudi, aixi com la interpretacié d’un doble procés de Neolitzacio,
semblen plausibles ja que son capacos d’explicar la distribucid poblacional
d’una malaltia complexa amb una base genética comunament estructurada en

les poblacions.
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5. CONCLUSIONS






5.1 Conclusions d’aquesta tesi

Les principals conclusions obtingudes en aquest treball son les segiients:

1. La variaci6 genetica analitzada al gen F'/341 no presenta una associacio
individual amb I’infart de miocardi en la poblacio espanyola, pero si un
efecte interactiu entre les variants dins del gen F'/1341.

2. Caracteristiques genetiques de les poblacions, com 1’heterozigositat 1 el
desequilibri de lligament, podrien ser les responsables de la deteccio
d’efectes individuals en variants genétiques que formen part de models
interactius.

3. L'habilitat predictiva del score de risc genctic dels gens NOS, a partir de
4 SNPs gencticament independents, va presentar una capacitat nul-la o
molt limitada de discernir entre malalts 1 no malalts.

4. Tot 1 que, la distribucio poblacional del GRS covaria amb la geografia 1
explica un percentatge molt elevat (65-85%) de la incidéncia coronaria a
Europa.

5. L'elevada proporcio d’incidéncia coronaria explicada pel GRS deu ser
degut a I’efecte col-lineal de la miriada de variants genétiques de risc
amb el mateix patré6 de variacié poblacional que els SNPs que
conformen el GRS.

6. L’6s de GRS per tal d’estimar la predisposicid genctica de les
poblacions a determinades malalties complexes pot ser de gran utilitat
en salut publica.

7. La major part de variacid en els gens NOS, inclosa la variacio
relacionada amb la malaltia coronaria, no van presentar senyals de
seleccid o adaptacio al medi en el conjunt de poblacions analitzades

d’Europa i la Mediterrania.
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8. Els principals eixos de variacid genctica poblacional registrats pels gens
NOS descriuen un patré de variacid continu que emula els eixos nord-
sud 1 est-oest.

9. Tres components genétics ancestrals foren detectats en les poblacions
estudiades 1 interpretables com patrimoni genetic “Paleolitic europeu”,
“Paleolitic nord-africa” 1 “Neolitic europeu”.

10. El patr6 d'estructuracid genetica 1 barreja ancestral s’ajusta a un
model de doble procés de Neolitzacio seguint dues rutes principals: una
de terrestre a través de les valls fluvials centre-europees (Danubi-Rin), 1
una de maritima a través de les costes nord 1 sud de la Mediterrania.

11. Els parametres d'estructuracid genética espacial dels gens NOS
expliquen gairebé tota la variabilitat en incidéncia coronaria entre
poblacions europees, posant de relleu que la miriada de wvariants
genetiques de risc per la malaltia coronaria es trobaria estructurada en
les poblacions europees d’igual manera que la variacio genetica global.

12. La predisposicio genctica de risc poblacional pot estar lligada a la
diversitat genctica de la poblacido aportada per la confluencia de
diferents components ancestrals com el “Neolitic europeu” 1 “Paleolitic

nord-africa”.
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5.2 Conclusions of this thesis

The main conclusions obtained in this work are the following:

1. The genetic variation analysed in the F/341 gene did not show any
individual association with myocardial infarction in our Spanish sample,
however allele-allele interactions within /1341 were detected.

2. Population genetic features, such as heterozygosity and linkage
disequilibrium, could be involved in the detection of individual effects
in markers under interactive models.

3. The predictive ability of the NOS genes risk score, computed from 4
genetically independent SNPs, showed no or very limited ability to
discriminate between cases and controls.

4. However, the population distribution of the GRS covaried with
geography and explained a substantial proportion (65-85%) of coronary
incidence in Europe.

5. The proportion of coronary incidence explained by the GRS can be due
to the colinear effect of the myriad of genetic risk variants with the same
population distribution than the SNPs of the GRS.

6. GRSs can be very useful in public health studies to estimate population
genetic risk predisposition to complex diseases.

7. Most of the NOS gene variation, included CAD-related markers, showed
no signs of selection or adaptation to new environment in the analyzed
European and Mediterranean populations.

8. The main population genetic variation axes of NOS gene markers
showed a continuous genetic gradient following North-South and East-
West patterns.

9. Three ancestral genetic components were detected in the studied
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populations and interpreted as “European Palaeolithic”, “North African
Palaeolithic”, and “European Neolithic” genetic components.

10. The pattern of population genetic structure and the ancestral
admixture detected fitted a model of dual Neolithization following two
main routes: one expansion in the European continent along the Danube
River, and another in the Mediterranean basin attributed to the
“maritime pioneers”.

11. Population genetic spatial components of NOS genes explained
almost all wvariability in coronary incidences across European
populations, highlighting that the myriad of coronary risk genetic
variants would be structured among populations similarly to genome-
wide variation.

12.  Population genetic risk predisposition can be linked to population
genetic diversity as a result of ancestral components convergence, such
as “European Neolithic” and “North African Paleolithic” genetic

components.
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7. APENDIX






Apéndix 1. Material suplementari de Carreras-Torres et al., 2014

Figure S1 — Geographic population distribution of European and Mediterranean samples.
See ST Tab 3 for abbreviation codes.
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Figure S2 — Plot of linkage disequilibrium (r*) between tested genetic markers from NOS3 /
ATGIB region in CEU sample.

Figure S3 — Plot of linkage disequilibrium (r*) between tested genetic markers from NOSI
region in CEU sample.
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Figure S4 — Plot of linkage disequilibrium (r*) between tested genetic markers from NOS24
region in CEU sample.

Figure S5- Correlograms of Moran’s I (A) and Geary’s C (B) autocorrelation coefficients for
different distance classes of population pairs. Distances in kilometers. Full circles mean

significant coefficients.
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Supporting Table (ST) Tab 1 —Genomic location of the genetic variants, genotyping and
imputation details. Chromosome positions from Genome Reference Consortium human
build 37 (GRCh37). GEN: Genotyped; IMP: Imputed. r>: MACH quality metric. i:
IMPUTE?2 quality metric.

Genetic variants chromosome information GoldenGate Genotyping Assay
ID reference | Chr Position | Alleles | Region Gene | Genotyped % Status
rs6951150 7 150681914 | C/T SUTR NOS3 0.00 Not GEN
rs11771443 7 150687687 | C/T SUTR NOS3 90.78 GEN
rs1800781 7 150692444 | A/G intron NOS3 87.55 GEN
1s3793342 7 150695195 | A/G intron NOS3 90.56 GEN
rs1799983 7 150696111 T/G coding NOS3 83.33 GEN
rs3918182 7 150702071 | A/G intron NOS3 0.00 Not GEN
rs3918188 7 150702781 | A/C intron NOS3 90.78 GEN
15753482 7 150706383 | T/G intron NOS3 89.32 GEN
1s7830 7 150709571 T/G 3UTR ATG9B 84.93 GEN
1s2373929 7 150714812 | T/C intron ATG9B 90.34 GEN
rs13307588 7 150720902 | A/G intron ATG9B 90.99 GEN
1534459931 7 150721614 | -/ACA | SUTR ATG9B 0.00 Not GEN
1s3763486 7 150723265 | A/G SUTR ATG9B 0.00 Not GEN
rs10774907 12 | 117647403 | A/G 3UTR NOS1 90.99 GEN
1s2682826 12 | 117652838 | T/C 3UTR NOS1 90.92 GEN
1s816362 12 | 117657345 | A/G intron NOS1 91.21 Not polymorphic
1s816363 12 | 117660467 | G/C intron NOS1 91.14 GEN
152271986 12 | 117660873 | T/C intron NOS1 88.45 GEN
rs904658 12 | 117665544 | A/C intron NOS1 85.73 GEN
rs3741475 12 | 117669914 | A/G coding NOS1 90.78 GEN
rs13377860 12 | 117672539 | C/G coding NOS1 0.00 Not GEN
1s7959232 12 | 117676698 | A/G intron NOS1 89.87 GEN
1s9658474 12 | 117681509 | G/C intron NOS1 90.99 GEN
rs1047735 12 | 117685270 | T/C coding NOS1 81.01 GEN
1s845820 12 | 117688699 | T/C intron NOS1 90.89 GEN
rs11068428 12 | 117693817 | A/G intron NOS1 91.10 GEN
rs1093330 12 | 117696534 | A/G intron NOS1 90.89 GEN
1rs2293054 12 | 117701714 | T/C coding NOS1 90.56 GEN
1rs3741480 12 | 117705774 | T/C intron NOS1 91.07 GEN
rs6490121 12 | 117708195 | A/G intron NOS1 90.96 GEN
rs1607817 12 | 117712186 | A/C intron NOS1 90.63 GEN
1s2293052 12 | 117715620 | T/C intron NOS1 91.07 GEN
rs4766842 12 | 117720130 | G/C intron NOS1 91.10 GEN
rs9658354 12 | 117724225 | A/T intron NOS1 89.94 GEN
rs7309163 12 | 117729274 | T/C intron NOS1 90.96 GEN
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MIGen Consorium

MACH imputation IMPUTE2 imputation .
Status — . — - Imputation
Finrisk | ATVB | Regicor | MDCS | Finrisk | ATVB | Regicor | MDCS Quality
r’ r’ r’ r’ i i i i
MP 0.60 0.38 0.35 0.26 0.57 0.44 0.45 0.35 LOW
IMP 0.82 0.84 0.74 0.76 0.90 0.97 0.96 0.87
GEN 1.00 1.00 0.99 0.99 0.99 1.00 0.98 0.97
IMP 0.72 0.65 0.61 0.56 0.63 0.66 0.67 0.57
GEN 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
IMP 0.87 0.94 0.95 0.87 0.82 0.86 0.88 0.83
MP 0.83 0.60 0.60 0.61 0.73 0.57 0.56 0.55 LOW
MP 0.75 0.49 0.46 0.53 0.71 0.51 0.50 0.54 LOW
MP 0.88 0.63 0.62 0.55 0.81 0.62 0.67 0.54
GEN
MP 0.72 0.50 0.42 0.59 0.65 0.48 0.49 0.46 LOW

IMP 0.97 0.97 0.97 0.97 0.99 0.97 0.97 0.99

IMP 0.99 0.97 0.97 0.97 0.98 0.96 0.95 0.98

IMP 0.96 0.95 0.96 0.99 0.95 0.94 0.95 0.99

GEN 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

IMP 1.00 0.99 0.99 0.98 0.99 0.99 0.99 0.99

IMP 1.00 0.98 0.98 0.98 0.99 0.97 0.98 0.98

IMP 1.00 0.99 0.99 0.95 0.98 0.98 0.97 0.97

IMP 1.00 0.99 0.99 0.99 1.00 0.98 0.99 0.98

GEN 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

IMP 1.00 0.99 0.99 0.99 0.99 0.99 0.99 0.99

IMP 1.00 0.98 0.99 0.98 0.99 0.97 0.98 0.98

GEN 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

IMP 0.94 0.87 0.82 0.87 0.94 0.84 0.83 0.88

GEN 1.00 1.00 1.00 1.00 1.00 1.00 0.99 1.00
GEN 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
IMP 1.00 1.00 0.99 1.00 1.00 0.99 0.99 1.00
GEN 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
IMP 1.00 0.98 0.99 0.99 1.00 0.98 0.99 0.99

GEN 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
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1539291 12 | 117735141 | A/G intron NOSI 90.56 GEN
rs12811676 12 | 117741229 | A/G intron NOSI 91.03 GEN
157295972 12 | 117747368 | A/G intron NOS1 0.00 Not GEN
1530393 12 | 117751258 | T/C intron NOSI 89.58 GEN
12077171 12 | 117756502 | A/G intron NOSI 90.74 GEN
rs1483757 12 | 117761540 | A/G intron NOS1 91.03 GEN
1s9658281 12 | 117767578 | T/C intron NOS1 90.81 GEN
1570234 12 | 117770982 | A/C intron NOS1 90.20 GEN
1s545654 12 | 117777049 | T/C intron NOSI1 90.81 GEN
s482555 12 | 117781391 | T/C intron NOSI1 90.99 GEN
1693534 12 | 117784718 | A/G intron NOSI 91.10 GEN
rs3782219 12 | 117788240 | T/C intron NOSI 89.36 GEN
154767533 12 | 117793530 | T/C intron NOSI 0.00 Not GEN
rs3782221 12 | 117795881 | A/G intron NOS1 90.74 GEN
1$9658255 12 | 117799756 | G/C 5UTR NOSI 90.81 GEN
1s9658253 12 | 117800626 | T/C 5UTR NOS1 90.89 GEN
1s4767535 12 | 117804875 | T/C 5UTR NOS1 90.96 GEN
1816292 12 | 117811409 | T/C 5UTR NOSI 90.16 GEN
1492623 12 | 117813981 | T/C 5UTR NOSI 90.89 GEN
1552229 12 | 117822187 | A/G 5UTR NOS1 88.93 GEN
152091 12 | 117824885 | A/C 5UTR NOSI 89.54 Not polymorphic
1889024 17 | 26060246 | A/G 3UTR NOS2A 85.08 GEN
1s$953527 17 | 26068742 | A/G 3UTR NOS2A 90.63 GEN
rs4796017 17 | 26074991 | A/G 3UTR NOS2A 87.76 GEN
rs8081248 17 | 26081964 | A/G 3UTR NOS2A 89.76 GEN
128944201 17 | 26087190 | T/C coding | NOS2A 90.99 Not polymorphic
152255929 17 | 26087967 | T/A intron NOS2A 0.00 Not GEN
12297514 17 | 26093315 T/C intron NOS2A 0.00 Not GEN
1s2297518 17 | 26096597 | A/G coding | NOS2A 90.92 GEN
12248814 17 | 26100321 | A/G intron NOS2A 89.91 GEN
14795067 17 | 26106675 | A/G intron NOS2A 91.18 GEN
13729508 17 | 26109030 | T/C intron NOS2A 87.00 GEN
16505469 17 | 26111886 | A/T intron NOS2A 89.91 GEN
rs8072199 17 | 26116848 T/C intron NOS2A 91.14 GEN
1516949 17 | 26124699 | T/C intron NOS2A 90.23 GEN
152779248 17 | 26127832 | A/G 5UTR NOS2A 0.00 Not GEN
12301368 17 | 26130118 | A/G 5UTR NOS2A 90.70 GEN
12779251 17 | 26131326 | A/G 5UTR NOS2A 85.66 GEN
1s2531862 17 | 26136991 | A/G 5UTR NOS2A 91.18 GEN
rs10853181 17 | 26139618 | A/G 5UTR NOS2A 90.85 GEN
rs2531869 17 | 26144284 | A/G 5UTR NOS2A 90.74 GEN
1s2779259 17 | 26148284 | G/C 5UTR NOS2A 90.63 GEN
1s16966603 17 | 26152445 | A/T 5UTR NOS2A 91.10 GEN
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IMP 1.00 0.93 0.90 1.00 0.98 0.98 0.98 0.98
IMP 1.00 0.99 0.99 1.00 1.00 0.99 0.99 1.00
IMP 1.00 1.00 1.00 1.00 1.00 0.97 0.97 0.99
GEN 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
GEN 1.00 1.00 1.00 1.00 0.99 0.99 1.00 0.99
IMP 0.99 0.94 0.94 0.97 0.98 0.93 0.94 0.96
IMP 0.97 0.94 0.93 0.94 0.98 0.92 0.93 0.92
IMP 0.99 0.95 0.96 0.98 0.99 0.95 0.96 0.95
GEN 1.00 1.00 1.00 0.96 1.00 1.00 1.00 0.74
GEN 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
IMP 0.97 0.94 0.97 0.95 0.96 0.92 0.93 0.96
IMP 1.00 1.00 1.00 1.00 0.99 1.00 0.99 0.98
IMP 0.98 0.96 0.95 0.98 0.94 0.89 0.88 0.93
GEN 1.00 1.00 1.00 1.00 0.99 1.00 1.00 1.00
GEN 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
GEN 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
IMP 0.96 0.93 0.93 0.97 0.98 0.88 0.89 0.90
GEN 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
IMP 0.99 0.98 0.99 0.99 1.00 0.99 0.99 0.99
IMP 0.99 0.99 0.99 0.98 0.99 0.99 0.99 0.98
GEN 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
IMP 0.98 0.96 0.96 0.96 0.99 0.96 0.96 0.96
GEN

GEN 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
IMP 0.97 0.98 0.97 0.98 0.95 0.95 0.95 0.96
GEN 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
GEN 1.00 1.00 1.00 1.00 0.99 0.98 0.99 0.99
GEN 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
GEN 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
GEN 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
IMP 0.96 0.76 0.73 0.74 0.87 0.72 0.71 0.73
IMP 0.95 0.73 0.77 0.85 0.86 0.74 0.71 0.76
IMP 0.98 0.98 0.99 0.97 0.98 0.99 0.99 0.97
IMP 0.99 0.99 0.99 0.97 1.00 0.99 0.99 0.98
IMP 0.98 0.98 0.98 0.97 0.97 0.99 0.99 0.98
GEN 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
IMP 0.98 0.97 0.98 0.97 0.99 0.99 0.99 0.98
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ST Tab 2- Original project, sample size, gender ratio and age (mean, standard deviation and
range) of case-control samples. * NDBCS sample is not sex and age matched; upper gender
and age description correspond to cases and lower gender and age description to controls.

Case-control sample | Country Original project N cases | N controls | % male age (years)
FINRISK Finland | MIGen Consortium 167 172 0.69 47.1 £6.1 [30.0-60.0]
ATVB Italy MIGen Consortium 1688 1664 0.89 39.4+4.9[16.0-55.0]
Regicor Spain MIGen Consortium 310 317 0.79 46.0 + 5.6 [34.0-60.0]
MDCS Sweden | MIGen Consortium 86 98 0.57 48.4 +4.6 [35.1-56.8]

0.81 57.0 +10.5 [27.0-80.0]
NDBCS * Spain National DNA Bank 291 303

0.55 46.0 +11.0 [18.0-73.0]

230




ST Tab 3- Geographic origin, population codification, sample size and geographic
coordinates in decimal degrees for the population samples.

Geographic origin | Country Population Code | N | Latitude | Longitude
United Kingdom | Orcadians ORK | 48 59.00 -3.00
Poland Warsaw POL | 44 52.25 21.00
North France - Lille NFR | 48 50.60 3.05
France South France - Toulouse SFR | 48 43.65 1.50
North Corsica NCO | 33 42.60 9.50
Central Corsica CCO | 45 41.90 8.60
Basque Country -Guipuzcoa BQC | 41 42.80 -2.60
Catalonia - Girona CAT | 43 41.95 2.75
Spain East Castilla-Leon - Burgos/Valladolid NSP | 39 42.10 -3.73
West Andalucia - Seville/Cadiz SSp 46 37.38 -5.97
Europe Balearic island - Menorca MEN | 49 40.00 3.80
Central Italy - Lazio CIT | 37 43.15 13.40
South Italy - Naples SIT 39 40.60 15.78
Italy North Sardinia NSR | 43 40.33 9.40
South Sardinia SSR | 41 39.20 9.12
Sicily SIC 32 38.20 12.50
Bosnia- North Bosnia-Herzegovina - Krajina NBH | 40 44.80 17.20
Herzegovina South Bosnia-Herzegovina - Adriatic coast | SBH | 37 43.40 17.80
North Greece - Tesaloniki NGR | 48 40.60 22.98
Greece South Greece - Athens SGR | 43 37.50 22.45
Crete CRT | 44 35.25 25.00
Turkey General population TRK | 48 39.95 32.90
Middle East Tordania General Jordanian GJD | 48 31.65 36.50
Bedouins of Jordania BID | 42 30.20 35.75
High Atlas - Asni ASM | 48 31.15 -8.00
Morocco High Atlas - Khenifra KHM | 43 32.90 -5.60
I Low Atlas - Bouhria BOM | 35 34.60 -3.69
Algeria M'zab MZB | 50 28.00 3.00
Tunisia North-Central Tunisia NTZ | 47 36.80 10.16
South Tunisia STZ | 49 33.88 10.03
Total DNA samples 1451
United Kingdom | GBR GBR | 89 52.22 -0.97
European 1000 Central Europe CEU CEU | &5 52.38 8.14
Genomes Project Finland FIN FIN | 93 62.02 24.07
Italy TSI TSI 98 43.20 11.67
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ST Tab 4 — Case-control allele frequencies and association parameters of MAF variants
from MACH imputated data. LIQ: Low imputation quality. LD: Excess linkage
disequilibrium. SE: Standard Error. ‘: P value<0.1; *: P value<0.05; **: P value<0.01

Marker information

FINRISK

ATVB

Allele frequencies

Association test

Allele frequencies

Association test

ID reference | Region E:riltl;i:(;n %{: ll; Controls | Cases | Effect SE Controls | Cases | Effect SE
rs11771443 NOS3 LIQ T 0.158 0.207 0.127 0.134
rs1800781 NOS3 LD A 0.170 0.177 0.155 0.163
rs3793342 NOS3 A 0.166 0.170 | -0.13 0.29 0.159 0.169 | -0.16 0.11
rs1799983 NOS3 T 0.244 0.268 | 0.07 0.39 0.345 0.338 | -0.46* 0.19
rs3918188 NOS3 A 0.294 0.216 | -0.44' 0.24 0.349 0.336 | -0.25% 0.10
rs753482 NOS3 G 0.136 0.139 | -0.35 0.40 0.266 0.266 0.19' 0.11
1s7830 ATGY9B LIQ T 0.422 0.471 0.266 0.271
152373929 ATGY9B LIQ T 0.508 0.560 0.401 0.398
rs13307588 | ATG9B A 0.053 0.076 | 0.57 0.42 0.082 0.080 | -0.02 0.13
rs10774907 NOSI1 LIQ A 0.313 0.324 0.170 0.185
152682826 NOSI1 T 0.319 0.305 | 0.04 1.00 0312 0.308 0.08 0.16
1s816363 NOSI1 LD G 0.365 0.395 0.402 0.410
1s2271986 NOSI1 T 0.054 0.096 | 4.68 4.59 0.062 0.068 0.10 0.23
15904658 NOSI1 LD C 0.203 0.257 0.347 0.347
153741475 NOS1 A 0.151 0.165 | -1.03 1.02 0.260 0.251 0.02 0.20
1$7959232 NOSI1 LD G 0.204 0.267 0.350 0.351
159658474 NOSI1 G 0.052 0.093 | -5.25 4.65 0.097 0.111 0.13 0.16
rs1047735 NOSI1 LD T 0.198 0.260 0.323 0.316
rs845820 NOSI1 LD C 0.366 0.401 0.414 0.419
rs11068428 NOSI1 A 0.198 0259 | 1.16 0.98 0.322 0.315 -0.18 0.18
rs1093330 NOSI C 0.366 0.400 | 0.12 1.08 0.410 0.416 0.10 0.16
152293054 NOSI1 T 0.299 0.302 | -0.27 0.70 0.270 0264 | -0.12 0.13
1s3741480 NOSI1 C 0.378 0.425 | 0.17 1.05 0.422 0.419 | -0.07 0.14
rs6490121 NOS1 G 0.302 0.314 | -0.17 1.04 0.306 0.310 0.10 0.13
rs1607817 NOSI1 LD A 0.433 0.377 0.382 0.382
152293052 NOS1 LD T 0.433 0.377 0.379 0.378
154766842 NOSI1 C 0.311 0.401 | -0.42 0.82 0.397 0.399 -0.08 0.14
159658354 NOS1 LD T 0.311 0.401 0.388 0.393
157309163 NOS1 LD T 0.433 0.377 0.386 0.386
1s539291 NOSI1 LD A 0.479 0.398 0.426 0.424
rs12811676 NOSI A 0.091 0.144 | 0.78 1.21 0.024 0.025 0.10 0.24
1s530393 NOS1 T 0.474 0.395 | -0.14 0.57 0.392 0.395 -0.08 0.13
152077171 NOSI A 0.224 0.269 | 0.81 0.95 0.279 0.291 -0.05 0.12
151483757 NOS1 LD G 0.317 0.410 0.400 0.409
1s9658281 NOSI1 LD T 0.221 0.265 0.268 0.281
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Regicor MDCS NDBC
Meta-analysis
Allele frequencies | Association test Allele frequencies | Allele frequencies
Controls | Cases | Effect SE Effect SE | Controls | Cases | Controls | Cases
0.131 0.127 0.132 0.130 0.150 0.120
0.125 0.129 0.113 0.170 0.130 0.160
0.123 0.128 | -0.33 0.29 -0.19' 0.10 0.117 0.180 0.120 0.160
0.352 0.350 | -1.17* 0.52 -0.44*%* | 0.16 0.305 0.324 0.370 0.370
0.364 0.367 | -0.31 0.26 -0.29** | 0.09 0.418 0.337 0.340 0.320
0.248 0.277 | 0.79* 0.31 0.22%* 0.10 0.175 0.197 0.290 0.290
0.255 0.242 0.379 0.382 0.330 0.330
0.400 0.392 0.471 0.470 0.420 0.400
0.075 0.084 0.06 0.34 0.04 0.12 0.065 0.070 0.060 0.080
0.197 0.202 0.269 0.281 0.190 0.230
0.276 0.330 | -0.32 0.47 0.04 0.15 0.307 0.326 0.310 0.320
0.385 0.443 0.401 0.451 0.410 0.460
0.076 0.079 0.09 0.62 0.11 0.22 0.092 0.129 0.070 0.100
0.309 0.374 0.301 0.343 0.330 0.360
0.199 0.262 0.08 0.58 0.00 0.18 0.213 0.212 0.240 0.240
0.314 0.378 0.297 0.344 0.330 0.370
0.119 0.116 | -0.37 0.47 0.07 0.15 0.096 0.151 0.100 0.150
0.275 0.343 0.298 0.324 0.290 0.330
0.394 0.453 0.398 0.448 0.410 0.460
0.274 0.343 0.26 0.55 -0.10 0.17 0.298 0.320 0.290 0.320
0.394 0.452 0.10 0.46 0.10 0.15 0.397 0.449 0.410 0.460
0.248 0.305 -0.03 0.31 -0.11 0.12 0.260 0.279 0.250 0.310
0.431 0.485 0.18 0.38 -0.03 0.13 0.384 0.430 0.450 0.490
0.289 0.358 0.04 0.32 0.09 0.12 0.286 0.302 0.300 0.350
0.375 0.344 0.378 0.343 0.340 0.310
0.377 0.335 0.378 0.343 0.340 0.310
0.418 0.394 | -0.21 0.36 -0.10 0.13 0.434 0.494 0.450 0.440
0.416 0.387 0.437 0.495 0.440 0.440
0.379 0.350 0.378 0.343 0.340 0.320
0.447 0.406 0.393 0.355 0.360 0.320
0.041 0.021 | -1.39% 0.59 -0.08 0.22 0.111 0.145 0.170 0.150
0.402 0.355 -0.08 0.32 -0.08 0.12 0.398 0.355 0.350 0.320
0.284 0.273 0.11 0.29 -0.02 0.11 0.332 0.355 0.290 0.310
0.437 0.416 0.439 0.506 0.470 0.450
0.252 0.279 0.309 0.337 0.270 0.270
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15570234 NOS1 LD C 0.482 0.381 0.389 0.397
15545654 NOS1 C 0.497 0.546 | 0.15 0.50 0.510 0.493 -0.04 0.11
15482555 NOS1 LD C 0.247 0.254 0.241 0.211
15693534 NOS1 A 0.427 0.341 | 0.66 0.59 0.395 0.398 -0.15 0.12
rs3782219 NOS1 T 0.274 0.292 | 0.67 | 0.54 0.244 0.219 | -0.24% 0.10
1s3782221 NOSI1 LD A 0.281 0.296 0.266 0.245
1s9658255 NOS1 LD C 0.432 0.349 0.399 0.404
1s9658253 NOSI1 T 0.119 0.195 | 0.64 0.45 0.154 0.170 0.08 0.11
154767535 NOSI1 C 0.328 0.413 | 0.03 0.30 0.443 0.433 -0.11 0.09
1s816292 NOS1 T 0.343 0317 | -0.43 | 0.50 0.277 0.283 0.00 0.12
15492623 NOS1 T 0.295 0.263 | 0.08 0.33 0.264 0.260 -0.02 0.09
151552229 NOS1 A 0.343 0.320 | 0.53 0.46 0.364 0.376 0.09 0.10
rs1889024 NOS2A LD G 0.486 0.403 0.464 0.462
1s953527 NOS2A A 0.452 0.369 | -0.17 | 0.30 0.459 0.457 -0.09 0.07
154796017 NOS2A LD G 0.453 0.371 0.455 0.456
rs8081248 NOS2A LD A 0.370 0.475 0.377 0.371
152297518 NOS2A A 0.206 0.159 | 0.55 0.47 0.220 0.227 0.05 0.11
152248814 NOS2A A 0.364 0.460 | 0.50 0.31 0.344 0.333 -0.18' 0.09
rs4795067 NOS2A G 0.422 0.353 | -0.54 | 033 0.339 0.353 0.17' 0.09
1s3729508 NOS2A T 0.334 0.392 | -0.97 | 0.90 0.389 0.391 0.21 0.20
156505469 NOS2A T 0.407 0.437 | 0.33 0.69 0.452 0.455 0.00 0.18
rs8072199 NOS2A T 0.410 0.443 | 0.53 0.35 0.410 0.401 -0.09 0.08
1516949 NOS2A C 0.279 0.213 | -0.85 | 0.73 0.248 0.251 -0.06 0.18
1s2301368 NOS2A LD G 0.373 0.413 0.405 0.410
152779251 NOS2A A 0.176 0.150 | 0.17 0.61 0.172 0.174 0.01 0.24
1s2531862 NOS2A LD A 0.392 0.364 0.424 0.432
rs10853181 | NOS2A G 0.390 0.365 | -0.87 | 5.67 0.424 0.432 0.66 0.66
1s2531869 NOS2A A 0.154 0.172 | 0.59 5.64 0.259 0.255 -0.68 0.66
152779259 NOS2A LD C 0.390 0.365 0.426 0.432
1s16966603 | NOS2A A 0.236 0.193 | 0.67 5.67 0.168 0.178 -0.59 0.66

234




0.400 0.348 0.395 0.320 0.370 0.330
0.500 0.540 0.10 0.26 -0.01 0.10 0.481 0.550 0.520 0.510
0.227 0.256 0.185 0.242 0.240 0.270
0.388 0.346 0.14 0.29 -0.08 0.11 0.418 0.320 0.350 0.350
0.222 0.259 0.17 0.23 -0.15' 0.09 0.179 0.239 0.240 0.250
0.239 0.278 0.209 0.279 0.260 0.270
0.402 0.353 0.429 0.321 0.360 0.360
0.189 0.184 0.01 0.25 0.10 0.10 0.168 0.186 0.160 0.180
0.438 0.485 0.24 0.21 -0.06 0.08 0.388 0.523 0.460 0.440
0.284 0.256 -0.19 0.27 -0.05 0.10 0.327 0.297 0.300 0.290
0.255 0.240 0.06 0.24 0.00 0.08 0.271 0.200 0.240 0.260
0.371 0.368 0.24 0.24 0.13 0.09 0.418 0.459 0.410 0.400
0.402 0.456 0.435 0.413 0.430 0.420
0.397 0.448 0.34 0.20 -0.05 0.07 0.438 0411 0.430 0.410
0.396 0.445 0.398 0.401 0.430 0.410
0.443 0.419 0.439 0.465 0.440 0.450
0.183 0.195 -0.28 0.26 0.02 0.10 0.189 0.169 0.240 0.190
0.410 0.394 0.21 0.23 -0.08 0.08 0.393 0.458 0.410 0.400
0.301 0.324 0.11 0.23 0.11 0.08 0.352 0.291 0.340 0.310
0.442 0.421 -0.50 0.47 0.06 0.18 0.393 0.471 0.440 0.440
0.500 0.511 0.35 0.43 0.07 0.16 0.469 0.506 0.500 0.500
0.412 0.429 0.19 0.18 -0.03 0.07 0.459 0.506 0.410 0.410
0.202 0.218 0.01 0.42 -0.09 0.16 0.240 0.198 0.250 0.230
0.446 0.444 0.415 0.494 0.410 0.430
0.151 0.146 -0.25 0.63 0.00 0.21 0.171 0.166 0.190 0.170
0.392 0.366 0.347 0.442 0.390 0.390
0.392 0.366 3.82 438 0.71 0.65 0.346 0.443 0.390 0.390
0.235 0.234 -3.73 435 -0.73 0.64 0.214 0.266 0.190 0.220
0.393 0.366 0.342 0.442 0.390 0.390
0.158 0.133 -3.90 439 -0.65 0.65 0.129 0.176 0.200 0.170
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ST Tab 5 — Case-control allele frequencies and association parameters of MAF variants
from IMPUTE2 imputated data. LIQ: Low imputation quality. LD: Excess linkage
disequilibrium. SE: Standard Error. ‘: P value<0.1; *: P value<0.05; **: P value<0.01

Marker information

FINRISK

ATVB

Allele frequencies | Association test

Allele frequencies

Association test

ID reference | Region Ec)‘;ltl;iign 11:{;:11:3 Controls | Cases | Effect SE Controls | Cases | Effect SE
rs11771443 NOS3 LIQ T 0.158 0.199 0.134 0.146
rs1800781 NOS3 LD A 0.163 0.166 0.159 0.169
rs3793342 NOS3 A 0.166 0.171 | -0.19 0.30 0.160 0.169 | -0.18 0.12
rs1799983 NOS3 T 0.247 0.271 | 0.00 0.45 0.342 0.335 | -0.51% 0.22
rs3918188 NOS3 A 0.294 0.216 | -0.51 0.25 0.349 0.336 | -0.25* | 0.10
rs753482 NOS3 G 0.145 0.153 | -0.37 0.44 0.271 0.268 0.23 0.15
rs7830 ATGY9B LIQ T 0.425 0.470 0.270 0.276
1s2373929 ATGY9B LIQ T 0.507 0.557 0.426 0.420
rs13307588 | ATG9B A 0.049 0.073 | 0.78 0.50 0.096 0.095 0.00 0.12
rs10774907 NOS1 LIQ A 0.330 0.342 0.175 0.182
152682826 NOS1 T 0.318 0.301 | -0.14 1.03 0.313 0.310 0.11 0.17
1s816363 NOS1 LD G 0.371 0.400 0.401 0.409
1s2271986 NOS1 T 0.056 0.099 | 1.78 2.37 0.062 0.068 0.10 0.23
rs904658 NOS1 LD C 0.203 0.257 0.348 0.347
1s3741475 NOS1 A 0.151 0.165 | -1.20 1.05 0.260 0250 | -0.03 0.20
1s7959232 NOS1 LD G 0.205 0.266 0.351 0.352
1s9658474 NOS1 G 0.053 0.093 | -2.58 2.68 0.096 0.110 0.12 0.16
rs1047735 NOS1 LD T 0.198 0.260 0.322 0317
rs845820 NOS1 LD C 0.366 0.401 0413 0.419
1511068428 NOS1 A 0.198 0.258 | 1.30 1.00 0.320 0.315 -0.14 0.18
rs1093330 NOS1 C 0.367 0.400 | 0.36 1.10 0.409 0.417 0.10 0.17
1s2293054 NOS1 T 0.299 0.302 | -0.24 0.73 0.270 0264 | -0.12 0.13
rs3741480 NOS1 C 0.383 0.435 | 0.00 1.50 0.421 0419 | -0.10 0.17
1s6490121 NOS1 G 0.302 0314 | -0.11 1.36 0.306 0.310 0.15 0.15
rs1607817 NOS1 LD A 0.433 0.377 0.382 0.382
152293052 NOS1 LD T 0.433 0.377 0.379 0.379
154766842 NOS1 C 0.311 0.401 | -0.46 0.85 0.397 0.399 | -0.09 0.14
1s9658354 NOS1 LD T 0312 0.401 0.389 0.394
1rs7309163 NOS1 LD T 0.433 0.377 0.386 0.386
1s539291 NOS1 LD A 0.480 0.399 0.397 0.397
rs12811676 NOS1 A 0.090 0.144 | 0.84 1.43 0.119 0.113 0.10 0.17
1s530393 NOSI1 T 0.474 0.395 | -0.18 0.58 0.401 0.404 | -0.05 0.13
1s2077171 NOS1 A 0.224 0.269 | 0.71 0.96 0.279 0.291 -0.02 0.13
rs1483757 NOS1 LD G 0314 0.410 0.400 0.408
rs9658281 NOS1 LD T 0.221 0.266 0.267 0.280
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Regicor MDCS NDBC

Meta-analysis
Allele frequencies | Association test Allele frequencies | Allele frequencies

Controls | Cases Effect SE Effect SE Controls | Cases | Controls | Cases

0.135 0.135 0.143 0.141 0.150 0.120

0.124 0.128 0.124 0.181 0.130 0.160

0.123 0.131 -0.36 0.28 | -0.20* | 0.10 0.117 0.186 0.120 0.160

0.359 0352 | -1.39** | 0.53 | -0.53** | 0.18 0.319 0.327 0.370 0.370

0.366 0.368 -0.37 0.24 | -0.30** | 0.09 0.418 0.337 0.340 0.320

0.260 0.282 0.94* 0.38 0.26* 0.13 0.821 0.802 0.290 0.290

0.255 0.250 0.369 0.373 0.330 0.330
0.429 0.406 0.526 0.548 0.420 0.400
0.087 0.101 0.14 0.30 0.06 0.11 0.069 0.083 0.060 0.080
0.193 0.197 0.294 0312 0.190 0.230
0.278 0.333 -0.36 0.46 0.05 0.16 0.698 0.699 0.310 0.320
0.383 0.438 0.404 0.451 0.410 0.460
0.076 0.079 0.70 0.62 0.19 0.22 0.092 0.129 0.070 0.100
0.309 0.374 0.301 0.343 0.330 0.360
0.203 0.265 0.28 0.51 -0.03 0.18 0.213 0.193 0.240 0.240
0.317 0.378 0.294 0.348 0.330 0.370
0.119 0.114 -0.65 0.49 0.03 0.15 0.095 0.156 0.100 0.150
0.274 0.340 0.705 0.681 0.290 0.330
0.394 0.453 0.602 0.552 0.410 0.460

0.274 0.341 0.05 0.49 -0.08 0.17 0.293 0.317 0.290 0.320

0.393 0.452 0.19 0.47 0.12 0.16 0.397 0.447 0.410 0.460

0.249 0.305 -0.26 0.31 -0.15 0.12 0.260 0.279 0.250 0.310

0.437 0.489 0.53 0.41 -0.01 0.16 0.386 0.430 0.450 0.490

0.289 0.360 -0.27 0.36 0.09 0.14 0.286 0.302 0.300 0.350

0.375 0.344 0.378 0.343 0.340 0.310
0.376 0.335 0.622 0.657 0.340 0.310
0.418 0.394 0.07 0.36 -0.08 0.13 0.434 0.494 0.450 0.440
0.417 0.389 0.439 0.496 0.440 0.440
0.379 0.350 0.378 0.343 0.340 0.320
0.393 0.353 0.396 0.355 0.360 0.320

0.152 0.122 | -1.19** | 0.44 -0.06 0.16 0.113 0.146 0.170 0.150

0.413 0.362 -0.30 0.32 -0.09 0.12 0.398 0.355 0.350 0.320

0.284 0.274 -0.50 0.34 -0.07 0.12 0.668 0.645 0.290 0.310

0.437 0.416 0.439 0.500 0.470 0.450

0.249 0.273 0.306 0.337 0.270 0.270
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1s570234 NOSI LD C 0.485 0.383 0.390 0.398
15545654 NOSI C 0.495 0.547 0.20 | 0.51 0.512 0.496 -0.01 0.11
rs482555 NOS1 LD C 0.247 0.254 0.240 0.211
1s693534 NOS1 A 0.427 0.341 0.66 | 0.59 0.395 0.398 -0.15 0.12
rs3782219 NOS1 T 0.275 0.293 0.62 | 0.53 0.251 0.224 | -0.25*% 0.10
1s3782221 NOS1 LD A 0.285 0.296 0.267 0.246
1s9658255 NOS1 LD C 0.434 0.348 0.409 0.411
1s9658253 NOS1 T 0.122 0.195 0.68 0.44 0.154 0.170 0.07 0.11
154767535 NOS1 C 0.328 0.413 0.13 0.30 0.443 0.433 -0.13 0.08
1s816292 NOS1 T 0.343 0.317 -0.33 | 0.50 0.277 0.283 0.00 0.12
1s492623 NOS1 T 0.291 0.265 0.25 0.32 0.287 0.281 -0.03 0.09
151552229 NOSI1 A 0.343 0.320 0.52 | 047 0.364 0.376 0.08 0.10
151889024 NOS2A LD G 0.486 0.405 0.476 0.475
1s953527 NOS2A A 0.453 0.370 -0.06 | 0.31 0.460 0.458 -0.10 0.07
rs4796017 NOS2A LD G 0.453 0.371 0.455 0.455
rs8081248 NOS2A LD A 0.369 0.477 0.380 0.372
1s2297518 NOS2A A 0.206 0.159 0.45 0.47 0.221 0.228 0.06 0.11
152248814 NOS2A A 0.361 0.462 | 0.62* | 0.31 0.342 0.333 | -0.19*% 0.10
154795067 NOS2A G 0.422 0353 | -0.56' | 0.32 0.340 0.353 0.15 0.09
1s3729508 NOS2A T 0.337 0.389 -0.99 | 0.83 0.392 0.393 0.10 0.18
156505469 NOS2A T 0.407 0.437 024 | 0.62 0.452 0.455 0.13 0.17
rs8072199 NOS2A T 0.410 0.443 0.55 0.34 0.410 0.401 -0.12 0.08
rs16949 NOS2A C 0.279 0.213 -0.66 | 0.68 0.248 0.252 -0.21 0.18
152301368 NOS2A LD G 0.383 0.423 0.403 0.402
1s2779251 NOS2A A 0.178 0.150 -0.07 | 0.60 0.176 0.180 0.28 0.25
1s2531862 NOS2A LD A 0.403 0.371 0.427 0.433
rs10853181 | NOS2A G 0.389 0.364 0.62 1.04 0.426 0.432 -0.14 0.67
152531869 NOS2A A 0.168 0.180 -0.87 | 1.00 0.261 0.256 0.10 0.67
rs2779259 NOS2A LD C 0.390 0.365 0.426 0.432
rs16966603 | NOS2A A 0.236 0.193 -0.73 | 1.06 0.167 0.178 0.16 0.67
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0.403 0.343 0.388 0.316 0.370 0.330
0.503 0.545 0.15 0.26 0.02 0.10 0.488 0.548 0.520 0.510
0.229 0.256 0.230 0.279 0.240 0.270
0.388 0.347 0.04 0.28 -0.09 0.11 0.418 0.320 0.350 0.350
0.237 0.266 0.05 0.25 -0.18' 0.09 0.189 0.247 0.240 0.250
0.241 0.279 0.214 0.279 0.260 0.270
0.408 0.360 0.435 0.324 0.360 0.360
0.189 0.184 -0.05 0.27 0.09 0.10 0.168 0.186 0.160 0.180
0.438 0.485 0.32 0.21 -0.05 0.07 0.388 0.523 0.460 0.440
0.284 0.256 -0.02 0.27 -0.02 0.10 0.327 0.297 0.300 0.290
0.265 0.252 0.11 0.24 0.00 0.08 0.283 0.207 0.240 0.260
0.371 0.368 0.13 0.24 0.10 0.09 0.418 0.459 0.410 0.400
0.409 0.474 0.440 0.413 0.430 0.420
0.398 0.450 0.32 0.20 -0.05 0.07 0.433 0.412 0.430 0.410
0.396 0.444 0.398 0.401 0.430 0.410
0.445 0.422 0.443 0.468 0.440 0.450
0.183 0.195 -0.29 0.26 0.03 0.10 0.189 0.169 0.240 0.190
0.409 0.390 0.24 0.25 -0.08 0.09 0.390 0.459 0.410 0.400
0.301 0.324 0.06 0.22 0.09 0.08 0.352 0.291 0.340 0.310
0.446 0.419 -0.64 0.42 -0.05 0.16 0.398 0.471 0.440 0.440
0.502 0.511 0.34 0.38 0.17 0.15 0.469 0.506 0.500 0.500
0.412 0.429 0.27 0.19 -0.04 0.07 0.459 0.506 0.410 0.410
0.202 0.218 0.12 0.41 -0.19 0.16 0.240 0.198 0.250 0.230
0.448 0.463 0.429 0.485 0.410 0.430
0.153 0.143 -0.55 0.66 0.14 0.22 0.171 0.168 0.190 0.170
0.394 0.368 0.357 0.445 0.390 0.390
0.393 0.366 3.22 5.50 0.12 0.56 0.352 0.445 0.390 0.390
0.236 0.234 -3.16 5.47 -0.23 0.55 0.224 0.268 0.190 0.220
0.393 0.366 0.342 0.442 0.390 0.390
0.157 0.133 -3.22 5.49 -0.13 0.56 0.121 0.175 0.200 0.170
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ST Tab 6. Minor allele frequencies (MAF) for population samples.

Marker

information Populations

ID MAF

reference | Allele ORK | GBR | CEU | POL | FIN | NFR | SFR | NCO | CCO | BQC | CAT | NSP | SSP | MEN | TSI | CIT

rs11771443 T 10.125|0.157 | 0.135| 0.159 | 0.161 | 0.094 | 0.146 | 0.076 | 0.089 | 0.073 | 0.093 | 0.218 | 0.152 | 0.224 | 0.148 | 0.108
rs1800781 A 10.198|0.163 | 0.147 | 0.170 | 0.129 | 0.135 | 0.198 | 0.182 | 0.089 | 0.061 | 0.081 | 0.141 | 0.130 | 0.163 | 0.148 | 0.149
1s3793342 A 10.229|0.157|0.147 | 0.170 | 0.129 | 0.135 | 0.198 | 0.182 | 0.089 | 0.061 | 0.081 | 0.141 | 0.130 | 0.163 | 0.148 | 0.149
1rs1799983 T 10.302|0.326 | 0.359 | 0.239 | 0.220 | 0.313 | 0.396 | 0.379 | 0.433 | 0.293 | 0.395 | 0.346 | 0.359 | 0.367 | 0.388 | 0.338
rs3918188 A 10.365(0.3310.341 | 0.330 | 0.296 | 0.396 | 0.271 | 0.333 | 0.356 | 0.476 | 0.419 | 0.410 | 0.293 | 0.235 | 0.296 | 0.338
15753482 G |0.208 | 0.230 | 0.218 | 0.159 | 0.124 | 0.281 | 0.260 | 0.273 | 0.356 | 0.232 | 0.314 | 0.256 | 0.283 | 0.255 | 0.327 | 0.297
157830 T 10.417|0.365|0.382|0.455| 0.446 | 0.271 | 0.354 | 0.333 | 0.189 | 0.341 | 0.209 | 0.282 | 0.348 | 0.255 | 0.245 | 0.324
12373929 T 10.490 | 0.455|0.482|0.455| 0.538 | 0.323 | 0.438 | 0.394 | 0.289 | 0.293 | 0.267 | 0.346 | 0.424 | 0.337 | 0.398 | 0.311
rs13307588 | A | 0.052 | 0.062 | 0.065 | 0.080 | 0.048 | 0.094 | 0.094 | 0.121 | 0.144 | 0.085 | 0.140 | 0.064 | 0.065 | 0.041 | 0.077 | 0.108
rs10774907 | A | 0.313 [ 0.331 | 0.306 | 0.318 | 0.333 | 0.240 | 0.219 | 0.258 | 0.244 | 0.220 | 0.209 | 0.167 | 0.250 | 0.286 | 0.209 | 0.135
152682826 T 10.2190.309 | 0.306 | 0.227 | 0.306 | 0.250 | 0.271 | 0.318 | 0.467 | 0.220 | 0.360 | 0.269 | 0.283 | 0.235 | 0.316 | 0.392
1s816363 G |0.302|0.466 | 0.465 | 0.364 | 0.392 | 0.396 | 0.365| 0.409 | 0.556 | 0.317 | 0.442 | 0.397 | 0.435 | 0.357 | 0.434 | 0.459
12271986 T |0.104|0.118 | 0.153 | 0.125| 0.081 | 0.115 | 0.052 | 0.061 | 0.011 | 0.098 | 0.023 | 0.115 | 0.109 | 0.071 | 0.082 | 0.054
rs904658 C 10.2500.393 0.359|0.307 | 0.258 | 0.281 | 0.292 | 0.318 | 0.489 | 0.293 | 0.360 | 0.321 | 0.304 | 0.265 | 0.372 | 0.392
rs3741475 A |0.135|0.230 | 0.206 | 0.182 | 0.172 | 0.156 | 0.219 | 0.258 | 0.444 | 0.195| 0.267 | 0.205 | 0.185 | 0.153 | 0.255 | 0.297
157959232 G |0.260 | 0.404 | 0.359 | 0.330 | 0.274 | 0.302 | 0.281 | 0.318 | 0.489 | 0.305 | 0.372 | 0.295 | 0.304 | 0.276 | 0.378 | 0.392
159658474 G |0.125]0.174 | 0.171 | 0.136 | 0.086 | 0.146 | 0.083 | 0.106 | 0.056 | 0.134 | 0.128 | 0.141 | 0.141 | 0.122 | 0.128 | 0.108
rs1047735 T 10.2920.360 | 0.335]0.307 | 0.269 | 0.271 | 0.260 | 0.303 | 0.400 | 0.317 | 0.314 | 0.295 | 0.283 | 0.235 | 0.347 | 0.351
rs845820 C 0344|0478 |0.465|0.364 | 0.409 | 0.406 | 0.375 | 0.379 | 0.556 | 0.329 | 0.453 | 0.385 | 0.424 | 0.388 | 0.449 | 0.459
rs11068428 | A | 0.271 | 0.360 | 0.341 | 0.307 | 0.269 | 0.271 | 0.260 | 0.303 | 0.400 | 0.305 | 0.302 | 0.295 | 0.272| 0.235 | 0.347 | 0.351
rs1093330 C 1034410478 ]0.465|0.364 | 0.409 | 0.396 | 0.385 | 0.379 | 0.556 | 0.329 | 0.453 | 0.385 | 0.424 | 0.388 | 0.444 | 0.459
152293054 T 10.240 | 0.326 | 0.312| 0.239| 0.317 | 0.271 | 0.250 | 0.182 | 0.356 | 0.195| 0.244 | 0.295| 0.293 | 0.265 | 0.311 | 0.284
rs3741480 C 10427 |0.449 | 0.488 | 0.386 | 0.430 | 0.521 | 0.344 | 0.303 | 0.556 | 0.427 | 0.500 | 0.449 | 0.467 | 0.459 | 0.459 | 0.473
156490121 G |0.260 | 0.354 | 0.341 | 0.295 | 0.344 | 0.271 | 0.281 | 0.258 | 0.389 | 0.244 | 0.326 | 0.410 | 0.326 | 0.286 | 0.372 | 0.297
rs1607817 A ]0.354|0.354|0.335]0.409 | 0.371 | 0.333 | 0.448 | 0.409 | 0.322| 0.488 | 0.372| 0.321 | 0.370 | 0.408 | 0.327 | 0.392
12293052 T 0354|0354 |0.335|0.409 | 0.371 | 0.333 | 0.448 | 0.409 | 0.322 | 0.488 | 0.360 | 0.321 | 0.370 | 0.408 | 0.321 | 0.405
1rs4766842 C ]0.500[0.438 | 0.482 | 0.409 | 0.414 | 0.500 | 0.375| 0.409 | 0.356 | 0.402 | 0.384 | 0.436 | 0.380 | 0.378 | 0.423 | 0.365
159658354 T |0.500 | 0.421 | 0.488 | 0.591 | 0.414 | 0.500 | 0.625 | 0.591 | 0.644 | 0.598 | 0.628 | 0.577 | 0.620 | 0.622 | 0.408 | 0.635
157309163 T 0.396 | 0.360 | 0.341 | 0.432| 0.371 | 0.323 | 0.448 | 0.394 | 0.311 | 0.488 | 0.360 | 0.321 | 0.380 | 0.429 | 0.327 | 0.405
1s539291 A |0.385]0.382|0.353|0.443 | 0.376 | 0.344 | 0.458 | 0.409 | 0.322 | 0.476 | 0.360 | 0.346 | 0.391 | 0.459 | 0.357 | 0.392
rs12811676 | A | 0.198 | 0.101 | 0.153 | 0.114 | 0.108 | 0.240 | 0.063 | 0.106 | 0.156 | 0.195 | 0.140 | 0.090 | 0.152| 0.112 | 0.077 | 0.122
1s530393 T |0.385]0.382|0.353|0.432 | 0.371 | 0.354 | 0.469 | 0.409 | 0.322 | 0.476 | 0.360 | 0.346 | 0.391 | 0.459 | 0.357 | 0.405
152077171 A ]0.313]0.331]0.335]0.273 | 0.323 | 0.292 | 0.292 | 0.303 | 0.200 | 0.244 | 0.256 | 0.333 | 0.250 | 0.235 | 0.332 | 0.243
rs1483757 G |0.542|0.433|0.494 | 0.386 | 0.430 | 0.510 | 0.385 | 0.409 | 0.378 | 0.378 | 0.453 | 0.462 | 0.391 | 0.347 | 0.408 | 0.378
159658281 T 0.292 1 0.315(0.353 | 0.261 | 0.301 | 0.240 | 0.250 | 0.258 | 0.178 | 0.220 | 0.291 | 0.359 | 0.250 | 0.194 | 0.296 | 0.257
1s570234 C 035403880341 | 0.455|0.366 | 0.385 | 0.469 | 0.424 | 0.278 | 0.524 | 0.326 | 0.372 | 0.391 | 0.418 | 0.332 | 0.432
1545654 C 0500|0478 | 0.465 | 0.466 | 0.565| 0.510 | 0.469 | 0.515| 0.611 | 0.329 | 0.547 | 0.462 | 0.467 | 0.449 | 0.536 | 0.486
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SIT

NSR

SSR

SIC

NBH

SBH

NGR

SGR

CRT

TRK

GJD

BJD

ASM

KHM

BOM

MZB

NTZ

STZ

0.167

0.163

0.146

0.250

0.100

0.149

0.156

0.151

0.205

0.250

0.260

0.167

0.146

0.105

0.086

0.050

0.149

0.143

0.167

0.105

0.110

0.141

0.225

0.162

0.146

0.186

0.216

0.063

0.104

0.107

0.146

0.174

0.057

0.100

0.085

0.143

0.167

0.116

0.122

0.141

0.225

0.162

0.135

0.186

0.205

0.146

0.146

0.107

0.156

0.198

0.057

0.140

0.085

0.153

0.372

0.523

0.451

0.219

0.238

0.297

0.281

0.407

0.250

0.208

0.250

0.179

0.260

0.326

0.357

0.350

0.255

0.224

0.295

0.314

0.280

0.344

0.375

0.378

0.396

0.244

0.352

0.323

0.406

0.464

0.313

0.198

0.357

0.240

0.319

0.367

0.308

0.395

0.268

0.156

0.138

0.203

0.167

0.349

0.216

0.146

0.240

0.250

0.240

0.372

0.400

0.460

0.266

0.235

0.295

0.186

0.354

0.375

0.425

0.338

0.313

0.349

0.364

0.260

0.271

0.226

0.354

0.407

0.229

0.460

0.287

0.296

0.346

0.360

0.451

0.344

0.413

0.338

0.406

0.326

0.409

0.385

0.271

0.321

0.458

0.674

0.371

0.460

0.479

0.357

0.103

0.105

0.098

0.016

0.063

0.068

0.031

0.058

0.045

0.042

0.042

0.024

0.021

0.012

0.043

0.460

0.053

0.020

0.231

0.198

0.244

0.125

0.238

0.230

0.188

0.221

0.125

0.135

0.198

0.202

0.333

0314

0.257

0.460

0.362

0.276

0.372

0.465

0.378

0.375

0.175

0.270

0.302

0.337

0.341

0.313

0.396

0.274

0.396

0.372

0.286

0.460

0.457

0.378

0.513

0.558

0.451

0.438

0.288

0.365

0.406

0.395

0.443

0.406

0.500

0.393

0.583

0.523

0.457

0.460

0.553

0.480

0.090

0.023

0.024

0.031

0.088

0.068

0.115

0.035

0.011

0.063

0.073

0.036

0.031

0.035

0.057

0.460

0.032

0.031

0.449

0.500

0.415

0.328

0.213

0.324

0.365

0.291

0.420

0.229

0.479

0.393

0.563

0.453

0.457

0.460

0.489

0.429

0.321

0.430

0.329

0.281

0.125

0.216

0.250

0.244

0.352

0.281

0.396

0.321

0.375

0.314

0.286

0.460

0.394

0.337

0.462

0.500

0.415

0.328

0.225

0.324

0.354

0.314

0.432

0.365

0.490

0.417

0.573

0.442

0.486

0.460

0.553

0.449

0.141

0.070

0.098

0.078

0.100

0.108

0.125

0.058

0.091

0.115

0.104

0.083

0.219

0.174

0.200

0.460

0.149

0.133

0.397

0.442

0.329

0.328

0.213

0.297

0.333

0.291

0.375

0.365

0.469

0.321

0.344

0.395

0.414

0.460

0.415

0.327

0.487

0.547

0.451

0.453

0.263

0.378

0.427

0.419

0.477

0.396

0.531

0.440

0.667

0.570

0.557

0.460

0.628

0.490

0.397

0.442

0.329

0.328

0.213

0.297

0.333

0.291

0.375

0.333

0.469

0.333

0.333

0.395

0.414

0.460

0.415

0.327

0.500

0.547

0.439

0.453

0.263

0.378

0.406

0.430

0.477

0.396
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1s482555 C 10.229]0.180|0.182] 0.227] 0.269 | 0.250 | 0.229 | 0.167 | 0.411 | 0.171 | 0.279 | 0.231 | 0.196 | 0.184 | 0.240 | 0.257
15693534 A 035403990359 |0.409 | 0.328 | 0.354 | 0.427 | 0.455 | 0.267 | 0.573 | 0.349 | 0.333 | 0.435 | 0.500 | 0.337 | 0.405
1s3782219 T ]0.167]0.163|0.188 | 0.227 | 0.285 | 0.250 | 0.229 | 0.167 | 0.411 | 0.171 | 0.279 | 0.218 | 0.196 | 0.173 | 0.240 | 0.257
1s3782221 A 10.198|0.169 | 0.218 | 0.250 | 0.285 | 0.281 | 0.250 | 0.182 | 0.433 | 0.171 | 0.302 | 0.231 | 0.207 | 0.194 | 0.276 | 0.257
1s9658255 C ]0.365|0.416|0.365|0.409 | 0.328 | 0.365 | 0.427 | 0.439 | 0.300 | 0.561 | 0.349 | 0.359 | 0.435 | 0.490 | 0.347 | 0.405
159658253 T 10.208|0.225|0.235|0.193 | 0.188 | 0.177 | 0.167 | 0.106 | 0.156 | 0.195 | 0.163 | 0.218 | 0.130 | 0.173 | 0.219 | 0.149
rs4767535 C |0.552]0.466 | 0.535| 0.466 | 0.409 | 0.438 | 0.417 | 0.424 | 0.467 | 0.341 | 0.512| 0.449 | 0.391 | 0.347 | 0.444 | 0.419
15816292 T ]0.313]0.202|0.229 | 0.284 | 0.237 | 0.344 | 0.281 | 0.379 | 0.333 | 0.354 | 0.267 | 0.256 | 0.391 | 0.439 | 0.245 | 0.405
1s492623 T ]0.188]0.298 | 0.253 | 0.205 | 0.317 | 0.208 | 0.292 | 0.152 | 0.211 | 0.293 | 0.198 | 0.269 | 0.250 | 0.224 | 0.260 | 0.162
151552229 A 10313]0.326|0.341 [ 0.409 | 0.263 | 0.396 | 0.354 | 0.485 | 0.389 | 0.427 | 0.419 | 0.385 | 0.500 | 0.480 | 0.291 | 0.527
rs1889024 G 10.292]0.483(0.394|0.511]0.511|0.469 | 0.417 | 0.545 | 0.467 | 0.366 | 0.465 | 0.474 | 0.435 | 0.469 | 0.439 | 0.473
1s953527 A 10.292]0.455|0.388 | 0.489 | 0.489 | 0.469 | 0.406 | 0.530 | 0.422 | 0.390 | 0.442 | 0.474 | 0.424 | 0.459 | 0.423 | 0.459
154796017 G ]0.292]0.449 | 0.382 [ 0.489 | 0.489 | 0.458 | 0.406 | 0.530 | 0.422 | 0.390 | 0.453 | 0.474 | 0.424 | 0.449 | 0.429 | 0.432
rs8081248 A 10.542]0.399 | 0.482(0.432]0.409 | 0.333 | 0.406 | 0.348 | 0.378 | 0.451 | 0.384 | 0.436 | 0.457 | 0.459 | 0.439 | 0.324
152297518 A 10.083]0.247|0.182]0.295| 0.269 | 0.177 | 0.188 | 0.258 | 0.256 | 0.232 | 0.186 | 0.269 | 0.217 | 0.224 | 0.209 | 0.243
152248814 A 104790376 |0.459 | 0.398 | 0.392 | 0.302 | 0.417 | 0.348 | 0.344 | 0.476 | 0.349 | 0.436 | 0.435| 0.367 | 0.393 | 0.324
154795067 G [0.271]0.393|0.347 | 0.432]0.376 | 0.427 | 0.313 | 0.394 | 0.389 | 0.329 | 0.337 | 0.359 | 0.315| 0.337 | 0.321 | 0.284
1s3729508 T 10.490]0.371|0.435|0.432]0.382 | 0.344 | 0.417 | 0.333 | 0.333 | 0.500 | 0.384 | 0.449 | 0.435| 0.429 | 0.444 | 0.378
156505469 T ]0.521|0.466 | 0.476 | 0.489 | 0.441 | 0.396 | 0.490 | 0.394 | 0.444 | 0.561 | 0.500 | 0.526 | 0.500 | 0.490 | 0.495 | 0.432
1rs8072199 T 10.479]0.427|0.500 | 0.602 | 0.484 | 0.375| 0.396 | 0.470 | 0.289 | 0.549 | 0.267 | 0.474 | 0.391 | 0.439 | 0.434 | 0.419
1516949 C |0.188]0.270 | 0.218 | 0.318 | 0.285| 0.260 | 0.219] 0.333 | 0.256 | 0.232| 0.221 | 0.256 | 0.217 | 0.255| 0.245| 0.243
152301368 G [0.510(0.399 | 0.447 | 0.409 | 0.414 | 0.313 | 0.427 | 0.318 | 0.367 | 0.512 | 0.395 | 0.436 | 0.391 | 0.459 | 0.464 | 0.351
1s2779251 A |0.146 | 0.169 | 0.182 | 0.216 | 0.194 | 0.219 | 0.156 | 0.258 | 0.133 | 0.171 | 0.093 | 0.205 | 0.141 | 0.173 | 0.194 | 0.176
152531862 A 1034410360 | 0.347 [ 0.386 | 0.414 | 0.396 | 0.448 | 0.394 | 0.467 | 0.341 | 0.349 | 0.385 | 0.370 | 0.429 | 0.418 | 0.378
rs10853181 | G | 0.344 | 0.360 | 0.347 | 0.386 | 0.414 | 0.396 | 0.448 | 0.394 | 0.467 | 0.341 | 0.360 | 0.385 | 0.370 | 0.429 | 0.418 | 0.378
152531869 A 10.229]0.213 {0.206 | 0.159 | 0.183 | 0.188 | 0.240 | 0.212 | 0.367 | 0.159 | 0.174 | 0.179 | 0.174 | 0.255 | 0.224 | 0.243
152779259 C 0.354]0.365|0.335| 0.386 | 0.409 | 0.396 | 0.448 | 0.394 | 0.467 | 0.341 | 0.372| 0.385| 0.370| 0.418 | 0.423 | 0.378
rs16966603 | A | 0.125|0.146 | 0.135 | 0.227 | 0.226 | 0.208 | 0.208 | 0.182 | 0.100 | 0.183 | 0.186 | 0.205 | 0.174 | 0.163 | 0.199 | 0.122
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ST Tab 7. Total number of polymorphisms presented in TSI 1000 Genomes Project sample
(N polymorphisms) and rates of high accurately imputed (MACH r? >0.75) polymorphisms
in CIT population sample.

Minor Allele Frequency spectrum
0-0.05 0.05-0.1 0.1-0.5
N polymorphisms 306 23 179
NOS3 region | N accurately imputed 2 0 108
% accurately imputed 0.007 0 0.603
N polymorphisms 776 36 405
NOSI1 region | N accurately imputed 13 4 304
% accurately imputed 0.017 0.111 0.751
N polymorphisms 1046 135 532
NOS2A region | N accurately imputed 18 47 381
% accurately imputed 0.017 0.348 0.716

ST Tab 8 - NOS genetic risk score (GRS) distribution for cases and controls and
discrimination accuracy for IMPUTE2 imputed dataset. SD: Standard Deviation;
Nagelkerke's R?: explained interindividual variance of MI by NOS risk score predictive
model; AUC: Area Under the receiver operating characteristic (ROC) curve; CI: Confidence

Interval.
Case-control sample Mean GRS 2 SD [min - max] Nagelkfrke’s AUC [95%CI]
cases controls R
Finrisk  (Finland) 6.10+0.80 [4.00 - 7.90] 6.04 +0.82 [3.96 - 7.89] <0.01 0.515[0.454 - 0.577]
ATVB  (Italy) 5.87+0.69 [3.24 - 7.88] 5.80+0.71 [3.90 - 7.84] <0.01 0.527[0.508 - 0.547 ]
Regicor (Spain) 5.77+£0.72 [3.92 - 7.49] 5.83+£0.73 [3.95-7.80] <0.01 0.476[0.431 - 0.521]
MDCS (Sweden) 5.81+0.71 [4.07 - 7.69] 5.91+0.68 [3.94 - 7.58] <0.01 0.44410.361 - 0.528 ]
NDBC (Spain) 5.79+0.84 [4.00 - 8.00] 5.85+0.88 [3.00- 8.00] <0.01 0.469[0.426 - 0.513]
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ST Tab 9 - Mean NOS risk score with standard deviation, minimum and maximum for
population samples.

Population | N NOS risk score
ORK 48 5.88 +£0.89 [4.00 - 8.00]
GBR 89 6.04 +0.78 [4.00 - 8.00]
CEU 85 5.93 +£0.78 [3.00 - 7.00]
POL 44 6.07 £ 0.90 [4.00 - 8.00]
FIN 93 6.14 £ 0.95 [4.00 - 8.00]
NFR 48 5.81+0.67 [4.00 - 7.00]
SFR 48 5.81+0.70 [5.00 - 8.00]
NCO 33 5.88 +£0.86 [4.00 - 7.00]
CCo 45 5.42 £0.75 [4.00 - 7.00]
BQC 41 5.99 +1.03 [3.00 - 8.00]
CAT 43 5.65+0.81 [4.00 - 7.00]
NSP 39 5.77 +£1.08 [3.00 - 7.00]
SSp 46 6.04 = 0.84 [4.00 - 7.00]
MEN 49 6.12 £ 0.75 [5.00 - 8.00]
TSI 98 5.86 + 0.82 [4.00 - 7.00]
CIT 37 5.84 +0.96 [4.00 - 8.00]

SIT 39 5.69 + 0.86 [4.00 - 8.00]
NSR 43 5.49 +£0.77 [4.00 - 7.00]
SSR 41 5.78 £ 0.88 [4.00 - 7.00]
SIC 32 6.31 +0.86 [5.00 - 8.00]
NBH 40 5.90 +0.87 [4.00 - 7.00]
SBH 37 5.86 +0.75 [4.00 - 7.00]
NGR 48 6.00 + 0.90 [4.00 - 8.00]
SGR 43 5.88 +£0.70 [5.00 - 8.00]
CRT 44 5.97 +£0.78 [4.00 - 7.82]
TRK 48 6.14 +1.00 [4.00 - 8.00]
GID 48 6.02 +0.70 [5.00 - 7.02]
BJD 42 6.22 +£0.81 [5.00 - 8.00]
ASM 48 5.94 +1.02 [4.00 - 8.00]
KHM 43 5.98 +£0.86 [4.00 - 8.00]
BOM 35 5.97 +£0.92 [4.00 - 8.00]
MZB 50 6.36 + 0.60 [5.00 - 8.00]
NTS 47 6.19 +1.08 [4.00 - 8.00]
STS 49 6.12 +0.86 [4.00 - 8.00]
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Tab 10 - Present study/MONICA population pairs with coronary event rate and mean levels
of traditional risk factors separated by gender. CER: Mean coronary event rates per 100,000
people over 5 years; SBP: Systolic blood pressure (mm Hg); TCH: Total cholesterol
(mmol/L); BMI: Body-mass index (Kg/m?); SMK: Daily smoking rate (%).

NOS study populations | MONICA populations Mean MONICA levels in men Mean MONICA levels in women
Population Code | Population Code | CER | SBP | TCH | BMI | SMK | CER | SBP | TCH | BMI | SMK
UK - Orcadians | ORK | UK - Glasgow | GLA | 744 | 133 | 61 | 268 | 41 269 | 126 | 61 | 269 | 41
UK - GBR GBR | UK -Belfast | BEL | 593 | 135 | 59 | 263 | 29 174 | 129 | 59 | 256 | 25
Central Europe - | (py; | Germany - BRE | 365 | 132 | 62 | 268 | 45 | 92 | 128 | 62 | 263 | 30
CEU Bremen

Poland -
Poland - Warsaw | POL WAR 605 132 5.7 27.1 52 158 128 5.6 27.5 34
Warsaw
Finland —
Finland - FIN FIN NKA | 697 | 142 6 275 | 27 125 | 137 | 57 | 2721 11
North Karelia
E‘fﬁh France = | \pR | France-Lille | LIL | 290 | 135 | 58 | 264 | 33 63 129 | 58 | 264 | 17
South France — SpR | France- ToU | 226 | 125 | 58 | 261 | 24 35 117 | 56 | 245 | 22
Toulouse Toulouse
North-West cat | Spain- CAT | 218 | 121 | 56 | 267 | 41 36 1 | 55 | 274 | 15
Spain — Girona Catalonia
Italy - TSI g | ltaly - Area BRI | 265 | 131 | 59 | 264 | 34 39 | 127 | 59 | 255 | 23
Brianza
E:;t;al Traly - CIT | Italy - Friuli FRI | 248 | 140 | 59 | 269 | 29 45 | 134 | 57 | 258 | 22
North Bosnia and Serbia - Novi
Herzegovina — NBH Sad NOS | 440 136 6.4 273 49 116 137 6.2 27.8 30
Krajina
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Apéndix 2. Material suplementari de Carreras-Torres et al., (article III)

Figure S1- Geographic distribution of European and Mediterranean samples. See Supporting
Table (ST) Tab 1 for abbreviation codes.
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Figure S2- Correlation plots between coronary events rates and Fgr genetic distances with
Basque Country, Bosnia-Herzegovina, Middle East, and North Africa by incidence group
and by gender (A, B, C and D men incidence vs distances; E, F, G and H women incidence

vs distances).
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Figure S3- Correlation plots between coronary events rates and SNP's cluster proportion by
incidence group and by gender (A, B and C men incidence vs cluster proportion; D, E and F
women incidence vs cluster proportion).

* High rate ORI * High rate ORK
700 1 & Low-Medium rate FiNe 250 - & Low-Medium rate
o, A POL o
gam *GBR * 2200
@
3 2 *GER
fal 2450 -
2] NBHs o I
2400 <] NEHa
ACEU 4
8 S0 SGEL
300 p—
= NFF o
“CIT 50 oI
200/ ACAT SFRa ACAT TSI SFRa
026 028 030 032 034 036 0.26 0.28 0.30 0.32 0.34 0.36
SNP's A cluster proportion SNP's A cluster proportion
ORKs ORKe
2600 +GBR woL 2200 -
@
2 > «GBR
3 2 oL
2 Eﬂo T
[}
NBHa
§4oc | 5 oFIN ik
8 cem | B0y CEUs
i
18l car CiTa 50 i CiTa
0.30 0.32 0.34 0.36 0.38 0.40 0.30 0.32 0.34 03 038 0.40
SNP's B cluster proportion SNP's B cluster proportion
*ORK *ORK
o, 4 *POL
2600 GBRe 2200
D @
5 s GBRe
;- o """
ANBH
FliNe
2400 - (<] ANBH
g CEUs 8100 1 CEUs
300 -
TSk
ACIT 50 -
200 SR CATA AT ASFR CAT+
030 035 0.40 030 0.35 0.40
SNP's C cluster proportion SNP's C cluster proportion

249



Figure S4- Correlation plots between coronary events rates and Rg genetic distances with
Basque Country, Bosnia-Herzegovina, Middle East, and North Africa by incidence group
and by gender (A, B, C and D men incidence vs distances; E, F, G and H women incidence
vs distances).
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Figure S5- Correlation plots between coronary events rates and TRP's cluster proportion by
incidence group and by gender (A, B and C men incidence vs cluster proportion; D, E and F
women incidence vs cluster proportion).
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Supporting Table (ST) Tab 1- Geographic origin, population codification, sample size and

geographic coordinates in decimal degrees for the population samples.

Geographic origin | Country Population Code | N | Latitude | Longitude
United Kingdom | Orcadians ORK | 48 59.00 -3.00
Poland Warsaw POL | 44 52.25 21.00
North France - Lille NFR | 48 50.60 3.05
South France - Toulouse SFR | 48 43.65 1.50
France
North Corsica NCO | 33 42.60 9.50
Central Corsica CCO | 45 41.90 8.60
Basque Country -Guipuzcoa BQC | 41 42.80 -2.60
Catalonia - Girona CAT | 43 41.95 2.75
Spain East Castilla-Leon - Burgos/Valladolid NSP | 39 42.10 -3.73
West Andalucia - Seville/Cadiz SSP | 46 37.38 -5.97
Balearic island - Menorca MEN | 49 40.00 3.80
Europe -
Central Italy - Lazio CIT | 37 43.15 13.40
South Italy - Naples SIT 39 40.60 15.78
Italy North Sardinia NSR | 43 40.33 9.40
South Sardinia SSR | 41 39.20 9.12
Sicily SIC 32 38.20 12.50
Bosnia- North Bosnia-Herzegovina - Krajina NBH | 40 44.80 17.20
Herzegovina South Bosnia-Herzegovina - Adriatic coast | SBH | 37 43.40 17.80
North Greece - Tesaloniki NGR | 48 40.60 22.98
Greece South Greece - Athens SGR | 43 37.50 22.45
Crete CRT | 44 35.25 25.00
Turkey General population TRK | 48 39.95 32.90
) ) General Jordanian GJD | 48 31.65 36.50
Middle East Jordania - -
Bedouins of Jordania BID | 42 30.20 35.75
High Atlas - Asni ASM | 48 31.15 -8.00
Morocco High Atlas - Khenifra KHM | 43 32.90 -5.60
Low Atlas - Bouhria BOM | 35 34.60 -3.69
North Africa Algeria M'zab MZB | 50 28.00 3.00
o North-Central Tunisia NTZ | 47 36.80 10.16
Tunisia —
South Tunisia STZ | 49 33.88 10.03
Egypt Siwa SIW | 23 29.15 25.50
Coté d'Ivori Ahizi AHZ | 26 6.12 -3.82
South-Sahara — -
Nigeria Bamileke BAM | 25 425 9.25
Aymara AYM | 43 -16.63 -68.47
Amerindian Bolivia
Quechua QCH | 36 -19.45 -66.20
United Kingdom | GBR GBR | 89 52.22 -0.97
European 1000 Central Europe CEU CEU | 85 52.38 8.14
Genomes Project | Finland FIN FIN | 93 | 62.02 24.07
Italy TSI TSI 98 43.20 11.67
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ST Tab 2 — Single nucleotide variants chromosome location and genotyping details.
Chromosome positions from the NCBI Build 37. GEN: Genotyped.

Genetic variants chromosome information GoldenGate Genotyping Assay
ID reference | Chr | Position | Alleles CRg(gl:::ﬁ R(igiloen Genotyped % Status
rs6951150 7 | 150681914 | C/T NOS3 SUTR 0.00 Not GEN
rs11771443 7 | 150687687 | C/T NOS3 SUTR 90.78 GEN
rs1800781 7 150692444 | A/G NOS3 intron 87.55 GEN
1s3793342 7 | 150695195 | A/G NOS3 intron 90.56 GEN
rs1799983 7 | 150696111 | T/G NOS3 coding 83.33 GEN
rs3918182 7 | 150702071 | A/G NOS3 intron 0.00 Not GEN
rs3918188 7 | 150702781 | A/C NOS3 intron 90.78 GEN
15753482 7 | 150706383 | T/G NOS3 intron 89.32 GEN
1rs7830 7 | 150709571 | T/G ATG9B 3UTR 84.93 GEN
1s2373929 7 | 150714812 | T/C ATG9B intron 90.34 GEN
rs13307588 7 | 150720902 | A/G ATG9B intron 90.99 GEN
1rs34459931 7 | 150721614 | -/ACA ATGY9B S5UTR 0.00 Not GEN
1s3763486 7 | 150723265 | A/G ATG9B SUTR 0.00 Not GEN
1s219240 7 | 150978543 | T/C Non-coding 91.03 GEN
15219243 7 | 150982510 | T/C Non-coding 90.85 GEN
rs219245 7 150988172 | A/G Non-coding 91.18 GEN
rs10230272 7 1150992963 | T/C Non-coding 0.00 Not GEN
rs219269 7 |150995229 | C/G Non-coding 90.81 GEN
rs12538729 7 | 151000447 | T/C Non-coding 91.18 Not polymorphic
1s6964641 7 | 151006529 | A/G Non-coding 90.81 GEN
rs973531 7 | 151007330 | T/C Non-coding 89.94 Not polymorphic
1rs378140 7 | 151009517 | T/C Non-coding 90.99 GEN
rs17134612 7 | 151013785 | T/C Non-coding 0.00 Not GEN
1s367656 7 151014303 | A/G Non-coding 89.58 GEN
1s6977945 7 | 151019711 | A/G Non-coding 90.99 GEN
rs17705456 7 | 151024986 | T/G Non-coding 90.81 GEN
1s2792448 7 | 151027954 | A/G Non-coding 90.70 GEN
12487161 7 | 151033628 | A/G Non-coding 91.18 GEN
157972894 12 | 117011124 | A/G Non-coding 86.96 GEN
1s2393073 12 | 117015367 | T/C Non-coding 91.03 GEN
rs11834175 12 | 117021136 | T/C Non-coding 91.10 GEN
rs11068094 12 | 117026005 | A/G Non-coding 0.00 Not GEN
1s7971771 12 | 117026246 | T/C Non-coding 0.00 Not GEN
rs12425221 12 | 117031799 | T/G Non-coding 89.29 Not polymorphic
rs10850680 12 | 117032036 | G/C Non-coding 90.99 GEN
rs11068102 12 | 117038152 | T/C Non-coding 91.14 GEN
1s7958610 12 | 117043340 | T/C Non-coding 90.67 GEN
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rs4766797 12 | 117050587 | T/C Non-coding 91.03 GEN
1s7963154 12 | 117054530 | T/C Non-coding 90.99 GEN
rs7307369 12 | 117056637 | A/G Non-coding 0.00 Not GEN
rs10850684 12 | 117062831 | T/C Non-coding 91.10 GEN
rs12312305 12 | 117065910 | A/G | Non-coding 0.00 Not GEN
rs12301907 12 | 117070979 | T/A Non-coding 90.81 GEN
rs7307249 12 | 117077849 | A/G | Non-coding 90.92 GEN
rs903820 12 | 117084285 | T/G Non-coding 91.07 GEN
rs17500613 12 | 117090452 | A/G Non-coding 90.09 GEN
rs10850694 12 | 117093237 | A/G | Non-coding 88.63 GEN
1s7298460 12 | 117099811 | A/G | Non-coding 89.43 GEN
rs1009981 12 | 117103935 | T/C Non-coding 91.18 Not polymorphic
rs17500655 12 | 117112127 | G/C Non-coding 83.19 GEN
1rs2393083 12 | 117118028 | A/G | Non-coding 0.00 Not GEN
rs11068140 12 | 117119675 | A/G Non-coding 90.20 Not polymorphic
rs10507272 12 | 117123376 | A/G Non-coding 89.91 GEN
1rs7974008 12 | 117127540 | A/G | Non-coding 90.96 GEN
rs17428858 12 | 117133400 | A/G | Non-coding 90.52 GEN
rs10774907 12 | 117647403 | A/G NOSI1 3UTR 90.99 GEN
1s2682826 12 | 117652838 | T/C NOSI 3UTR 90.92 GEN
rs816362 12 | 117657345 | A/G NOS1 intron 91.21 Not polymorphic
rs816363 12 | 117660467 | G/C NOSI intron 91.14 GEN
152271986 12 | 117660873 | T/C NOSI1 intron 88.45 GEN
rs904658 12 | 117665544 | A/C NOSI intron 85.73 GEN
rs3741475 12 | 117669914 | A/G NOSI1 coding 90.78 GEN
rs13377860 12 | 117672539 | C/G NOS1 coding 0.00 Not GEN
1s7959232 12 | 117676698 | A/G NOSI1 intron 89.87 GEN
1s9658474 12 | 117681509 | G/C NOSI intron 90.99 GEN
rs1047735 12 | 117685270 | T/C NOS1 coding 81.01 GEN
rs845820 12 | 117688699 | T/C NOSI1 intron 90.89 GEN
rs11068428 12 | 117693817 | A/G NOSI intron 91.10 GEN
rs1093330 12 | 117696534 | A/G NOSI1 intron 90.89 GEN
12293054 12 | 117701714 | T/C NOSI1 coding 90.56 GEN
1rs3741480 12 | 117705774 | T/C NOSI1 intron 91.07 GEN
rs6490121 12 | 117708195 | A/G NOS1 intron 90.96 GEN
rs1607817 12 | 117712186 | A/C NOS1 intron 90.63 GEN
1s2293052 12 | 117715620 | T/C NOSI intron 91.07 GEN
rs4766842 12 | 117720130 | G/C NOSI intron 91.10 GEN
1s9658354 12 | 117724225 | A/T NOS1 intron 89.94 GEN
rs7309163 12 | 117729274 | T/C NOSI1 intron 90.96 GEN
1s539291 12 | 117735141 | A/G NOS1 intron 90.56 GEN
rs12811676 12 | 117741229 | A/G NOS1 intron 91.03 GEN
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1s7295972 12 | 117747368 | A/G NOS1 intron 0.00 Not GEN
1rs530393 12 | 117751258 | T/C NOS1 intron 89.58 GEN
rs2077171 12 | 117756502 | A/G NOS1 intron 90.74 GEN
rs1483757 12 | 117761540 | A/G NOSI intron 91.03 GEN
rs9658281 12 | 117767578 | T/C NOSI intron 90.81 GEN
rs570234 12 | 117770982 | A/C NOSI intron 90.20 GEN
1s545654 12 | 117777049 | T/C NOSI intron 90.81 GEN
rs482555 12 | 117781391 | T/C NOSI intron 90.99 GEN
rs693534 12 | 117784718 | A/G NOS1 intron 91.10 GEN
rs3782219 12 | 117788240 | T/C NOSI intron 89.36 GEN
rs4767533 12 | 117793530 | T/C NOSI intron 0.00 Not GEN
rs3782221 12 | 117795881 | A/G NOSI1 intron 90.74 GEN
rs9658255 12 | 117799756 | G/C NOSI SUTR 90.81 GEN
rs9658253 12 | 117800626 | T/C NOSI SUTR 90.89 GEN
rs4767535 12 | 117804875 | T/C NOSI SUTR 90.96 GEN
rs816292 12 | 117811409 | T/C NOS1 SUTR 90.16 GEN
1s492623 12 | 117813981 | T/C NOSI SUTR 90.89 GEN
rs1552229 12 | 117822187 | A/G NOSI SUTR 88.93 GEN
rs2091 12 | 117824885 | A/C NOSI1 SUTR 89.54 Not polymorphic
rs178672 17 | 25682796 | G/C Non-coding 91.18 GEN
rs322202 17 | 25688330 | T/C Non-coding 90.70 GEN
1rs322207 17 | 25691145 | T/G Non-coding 87.76 GEN
rs1695670 17 | 25698029 | T/G Non-coding 91.07 GEN
rs1676587 17 | 25701710 | A/C Non-coding 91.03 GEN
1rs322193 17 | 25702438 | T/G Non-coding 90.92 GEN
rs322187 17 | 25707580 | A/G | Non-coding 90.92 GEN
rs4794888 17 | 25712965 T/C Non-coding 90.92 GEN
rs2086033 17 | 25714436 | A/G | Non-coding 90.67 GEN
rs9908619 17 | 25715677 | T/C Non-coding 88.96 GEN
rs8069120 17 | 25720245 | T/C Non-coding 91.03 GEN
rs4327097 17 | 25726587 | T/C Non-coding 0.00 Not GEN
rs7215048 17 | 25732356 | T/C Non-coding 91.18 GEN
rs11652073 17 | 25739737 | T/C Non-coding 88.45 GEN
rs2012824 17 | 25744276 | A/G Non-coding 89.91 GEN
rs1963517 17 | 25750795 | T/C Non-coding 90.78 GEN
1s7220478 17 | 25756158 | T/C Non-coding 0.00 Not GEN
rs1382046 17 | 25762715 | A/G Non-coding 87.11 GEN
rs7212692 17 | 25767504 | T/C Non-coding 0.00 Not GEN
rs8068829 17 | 25768794 | T/G Non-coding 0.00 Not GEN
1s7216024 17 | 25773157 | T/G Non-coding 0.00 Not GEN
1s6505276 17 | 25778498 | A/G Non-coding 91.14 GEN
rs883127 17 | 25785742 | T/C Non-coding 90.45 GEN
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1s6505292 17 | 25790721 | T/G Non-coding 90.74 GEN
rs1889024 17 | 26060246 | A/G NOS2A 3UTR 85.08 GEN
1rs953527 17 | 26068742 | A/G NOS2A 3UTR 90.63 GEN
rs4796017 17 | 26074991 | A/G NOS2A 3UTR 87.76 GEN
rs8081248 17 | 26081964 | A/G NOS2A 3UTR 89.76 GEN
1s28944201 17 | 26087190 | T/C NOS2A coding 90.99 Not polymorphic
1s2255929 17 | 26087967 | T/A NOS2A intron 0.00 Not GEN
1rs2297514 17 | 26093315 | T/C NOS2A intron 0.00 Not GEN
rs2297518 17 | 26096597 | A/G NOS2A coding 90.92 GEN
rs2248814 17 | 26100321 | A/G NOS2A intron 89.91 GEN
rs4795067 17 | 26106675 | A/G NOS2A intron 91.18 GEN
1rs3729508 17 | 26109030 | T/C NOS2A intron 87.00 GEN
rs6505469 17 | 26111886 | A/T NOS2A intron 89.91 GEN
rs8072199 17 | 26116848 | T/C NOS2A intron 91.14 GEN
rs16949 17 | 26124699 | T/C NOS2A intron 90.23 GEN
1rs2779248 17 | 26127832 | A/G NOS2A SUTR 0.00 Not GEN
1rs2301368 17 | 26130118 | A/G NOS2A S5UTR 90.70 GEN
1s2779251 17 | 26131326 | A/G NOS2A 5UTR 85.66 GEN
rs2531862 17 | 26136991 | A/G NOS2A 5UTR 91.18 GEN
rs10853181 17 | 26139618 | A/G NOS2A 5UTR 90.85 GEN
rs2531869 17 | 26144284 | A/G NOS2A 5UTR 90.74 GEN
12779259 17 | 26148284 | G/C NOS2A 5UTR 90.63 GEN
rs16966603 17 | 26152445 | A/T NOS2A SUTR 91.10 GEN
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ST Tab 3 — Tandem repeat variants chromosome location and repeat motive, and PCR and
genotyping details. Chromosome positions from the NCBI Build 37.

1D Chr | Position Repeat Motive Coding Region | Gene Region
reference

$s825679095 | 7 | 150694394 | (GAAGTCTAGACCTGCTGCAGGGGTGAG)n NOS3 intron
$8825679096 | 7 | 150701955 (TGTT)n NOS3 intron
$8825679092 | 7 | 150992977 (CAAAA)N Non-coding

$s825679093 | 7 | 151007096 (ATTT) Non-coding

$s825679094 | 7 | 151013614 (AAAAT)n Non-coding

$s825679082 | 12 | 117056845 (GAAAA)n Non-coding

$s825679083 | 12 | 117119473 (ATTT)n Non-coding

$s825679084 | 12 | 117140196 (ATT)n Non-coding

$s825679079 | 12 | 117825088 (TTCT)n NOS1 SUTR
$s825679080 | 12 | 117681334 (GGAT)n NOSI 5UTR
$s825679081 | 12 | 117672712 (ATA)n NOSI intron
$s825679085 | 17 | 25682526 (GGAA)n Non-coding

$s825679087 | 17 | 26137166 (TGGA)n NOS2A SUTR
$$825679088 | 17 | 26130147 (CCTTT)n NOS2A S5UTR
$s825679089 | 17 | 26128573 (TAAA)n NOS2A 5UTR
$8825679090 | 17 | 26106315 (AAT)n NOS2A intron
$s825679091 | 17 | 26062652 (AAAAC)n NOS2A 3UTR
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. . For'ward Annealing | Genotyping
Forward Primer Reverse Primer prlm.er Temp. rate (%)
labeling
CTTAGAGACTGGAAAGGTAGGG GCTTGCTTCTCTTAGTGCTG FAM 62 79.55
GAGTTAGTCACTGGGATGGG GAGAAACATTACCCGTGGCT HEX 61 80.55
GCTACAAAGAAATACTTGGCCAG CTTGTGAAGACATGCCAGGT HEX 62 86.54
AAGTGCCAACTGCATATCCC AGAGTCTACAGTTTCTCACTGG HEX 62 65.09
AAAGATGCTTAAGGCCGGAC TCTTACAGTCATCATCCCAGG FAM 62 71.08
AAACACATCCTCAGTCTCACTC ATCTAGGCACCTTCATTTCCC HEX 61 73.76
GCTAGGCAATACCTTTGATGTG TATATTGGCCCAACACAGCA FAM 62 85.44
CTGATGATTTCACTCCCTAGCT CTGCCTGCTGATGAGAAGAG HEX 61 71.77
GATAGTCATGGTGTTTGGCAG TACCAGGAACCTGCAGTCCC FAM 61 82.65
GGAAGAGTAGATGAGTGGATGG GTACACAAGGCTTTCAGTGAC HEX 61 74.29
GTGAGGAGTTCACTGGTGAC GCAGAGGAATCATAGGACAAGG HEX 61 79.71
GGCACAAAGTAAGAACCCAG GACAGGCCTAAATCCTGGAG HEX 61 68.82
GTCCCAATCAGTCCACATCC AAATCAGAGCTCAGAACTCAGG HEX 62 75.18
CAACTGCATTCGTCTTGTCAC CATGCCCAGCTACTGTAGTC FAM 61 75.87
GTGGCTAACCCTTGTAATCCT ACTAACACCTCATCCTTTAGCA FAM 61 83.12
CAGACAAGGTAGTTCACACCTG TGCCATCTTGCTCAGCTAAT FAM 61 87.12
GCTGTCCCAGTTATTCAGGAG ATGCTCACTTCGTGTCTCTG FAM 62 84.81

ST Tab 4 - Present study/MONICA population pairs with coronary event rate separated by
gender. CER: MONICA mean coronary event rates per 100,000 people over 5 years.

NOS study populations MONICA populations Men | Women
Population Code | Population Code | CER CER
UK - Orcadians ORK | UK - Glasgow GLA 744 269
UK - GBR GBR | UK - Belfast BEL 593 174
Central Europe - CEU CEU | Germany - Bremen BRE 365 92
Poland - Warsaw POL | Poland - Warsaw WAR | 605 158
Finland - FIN FIN | Finland - North Karelia NKA | 697 125
North France — Lille NFR | France - Lille LIL 290 63
South France — Toulouse SFR | France - Toulouse TOU | 226 35
North-West Spain — Girona CAT | Spain - Catalonia CAT 218 36
Italy - TSI TSI | Italy - Area Brianza BRI 265 39
Central Italy — Lazio CIT | Italy - Friuli FRI 248 45
North Bosnia and Herzegovina — Krajina | NBH | Serbia - Novi Sad NOS 440 116
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ST Tab 5. Minor allele frequencies (MAF) and heterozygozities (mean

deviation (SD)) per marker and per population.

and standard

Marker information Populations

ID reference | MAF Allele | ORK | GBR | CEU | POL | FIN | NFR | SFR | NCO | CCO | BQC | CAT | NSP | SSP | MEN
rs11771443 T 0.125 | 0.157 | 0.135 | 0.159 | 0.161 | 0.094 | 0.146 | 0.076 | 0.089 | 0.073 | 0.093 | 0.218 | 0.152 | 0.224
rs1800781 A 0.198 [ 0.163 | 0.147 | 0.170 | 0.129 | 0.135 | 0.198 | 0.182 | 0.089 | 0.061 | 0.081 | 0.141 | 0.130 | 0.163
1s3793342 A 0.229 ( 0.157 | 0.147 | 0.170 | 0.129 | 0.135 | 0.198 | 0.182 | 0.089 | 0.061 | 0.081 | 0.141 | 0.130 | 0.163
151799983 T 0.302 | 0.326 | 0.359 | 0.239 | 0.220 [ 0.313 | 0.396 | 0.379 | 0.433 | 0.293 | 0.395 | 0.346 | 0.359 | 0.367
rs3918188 A 0.365 | 0.331 | 0.341 | 0.330 | 0.296 | 0.396 | 0.271 | 0.333 | 0.356 | 0.476 | 0.419 | 0.410 | 0.293 | 0.235
15753482 G 0.208 | 0.230 | 0.218 | 0.159 | 0.124 | 0.281 | 0.260 | 0.273 | 0.356 | 0.232| 0.314 | 0.256 | 0.283 | 0.255
1s7830 T 0.417 | 0.365 | 0.382 | 0.455 | 0.446 | 0.271 | 0.354 | 0.333 | 0.189 | 0.341 | 0.209 | 0.282 | 0.348 | 0.255
152373929 T 0.490 | 0.455 | 0.482 | 0.455 | 0.538 [ 0.323 | 0.438 | 0.394 | 0.289 | 0.293 | 0.267 | 0.346 | 0.424 | 0.337
rs13307588 A 0.052 | 0.062 | 0.065 | 0.080 | 0.048 | 0.094 | 0.094 | 0.121 | 0.144 | 0.085 | 0.140 | 0.064 | 0.065 | 0.041
15219240 C 0.2710.292 | 0.259 | 0.318 | 0.306 | 0.354 | 0.385 | 0.348 | 0.322 | 0.268 | 0.267 | 0.205 | 0.304 | 0.327
15219243 G 0.260 | 0.292 | 0.259 | 0.250 | 0.306 | 0.313 | 0.313 | 0.318 | 0.289 | 0.220 | 0.256 | 0.167 | 0.261 | 0.286
1s219245 C 0.27110.292 | 0.253 | 0.307 | 0.306 | 0.354 | 0.365 | 0.348 | 0.322 | 0.268 | 0.267 | 0.192 | 0.326 | 0.327
1s219269 G 0.271 | 0.303 | 0.259 | 0.330 | 0.301 | 0.354 | 0.344 | 0.348 | 0.300 | 0.268 | 0.256 | 0.192 | 0.326 | 0.316
156964641 G 0.344 | 0.264 | 0.300 | 0.227 [ 0.285 | 0.281 | 0.188 | 0.258 | 0.278 | 0.195| 0.174 | 0.167 | 0.337 | 0.306
rs378140 T 0.354 1 0.337 | 0.347 | 0.409 | 0.355 | 0.469 | 0.396 | 0.394 | 0.322 | 0.268 | 0.267 | 0.256 | 0.380 | 0.316
1s367656 T 0.479 | 0.539 | 0.447 | 0.489 | 0.462 | 0.406 | 0.479 | 0.470 | 0.489 | 0.585 | 0.558 | 0.667 | 0.435 | 0.469
156977945 T 0.125 | 0.140 | 0.165 | 0.182 | 0.156 | 0.229 | 0.156 | 0.182 | 0.167 | 0.159 | 0.140 | 0.154 | 0.152| 0.153
rs17705456 A 0.146 | 0.1121 0.129 | 0.102 | 0.102 | 0.115 | 0.063 | 0.121 | 0.156 | 0.134 | 0.140 | 0.077 | 0.120 | 0.153
152792448 T 0.37510.315 | 0.365 | 0.386 | 0.387 | 0.427 | 0.333 | 0.303 | 0.389 | 0.451 | 0.384 | 0.346 | 0.413 | 0.367
2487161 C 0.135|0.169 | 0.141 | 0.136 | 0.145 | 0.167 | 0.188 | 0.152 | 0.167 | 0.195 | 0.198 | 0.154 | 0.174 | 0.153
157972894 A 0.490 | 0.444 | 0.459 | 0.409 | 0.500 | 0.500 | 0.406 | 0.409 | 0.378 | 0.183 | 0.384 | 0.308 | 0.391 | 0.378
152393073 T 0.219|0.191 | 0.159 | 0.148 | 0.145 | 0.177 | 0.177 | 0.182 | 0.189 | 0.305 | 0.128 | 0.205 | 0.141 | 0.204
rs11834175 A 0.260 | 0.236 | 0.224 | 0.250 | 0.161 | 0.240 | 0.260 | 0.197 | 0.256 | 0.439 | 0.209 | 0.269 | 0.228 | 0.265
rs10850680 G 0.510 | 0.461 | 0.494 | 0.318 | 0.570 | 0.458 | 0.427 | 0.394 | 0.411 | 0.195 | 0.384 | 0.359 | 0.359 | 0.429
rs11068102 C 02921 0.281 ] 0.276 | 0.307 | 0.312 | 0.281 | 0.344 | 0.273 | 0.333 | 0.537 | 0.407 | 0.308 | 0.380 | 0.357
157958610 C 0.094 | 0.101 | 0.106 | 0.136 | 0.086 | 0.167 | 0.073 | 0.045 | 0.022 | 0.024 | 0.070 | 0.103 | 0.109 | 0.082
154766797 A 0.594 | 0.522 1 0.588 | 0.477 | 0.565 | 0.500 | 0.427 | 0.470 | 0.533 | 0.378 | 0.419 | 0.462 | 0.446 | 0.500
157963154 A 0.490 | 0.427 | 0.453 | 0.466 | 0.446 | 0.500 | 0.427 | 0.364 | 0.356 | 0.305 | 0.291 | 0.423 | 0.446 | 0.449
rs10850684 T 0.500 | 0.500 | 0.424 | 0.466 | 0.500 | 0.479 | 0.542 | 0.424 | 0.456 | 0.634 | 0.640 | 0.551 | 0.576 | 0.510
rs12301907 T 0.448 | 0.348 | 0.412 | 0.330 | 0.403 | 0.385 | 0.302 | 0.333 | 0.300 | 0.171 | 0.221 | 0.244 | 0.293 | 0.337
157307249 G 0.458 | 0.388 | 0.424 | 0.364 | 0.403 | 0.385 | 0.396 | 0.318 | 0.278 | 0.159 | 0.302 | 0.295 | 0.293 | 0.367
rs903820 G 0.625|0.590 | 0.612 | 0.580 | 0.634 | 0.531 | 0.542 | 0.485 | 0.467 | 0.622 | 0.512| 0.577 | 0.511 | 0.541
rs17500613 C 0.198 | 0.163 | 0.182 | 0.159 | 0.113 | 0.146 | 0.229 | 0.136 | 0.178 | 0.110 | 0.151 | 0.231 | 0.152 | 0.235
rs10850694 T 0.438 | 0.494 | 0.488 | 0.523 | 0.597 | 0.552 | 0.552 | 0.485 | 0.500 | 0.537 | 0.488 | 0.474 | 0.511 | 0.469
1s7298460 T 0.417 [ 0.247 | 0.318 | 0.250 | 0.280 | 0.323 | 0.302 | 0.409 | 0.378 | 0.329 | 0.279 | 0.346 | 0.315 | 0.439
rs17500655 C 0.438 | 0.601 | 0.606 | 0.602 | 0.634 | 0.531 | 0.552 | 0.470 | 0.356 | 0.659 | 0.523 | 0.513 | 0.565 | 0.510
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TSI

CIT

SIT

NSR

SSR

SIC

NBH

SBH

NGR

SGR

CRT

TRK

GJD

BJD

ASM

KHM

BOM

MZB

0.148

0.108

0.167

0.163

0.146

0.250

0.100

0.149

0.156

0.151

0.205

0.250

0.260

0.167

0.146

0.105

0.086

0.050

0.148

0.149

0.167

0.105

0.110

0.141

0.225

0.162

0.146

0.186

0.216

0.063

0.104

0.107

0.146

0.174

0.057

0.100

0.148

0.149

0.167

0.116

0.122

0.141

0.225

0.162

0.135

0.186

0.205

0.146

0.146

0.107

0.156

0.198

0.057

0.140

0.388

0.338

0.372

0.523

0.451

0.219

0.238

0.297

0.281

0.407

0.250

0.208

0.250

0.179

0.260

0.326

0.357

0.350

0.296

0.338

0.295

0314

0.280

0.344

0.375

0.378

0.396

0.244

0.352

0.323

0.406

0.464

0.313

0.198

0.357

0.240

0.327

0.297

0.308

0.395

0.268

0.156

0.138

0.203

0.167

0.349

0.216

0.146

0.240

0.250

0.240

0.372

0.400

0.460

0.245

0.324

0.295

0.186

0.354

0.375

0.425

0.338

0.313

0.349

0.364

0.260

0.271

0.226

0.354

0.407

0.229

0.320

0.398

0.311

0.346

0.360

0.451

0.344

0.413

0.338

0.406

0.326

0.409

0.385

0.271

0.321

0.458

0.674

0.371

0.450

0.077

0.108

0.103

0.105

0.098

0.016

0.063

0.068

0.031

0.058

0.045

0.042

0.042

0.024

0.021

0.012

0.043

0.000

0.301

0.270

0.333

0.419

0.317

0.234

0.263

0.284

0.281

0.233

0.284

0.365

0.313

0.333

0.344

0.174

0.186

0.230

0.301

0.270

0.308

0.395

0.280

0.219

0.250

0.203

0.250

0.221

0.250

0.344

0.333

0.369

0.344

0.198

0.186

0.330

0.301

0.284

0.333

0.407

0.329

0.234

0.263

0.270

0.271

0.233

0.284

0.375

0.323

0.333

0.365

0.209

0.186

0.290

0.306

0.284

0.321

0.407

0.317

0.250

0.263

0.270

0.302

0.256

0.295

0.406

0.281

0.286

0.323

0.221

0.286

0.220

0.235

0.351

0.282

0.174

0.220

0.188

0.300

0.351

0.260

0.256

0.250

0.302

0.302

0.298

0.313

0.326

0.329

0.230

0.362

0.297

0.372

0.407

0.366

0.375

0.325

0.378

0.354

0.314

0.352

0.365

0.438

0.512

0.365

0.349

0.371

0.260

0.505

0.432

0.513

0.407

0.415

0.547

0.438

0.446

0.469

0.523

0.523

0.417

0.438

0.429

0.500

0.593

0.571

0.610

0.179

0.149

0.141

0.291

0.220

0.203

0.188

0.108

0.188

0.116

0.136

0.198

0.146

0.167

0.135

0.105

0.100

0.100

0.092

0.189

0.077

0.140

0.159

0.047

0.213

0.135

0.167

0.128

0.114

0.135

0.063

0.012

0.115

0.035

0.043

0.020

0.439

0.311

0.410

0.453

0.354

0.375

0.350

0.338

0.292

0.349

0.386

0.229

0.417

0.214

0.396

0.419

0.371

0.440

0.209

0.135

0.128

0.186

0.183

0.188

0.150

0.176

0.219

0.151

0.193

0.250

0.240

0.190

0.188

0.291

0.214

0.220

0.444

0311

0.385

0.407

0.439

0.500

0.463

0.419

0.406

0.547

0.307

0.323

0.292

0.262

0.354

0.279

0.386

0.220

0.128

0.216

0.128

0.151

0.110

0.125

0.125

0.162

0.115

0.116

0.239

0.167

0.188

0.119

0.156

0.209

0.129

0.240

0.189

0.230

0.179

0.198

0.171

0.156

0.188

0.243

0.198

0.128

0.284

0.229

0.313

0.250

0.281

0.314

0.286

0.350

0.444

0.324

0.397

0.372

0.366

0.406

0.413

0.365

0.375

0.477

0.318

0.323

0313

0.310

0.365

0.291

0.400

0.350

0.260

0.311

0.321

0.291

0.207

0.281

0.313

0.284

0.385

0.256

0.330

0.396

0.406

0.286

0.292

0.326

0.229

0.340

0.092

0.108

0.115

0.128

0.159

0.125

0.113

0.149

0.094

0.035

0.125

0.042

0.167

0.083

0.094

0.151

0.200

0.240

0.510

0.419

0.410

0.465

0.488

0.500

0.525

0.581

0.427

0.570

0.409

0.438

0.302

0.488

0.448

0.360

0.457

0.350

0.439

0.297

0.436

0.465

0.463

0.484

0.475

0.527

0.406

0.465

0.330

0.365

0.375

0.429

0.385

0.360

0.414

0.400

0.418

0.568

0.449

0.442

0.427

0.422

0.438

0.459

0.510

0.384

0.557

0.500

0.594

0.429

0.396

0.384

0.429

0.480

0.383

0.230

0.308

0314

0.329

0.344

0.400

0.392

0.323

0.453

0.205

0.260

0.240

0.274

0.344

0.221

0.314

0.260

0.367

0.189

0.256

0.337

0.341

0.344

0.375

0.338

0.260

0.349

0.273

0.250

0.271

0.345

0.354

0.233

0.300

0.220

0.439

0.405

0.423

0.570

0.573

0.469

0.550

0.554

0.344

0.581

0.477

0.417

0.448

0.548

0.490

0.419

0.486

0.500

0.179

0.230

0.256

0.198

0.207

0.156

0.263

0.243

0.146

0.140

0.170

0.167

0.208

0.274

0.125

0.186

0.143

0.050

0.546

0.554

0.487

0.547

0.610

0.609

0.475

0.459

0.594

0.581

0.568

0.594

0.479

0.500

0.583

0.442

0.557

0.590

0.337

0.311

0.385

0.337

0.244

0.281

0.275

0.338

0.271

0.302

0.284

0.208

0.333

0.310

0.281

0.233

0.271

0.350

0.505

0.541

0.333

0.442

0.610

0.516

0.525

0.527

0.573

0.523

0.580

0.667

0.479

0.381

0.469

0.477

0.414

0.490

261




1s10507272 G 0.563 | 0.382 | 0.388 | 0.386 | 0.344 | 0.458 | 0.417 | 0.500 | 0.578 | 0.366 | 0.500 | 0.474 | 0.402 | 0.480
rs7974008 G 0.510 | 0.270 | 0.335|0.284 | 0.306 | 0.396 | 0.292 | 0.394 | 0.456 | 0.317 | 0.360 | 0.385 | 0.326 | 0.429
rs17428858 C 0.531 | 0.315 | 0.371 | 0.307 | 0.339 | 0.396 | 0.385 | 0.409 | 0.467 | 0.354 | 0.465 | 0.410 | 0.370 | 0.500
rs10774907 A 0.313 | 0.331 | 0.306 | 0.318 | 0.333 | 0.240 | 0.219 | 0.258 | 0.244 | 0.220 | 0.209 | 0.167 | 0.250 | 0.286
152682826 T 0.219 | 0.309 | 0.306 | 0.227 | 0.306 | 0.250 | 0.271 | 0.318 | 0.467 | 0.220 | 0.360 | 0.269 | 0.283 | 0.235
1s816363 G 0.302 | 0.466 | 0.465 | 0.364 | 0.392 | 0.396 | 0.365 | 0.409 | 0.556 | 0.317 | 0.442 | 0.397 | 0.435 | 0.357
152271986 T 0.104 | 0.118 | 0.153 | 0.125| 0.081 | 0.115| 0.052 | 0.061 | 0.011 | 0.098 | 0.023 | 0.115 | 0.109 | 0.071
1s904658 C 0.250 | 0.393 | 0.359 | 0.307 | 0.258 | 0.281 | 0.292 | 0.318 | 0.489 | 0.293 | 0.360 | 0.321 | 0.304 | 0.265
rs3741475 A 0.135 | 0.230 | 0.206 | 0.182 | 0.172 | 0.156 | 0.219 | 0.258 | 0.444 | 0.195 | 0.267 | 0.205 | 0.185 | 0.153
1s7959232 G 0.260 | 0.404 | 0.3590.330|0.274 | 0.302 | 0.281 | 0.318 | 0.489 | 0.305 | 0.372| 0.295 | 0.304 | 0.276
1s9658474 G 0.125 | 0.174 [ 0.171 | 0.136 | 0.086 | 0.146 | 0.083 | 0.106 | 0.056 | 0.134 | 0.128 | 0.141 | 0.141 | 0.122
rs1047735 T 0.292 | 0.360 | 0.335|0.307 | 0.269 | 0.271 | 0.260 | 0.303 | 0.400 | 0.317 | 0.314 | 0.295 | 0.283 | 0.235
rs845820 C 0.344 | 0.478 | 0.465 | 0.364 | 0.409 | 0.406 | 0.375 | 0.379 | 0.556 | 0.329 | 0.453 | 0.385 | 0.424 | 0.388
rs11068428 A 0.271 | 0.360 | 0.341 | 0.307 | 0.269 | 0.271 | 0.260 | 0.303 | 0.400 | 0.305 | 0.302 | 0.295 | 0.272| 0.235
rs1093330 C 0.344 | 0.478 | 0.465 | 0.364 | 0.409 | 0.396 | 0.385 | 0.379 | 0.556 | 0.329 | 0.453 | 0.385 | 0.424 | 0.388
1s2293054 T 0.240 | 0.326 | 0.312]0.239 | 0.317 | 0.271 | 0.250 | 0.182 | 0.356 | 0.195 | 0.244 | 0.295 | 0.293 | 0.265
rs3741480 C 0.427 | 0.449 | 0.488 | 0.386 | 0.430 | 0.521 | 0.344 | 0.303 | 0.556 | 0.427 | 0.500 | 0.449 | 0.467 | 0.459
rs6490121 G 0.260 | 0.354 | 0.341 | 0.295|0.344 | 0.271 | 0.281 | 0.258 | 0.389 | 0.244 | 0.326 | 0.410 | 0.326 | 0.286
rs1607817 A 0.354 | 0.354 | 0.335|0.409 | 0.371 | 0.333 | 0.448 | 0.409 | 0.322 | 0.488 | 0.372 | 0.321 | 0.370 | 0.408
1s2293052 T 0.354 | 0.354 | 0.335|0.409 | 0.371 | 0.333 | 0.448 | 0.409 | 0.322 | 0.488 | 0.360 | 0.321 | 0.370 | 0.408
rs4766842 C 0.500 | 0.438 | 0.482|0.409 | 0.414 | 0.500 | 0.375 | 0.409 | 0.356 | 0.402 | 0.384 | 0.436 | 0.380 | 0.378
159658354 T 0.500 | 0.421 [ 0.488 |0.591|0.414 | 0.500 | 0.625 | 0.591 | 0.644 | 0.598 | 0.628 | 0.577 | 0.620 | 0.622
rs7309163 T 0.396 | 0.360 | 0.341|0.432|0.371|0.323 | 0.448 | 0.394 | 0.311 | 0.488 | 0.360 | 0.321 | 0.380 | 0.429
1s539291 A 0.385 | 0.382 | 0.353|0.443 | 0.376 | 0.344 | 0.458 | 0.409 | 0.322 | 0.476 | 0.360 | 0.346 | 0.391 | 0.459
rs12811676 A 0.198 | 0.101 | 0.153 | 0.114 | 0.108 | 0.240 | 0.063 | 0.106 | 0.156 | 0.195 | 0.140 | 0.090 | 0.152 | 0.112
1s530393 T 0.385 | 0.382 | 0.353 | 0.432| 0.371 | 0.354 | 0.469 | 0.409 | 0.322 | 0.476 | 0.360 | 0.346 | 0.391 | 0.459
rs2077171 A 0.313 | 0.331 | 0.335|0.273 | 0.323 | 0.292 | 0.292 | 0.303 | 0.200 | 0.244 | 0.256 | 0.333 | 0.250 | 0.235
rs1483757 G 0.542 | 0.433 | 0.494|0.386 | 0.430 | 0.510 | 0.385 | 0.409 | 0.378 | 0.378 | 0.453 | 0.462 | 0.391 | 0.347
159658281 T 0.292 | 0.315 | 0.353 | 0.261 | 0.301 | 0.240 | 0.250 | 0.258 | 0.178 | 0.220 | 0.291 | 0.359 | 0.250 | 0.194
1s570234 C 0.354 | 0.388 | 0.341 | 0.455| 0.366 | 0.385 | 0.469 | 0.424 | 0.278 | 0.524 | 0.326 | 0.372 | 0.391 | 0.418
1s545654 C 0.500 | 0.478 | 0.465 | 0.466 | 0.565 | 0.510 | 0.469 | 0.515 | 0.611 | 0.329 | 0.547 | 0.462 | 0.467 | 0.449
rs482555 C 0.229 | 0.180 | 0.182 ] 0.227 | 0.269 | 0.250 | 0.229 | 0.167 | 0.411 | 0.171 | 0.279 | 0.231 | 0.196 | 0.184
1s693534 A 0.354 | 0.399 | 0.359 | 0.409 | 0.328 | 0.354 | 0.427 | 0.455 | 0.267 | 0.573 | 0.349 | 0.333 | 0.435 | 0.500
rs3782219 T 0.167 | 0.163 | 0.188 | 0.227 | 0.285 | 0.250 | 0.229 | 0.167 | 0.411 | 0.171 | 0.279| 0.218 | 0.196 | 0.173
rs3782221 A 0.198 | 0.169 | 0.218 | 0.250 | 0.285 | 0.281 | 0.250 | 0.182 | 0.433 | 0.171 | 0.302 | 0.231 | 0.207 | 0.194
1s9658255 C 0.365 | 0.416 | 0.365 | 0.409 | 0.328 | 0.365 | 0.427 | 0.439 | 0.300 | 0.561 | 0.349 | 0.359 | 0.435 | 0.490
1s9658253 T 0.208 | 0.225 | 0.235{0.193 | 0.188 | 0.177 | 0.167 | 0.106 | 0.156 | 0.195 | 0.163 | 0.218 | 0.130 | 0.173
rs4767535 C 0.552 | 0.466 | 0.535|0.466 | 0.409 | 0.438 | 0.417 | 0.424 | 0.467 | 0.341 | 0.512 | 0.449 | 0.391 | 0.347
1s816292 T 0.313 | 0.202 | 0.229 | 0.284 | 0.237 | 0.344 | 0.281 | 0.379 | 0.333 | 0.354 | 0.267 | 0.256 | 0.391 | 0.439
1s492623 T 0.188 | 0.298 | 0.253 | 0.205 | 0.317 | 0.208 | 0.292 | 0.152 | 0.211 | 0.293 | 0.198 | 0.269 | 0.250 | 0.224
1s1552229 A 0.313 | 0.326 | 0.341 | 0.409 | 0.263 | 0.396 | 0.354 | 0.485 | 0.389 | 0.427 | 0.419 | 0.385 | 0.500 | 0.480
15178672 C 0.385 | 0.309 | 0.353|0.307 | 0.317 | 0.302 | 0.302 | 0.333 | 0.411 | 0.427 | 0.384 | 0.359 | 0.348 | 0.388
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0.490

0.419

0.615

0.523

0.402

0.484

0.488

0.473

0.417

0.488

0.398

0.333

0.458

0.512

0.458

0.465

0.486

0.470

0.378

0.297

0.487

0.419

0.390

0313

0.325

0.405

0.313

0.372

0.330

0.271

0.375

0.405

0.406

0.349

0.371

0.440

0.398

0.338

0.500

0.407

0.390

0.344

0.325

0.446

0.354

0.384

0.330

0.281

0.427

0.417

0.448

0.419

0.486

0.520

0.209

0.135

0.231

0.198

0.244

0.125

0.238

0.230

0.188

0.221

0.125

0.135

0.198

0.202

0.333

0.314

0.257

0.350

0.316

0.392

0.372

0.465

0.378

0.375

0.175

0.270

0.302

0.337

0.341

0.313

0.396

0.274

0.396

0.372

0.286

0.240

0.434

0.459

0.513

0.558

0.451

0.438

0.288

0.365

0.406

0.395

0.443

0.406

0.500

0.393

0.583

0.523

0.457

0.390

0.082

0.054

0.090

0.023

0.024

0.031

0.088

0.068

0.115

0.035

0.011

0.063

0.073

0.036

0.031

0.035

0.057

0.070

0.372

0.392

0.449

0.500

0.415

0.328

0.213

0.324

0.365

0.291

0.420

0.229

0.479

0.393

0.563

0.453

0.457

0.320

0.255

0.297

0.321

0.430

0.329

0.281

0.125

0.216

0.250

0.244

0.352

0.281

0.396

0.321

0.375

0314

0.286

0.220

0.378

0.392

0.462

0.500

0.415

0.328

0.225

0.324

0.354

0.314

0.432

0.365

0.490

0.417

0.573

0.442

0.486

0.390

0.128

0.108

0.141

0.070

0.098

0.078

0.100

0.108

0.125

0.058

0.091

0.115

0.104

0.083

0.219

0.174

0.200

0.180

0.347

0.351

0.397

0.442

0.329

0.328

0.213

0.297

0.333

0.291

0.375

0.365

0.469

0.321

0.344

0.395

0.414

0.300

0.449

0.459

0.487

0.547

0.451

0.453

0.263

0.378

0.427

0.419

0.477

0.396

0.531

0.440

0.667

0.570

0.557

0.510

0.347

0.351

0.397

0.442

0.329

0.328

0.213

0.297

0.333

0.291

0.375

0.333

0.469

0.333

0.333

0.395

0.414

0.320

0.444

0.459

0.500

0.547

0.439

0.453

0.263

0.378

0.406

0.430

0.477

0.396

0.521

0.440

0.656

0.570

0.557

0.510

0.311

0.284

0.397

0.302

0.207

0.266

0.175

0.243

0.229

0.233

0.227

0.260

0313

0.274

0.323

0.326

0.129

0.270

0.459

0.473

0.577

0.500

0.402

0.359

0.313

0.405

0.375

0.349

0.455

0.417

0.490

0.381

0.573

0.558

0.414

0.470

0.372

0.297

0.462

0.372

0.232

0.313

0.250

0.284

0.271

0.279

0.341

0.271

0.427

0.298

0.365

0.349

0.171

0.290

0.327

0.392

0.321

0314

0.341

0.375

0.425

0.338

0.406

0.395

0.341

0.354

0.344

0.476

0.406

0.337

0.443

0.330

0.321

0.405

0.321

0.314

0.341

0.375

0.425

0.338

0.385

0.395

0.341

0.344

0.344

0.440

0.333

0.291

0.386

0.310

0.423

0.365

0.346

0.419

0.488

0.375

0.438

0.473

0.438

0.337

0.409

0.479

0.365

0.250

0.240

0.291

0.443

0.290

0.408

0.635

0.654

0.581

0.537

0.625

0.575

0.527

0.583

0.663

0.614

0.510

0.635

0.750

0.760

0.709

0.557

0.700

0.327

0.405

0.321

0.302

0.317

0.375

0.425

0.311

0.406

0.419

0.330

0.333

0.323

0.524

0.448

0.372

0.429

0.410

0.357

0.392

0.321

0.326

0.354

0.375

0.425

0.324

0.385

0.419

0.341

0.323

0.313

0.500

0.365

0.349

0.429

0.430

0.077

0.122

0.115

0.105

0.159

0.078

0.125

0.108

0.135

0.093

0.091

0.188

0.073

0.095

0.156

0.140

0.257

0.040

0.357

0.405

0.321

0.326

0.354

0.359

0.425

0.324

0.396

0.419

0.341

0.323

0.313

0.512

0.354

0.349

0.414

0.380

0.332

0.243

0.256

0.314

0.366

0.344

0.325

0.392

0.313

0.256

0.330

0.292

0.302

0.167

0.104

0.140

0.171

0.200

0.408

0.378

0372

0.465

0.537

0.422

0.450

0.500

0.417

0.337

0.386

0.448

0.385

0.262

0.260

0.279

0.457

0.270

0.296

0.257

0.231

0.256

0.268

0.313

0.300

0.378

0.333

0.244

0.330

0.260

0.323

0.179

0.094

0.128

0.086

0.180

0.332

0.432

0.295

0.384

0.402

0.406

0.388

0.365

0.354

0.430

0.330

0.354

0.333

0.464

0313

0.302

0.371

0.340

0.536

0.486

0.551

0.547

0.573

0.469

0.538

0.554

0.458

0.535

0.500

0.573

0.448

0.369

0.490

0.453

0.486

0.470

0.240

0.257

0.321

0.302

0.256

0.172

0.213

0.257

0.167

0.233

0.193

0.271

0.188

0.119

0.292

0.279

0.257

0.130

0.337

0.405

0.333

0.360

0.329

0.375

0.388

0.324

0.427

0.465

0.420

0.333

0.417

0.476

0.344

0.477

0.343

0.360

0.240

0.257

0.321

0.302

0.256

0.141

0.213

0.230

0.188

0.221

0.205

0.229

0.188

0.131

0.302

0.291

0.243

0.090

0.276

0.257

0.372

0.326

0.280

0.125

0.225

0.230

0.219

0.233

0.250

0.292

0.188

0.179

0.323

0.302

0.286

0.100

0.347

0.405

0.333

0.360

0.329

0.406

0.388

0.324

0.427

0.465

0.432

0.354

0.427

0.488

0.344

0.477

0.414

0.410

0.219

0.149

0.154

0.128

0.171

0.125

0.175

0.203

0.167

0.116

0.136

0.167

0.167

0.107

0.167

0.081

0.100

0.200

0.444

0.419

0.526

0.477

0.500

0.438

0.438

0.486

0.479

0.302

0.409

0.458

0.396

0.405

0.521

0.419

0.557

0.480

0.245

0.405

0.256

0.291

0.354

0.219

0.288

0.257

0.240

0.395

0.170

0.198

0.229

0.143

0.313

0.314

0.343

0.290

0.260

0.162

0.295

0.174

0.171

0.281

0.263

0.216

0.302

0.233

0.432

0.323

0.333

0.440

0.208

0.302

0.171

0.190

0.291

0.527

0.321

0.395

0.524

0.313

0.325

0311

0.313

0.477

0.307

0.240

0.281

0.167

0.406

0.360

0.457

0.330

0.393

0.486

0.397

0.395

0.354

0.391

0.363

0.419

0.292

0.453

0.352

0.375

0.479

0.429

0.521

0.442

0.429

0.460
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1s322202 A 0.396 | 0.320 | 0.400 | 0.352 | 0.290 | 0.375 | 0.313 | 0.212 | 0.256 | 0.341 | 0.349 | 0.359| 0.359 | 0.286
1s322207 T 0.3850.320 | 0.394 | 0.341 | 0.290 | 0.354 | 0.323 | 0.227 | 0.256 | 0.317 | 0.337 | 0.372| 0.359 | 0.286
rs1695670 G 0.396 | 0.331 | 0.406 | 0.341 | 0.296 | 0.375 | 0.333 | 0.242 | 0.256 | 0.305 | 0.360 | 0.385 | 0.359 | 0.296
rs1676587 G 0.396 | 0.331 | 0.406 | 0.341 | 0.296 | 0.375 | 0.333 | 0.242 | 0.256 | 0.305 | 0.372 | 0.385 | 0.359 | 0.296
1s322193 G 0.396 | 0.331 | 0.406 | 0.341 | 0.296 | 0.375 | 0.333 | 0.242 | 0.256 | 0.305 | 0.360 | 0.385 | 0.359 | 0.296
rs322187 A 0.396 | 0.326 | 0.400 | 0.341 | 0.296 | 0.375 | 0.333 | 0.242 | 0.244 | 0.305 | 0.349 | 0.385| 0.359 | 0.286
rs4794888 G 0.448 1 0.393 | 0.482 | 0.398 | 0.398 | 0.427 | 0.396 | 0.394 | 0.322 | 0.451 | 0.453 | 0.474 | 0.413 | 0.388
1rs2086033 C 0.396 | 0.326 | 0.400 | 0.341 | 0.296 | 0.375 | 0.333 | 0.242 | 0.244 | 0.305 | 0.349 | 0.385 | 0.359 | 0.286
rs9908619 A 0.396 | 0.326 | 0.400 | 0.341 | 0.296 | 0.375 | 0.333 | 0.242 | 0.244 | 0.305 | 0.349 | 0.385 | 0.359 | 0.286
rs8069120 A 0.052 | 0.067 | 0.082| 0.057 | 0.102 | 0.052 | 0.063 | 0.152 | 0.078 | 0.146 | 0.105 | 0.090 | 0.054 | 0.102
rs7215048 T 0.469 | 0.399 | 0.488 | 0.398 | 0.392 | 0.427 | 0.396 | 0.394 | 0.322 | 0.451 | 0.453 | 0.474 | 0.424 | 0.388
rs11652073 G 0.479 | 0.404 | 0.494 | 0.398 | 0.387 | 0.427 | 0.396 | 0.394 | 0.333 | 0.439 | 0.465 | 0.487 | 0.424 | 0.388
152012824 A 0.479 | 0.404 | 0.494 | 0.409 | 0.387 | 0.427 | 0.396 | 0.394 | 0.333 | 0.439 | 0.465 | 0.487 | 0.424 | 0.388
1s1963517 T 0.406 | 0.326 | 0.406 | 0.364 | 0.323 | 0.354 | 0.333 | 0.227 | 0.256 | 0.329 | 0.349 | 0.372 | 0.337 | 0.306
rs1382046 A 0.469 | 0.416 | 0.488 | 0.477|0.452 | 0.417 | 0.365 | 0.439 | 0.311 | 0.463 | 0.430 | 0.526 | 0.457 | 0.378
rs6505276 A 0.542 | 0.545 | 0.488 | 0.477 | 0.409 | 0.531 | 0.469 | 0.485 | 0.578 | 0.500 | 0.512 | 0.423 | 0.457 | 0.439
rs883127 T 0.3540.292| 0.341 | 0.330 | 0.398 | 0.344 | 0.313 | 0.258 | 0.244 | 0.341 | 0.291 | 0.410 | 0.380 | 0.398
1s6505292 T 0.469 | 0.421 | 0.447 | 0.443 | 0.516 | 0.500 | 0.417 | 0.348 | 0.400 | 0.427 | 0.349 | 0.474 | 0.478 | 0.500
rs1889024 G 0.2920.483 | 0.394 | 0.511 | 0.511 | 0.469 | 0.417 | 0.545 | 0.467 | 0.366 | 0.465 | 0.474 | 0.435 | 0.469
1s953527 A 0292 0.455 | 0.388 | 0.489 | 0.489 | 0.469 | 0.406 | 0.530 | 0.422 | 0.390 | 0.442 | 0.474 | 0.424 | 0.459
rs4796017 G 0.292 1 0.449 | 0.382 | 0.489 | 0.489 | 0.458 | 0.406 | 0.530 | 0.422 | 0.390 | 0.453 | 0.474 | 0.424 | 0.449
rs8081248 A 0.54210.399 | 0.482 | 0.432| 0.409 | 0.333 | 0.406 | 0.348 | 0.378 | 0.451 | 0.384 | 0.436 | 0.457 | 0.459
rs2297518 A 0.0830.247 | 0.182 | 0.295| 0.269 | 0.177 | 0.188 | 0.258 | 0.256 | 0.232 | 0.186 | 0.269 | 0.217 | 0.224
1s2248814 A 0.47910.376 | 0.459 [ 0.398 | 0.392 | 0.302 | 0.417 | 0.348 | 0.344 | 0.476 | 0.349 | 0.436 | 0.435 | 0.367
rs4795067 G 0.271 {0.393 | 0.347 | 0.432| 0.376 | 0.427 | 0.313 | 0.394 | 0.389 | 0.329 | 0.337 | 0.359 | 0.315 | 0.337
rs3729508 T 0.490 | 0.371 | 0.435 | 0.432| 0.382| 0.344 | 0.417 | 0.333 | 0.333 | 0.500 | 0.384 | 0.449 | 0.435 | 0.429
1s6505469 T 0.521 | 0.466 | 0.476 | 0.489 | 0.441 | 0.396 | 0.490 | 0.394 | 0.444 | 0.561 | 0.500 | 0.526 | 0.500 | 0.490
rs8072199 T 0.479 | 0.427 | 0.500 | 0.602 | 0.484 | 0.375| 0.396 | 0.470 | 0.289 | 0.549 | 0.267 | 0.474 | 0.391 | 0.439
1516949 C 0.188 [ 0.270 | 0.218 | 0.318 | 0.285] 0.260 | 0.219| 0.333 | 0.256 | 0.232 | 0.221 | 0.256 | 0.217 | 0.255
rs2301368 G 0.510 | 0.399 | 0.447 | 0.409 | 0.414 | 0.313 | 0.427 | 0.318 | 0.367 | 0.512 | 0.395 | 0.436 | 0.391 | 0.459
152779251 A 0.146 | 0.169 | 0.182 | 0.216 | 0.194 | 0.219 | 0.156 | 0.258 | 0.133 | 0.171 | 0.093 | 0.205 | 0.141 | 0.173
152531862 A 0.344 | 0.360 | 0.347 | 0.386 | 0.414 | 0.396 | 0.448 | 0.394 | 0.467 | 0.341 | 0.349 | 0.385 | 0.370 | 0.429
rs10853181 G 0.344 | 0.360 | 0.347 | 0.386 | 0.414 | 0.396 | 0.448 | 0.394 | 0.467 | 0.341 | 0.360 | 0.385 | 0.370 | 0.429
1s2531869 A 0.22910.213 | 0.206 | 0.159 | 0.183 | 0.188 | 0.240 | 0.212 | 0.367 | 0.159 | 0.174 | 0.179 | 0.174 | 0.255
1s2779259 C 0.354 1 0.365 | 0.335 [ 0.386 | 0.409 | 0.396 | 0.448 | 0.394 | 0.467 | 0.341 | 0.372 | 0.385| 0.370 | 0.418
1s16966603 A 0.125(0.146 | 0.135 | 0.227 | 0.226 | 0.208 | 0.208 | 0.182 | 0.100 | 0.183 | 0.186 | 0.205 | 0.174 | 0.163
Heterozygozities | Mean 0418|0417 | 0.421 | 0.422 | 0.410| 0.424 | 0.418 | 0.413 | 0.411 | 0.405 | 0.412 | 0.419 | 0.420 | 0.417
per population | SD 0.100 | 0.099 | 0.099 | 0.092 | 0.104 | 0.090 | 0.100 | 0.100 | 0.107 | 0.103 | 0.104 | 0.097 | 0.097 | 0.097
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0.301

0.432

0.333

0.279

0.244

0.359

0.438

0.459

0.375

0.337

0.352

0.385

0.417

0.417

0.177

0.244

0.171

0.260

0.291

0.432

0.321

0.291

0.244

0.375

0.450

0.473

0.375

0.337

0.341

0.375

0.417

0.417

0.177

0.244

0214

0.270

0.301

0.419

0.333

0.326

0.280

0.438

0.450

0.459

0.375

0.337

0.341

0.385

0.438

0.440

0.188

0.291

0.257

0.270

0.301

0.419

0.333

0.326

0.280

0.438

0.450

0.459

0.375

0.337

0.352

0.385

0.438

0.452

0.208

0.326

0.271

0.270

0.301

0.419

0.333

0.326

0.280

0.438

0.450

0.459

0.375

0.337

0.341

0.385

0.438

0.440

0.188

0.291

0.257

0.270

0.301

0.419

0.333

0.326

0.280

0.422

0.450

0.459

0.375

0.337

0.341

0.385

0.438

0.429

0.167

0.279

0.229

0.280

0.362

0.446

0.385

0.407

0.366

0.484

0.513

0.486

0.417

0.407

0.432

0.438

0.521

0.500

0.260

0.407

0.343

0.410

0.301

0.419

0.333

0.326

0.280

0.422

0.450

0.459

0.375

0.337

0.341

0.385

0.438

0.429

0.167

0.279

0.229

0.270

0.301

0.419

0.333

0.326

0.280

0.422

0.450

0.459

0.375

0.337

0.341

0.385

0.438

0.429

0.167

0.279

0.229

0.270

0.066

0.027

0.051

0.081

0.085

0.063

0.063

0.027

0.042

0.070

0.091

0.052

0.083

0.071

0.094

0.128

0.114

0.140

0.378

0.446

0.385

0.395

0.366

0.500

0.513

0.486

0.396

0.407

0.432

0.438

0.510

0.488

0.271

0.419

0.343

0.410

0.378

0.446

0.372

0.384

0.378

0.484

0.513

0.473

0.365

0.430

0.420

0.438

0.500

0.476

0.281

0.419

0.343

0.410

0.378

0.446

0.385

0.372

0.378

0.484

0.513

0.473

0.365

0.430

0.420

0.427

0.500

0.476

0.281

0.384

0.343

0.410

0.306

0.432

0.308

0.256

0.329

0.375

0.450

0.446

0.396

0.326

0.295

0.323

0.385

0.298

0.188

0.291

0.229

0.280

0.388

0.473

0.410

0.430

0.378

0.422

0.513

0.473

0.438

0.430

0.375

0.385

0.448

0.464

0.333

0.337

0.300

0.270

0.505

0.392

0.487

0.523

0.561

0.469

0.413

0.405

0.469

0.512

0.466

0.542

0.458

0.321

0.604

0.558

0.471

0.560

0.332

0.500

0.346

0.233

0.256

0.391

0.425

0.473

0.406

0.337

0.330

0.344

0.344

0.405

0.188

0.314

0.357

0.270

0.459

0.541

0.449

0.326

0.317

0.469

0.550

0.649

0.500

0.442

0.455

0.458

0.438

0.536

0.229

0.372

0.386

0.350

0.439

0.473

0.526

0.535

0.561

0.531

0.450

0.405

0.427

0.570

0.580

0.448

0.583

0.536

0.656

0.605

0.629

0.700

0.423

0.459

0.526

0.535

0.561

0.531

0.463

0.392

0.427

0.570

0.545

0.458

0.573

0.512

0.635

0.547

0.543

0.700

0.429

0.432

0.500

0.535

0.561

0.531

0.463

0.378

0.417

0.547

0.534

0.458

0.573

0.512

0.635

0.535

0.543

0.700

0.439

0.324

0.321

0314

0.305

0.359

0.500

0.419

0.385

0.244

0.239

0.323

0.240

0.262

0.260

0.326

0.386

0.200

0.209

0.243

0.231

0.279

0.341

0.141

0.100

0.149

0.240

0.256

0.261

0.219

0.302

0.345

0.354

0.267

0.314

0.240

0.393

0.324

0.269

0.279

0.329

0.344

0.488

0.392

0.344

0.221

0.239

0.323

0.219

0.202

0.271

0.302

0.257

0.190

0.321

0.284

0.385

0.407

0.402

0.266

0.188

0.