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Abstract

Background: Cardiovascular diseases (CVD) are the number one cause of death
and morbidity in the modern world. Oxidized low-density lipoprotein (oxLLDL) is
considered to be a key factor in the development of atherosclerosis, which leads to
CVD such as coronary artery disease (CAD) and ischemic stroke. We used
genome-wide association (GWAS) and genome-wide expression approaches in
order to find novel genes and their genetic variants associated with the
pathogenesis and risk factors of atherosclerosis, ischemic stroke and circulatory
oxLDL concentrations.

Aims of the Study: 1) To find single nucleotide polymorphisms (SNP)
associated with oxLDL by performing a GWAS on serum oxLLDL-levels. 2) Study
the association of the lead-SNP affecting LDIL oxidation, rs676210
(apolipoprotein-B [apoB] Pro2739Leu), with the prevalence of CAD, MI and
ischemic stroke. 3) Study the association of ischemic stroke risk increasing
HDACY variants with carotid plaque prevalence and intima-media thickness
(cIMT). 4) Find novel loci associated with ischemic stroke by performing an age-
of-onset informed GWAS. 5) Study the expression of the found MMP12 gene and
HDACY in clinically significant atherosclerotic arteries. 6) Study HDAC9 and
MMP12 expression in relation to histologically determined severity of
atherosclerotic plaques and gene markers for plaque stability, M1/M2 macrophages
and smooth muscle cells.

Materials and Methods: The artery samples used in the study were from
Tampere Vascular Study (T'VS, N=96, original communications III- V) and blood
samples from the participants of the Young Finns Study (YIS, N=2080, I), the
Ludwigshafen Risk and Cardiovascular Health (LURIC, study A, N=2913, with
271 cases and 2642 controls, I and II), Kooperative Gesundheitsforschung in der
Region Augsburg (KORA) study (B, N=1320, I), the Finnish Cardiovascular Study
(FINCAVAS, N=1118, C, I), Angiography and Genes Study (ANGES, N=808, D,
I), Wellcome Trust Case Control Consortium 2 (WTCCC2, E, N=3548 cases, 5972
controls, II- IV), CHARGE consortium (F, 25179 plaques and 31210 cIMT, III)
and METASTROKE consortium (G, 6778 cases and 12095 controls, IV).
Genotyping and imputation in all studies passed strict quality control (QC)
measures. DNA (YFS and studies A-G) and mRNA (TVS) were isolated with
appropriate commercial kits and the quality and integrity of RNA was closely
examined. Serum levels of oxLLDL were measured with Mercodia ELISA oxLDL



assay (I and II). Statistical analyses were performed using PLINK, ProbABEL,
PolyPhen-2 softwares and R statistical programming language.

Results: In study I, the genetic variant rs676210 (Pro2739Leu) on apoB
associated with oxLLDL (p=4.3 x 10-136, effect size = 13.2 U/l per allele). Using
PolyPhen-2 software Pro2739Leu was predicted to cause functional change in
apoB protein structure. It did not associate significantly with CAD (hazard ratio
[HR]=1.00 [0.94-1.00] per allele) or MI (HR=1.04 [0.96-1.12]). In study II,
rs676210 associated with cerebrovascular disease events (p=0.030; odds ratio=1.29
[95% confidence interval 1.03—1.63] for risk allele G). In study E, rs676210 did not
associate with the history of ischemic stroke.

In study III, both HDAC9 SNPs (1511984041 and rs2107595) were associated
with both common carotid IMT (p=0.00391 and p=0.0018, respectively) and with
presence of carotid plaque (p=0.00425 and p=0.0022, respectively). HDAC9
staining was seen in the nuclei and cytoplasm of vascular smooth muscle cells, and
in endothelial cells of cerebral and systemic arteries. In TVS, HDAC9 expression
was upregulated in carotid plaques compared to atherosclerosis free controls
(p=0.00000103). In study IV, we found novel MMP12 locus (rs660599) associated
with ischemic stroke using an age-of-onset informed GWAS (p=2.5x107). InTVS,
MMP12 gene was upregulated in atherosclerotic plaques compared to control
vessels (fold change=336, p=1.2x10-15).

In study V, HDAC9 and MMP12 expressions increased with plaque severity
determined by American Heart Association classification (p=0.00018, and
p<0.0001, for trend respectively) in all artery beds. HDAC9 expression correlated
significantly with MMP12 expression in carotid plaques (r=0.46, p=0.012, N=29),
and control samples (r=-0.44, p=0.034, N=28), but not in other artery beds.
MMP12 expression showed positive correlation (p < 0.05) with 22% (2/9) M1
macrophage markers, and 79% (11/14) M2 macrophage markers, negative
correlation with 72% (18/25) SMC markers, and no correlation with plaque
stability markers in the carotid artery plaques.

Conclusions: These results give novel insight into the genetic background of
atherosclerosis, ischemic stroke and lipoprotein oxidation, and specifically indicate
that apoB rs676210 (Pro2739Leu), HDACY9 and MMP12 related gene variations
associate with the risk of ischemic stroke. HDACY variants may act via promoting
atherosclerosis in the carotid artery. Both HDAC9 and MMP12 are overexpressed
in atherosclerotic plaques and correlate with plaque severity. In addition, apoB

Pro2739Leu is a novel genetic factor regulating circulatory oxLLDL levels.



Tiivistelma

Tausta: Ateroskleroosista eli valtimonkovettumataudista johtuvat sydidn- ja
verisuonitaudit atheuttavat suurimman osan kuolemista ja sairastuvuudesta
linsimaissa. Hapettunutta “low-density" —lipoproteiinia (oxLDL) pidetdin
olennaisena riskitekijind ateroskleroosin tautiprosessissa. Ateroskleroosivaurion
repedmid ja sitd seuraava veritulppa voivat aiheuttaa esimerkiksi sydidninfarktin,
sydinperdisen dkkikuoleman tai iskeemisen aivoverenkiertohiirion. Téssd
tutkimuksessa ~ kdytimme  koko  genomin = laajuista  ldhestymistapaa.
Tarkoituksenamme oli 16ytdd uusia geenejd tai niiden geenivariantteja, jotka
vaikuttavat ateroskleroosin ja iskeemisen aivoverenkiertohdirion patogeneesiin sekd
verenkierron oxLDL:n maidrdin.

Tavoitteet: 1) etsid periminlaajuisesti yhden emiksen vaihteluita (SNP, single
nucleotide polymorphism), jotka vaikuttavat verenkierron hapettuneen oxLLDL:n
pitoisuuteen. 2) Tutkia merkittivimmin oxLDIL:n pitoisuuteen vaikuttavan
geenivariantin - SNP  rs676210  (Pro2739Leu) vyhteyttd sepelvaltimotaudin,
sydininfarktin ja iskeemisen aivoverenkiertohiirion esiintyvyyteen. 3) Tutkia
aivoinfarktin riskid lisidgvien HDAC9-geenivarianttien (SNP:t rs11984041 ja
rs2107595) vaikutusta kaulasuonten ateroskleroottisten plakkien esiintyvyyteen ja
intima-median paksuuteen (cIMT). 4) Etsid iskeemiseen aivoverenkiertohdiriéon
liittyvid geenimerkkeji idin huomioon ottavalla genomin laajuisella lihestymistavalla.
5) Tutkia HDACY9-geenin sekd 16ydetyn MMP12-geenin ilmentymistd kliinisesti
merkittivissid verisuonissa. 6) Tutkia HDAC9- ja MMP12-geenien ilmentymisti
suhteessa histologisesti mddritettyyn ateroskleroosin vaikeusasteeseen, plakin
stabiilisuutta/repedmisherkkyyttd kuvaaviin geenimarkkereihin sekd M1/M2-
tyyppisten makrofagien ja sileiden lihassolujen ilmentimiin geenimarkkereihin.

Aineisto ja menetelmit: Tutkimuksessa kiytetyt valtimondytteet ovat osa
Tampere Vascular Study:a (TVS, N=96, osaty6t III-V). Veriniytteet ovat periisin
Lasten ja Nuorten Sepelvaltimotaudin riskitekijat —tutkimuksen (YFS, N=2080,
osaty6 I) osallistujilta sekd aineistoista LURIC (A, N=2913, 271 tapausta ja 2642
verrokkia, osaty6t I, II), KORA (B, N=1326, osaty6 I), FINCAVAS (C, N=1118,
osatyé I), ANGES (D, N=808, osaty6 I), WTCCC2-konsortio (E, N=3548
tapausta, 5972 verrokkia, osatyot II-IV), CHARGE-konsortio (F, plakit N=25179
ja cIMT N=31210, osaty6 III) METASTROKE-konsortio (G, 6778 tapausta ja
12095 verrokkia, IV). Kaikkien tutkimusten genotyypityksen laatu kontrolloitiin
(QC) ja aineistot imputoitiin yhdenmukaisesti. DNA (YES, aineistot A-F) ja mRNA



(TVS) eristettiin kaupallisilla eristyskiteilli huomioiden RNA:n laatu ja cheys.
Hapettuneen oxLDL:n pitoisuutta mitattiin Mercodian kehittimalldi ELISA-
menetelmalld (I ja IT). Tilastoanalyysit tehtiin PLINK-, ProbABEL-, PolyPhen-2-
ohjelmistoja ja R-ohjelmointikieltd kiyttden.

Tulokset: Tyossi I apoliporoteiini B:n aminohapporakennetta muuttava
(Pro2739Leu) SNP 15676210 assosioitui oxLDL pitoisuuteen (p=4,3x10-136,
efektikoko 13,2 U/1 per alleeli). PolyPhen-2-ohjelmistolla tehdyn analyysin mukaan
(Pro2739Leu) aminohapon  muuttuminen aiheuttaa apoB:n  proteiinin
toiminnallisen muutoksen. Pro2739Leu ei assosioitunut sepelvaltimotautiin
(vaarasuhde [HR] = 1,00 [0,94-1,06] per alleeli) eikd sydaninfarktiin (HR=1,04
[0,96-1,12]). Ty6ssd IT rs676210 assosioitui aivoverenkiertohiiridtapauksiin (p=0,030;
riskisuhde=1,29 [95 % luottamusvili 1,03—1,63] alleeli G:lle). Aineistossa E 15676210 ei
assosioitunut iskeemiseen aivotapahtumaan.

Ty6ssd III 1511984041 ja rs2107595 assosioituivat merkitsevisti cIMT-muuttujaan
ja plakin olemassaoloon aineistossa I (rs2107595 p=0,0018 ja p=0,0022; rs11984041
0.00391 ja p=0.00425). Histologisessa tutkimuksessa HDACY:n virjdytymistd nihtiin
sileiden lihassolujen ja endoteelisolujen solulimassa keskimmadisessd aivovaltimossa,
sisemmissd kaulavaltimossa, aortassa ja sepelvaltimoissa. TVS:ssa havaittiin, ettd
HDAC9:n ilmentyminen oli suurentunut kaulavaltimon plakeissa kontrolleihin
verrattuna  (p=0,00000103).  Ty6ssi IV 16ysimme  uuden  iskeemiseen
aivoverenkiertohdirio6n assosioituvan geenimerkin rs660599 MMP12:n ldheltd
(p=2.5x107).  TVS:issa MMP12  ilmentyi  3306-kertaisesti  ateroskleroottisessa
kaulavaltimossa verrattuna ateroskleroosittomaan suoneen (p=1.2x10-1%).

Ty6ssd V TVS-aineistossa HDAC9:n ja MMP12:n ekspressiot assosioituivat plakin
vakavuuteen (p=0,00018 ja p<0,0001, vastaavasti). MMP12:n ilmentyminen korreloi
HDACY:n ilmentymisen kanssa positiivisesti kaulasuonissa (r=0,46, p=0,012, N=29) ja
negatiivisesti histologisesti terveissd kontrollisuonissa (r=-0,44, p=0,034, N=28).
MMP12:n ilmentyminen korreloi positiivisesti 2/9 M1-makrofagimarkkerin ja 11/14
M2-makrofagimarkkerin kanssa. Kotrelaatio oli negatiivinen 18/25
siledlihassolumarkkerin kanssa. Korrelaatiota ei 16ytynyt plakin stabiliteettimarkkerien
kanssa sisemmissi kaulavaltimoissa.

Johtopaitokset:  Loysimme  uusia  ateroskleroosin  ja  iskeemisen
aivoverenkiertohdirion riskiin sekd oxLLDI-pitoisuuteen vaikuttavia geneettisid
tekijoitdi. HDACY edistid kaulasuonen ateroskleroosia. HDACY9 ja MMP12
assosioituvat  ateroskleroottisen  plakin  vakavuusasteeseen ja  iskeemisen
aivoverenkiertohdirién riskiin. ApoB Pro2739Leu on uusi seerumin oxLDL-

pitoisuuteen vaikuttava geenivariaatio.
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1 Introduction

Atherosclerosis (Weber, Noels 2011, Libby P, Ridker PM et al. 2011) is considered
to be a chronic inflaimmatory disease of the artery wall. Complications of
atherosclerosis, such as myocardial infarction (MI) or ischemic stroke, are the
major causes of disability and death in the modern world. According to World
Health Organization (WHO) cardiovascular diseases (CVD) caused approximately
17.3 million deaths, which are 30 per cent of all deaths, worldwide in the year 2008.
Coronary artery disease (CAD) caused 7.3 million and stroke 6.2 million of these
deaths (Figure 1). WHO predicts that the burden of death by cardiovascular
disease is increasing, and that in the year 2030 23 million people will die of

cardiovascular disease yeatly.

B Other deaths M Other cardiovascular diseases M Coronary artery disease [ Stroke

13%

11%

Figure 1 — Deaths wotldwide in the year 2008 (WHO 2012)
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In atherosclerotic process (Libby P, Ridker PM et al. 2011), atherogenesis,
immunological mechanisms interact with metabolic risk factors in the initiation of
the disease process, as well as, in the disease progression and lesion activation
(Kovanen, Kaartinen et al. 1995). Rupture of an atherosclerotic lesion, atheroma,
leads to clinical manifestations such as MI and ischemic stroke (Hansson 2005).
There are multiple hypotheses of the pathophysiology of the atheroma formation,
however, the definitive evidence of processes such as lipoprotein oxidation,
inflaimmation and immunity having crucial role in human atherosclerosis is still
lacking (Libby P, Ridker PM et al. 2011).

One key event in atherogenesis is considered to be the conversion of low-
density lipoprotein (LDL) to oxidized LDL (oxLLDL). It is thought that this
conversion increases the atherogenic potential of LDL and leads to fatty streak
formation (Steinberg 1997). It has been shown in mice, that the removal of
circulating oxLLDL prevents atherosclerosis (Ishigaki, Katagiri et al. 2008).
Moreover, systemic inflammatory state, hemodynamic conditions in different parts
of the arterial tree and the dysfunction of the endothelium of arterial wall are
considered important factors in atherogenesis (Gimbrone, Garcia-Cardena 2013).
Recently, Histone deacetylase 9 (HDACY9) (International Stroke Genetics
Consortium (ISGC), Wellcome Trust Case Control Consortium 2 (WTCCC2) et al.
2012) has been associated with the progression of atherosclerosis and with
ischemic stroke in genome-wide association studies (GWAS).

When the human genome was discovered (Sachidanandam, Weissman et al. 2001),
the era of intense human genetic studying began. The discovery of haplotypes (Gabriel,
Schaffner et al. 2002), the correlation between nearby genetic variation, in humans
allowed the development of HapMap database (International HapMap Consortium
2005). At the same time, high throughput genotyping methods (Hoheisel 2000) to
cost-effectively genotype single nucleotide polymorphisms (SNP) and statistical
methods to analyze the data (Marchini, Howie 2010) were developed. In 2005, the first
GWAS on age-related macular degeneration was performed (Klein, Zeiss et al. 2005).
Since then there have been publications of hundreds of GWASes (Manolio 2010).
Atherosclerosis related GWASes have found multiple novel loci on intima-media
thickness (IMT) (Bis, Kavousi et al. 2011), on CAD (CARDIoGRAMplusC4D
Consortium, Deloukas et al. 2013), MI (Myocardial Infarction Genetics Consortium,
Kathiresan et al. 2009). GWASes have not fulfilled the early high expectations

(Manolio, Collins et al. 2009), however, they have given a huge amount of new data on
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common diseases, and the next important step is to find the clinically significant
information from this huge mass of data (Hirschhorn, Gajdos 2011).

Since oxLLDL is considered to be a key factor in atherosclerosis, and little is
known of the genetic factors affecting the susceptibility of LDL to oxidation, in
this thesis a GWAS was performed on oxLDL and the impact of the found single
nucleotide polymorphisms (SNP) was tested on the clinical manifestation of
atherosclerosis; CAD, MI, and ischemic stroke. Furthermore, an age-of-onset
informed GWAS was done on ischemic stroke, and novel stroke gene MMP12 was
discovered. Recent GWASes have also found HDACY as possible novel gene
acting in atherosclerotic lesions and in ischemic stroke. The role of HDAC9 and
MMP12 is not clear and these novel ischemic stroke genes were further studied in

human atherosclerotic plaques.
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2 Review of the Literature

2.1 Atherosclerosis

211 Pathogenesis

2.1.1.1  Imbalanced Lipid Metabolism and a Maladaptive Immune Response Lead to
Chronic Inflammation of the Arterial Wall

The development of ahteromatous plaques in the inner lining of the arteries is
called atherogenesis (Libby P, Ridker PM et al. 2011). The atherosclerotic lesions,
atheromata, are asymmetric focal thickenings in innermost layer of the artery called
intima (Hansson 2005). The atheromata consist of blood-borne immunological
cells, connective-tissue elements, lipids, and derbis (Stary, Chandler et al. 1995).
Based on animal experiments and observation in humans, atherogenesis begins
as qualitative change in the monolayer of endothelial cells that line the inner arterial
surface (Figure 2). The first step in atherogenesis is considered to be the formation
of fatty streaks. Fatty streaks are prevalent already in the young; however, they do
not proceed to atheromata in all people (Stary, Chandler et al. 1994). It has been
shown in animals and humans that hypercholesterolemia causes a focal activation

of endothelium in large and medium sized arteries (Hansson 2005).
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Lipids are insoluble, and therefore need to be transported through the circulation
in complexes with proteins (Lusis, Pajukanta 2008). Cholesterol, which is acquired
from food (and transported by chylomicrons to the liver) or produced by liver
itself, is packed to very-low-density lipoprotein (VLDL) particles formed in the
liver (Figure 3) (Yazdanyar, Jiang 2012). Furthermore, apoB particle is formed and
incorporated in the VLDL particle. The best known function of apoB is to act as
ligand for LDL receptors in various cells (Ooi, Russell et al. 2012). Apolipoprotein
E (apoE) is also an important factor in lipoprotein metabolism (Kervinen, Kaprio
et al. 1998).

VLDL is released to bloodstream to transport cholesterol and various other
substances to cells that require those (Lusis, Pajukanta 2008). After interacting with
HDL, or releasing some of the contents to tissues, VLDL gets denser and is called
intermediate-density lipoprotein (IDL) (Figure 3). After more of the contents are
released the particle gets denser and is called low-density lipoprotein (LDL). In
each of the lipoprotein particles one apoB moiety is found (Ooi, Russell et al.
2012).

In normal operation of lipoprotein metabolism LDL is transported by arteries
to various tissues that require cholesterol and other contents of the particle for
their function (Lusis, Pajukanta 2008). After releasing the contents the particle
travels back to the liver where it is incorporated to hepatocytes by LDL-receptor
and degraded (Yazdanyar, Jiang 2012). Liver creates new VLDIL-particles and the
process starts again from the beginning.

In hypercholesterolemia, low-density lipoprotein (LDL) infiltrates the intima,
and is retained there, causing inflammatory response in the artery wall (Skalen,
Gustafsson et al. 2002). LDL gets modified through oxidation and enzymatic
attack in the intima, which leads to release of phospholipids, which activate
endothelial cells (Leitinger 2003). The activation of the endothelial cells happens
preferentially at the sites of hemodynamic strain, such as arterial branches
(Nakashima, Raines et al. 1998). The increased shear stress increases the expression
of adhesion molecules and inflammatory genes by the endothelial cells (Dai,
Kaazempur-Mofrad et al. 2004). Therefore, it is thought that the combined shear
stress and accumulation of lipids begins the inflammatory response in the artery
wall (Weber, Noels 2011).
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Pajukanta 2008), copyright 2008.

Platelets are first cells to get in contact with the activated endothelial cells
(Badimon, Vilahur 2014). Glycoproteins Ib and IIb/IIIa engage the surface
proteins of the endothelial cells (Massberg, Brand et al. 2002). This is thought to
contribute to the activation of the endothelia. In hypercholesterolemic mice,
inhibition of platelet adhesion reduced leukocyte infiltration and atherosclerosis
progression (Massberg, Brand et al. 2002).
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The activation of the endothelial cells causes them to express several types of
leukocyte adhesion molecules, such as inter-cellular adhesion molecule 1 ICAM-1)
and vascular-cell adhesion molecule 1 (VCAM-1) (Galkina, Ley 2007). For
example, VCAM-1 is upregulated in response to hypercholesterolemia (Cybulsky,
Gimbrone 1991). Immunological cells, such as monocytes and lymphocytes, carry
counter receptors for VCAM-1 and adhere to sites of upregulated VCAM-1
expression (Galkina, Ley 2007). Monocytes tether and roll along the vascular
surface and adhere at the site of the activated endothelium (Woollard, Geissmann
2010). After attachment to VCAM-1 intima produces chemokines which stimulate
the blood cells to migrate through the endothelial junctions into the subendothelial
space (Figure 2) in movement called transmigration and diapedesis. It has been
shown in mice, that deletion of the adhesion molecule genes or pharmaceutical
blocking of certain chemokines and adhesion molecules for the mononuclear cells
inhibit atherosclerosis (Lesnik, Haskell et al. 2003, Lutters, Leeuwenburgh et al.
2004).

In the sub-endothelial space macrophage colony-stimulating factor induces
monocytes to differentiate into macrophages (Smith, Trogan et al. 1995). This is a
critical step in the process of atherosclerosis. In this process pattern-recognition
receptors for innate immunity, such as scavenger receptors and toll-like receptors
are upregulated (Peiser, Mukhopadhyay et al. 2002, Janeway, Medzhitov 2002).
Elevated levels of circulating cholesterol transported by apolipoprotein-B (apoB)
containing LDL get stuck in the intima as apoB binds to negatively charged
extracellular matrix proteoglycans (Williams, Tabas 1995) and oxidizes to oxLDL
(Sanchez-Quesada, Villegas et al. 2012). Normally LDL is internalized to cells by
so called Brown-Goldstein LLDL-receptor (Brown, Goldstein 1983). Within this
process is a mechanism that controls the internalization so that cells cannot get
overfilled with LDL. However, as LDL gets modified in the intima, it loses its
typical form and is called oxidized LDL (oxLDL) (Ishigaki, Oka et al. 2009).

Scavenger receptors internalize a broad range of molecules and particles which
have pathogen-like molecular patterns, for example, bacterial endotoxins, apoptotic
cell fragments (Peiser, Mukhopadhyay et al. 2002). Also, oxILDL is taken up and
destroyed through this pathway (Woollard, Geissmann 2010). As there is no
negative feedback mechanism, cholesterol gets accumulated in the macrophages as
more and more oxLDL is internalized by macrophages (Park 2014). There is some
evidence in rabbits that cells could protect themselves from excessive uptake of
oxLDL in advanced atherosclerotic lesions by generating scavenger receptors that
cannot bind oxLLDL (Hiltunen, Gough et al. 2001). Cholesterol forms cytosolic
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droplets which eventually transform the cell to foam cell which is filled with
cholesterol (Stary, Chandler et al. 1994). The foam cell is prototypical cell in
atherosclerosis, and is the basis of for example the fatty streaks seen already in the
young (Stary, Chandler et al. 1994). Finally the foam cells start to die apoptotically
(Seimon, Nadolski et al. 2010). Cholesterol and other substances form a necrotic
core to the intima (Lusis 2012). As this material is foreign to the vessel wall,
protective measures are initiated. Smooth muscle cells (SMC) from the outer parts
of the artery (adventitia) travel to the scene and start to form a fibrous cap around
the foreign material to sequestrate it from the environment (Badimon, Vilahur
2014).

Toll-like receptors (TLR) also bind pathogen-like molecular patterns (Figure 4).
In contrast to scavenger receptors, they initiate a signal cascade which leads to cell
activation (Janeway, Medzhitov 2002). The activated macrophages produce
inflammatory cytokines, proteases, cytotoxic oxygen, and nitrogen radical
molecules (Janeway, Medzhitov 2002). Also, dendritic cells, mast cells, and
endothelial cells express toll-like receptors and produce similar effects (Bobryshev,
Lord 1995). It is thought that plaque inflammation is partly dependent on the toll-
like receptor pathway (Weber, Noels 2011). Macrophages can be divided to M1
and M2 classes (Salagianni, Galani et al. 2012). Inflammatory M1 macrophages and
MT1-associated cytokines are considered to be involved in the development of the
vulnerable plaques, whereas M2 macrophages are considered to be protective
through paracrine anti-inflammatory effect which they exert on M1 macrophages
(Salagianni, Galani et al. 2012). Recently, the loss of macrophage nuclear factor E2-
related factor 2 (Nrf2) has been shown to protect against atherogenesis
(Ruotsalainen, Inkala et al. 2013).
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Figure 4 — The complex role of neutrophils in the atherosclerotic process. Reprinted by
permission from Macmillan Publishers Ltd: Nature Medicine (Weber, Noels 2011), copyright
2011.

Moreover, immunological signaling by neutrophils plays an important role in
atherogenesis (Figure 4). As neutrophils are present in the inflamed intima, they
sustain monocyte recruitment through various find-me and eat-me signals
(Soehnlein, Lindbom 2010). As neutrophils are activated, neutrophil protease-
mediated proteolysis of tissue pathway inhibitor (Massberg, Grahl et al. 2010)
could promote atheroprogression and thrombus growth. Neutrophil extracellular
trap (NET) formation upon neutrophil activation (Papayannopoulos, Zychlinsky
2009) and tissue factor pathway inhibitor proteolysis by neutrophil proteases
(Massberg, Grahl et al. 2010) could promote the progression of atherosclerosis and
thrombus growth. Even though neutrophils can provide resolution signals
(Soehnlein, Lindbom 2010) that can trigger antiatherogenic TLR3 signaling (Cole,
Navin et al. 2011), they can also provide a chronic inflammatory trigger that
sustains atherogenesis. It is not known which factor cause the inflammatory
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triggering in chronic atherosclerosis. Without challenge from pathogens, the
continued presence of neutrophils in advanced plaques may contribute to large-
vessel thrombosis as a trigger for MI and stroke (Weber, Noels 2011).

2.1.1.2  Evolution of the Rupture Prone Plaque

AHA  classification of atherosclerotic plaques (Figure 5) divides plaques
histologically to II) presence of foam cells in the arterial wall, III) preatheroma, IV)
atheroma, V) fibroatheroma and VI) complicated lesion. Fibrous cap composed of
collagen and SMCs covers the fibroatheromatous plaque (Badimon, Vilahur 2014).
The composition of the fibrous cap is known to be essential in determining how
dangerous atherosclerosis is to an individual (Lusis 2012). Thin and inflamed cap is
prone to rupture, which manifests as thromboembolic events such as MI or
ischemic stroke (Hansson 2005). Fibrous cap is located between the vascular lumen
and the necrotic core (Badimon, Vilahur 2014). Autopsy studies have determined
that ruptured plaques are extremely thin (<65 micrometers thick), have a low
collagen content and have a macrophage density of around 26% (Falk, Nakano et
al. 2013).

Complication of atheroma occurs when foam cells release cytokines and growth
factors to stimulate vascular smooth muscle cells (VSMC) to migrate from media
to intima (Badimon, Vilahur 2014). VSMCs divide and produce extracellular matrix
(ECM) components that contribute to the fibrous cap development (Koga, Aikawa
2012). Many of the foam cells undergo apoptosis at early stages of atherosclerosis
development and are removed by M2 macrophages in efferocytosis (Tabas 2010).
Macrophage death leads to release of lipids, pro-inflammatory and pro-thrombotic
mediators (tissue factors) and metalloproteinases (MMP) (Tabas 2010). MMPs
digest the ECM scaffold, including the fibrous cap, and this makes the plaques
more susceptible to rupture (Lin, Kakkar et al. 2014). Vulnerable necrotic core of
the plaque is characterized by lack of supporting collagen determined by fewer
VSMCs which are the main source of collagen production (Tabas 2010). Moreover,
presence of hemorrhage has been shown to enlarge the necrotic core (Teng, Sadat
et al. 2014).
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The distribution of lipid core seems to be essential for plaque instability
(Badimon, Vilahur 2014). In vulnerable plaque there is accumulation of free
cholesterol in the center and presence of low free-to-esterified cholesterol ratio at
the edges (Felton, Crook et al. 1997). Eccentric distribution of the lipid core leads
to rearrangement of circumferential stress to the shoulder regions of the plaque,
and increases the vulnerability of these sites to rupture (Tabas 2010). Almost 60 per
cent of fibrous cap fissures occur in this region (Loree, Kamm et al. 1992,
Richardson, Davies et al. 1989). However, in one interesting study of sudden
cardiac death, rupture of the plaque occurred in the mid-portion in those persons
who were performing intense physical exercise whereas rupture occurred in the
shoulder region in those who died at rest (Burke, Farb et al. 1999).

Atherosclerotic lesions with a potential to rupture, i.e. vulnerable plaques, are
the primary cause of clinical episodes of atherosclerosis related diseases. One
possible therapy for atherosclerosis could be towards stabilization of the plaques
for example through apoptosis modulation (Beohar, Flaherty et al. 2004).
Interestingly, oxILDL-binding protein has been shown to stabilize plaques in mice

(Zeibig, Li et al. 2011).
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2.1.1.3  Oxidized Low-Density Lipoprotein

OxLDL is considered to be an important factor in the atherosclerotic process
(Goldstein, Ho et al. 1979, Ishigaki, Oka et al. 2009). Oxidative stress modifies the
LDL particle stuck in the intima, converting it to oxLDIL, which then is
incorporated by the scavenger receptors of macrophages (Libby P, Ridker PM et al.
2011). Lipoproteins are multi-molecular by nature (Lusis, Pajukanta 2008). They
are formed by (i) a lipid core which contains fat soluble substances such as
cholesterol esters, triglycerides, vitamins, etc., (ii) by phospholipid bi-layer which
forms the amphipathic surface of the particle separating the hydrophobic core
from the hydrophilic environment, and (iii) by apolipoproteins which e.g. guide the
particles to right places by acting as ligands for cell surface receptors (Kumar,
Butcher et al. 2011).

Due to the multi-molecular nature of LDL, oxLDL can be defined in multiple
ways (Brinkley, Nicklas et al. 2009), and therefore multiple different methods exist
for its measurement (Itabe, Ueda 2007). The different compartments can oxidize
together or separately, and many metabolites that indicate LDL oxidation are also
formed (Lehtimaki, Lehtinen et al. 1999).
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particle.

One of the most widely used method is the Mercodia oxLDL assay (Holvoet,
Stassen et al. 1998). The principle of the assay is shown in Figure 6. It measures the
modification of the apoB moiety (Segrest, Jones et al. 2001) of LDL. When the
LDL particle lies in the hostile environment of arterial intima the lysine residues of
apoB get substituted by aldehydes which are recognized by the monoclonal 4E6
antibody of this enzyme linked immunesorbent assay (ELISA) (Holvoet, Stassen et
al. 1998).

Of the other methods, e.g. LDL diene conjugation measures the oxidation of
the lipid compartment of the LDL particle (Ahotupa, Marniemi et al. 1998). LDL
baseline diene conjugation can be measured by determining the level of baseline
diene conjugation in lipids extracted from LDL. First, serum LDL is isolated by
means of precipitation with buffered heparin. Then lipids are extracted from LDL
samples with chloroform-methanol, dried under nitrogen, then redissolved in
cyclohexane and analyzed spectrophotometrically at 234 nm (Ahotupa, Marniemi
et al. 1998).

27



Moreover, oxLLDL can be measured by for instance antibodies against
malondialdehyde-modified LDL (MDA-LDL), and against copper oxLDL
(Toshima, Hasegawa et al. 2000). It is extremely important to consider the
limitations of the measurement method when interpreting the results.

The Mercodia-assay has been used in multiple studies; however, the results are
inconclusive. Some studies show that oxLLDL predicts cardiac syndromes
(Meisinger, Baumert et al. 2005, Shimada, Mokuno et al. 2004, Tsimikas 2006),
coronary artery disease (CAD) severity (Uzun, Zengin et al. 2004) plaque instability
(Nishi, Itabe et al. 2002), cerebral infarction (Uno, Kitazato et al. 2003), and
restenosis after myocardial infarction (Naruko, Ueda et al. 2006). However, some
larger studies have been unable to replicate these results (Ishigaki, Oka et al. 2009).
Interestingly the removal of circulating oxLDL has been shown to prevent
atherosclerosis in mice (Ishigaki, Katagiri et al. 2008).

2.1.1.4  Histone Deacetylase 9 (HDAC9)

HDACY acts as an epigenetic gene expression regulator via deacetylation of
previously acetylated histone proteins, and thus modifies the interchanges between
relaxed and closed chromatin genes (Arrowsmith, Bountra et al. 2012). Although
known as histone deacetylases, these proteins also act on other substrates and lead
to both up and down regulation of genes (Haberland, Montgomery et al. 2009).
Acetylation is a widespread modification in cell proteins, and in addition to
histones, HDACs can deacetylate other proteins as well. There are in total 18
HDACs which are encoded by distinct genes (McKinsey 2011). They are grouped
into four classes on the basis of similarity to yeast transcriptional repressors
(McKinsey 2011). HDACY is a member of the Class IIa HDACs. The class 11a
HDACs have been shown to interact with members of the myocyte enhancer
factor-2 (MEF2) transcription factor family which are regulators of VSMC
proliferation (McKinsey 2011).

Variation in the introns of HDACY gene has been associated with the risk of
ischemic stroke (International Stroke Genetics Consortium (ISGC), Wellcome
Trust Case Control Consortium 2 (WTCCC2) et al. 2012). It has recently been
shown that HDACY represses cholesterol efflux and alternatively activated
macrophages in the development of atherosclerosis (Cao, Rong et al. 2014,
Azghandi, Prell et al. 2014).
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2.1.2  Clinical Manifestations of Atherosclerosis

2.1.21  Coronary Artery Disease and Myocardial Infarction

Atherosclerosis in the coronary arteries can lead to CAD (Hansson 2005). The
classical risk factors for CAD are hypercholesterolemia, smoking, hypertension,
diabetes, and old age. Other risk factors include low high density lipoprotein
(HDL) concentration, overweight, low exercise, infections and conditions affecting
blood coagulation (Hansson 2005).

First clinical symptom of CAD can be angina pectoris, chest pain in exercise
(Natarajan 2002). The pain is caused by the occlusion of blood flow to the heart
muscle by large atheromatous plaque protruding to lumen of the artery (Nabel,
Braunwald 2012). Other symptoms include shortness of breath in exercise and
tiredness after exercise. Angina pectoris pain starts slowly when starting to exercise
and worsens as exercise continues. The pain is felt in the middle of sternum as
wide squeezing sensation. Patient can also feel discomfort in the neck, jaw,
shoulder, back or arm. Typical angina pectoris pain stops in rest or after
administration of nitroglycerin. Exercise test can be used to diagnose angina
pectoris and the severity of stenosis.

Acute coronary syndrome and MI are caused by a rupture of atherosclerotic
plaque (Nabel, Braunwald 2012). The unstable plaques with thin fibrous caps are
most prone for rupture. Intramural plaques do not cause typical angina pectoris
pain and MI or even sudden cardiac death can be the first sign of atherosclerosis
(Nabel, Braunwald 2012). The rupture leads to formation of blood clot and the
total or partial occlusion of blood flow to the coronary arteries leading to hypoxia
of cardiac muscle. The basis of diagnosis includes anamnesis, clinical findings and
changes in electrocardiography (ECG). Acute coronary syndrome can be divided to
unstable angina pectoris (UAP), MI without ST-elevation (NSTEMI) and MI with
ST-elevation (STEMI). Elevation of cardiac muscle enzyme troponin confirms the
diagnosis (Nabel, Braunwald 2012).

In Finland, 17 000 patients are treated in hospital yearly due to acute coronary
syndrome, and 6 000 people die yearly because of CAD at home or en route to
hospital (Current Care Guideline 2014).
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2.1.2.2  Ischemic Stroke

Stroke is a clinical condition where disturbance in the blood supply to the brain
causes a loss of brain function (Chamorro, Meisel et al. 2012, van der Worp, van
Gijn 2007). The clinical presentation depends on the region suffering from loss of
blood flow. The same clinical symptoms can be caused by hemorrhage or by
clotting of artery by thrombosis or embolism. Therefore, computed tomography
(CT) scan is needed to differentiate the underlying cause which is essential in
treatment selection (van der Worp, van Gijn 2007).

Ischemic stroke can be classified into five subtypes according to Trial of Org
10172 in Acute Stroke Treatment (TOAST) criteria (Adams, Bendixen et al. 1993);
1) large-artery atherosclerosis (LAA), 2) small-vessel disease (SVD), 3)
cardioembolic stroke (CE), 4) other aetiology, or 5) unknown aetiology. Transient
ischemic attack (TTA) can precede ischemic stroke. Risk factors especially for LAA
caused by atherosclerosis are mostly the same as for CAD. CE risk factors include
atrial fibrillation, MI, heart failure, mitral valve prolapse, endocarditis, heart
myxoma and artificial heart valve (van der Worp, van Gijn 2007). Of elderly
patients over 80 years of age one quarter of ischemic stroke is caused by atrial
fibrillation. In the young atherosclerosis is rarely the cause. The most important
causes in the young are carotid artery dissection or prothrombotic condition
especially in patients with patent foramen ovale.

The most common clinical representation of ischemic stroke is caused by
occlusion of the middle cerebral artery (MCA) which is a branch of carotid artery
(van der Worp, van Gijn 2007). The occlusion of MCA causes sudden hemiplegia
and loss of speech, aphasia. If the occlusion is in the vertebrobasillar region, the
typical clinical presentation is sudden vertigo, nausea, diplopia and dysphagia.

First line treatment is executed in organized inpatient care, stroke unit. Stroke
patients treated in stroke unit are more likely to be alive, independent, and living at
home one year after stroke than patients receiving less organized care (Stroke Unit
Trialists' Collaboration 2013). Thrombolysis by recombinant tissue plasminogen
activator (tPA) within 4.5 hours of symptom onset reduces the proportion of dead
and dependent people (Wardlaw, Murray et al. 2014).  Stent retriever
thrombectomy within 8 hours reduces the severity of post-stroke disability and
increases the rate of functional independence in patients with anterior circulation
stroke (Jovin, Chamorro et al. 2015). Other first line treatment in stroke unit
include monitoring of blood glucose levels, body temperature, blood pressure,
cerebral edema, heart arrhythmia, and prevention of pneumonia and deep vein
thrombosis (van der Worp, van Gijn 2007).
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Early initiation of rehabilitation and rehabilitation in a multidisciplinary setting
after stroke improve functional outcome (Cifu, Stewart 1999). Secondary
prevention of atherothrombotic stroke is executed by aspirin-dipyridamole or
clopidogrel which are equally effective (Sudlow, Mason et al. 2009). Treatment of
hypertension is essential. Statins have been shown to be effective independent of
hypercholesterolemia (Manktelow, Potter 2009). Carotid endarterectomy in stroke
or TIA patients with highly occluded carotid artery reduces the risk of ipsilateral
ischemic stroke (Rerkasem, Rothwell 2011). The same life-style changes such as
smoking cessation, weight loss, moderate alcohol consumption and exercise are
beneficial in prevention of ischemic stroke and CAD (van der Worp, van Gijn
2007).

Atherosclerosis is considered to be a systemic condition. The pathogeneses of
carotid and coronary atherosclerosis are mostly concordant, however, there are
some subtle differences (Jashari, Ibrahimi et al. 2013). For example, artery-to-artery
embolization from carotid plaque is more frequent cause of ischemic stroke than
embolization from coronary plaque is as cause of MI. Moreover, cholesterol is
considered to be more important risk factor in CAD than in stroke, and
hypertension is more important risk factor of ischemic stroke (Kannel, Wolf 2000).

31



2.2 Genome-Wide Association Studies of Atherosclerosis
Related Diseases

2.21  Common Variation in the Human Genome

Figure 7 — Deoxyribonucleic acid (DNA) carries genetic information through generations.
Single nucleotide polymorphisms (SNP) are one cause of phenotype variation between

individuals.

Since the discovery of human genome (Sachidanandam, Weissman et al. 2001) the
understanding of human genetics has taken huge leaps. In 2002 correlation
between nearby genetic variation was studied (Gabriel, Schaffner et al. 2002) and
the HapMap database was developed in 2005 (International HapMap Consortium
2005). The first idea of genotyping microarray came about in 1986 (Poustka, Pohl
et al. 1986). Since then microarray technology has taken huge advances (Hoheisel
20006) and cheap and rapid genotyping of multiple single nucleotide polymorphisms
(SNP) has become available to a wide audience. Moreover, methods in
bioinformatics were developed (Marchini, Howie 2010) (Marchini, Howie 2010)
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which allowed the first genome-wide association study to be performed (Klein,
Zeiss et al. 2005).

The theory behind GWAS is the so called common disease — common variant
hypothesis (Manolio, Brooks et al. 2008). It states that complex diseases are
predisposed by carrying many varied alleles with small effect, with combined large
effect, ultimately manifesting as e.g. coronary artery disease. In GWAS the idea is
to harvest these areas in studies with thousands of individuals to find all these small
variations in the genome giving higher risk to the studied disease.

The main critique towards GWAS (McClellan, King 2010) comes from
evolutionary perspective: the rare and harmful mutations have been removed
during many generations (Barreiro, Laval et al. 2008). The majority of variation in
the human genome is quite recent. Moreover, the majority of GWAS findings are
on so called gene-deserts where there is no known mechanism of function.
Furthermore, because the inability to find plausible biological explanation to the
associations it has been proposed that majority of the finding could be spurious
mostly due to unaccounted population stratification (McClellan, King 2010).

However, GWASes are planned to that they tag the most probable areas with
association to the studied phenotype (Wang, Bucan et al. 2010, Klein, Xu et al.
2010). This is built-in in the technique because it takes advantage from the linkage
disequilibrium (LD) of the human genome. It was discovered in the early 21st
century that the genome is most likely structured so that large LD blocks are
passed down in generations (Gabriel, Schaffner et al. 2002). This means that nearby
single nucleotide polymorphisms (SNPs) are highly correlated with each other. The
genotyping arrays were therefore designed so that they capture the variation in the
genome by taking one tag from each of these blocks. This way it is not possible to
find the exact spot behind the association, merely the most probable area. Hence,
further studies are required to find the mechanism behind the associations.

To explain why most associations are found on gene-deserts, there could be a
still unknown mechanism behind these associations (Wang, Bucan et al. 2010,
Klein, Xu et al. 2010). Moreover, more gene-gene and gene-environment
interaction studies will be needed to determine where the missing heritability lies
(Zuk, Hechter et al. 2012).

GWASes have so far been a huge success story bringing about huge
collaborative projects worldwide to illuminate the largely unknown mechanisms
behind complex diseases. The major challenge is translating this knowledge to
clinical practice (Fugger, McVean et al. 2012).
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Hundreds of loci are known to be involved in lipoprotein metabolism (Lusis,
Pajukanta 2008) and pathogenesis of atherosclerosis (Lusis, Fogelman et al. 2004).
Huge GWASes have been done to detect multiple new loci in CAD
(CARDIoGRAMplusC4D  Consortium, Deloukas et al. 2013), and lipid
metabolism (Teslovich, Musunuru et al. 2010, Willer, Sanna et al. 2008). Moreover,
usage of next generation sequencing in the near future will bring about huge
amounts of additional information (Shendure, Ji 2008).

The main motivation for GWAS studies is to find intervention targets in the
tagged regions (Fugger, McVean et al. 2012). Moreover, GWAS results could be
utilized in genetic testing (Grosse, Khoury 2006). The GWAS results have been
tried to use in predicting disease susceptibility but this target has been elusive in
practice (Ripatti, Tikkanen et al. 2010).

2.2.2  Coronary Artery Disease

The largest GWAS on CAD so far was published in 2013
(CARDIoGRAMplusC4D Consortium, Deloukas et al. 2013). In that study 63,746
CAD cases and 130,681 controls were analyzed. The study identified 15 loci
reaching genome-wide significance. Now there are in total 46 susceptibility loci for
CAD. These variants explain in total 10.6% of CAD heritability. 12 of the loci
associate with lipid trait, 5 with blood pressure, however, none associate with
diabetes. In interaction network analysis of 233 candidate genes four most
significant pathways were linked to lipid metabolism and inflammation
underscoring their causal role in etiology of CAD (CARDIoGRAMplusC4D
Consortium, Deloukas et al. 2013).

2.2.3  Myocardial Infarction

The largest GWAS for MI was performed in 2009 (Myocardial Infarction Genetics
Consortium, Kathiresan et al. 2009). In that study association of SNPs and copy
number variants were associated with eatly onset MI in 2,967 cases and 3,075
controls. The results were replicated in an independent sample. SNPs at nine loci
reached genome-wide significance: three were newly identified (2122 near
MRPS6-SLC5A3-KCNE2, 6p24 in PHACTR1 and 2q33 in WDR12) and six
replicated prior observations (9p21, 1p13 near CELSR2-PSRC1-SORT1, 10ql1
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near CXCL12, 1q41 in MIA3, 19p13 near LDLR and 1p32 near PCSKDY)
(Myocardial Infarction Genetics Consortium, Kathiresan et al. 2009).

In a more recent study (Holmen, Zhang et al. 2014) using exome array of
80,137 coding variants in 5,643 Norwegians novel locus TMOF2 encoding
p.Glul67Lys was found as causal variant for total cholesterol and myocardial
infarction risk.

2.24  Ischemic Stroke
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Figure 8 — Shared loci for coronary artery disease and ischemic stroke. Reprinted by
permission from Wolters Kluwer Health: Stroke (Dichgans, Malik et al. 2014), copyright 2014.

Before GWASes, proprotein convertase subtilisin/kexin type 9 (PCSK9) has been
shown to associate with ischemic stroke (Abboud, Karhunen et al. 2007). The first
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GWAS on ischemic stroke was done as late as in the year 2012 associating HDAC9
(International Stroke Genetics Consortium (ISGC), Wellcome Trust Case Control
Consortium 2 (WTCCC2) et al. 2012) with LAA subtype of stroke. Collecting a
sufficient sample size a challenge since stroke is a heterogenic condition with multiple
etiologies. In a recent GWAS, there has been a novel association at 21q24.12 (Kilarski,
Achterberg et al. 2014). These studies have also confirmed previously known atrial
fibrillation genes in the etiology of CE subtype of stroke. Furthermore, shared loci
between CAD and ischemic stroke have been studied (Figure 8). In that study a
substantial overlap between the genetic risk of ischemic stroke (especially LAA) and
CAD was found (Dichgans, Malik et al. 2014). Moreover, it was shown that HDAC9

variation associates with both ischemic stroke and CAD.
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3 Aims of the Study

OxLDL is considered to be essential in the development of atherosclerosis. Genetic

regulation for serum oxLDL levels has not been studied before. Genetic variation

affecting oxLDL levels could have effect on the risk of CAD, MI or ischemic stroke.

HDACDY has recently been associated with atherosclerosis and ischemic stroke, and its

role in atherosclerotic plaque is not clear. The major aims of the study were:

D

2)

3)

9

5

0)

Determine possible genome-wide genetic basis for serum oxLDL levels

regulation using GWAS (study I).

Study the association of the oxLDL concentration related functional genetic
variant rs676210 causing a missense mutation Pro2739Leu in apoB with CAD

and MI in clinical cohorts with coronary angiography patients (I).

Study the association of oxLDL concentration related functional genetic
variant 15676210 causing a missense mutation Pro2739Leu in apolipoprotein B

with cerebrovascular disease events and ischemic stroke (IT).

Study the association of HDAC9-GWAS lead SNPs (rs11984041 and
rs2107595) with occurrence of early markers of atherosclerosis i.e.,
asymptomatic carotid plaque and carotid intima-media thickness detected by

carotid ultrasound (III).
Perform age-of-onset informed GWAS on ischemic stroke (IV)

Study HDAC9 and MMP12 protein/mRNA expression in human

atherosclerotic plaques, taken from different clinically important blood vessels

(II1-V).
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4  Materials and Methods

4.1 Clinical Cohorts and the Definition of their Clinical
Characteristics

For all cohorts, the recruitment of patients was approved by the relevant local
ethics committees, and studies were conducted in accordance with the Declaration
of Helsinki. The capacity of all patients with cerebrovascular disease to give an
informed consent was assessed by trained medical staff. In LURIC, all participants
gave informed consent. No patient was recruited to LURIC study if they did not
have the capacity to consent. In WTCCC2, all participants gave informed consent
to participate. In WTCCC2 cases where patients had a compromised capacity to
consent, consent was obtained from next of kin.

41.1  The Young Finns Study (YFS)

YTS is a longitudinal Finnish population sample for studying cardiovascular risk
factors and the evolution cardiovascular diseases from childhood to adulthood
(Raitakari, Juonala et al. 2008). The first cross-sectional study was done in the year
1980 at five centers (Tampere, Helsinki, Turku, Oulu, and Kuopio). 3,596 people
were selected randomly from the national population register in age groups of 3, 0,
9, 12, 15, and 18. The subjects have been re-examined in 1983 and 1986 as
youngsters and in 2001, 2007, and 2012 as adults. In this study the data from the
year 2001 was used.

During the follow-up in 2001, a total of 2,283 participants aged 24-39 years
were examined for numerous study variables, including serum lipoproteins,
glucose, insulin, obesity indices, blood pressure, lifestyle factors, smoking status,
alcohol use, and general health status (Raitakari, Juonala et al. 2008). Genotype and
phenotype data for this study were available for 2,080 subjects.
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41.2  The Ludwigshafen Risk and Cardiovascular Health (LURIC)

LURIC study consists of 3,316 Caucasian patients who were referred to coronary
angiography due to chest pain at a tertiary care center in Southwest Germany
between the years 1997 and 2000 (Winkelmann, Marz et al. 2001). The study aims
to provide a well-defined resource for the study of environmental and genetic risk
factors, and their interactions, and the study of functional relationships between
gene variation and biochemical phenotype (functional genomics) or response to
medication (pharmacogenomics). Long-term follow-up on clinical events will allow
us to study the prognostic importance of common genetic variants
(polymorphisms) and plasma biomarkers. All the necessary covariate and endpoint
data were available for 2,912 LURIC patients. They formed the present study
population.

41.3  Kooperative Gesundheitsforschung in der Region Augsburg (KORA)

The MONICA/KORA Augsburg study (KORA) is a series of population-based
surveys conducted in the region of Augsburg in Southern Germany (LLowel, Doring
et al. 2005). The data for the present study was drawn from a sub-cohort randomly
selected by sex and survey from the KORA surveys S1-83 conducted between
1984 and 1995 (Thorand, Schneider et al. 2005). Out of these, 1,326 subjects had
all the required covariate and endpoint data available and were included in the
present study.

414  The Finnish Cardiovascular Study (FINCAVAS)

The FINCAVAS population consists of patients who underwent an exercise stress
test at Tampere University Hospital, Finland (Nieminen, Lehtinen et al. 20006).
From the overall recruited study population, 1,118 individuals had all the necessary
angiographic, genetic, and covariate data available and were included in the current
study.

The exercise test indications were a diagnosis of CAD, a post-MI assessment,
evaluation of drug therapy, arrhythmia, assessment of performance (working
capacity), or an evaluation prior to surgery. The purpose of FINCAVAS is to
construct a risk profile of individuals at high risk of cardiovascular diseases, events,
and deaths. FINCAVAS has an extensive set of data on patient history, genetic

39



variation (the Metabochip), cardiovascular parameters, ECG markers, and follow-
up data on clinical events, hospitalizations, and deaths. Of the patients included,
43.6% also underwent coronary angiography (Nieminen, Lehtinen et al. 20006).

41.5 Angiography and Genes Study (ANGES)

The ANGES population consisted of 1,000 patients with a symptomatic heart
disease referred to coronary angiography to rule out or confirm CAD (Raitohatju,
Seppala et al. 2011, Mennander, Kuukasjarvi et al. 2008). The population studied
consists of 1,000 Finnish individuals participating in the ongoing ANGES study.
Angiographic, genetic, and covariate data was available for 808 individuals (516
men and 292 women; mean age 62 * 10). The data was collected between
September 2002 and July 2005. All patients underwent coronary angiography at
Tampere University Hospital due to clinically suspected coronary artery disease.
The study is a cross-sectional study, and after the angiography, patients were
treated according to the Finnish Current Care Guidelines. Patients were also
interviewed by a study nurse, and a questionnaire was used to collect general
information—age, sex, body mass index, alcohol consumption, smoking,
medication as well as traditional risk factors of atherosclerosis and myocardial
infarction (MI) (Mennander, Kuukasjarvi et al. 2008).

416  Wellcome Trust Case Control Consortium 2 (WTCCC2)

Discovery stroke cohorts in WTCCC2 ischaemic stroke GWAS included samples
from the UK (a-c) and Germany (d), with a total of 3,548 cases and 5,972 controls
(International Stroke Genetics Consortium (ISGC), Wellcome Trust Case Control
Consortium 2 (WTCCC2) et al. 2012). Cases were phenotyped and classified into
mutually exclusive aetiologic subtypes according to the TOAST classification
(Adams, Bendixen et al. 1993).

(a) St George’s Stroke Study, London, UK: Ischaemic stroke patients of
European descent attending a cerebrovascular service were recruited in 1995-2008.
All cases were phenotyped by one experienced stroke neurologist with a review of
original imaging. All patients underwent clinically relevant diagnostic examinations,
including brain imaging with CT and/or magnetic resonance imaging (MRI) as well

as ancillary diagnostic investigations including duplex ultrasonography of the
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carotid and vertebral arteries, echocardiography, Holter monitoring, magnetic
resonance angiography (MRA), CT angiography (CTA) and blood tests.

(b) The Oxford Vascular Study, UK: Patients of European descent who had
suffered an acute ischaemic stroke or TIA with evidence of infarction in brain
imaging were recruited during 2002—2008 as a part of a population-based study of
all TTA and stroke cases among approximately 91,000 people in Oxfordshire, UK.
All cases were phenotyped by one experienced stroke neurologist with a review of
original imaging.

(¢ The Edinburgh Stroke Study, Scotland, UK: Between 2002 and 2005,
consecutive consenting stroke patients who were admitted to or seen as outpatients
at the Western General Hospital, Edinburgh, were prospectively recruited. Cases in
this study were those with a clinically evident stroke, demonstrated by brain
imaging (CT or MRI) to be ischaemic. An experienced stroke physician assessed
each patient as soon as possible after the stroke, prospectively recording
demographic and clinical details, including vascular risk factors and results of brain
imaging and other investigations.

(d) Munich, Germany: White European patients were recruited consecutively
from a single dedicated Stroke Unit (Klinikum GroB3hadern, Ludwig-Maximilians-
University of Munich) in 2002-2008. Brain imaging was performed on all patients,
with the majority of patients (>80%) undergoing MRI including diffusion-weighted
imaging. The diagnosis of ischaemic stroke was based on neurological symptoms in
combination with a documented acute infarct visible in neuroimaging. The
diagnostic protocol included ECG and duplex ultrasonography of the extracranial
arteries in all cases. Transcranial ultrasound, CTA and/or MRA, transthoracic and
transesophageal echocardiography as well as Holter monitoring were performed if
clinically relevant.

The control data set for the British discovery samples was the WTCCC2
common control set, which includes healthy blood donors from the United
Kingdom Blood Service’s (UKBS) collection and individuals from the 1958 Birth
Cohort dataset (58C). The control data set for the German cases was taken from
the MONICA/KORA Augsburg Study’s population-based controls from the same
region in Germany (International Stroke Genetics Consortium (ISGC), Wellcome
Trust Case Control Consortium 2 (WTCCC2) et al. 2012).
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41.7  Tampere Vascular Study (TVS)

For TVS (N=90), carotid, femoral, and aortic atherosclerotic plaques constituting
the intima and inner media were prospectively obtained between 2005 and 2009
from patients fulfilling the following inclusion criteria: 1) carotid endarterectomy
due to asymptomatic or symptomatic and hemodynamically significant (>70%)
carotid stenosis, or 2) femoral or 3) aortic endarterectomy with aortoiliac or
aortobifemoral bypass due to symptomatic peripheral arterial disease. Whole
thickness left internal thoracic artery (LITA) samples were used as controls and
were obtained during coronary artery bypass surgery All open vascular surgical
procedures were performed at the Division of Vascular Surgery and Heart Center
at Tampere University Hospital (Oksala, Pirssinen et al. 2013).

418  Other Cohorts

Associations with carotid plaque and common carotid artery (CCA) IMT were
examined in the Cohorts for Heart and Aging Research in Genomic Epidemiology
(CHARGE) consortium which brings together five population based studies, and
four additional community based studies which had collaborated with the
CHARGE consortium in a previous GWAS of these phenotypes. All individuals
have (GWAS) data; this was used to perform a look-up of the SNPs (Bis, Kavousi
etal. 2011).

Measurements of CCA-IMT were available on 31210 participants from 9
studies, and of carotid artery plaque on participants 25179 from seven studies. The
individual studies were: Aging Gene-Environment Susceptibility-Reykjavik Study
(AGES), Atherosclerosis Risk in Communities (ARIC) Study, Cardiovascular
Health Study (CHS), Framingham Heart Study (FHS), the Rotterdam Study I (RS-
I), Old Order Amish (Amish) Study, Erasmus Ruchpen Family (ERF) Study,
SardiNIA Study, and Study of Health in Pomerania (SHIP), Austrian Stroke
Prevention Study (ASPS), Carotid Atherosclerosis Progression Study (CAPS),
Gutenberg Heart Study (GHS), MONICA/KORA Augsburg Study (KORA), The
Orkney Complex Disease Study (ORCADES), and The Cardiovascular Risk In
Young Finns (YFS) study. (Bis, Kavousi et al. 2011).

Results in study IV were replicated in a further 10 cohorts from
METASTROKE. In METASTROKE, cases were phenotyped and classified into
mutually exclusive aetiologic subtypes according to the TOAST classification
(Adams, Bendixen et al. 1993). Nine of the centres used a cross-sectional design,
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while one was a large prospective, population based cohort (ARIC). Nine of the
centres were of European ancestry, while one consisted of individuals of Pakistani
ancestry (RACE). All centres used a case-control methodology; centres with a cross
sectional design used logistic regression to model the association of genotype
dosages from imputation with the dichotomous outcome of ischaemic stroke and
prospective cohorts used Cox proportional-hazards models to evaluate time to first
stroke, fitting an additive model relating genotype dose to the stroke outcome.
European ancestry replication centres were meta-analysed using a fixed effects
inverse-variance weighted method. To assess the evidence for association of the
SNP for replication samples of all ancestries, we performed a trans-ethnic meta-
analysis using a random-effects model to control for any resulting heterogeneity.
To evaluate the overall evidence for association, the results of the discovery and
replication analyses were combined using Fisher’s Method.
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4.1.9 Definition of Cardiovascular Risk Factors and Candidate SNPs

Definition of BMI, hypertension and dyslipidemia. In all studies, the formula
body-mass index (BMI) = weight (kg) / height (m)? was used for BMI calculation
and hypertension was diagnosed if the systolic and/or diastolic blood pressure
exceeded 140 and/or 90 mmHg, respectively, or if there was a significant history of
hypertension (use of antihypertensive medication).

In YFS, FINCAVAS, ANGES, and LURIC, dyslipidemia was defined as usage
of lipid-lowering medication or having a triglyceride concentration of over 2
mmol/l, an LDL cholesterol concentration of over 3 mmol/l (LURIC, 4 mmol/1),
an HDL cholesterol concentration below 1 mmol/l, or an HDL/total cholesterol
of over 1:4.

Definition of diabetes. In YIS, ANGES, and FINCAVAS, participants were
classified as having type 2 diabetes mellitus (T2DM) if they (i) had a fasting plasma
glucose level of = 7.0 mmol/L (= 125 mg/dL); or (ii) reported receiving oral
hypoglycemic agents and/or insulin injections and did not have type 1 diabetes
mellitus; or (iii) reported a history of physician-diagnosed T2DM, which is
consistent with the World Health Organization definition. Women who reported
having physician-diagnosed diabetes mellitus only during the term of their
pregnancy were considered to have had gestational diabetes and were classified as
not currently having T2DM, provided that their plasma glucose levels were not
>7.0 mmol/L (=125 mg/dL).

In LURIC, Individuals were classified as having diabetes mellitus if their plasma
glucose level was > 125 mg/dL (7 mmol/l) in the fasting state or > 200 mg/dL (11
mmol/l) 2 h after the oral glucose load (performed on individuals with no previous
diabetes mellitus diagnosis), or if individuals were receiving oral antidiabetics or
insulin.

In all studies, subjects were asked to fill out questionnaires that included
questions of for instance concerning the use of medications (including lipid-
lowering medication [statins]) and usage of tobacco products.

Selection of candidate gene SNPs. Rationale for selecting the HADC9 SNPs
for work III were based on two previous GWAS studies: First WTCCC2
consortium study that found the strongest association with HADC9 rs11984041,
while recent GWAS meta-analysis in 12,389 ischaemic stroke individuals and
62,004 controls found the strongest association with rs2107595, which is in LD
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with rs11984041. To account for the 2 SNPs a Bonferroni correction was applied
and significance level of 0.025 pre-defined.

4.2 Genetic Methods

421 Deoxyribonucleic Acid (DNA) Extraction, Genotyping and Quality
Control (I-V)

In YFS, genomic DNA was extracted from peripheral blood leukocytes using a
commercially available kit and the Qiagen BioRobot M48 Workstation according
to the manufacturer’s instructions (Qiagen, Hilden, Germany). Genotyping was
performed on 2,556 samples using a custom-built Illumina Human 670k BeadChip
at the Welcome Trust Sanger Institute. Genotypes were called using the Illuminus
clustering algorithm. Fifty-six samples failed to meet the Sanger genotyping
pipeline QC criteria (i.e. duplicated samples, heterozygosity, low call rate, or
Sequenom fingerprint discrepancy). Out of the remaining 2,500 samples, one failed
the gender check, three were removed due to low genotyping call rate (< 0.95), and
54 were excluded for possible relatedness (pi-hat > 0.2). Based on the Hardy—
Weinberg equilibrium (HWE) test, 11,766 SNPs were excluded (p < 10-6), and
7,746 SNPs failed the missingness test (call rate < 0.95) and another 34,596 failed
the frequency test (MAF < 0.01). After quality control, 2,442 samples and 546,677
genotyped SNPs were available for further analysis (Smith, Chen et al. 2010).
Imputation of SNPs means using the LD structure of the genome in prediction
of the SNPs that have not been genotyped (Marchini, Howie 2010). Genotype
imputation was performed using MACH 1.0 (Li, Willer et al. 2009, Li, Willer et al.
2010) and HapMap II CEU (release 22, NCBI build 36, dbSNP 126) samples as a
reference. Palindromic A/T and C/G SNPs were removed before imputation.
After imputation, 2,543,887 SNPs were available. SNPs with a squared correlation
(r2) of = 0.30 between imputed and true genotypes were considered well imputed.
In FINCAVAS and ANGES, for the DNA extraction, 9.0 ml
ethylenediaminetetraacetic acid (EDTA) whole blood was drawn from the
participants and stored at -20 °C. Genomic DNA was extracted from peripheral
blood leukocytes by using the QIAamp DNA Blood Midi Kit and automated
biorobot M48 extraction (QIAGEN GmbH, Hilden, Germany). Genotyping was
completed for 2,824 samples using the Illumina Cardio-Metabo Chip (Illumina
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Inc., San Diego, CA, USA) at the Helmholtz Zentrum, Minchen, Germany. The
chips were scanned with the Illumina iScan system and genotypes called with
Illumina GenomeStudio software. The following quality control filters were
applied: GenCall score < 0.2, sample and SNP call rate < 0.95, HWE p value < 10-
6, MAF < 0.01, cryptic relatedness (pi-hat > 0.2), and gender check. After quality
control, 2,620 samples and 120,721 SNPs were available. Both genotype and
clinical data were available for 2,390 samples in FINCAVAS and for 808 in
ANGES.

In LURIC, genomic DNA was prepared from EDTA anticoagulated
peripheral blood using a common salting-out procedure. Genotyping was
accomplished for 2,966 samples using a custom-built Illumina 200k BeadChip
(Cardio-Metabo Chip) at the Institute of Human Genetics at the Department of
Genomics, Life & Brain Center, University of Bonn, Germany. Forty-seven
samples failed to meet the QC criteria (i.e. duplicated samples, possible relatedness,
low call rate [< 0.95], or gender discrepancy). Out of the SNPs, 5,384 failed to
meet the QC criteria (HWE test [p = 10—6], call rate < 0.95). After quality control,
2,919 samples and 191,341 genotyped SNPs were available for further analysis.
Both genotype and clinical data were available for 2,912 samples in this study.

In KORA, genotyping was accomplished by using the IBC 50K array, which is
an Illumina iSelect genotyping array designed to test ~50,000 SNPs identified
through genome-wide meta-analyses associated with a range of cardiovascular,
metabolic, and inflammatory syndromes (Keating, Tischfield et al. 2008).

The studied top SNP (1rs676210) passed QC (call rate > 0.95, MAF > 0.01,
HWE p > 10-6) in all cohorts.

For the WTCCC2 studies and METASTROKE, 2858 cases and 5,716
matched controls genotyped using the Immunochip platform; and 3,940 cases
genotyped using either the Illumina 610k or 660k platforms matched with 6,379
controls genotyped on the Illumina Human 1.2M Duo (UK), Illumina Human
550k (German) and Illumina 610k platforms (Italian). Bead intensity data were
processed and normalized in BeadStudio (Illumina); data for successfully
genotyped samples were extracted and genotypes called within the collections using
Iluminus. German controls were genotyped on the Illumina Human550k platform,
and intensity data were processed and normalised for each sample in
GenomeStudio (Illumina) using the Illumina cluster file HumanHap550v3.
Standard quality control procedures were undertaken on all centres, before centre-
wise imputation to the 1000 Genomes phase 1 integrated variant set (March 2012),
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using IMPUTE v2.2.0. SNPs with poor imputation quality (info<0.3) or low minor
allele frequency (MAF<0.01) were discarded.

In CHARGE cohorts, the nine studies used commercial genotyping platforms
available from Illumina and Affymetrix. Each study performed genotyping quality
control checks and imputed the approximately 2.5 million polymorphic autosomal
SNPs described in the HapMap CEU population for each participant using
available imputation methods.

42.2  Messenger Ribonucleic Acid (mRNA) Isolation, Microarrays and
Quantitative Real-Time PCR of mRNAs (llI-V)

In TVS, fresh tissue samples were immediately soaked in RNALater solution
(Ambion Inc.) and homogenized using an Ultra-Turrax® T80 homogenizer (IKA)
(Oksala, Pirssinen et al. 2013). RNA was extracted with the Trizol reagent
(Invitrogen) and miRNEasy® Mini-Kit (Qiagen) with the RNase-Free DNase Set
(Qiagen) according to the manufacturers’ instructions. The RNA isolation protocol
was validated by analysing the integrity of the RNA with the RNA 6000 Nano Chip
Kit (Agilent).

The quality of the RNA samples was evaluated spectrophotometrically, and the
samples were stored in —80°C. The expression levels were analyzed with an
lumina HumanHT-12 v3 Expression BeadChip (Illumina) analyzing 47 000
transcripts of all known genes, gene candidates, and splice variants. 300-500 ng of
RNA was reverse transcribed into cRNA and biotin-UTP labelled using the
Hlumina TotalPrep RNA Amplification Kit (Ambion), and 1500 ng of cRNA was
then hybridized to the Illumina HumanHT-12 v3 Expression BeadChip.

The BeadChips were scanned with the Illumina iScan system. After background
subtraction, raw intensity data was exported using the Illumina GenomeStudio
software. Further data processing was conducted by means of R language and
appropriate Bioconductor modules. Data was log2-transformed and robust
multichip average and robust spline normalization (rma_rsn) was used.

After background subtraction, raw intensity data were exported using the
Ilumina GenomeStudio software. Raw expression data were imported into R
version 3.1.1 (http://www.t-project.org/), log2 transformed and normalized by the
locally estimated scatterplot smoothing normalization method implemented in the
R/Bioconductor package Lumi (www.bioconductor.org) (Oksala, Pirssinen et al.
2013). Locally estimated scatterplot smoothing normalization was selected for the

47



data because it gave the best accuracy in comparison with quantitative reverse
transcription polymerase chain reaction data for artery samples (Raitoharju, Seppili
et al. 2013). Data quality control criteria included detection of outlier arrays based
on the low number of robustly expressed genes and hierarchical clustering. Artery
samples (n1=92: 68 plaque, 24 LITA) fulfilled all data quality control criteria. Probes
were considered robustly expressed if the detection was P<0.05 for at least half of
the samples in the data set. Both HDAC9 and MMP12 were robustly expressed in
human atherosclerotic plaques and LITAs.

The high MMP12 expression in the samples was also confirmed using reverse
transcription polymerase chain reaction (RT-PCR). The accuracy, sensitivity and
specificity between the HumanHT-12 v3 Expression BeadChip and TagMan qRT-
PCR low-density array (LDA) in TVS have been validated earlier (Raitoharju,
Seppaili et al. 2013).

4.3  Biochemical and Immunohistological Methods

Mesurements of the circulating oxLDL. In YFS, LURIC and KORA studies,
the circulating oxILDL levels were measured with the same ELISA utilizing a
specific murine monoclonal antibody, mAB 4E6 (Holvoet, Stassen et al. 1998)
(Mercodia, Uppsala, Sweden; detection limit < 0.3 U/I). The assay utilizes the
phenomenon where a conformational epitope is formed at apoB-moiety of LDL
when at least 60 lysine residues are substituted with aldehydes when LDIL gets
oxidized (Figure 6). The substitute aldehydes can be produced by the peroxidation
of LDL lipids, resulting in the generation of oxLLDIL. Aldehydes released by
endothelial cells under oxidative stress or by activated platelets may also induce the
oxidative modification of apoB-100 in the absence of the peroxidation of LDL
lipids (Paniagua, Lopez-Miranda et al. 2005).

In YFS, LDL baseline diene conjugation was measured by determining the level
of baseline diene conjugation in lipids extracted from LDL (Ahotupa, Marniemi et
al. 1998). Serum LDL was isolated by means of precipitation with buffered
heparin. Lipids were extracted from LDL samples with chloroform-methanol,
dried wunder nitrogen, then redissolved in cyclohexane and analyzed
spectrophotometrically at 234 nm.
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Measurements of serum lipids and apolipoprotein B. In YFS, LURIC,
ANGES, and FINCAVAS, venous blood samples were drawn after an overnight
fast. In KORA, non-fasting venous blood samples were drawn. Standard enzymatic
methods were used for serum total cholesterol, triglycerides, and high-density
lipoprotein (HDL) cholesterol. LDL cholesterol was calculated in YFS, KORA,
ANGES, and FINCAVAS by the Friedewald formula: LDL cholesterol = total
cholesterol — HDL cholesterol — triglyceride-concentration / 2.2 (Friedewald, Levy
et al. 1972). In LURIC, lipoproteins were separated by means of a combined
ultracentrifugation—precipitation method (3-quantification) (Winkelmann, Marz et
al. 2001).

In YFS, for ApoB analysis a immunoturbidometrical assay was used (Orion
Diagnostica, Espoo, Finland); the interassay CV was 2.8% for apoB (Raitakari,
Juonala et al. 2008). In LURIC, apoB was analyzed by means of a photometric
assay which uses antihuman apoB antibody (apoB Test, Rolf Greiner Bio-chemica,
Flacht, Germany).

Analysis of C-reactive protein (CRP). In YFS, CRP was analyzed by an
automated analyzer (Olympus AU400) with a latex turbidimetric immunoassay kit
(CRP-UL assay, Wako Chemicals, Neuss, Germany). The detection limit reported
by the manufacturer for the assay was 0.06 mg/1.

In LURIC, sensitive CRP was measured by means of immunonephelometry on
a Behring Nephelometer II (N High Sensitivity CRP, Dade Behring, Marburg,
Germany) after the completion of the patient recruitment in 2001 on samples
stored at -80 °C. In the CRP assay used, the limit of detection for CRP is > 0.17
mg/L; it is linear up to 500 mg/L. The lowest and the highest CRP concentrations
encountered in this study were 0.17 mg/L and 269 mg/L, respectively. In KORA,
CRP concentrations were measured using a high-sensitivity immunoradiometric
assay (IRMA; range, 0.05-10 mg/1; Survey 1: men aged 45-64; Survey 3) or a high-
sensitivity latex enhanced nephelometric assay on a BN II analyzer (Dade Behring,
Marburg, Germany; Survey 1: men aged 35-44 and all women; Survey 2). Both
methods gave similar results when the same samples were analyzed. The respective
intra- and inter-assay coefficients of variation for quality control test sera were
4.0% and 12.0% for the IRMA assay, and 2.5% and 5.1% for the nephelometric

assay.

Immunohistochemistry analyses. Expression of HDACY9 was examined by

immunohistochemistry in human large arteries derived from surgical or post
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mortem material: aorta (N=7), internal carotid (N=5), middle cerebral (N=5), and
coronary arteries(n=5). Tissues were used with ethical approval via the UK
National Research Ethics Service.

Anti-HDACY antibodies were rabbit polyclonal, 18970 and 59718 (both
Abcam, Cambridge, UK). 18970 is raised against the peptide
EVPVGLEPISPLDLRT (corresponding to residues 12-27 of human HDAC9
isoform 1) present in human HDACY isoforms 1, 3, 5, 6, 7, CRA_g, CRA_j,
CRA_j. 59718 is raised against a peptide corresponding to amino acids 541-590 at
the C-terminal of Human HDACY isoform 6 that is found in human HDAC9
isoforms 3, 6, 7, 8, 9, 10, CRA_h, CRA_i, CRA_j. Other antibodies used for
immunohistochemistry were: CD31 (PECAM1), CD45 (leukocyte common
antigen; clones 2B11 and PD7/26) and CDG8 (clone PG-M1;) all mouse
monoclonals from Dako, Ely, UK; and smooth muscle o-actin (mouse
monoclonal, clone 1A4) and smooth muscle myosin (SMM; mouse monoclonal,
clone h-SMV) from Sigma-Aldrich, Poole, UK. Paraffin wax embedded sections
(6um) were processed for standard immunohistochemical labelling. Endogenous
peroxidase activity was quenched byH202 (3% v/v, aqueous solution) for 8 min.
After high-pressure heat-induced antigen retrieval (30 s, 1250C, in pH 7.8 Tris-
citrate buffer) sections were exposed to primary antibodies. HDACY primary
antibodies ab18970 and ab59718 were applied to human tissues (1:300) and to pig
tissue (1:500) overnight at 40C. Antibody labelling was visualised using a
peroxidase-conjugated secondary reagent (Envision® kit, K-5007, Dako, Ely, UK)
and diaminobenzidine (DAB) chromogen, then counterstained with Mayer’s
haematoxylin. Sections were examined on a Zeiss Axioplan-2 microscope driven by
Axiovision software (version 4.7).

In TVS, the vascular samples were histologically classified according to the
American Heart Association classification (AHA) (Stary, Chandler et al. 1995). The
carotid and femoral artery samples were type V or VI, aorta samples were type VI

and all control vessels were histologically normal.

4.4 Definition of Subclinical and Clinical Cardiovascular
Endpoints

Coronary angiography. In FINCAVAS, ANGES, and LURIC, coronary

angiography (KORA did not have angiographic data) was performed using the

standard Judkins technique. Transluminal narrowing of at least 50% in any major
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coronary artery (left anterior descending, left circumflex, or right coronary artery)
was the criterion for the diagnosis of coronary artery disease. The number of
arteries with significant >50% stenosis was used to determine the severity of
coronary artery disease. In this study, subjects with no CAD were compared to
those with three-vessel disease [3VD].

Definition of CAD and MI. In FINCAVAS, the presence of CAD in the
patients prior to the exercise test was determined based on patient interviews,
resting ECG recordings, and existing hospital records. Of the patients, 43.6% had
undergone coronary angiography (as described above) that unambiguously revealed
the status of the coronary arteries. The data on the presence of hypertension,
valvular conditions, cardiomyopathies, other heart diseases, and diabetes (types 1
and 2) were based on interviews and hospital records.

In LURIC, CAD was assessed by angiography (as described above) using the
maximum luminal narrowing estimated by visual analysis. Clinically relevant CAD
was defined as the occurrence of at least one 50% stenosis in at least 1 of 15
coronary segments. In LURIC, MI was defined as evidence of any MI (acute,
previous, ST-elevation MI [STEMI], or non-ST-elevation MI [nonSTEMI]). In
FINCAVAS, a history of prior MI was based on patient interviews, resting ECG
recordings, and hospital records. In ANGES, a clinical diagnosis of MI was based
on symptoms, electrocardiographic findings, and biochemical marker tests
measuring troponin I and creatine kinase. Information concerning previous
cardiovascular diseases, surgical procedures, and MIs was collected from patient
records at Tampere University Hospital.

Definition of Ischemic Stroke and Carotid Intima Media Thickness. In
LURIC, previous cerebrovascular disease events were defined as a documented
history of a foregoing transient ischemic attack (TTA), prolonged ischemic deficit,
or cerebral infarction with or without a remaining neurologic deficit (Winkelmann,
Marz et al. 2001). In WTCCC2 and METASTROKE ischemic stroke was defined
as a typical clinical syndrome with radiological confirmation; ascertained cases were
classified into individual stroke subtypes using the Trial of Org 10172 in acute
stroke (TOAST) criteria in all centres (Adams, Bendixen et al. 1993). Age-at-onset
was defined as age at first hospital admission for stroke; where this information
was unavailable, age at blood draw was used (7.3% of cases). Age-at-onset quantiles
were calculated from all the cases from the discovery datasets in the four stroke
phenotypes (all IS and the three stroke subtypes: CE, LAA, SVD) and these were
used to evaluate associated loci at different age-at-onset thresholds.
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In III, each study evaluated the carotid arteries using B-mode ultrasonography
and previously-described reading protocols. Data was used from the baseline
examination, or the first examination in which carotid ultrasonography was
obtained. CCA-IMT was typically summarized as the mean of the maximum of
several measurements. For most studies, this was an average of multiple
measurements of both the left and right arteries. All studies measured the far wall,
and in addition several included the near wall. We also examined atherosclerotic
thickening of the carotid artery wall, defined in seven of the nine studies by either
the presence of plaque (ARIC, AGES, ERF, CHS, RS-1, SHIP, YIS) or the proxy
measure of stenosis greater than 25% (FHS).
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4.5 Statistical Methods

451  GWAS in YFS (I

For the GWAS analysis, oxLDL. was Box-Cox transformed. Residuals were
obtained using a linear regression model, in which the variables were adjusted for
sex, age, and BMI, as well as principal components (to control population
stratification (Price, Patterson et al. 2006)) and apoB. The GWAS was adjusted for
apoB to identify SNPs affecting the oxidation process only (each LDL particle has
one apoB molecule and the measured oxLDL strongly correlates with apoB). A
GWAS was also performed on oxLLDL without adjusting for apoB as well as by
adjusting for LDL concentrations. Residuals were standardized (mean 0, s.d. 1) and
their distributions confirmed to be very close to normal by means of visual Q-Q
plot analysis. We also verified that the estimates for the beta coefficients from the
GWAS were not driven by a few outliers by plotting leverage versus standardized
residuals plots for the residuals.

Tests for additive genetic effects were carried out on a linear scale by means of
linear regression. Genotypes were coded as 0, 1, or 2 when the SNP was genotyped
and by dosage (scale 0—2) when imputed. In true genotyped SNPs the minor allele
was the effect allele. The imputation software (MACH 1.0) used HapMap II as
reference to assign the alleles for imputed SNPs. Tests were performed to assess
the association of SNPs with the standardized residuals using PLINK (Purcell,
Neale et al. 2007) for the genotyped data. ProbABEL (Aulchenko, Struchalin et al.
2010) was employed to fit the linear regression model, taking into account the
genotype uncertainty in imputed SNPs. P values were combined from the analysis
by favoring genotyped SNPs over imputed ones. Q-Q and Manhattan plots were
drawn for the analysis of the results. The p value for genome-wide significance was
set at p < 5 X 1078, corresponding to a target o of 0.05 with a Bonferroni
correction for one million independent tests.

The severity (functionality) of mutations was assessed by PolyPhen-2 version
2.1.0 software (Adzhubei, Schmidt et al. 2010).

Further statistical analyses were performed using the R Statistical package v.
2.11.1 (http://www.t-project.org). In order to define associations non-redundantly
associated with oxLLDL, forward selection algorithm was applied (as described in
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(Pare, Chasman et al. 2009)). All the top SNPs with a p value below 5x10-8 and the
covariates were inserted in the same linear model, and a stepwise model selection
(Akaike Information Criterion, AIC) algorithm in the R package Modern Applied
Statistics with S (MASS) was used with the Bayesian IC (BIC) criterion to leave
only the individually associated SNPs and covariates in the model. Linkage
disequilibrium (D) was also analysed visually with the Haploview software with an
r2 threshold of 0.8 using HapMap (phase 11, release 22 CEU) haplotypes (Barrett,
Fry et al. 2005). Moreover, the possible haplotypic effect of the associated SNPs
was studied by using the haplo.stats package in R. To assess the proportion of
oxLLDL explained by the top SNP, r2 was calculated twice—first by using a linear
regression model explaining oxLLDL with the SNP and all covariates, and secondly

only with the covariates. The remainder of these two was considered as 12 for the

SNP.

452  Association Studies (I-V)

The SNPs with genome-wide significance (top SNPs) were associated with
cardiovascular-disease-related endpoints (angioraphically verified CAD, severity of
CAD, and MI) in FINCAVAS, ANGES, and LURIC. The associations were
assessed using the appropriate statistical models (chi-squared test, analysis of
variance [ANOVA], linear regression, or Cox Proportional-Hazards regression) in
R Statistical package v. 2.15.2 (http://www.t-project.org). Meta-analyses were
performed using a fixed effects model when the p for cohort heterogeneity was
higher than 0.05. KORA did not have angiographic data and was only used for the
replication of the oxLDL association. The YFS participants were young (< 39 yrs,
average age 31.7 yrs in 2001), still without major clinical endpoints, and it was
therefore not possible to include them in these analyses. P values below 0.05 were
considered significant.

Statistics for cerebrovascular disease event study in the LURIC study were
performed using logistic regression in the R In the WTCCC2, analysis was
performed with logistic regression using PLINK (Purcell, Neale et al. 2007) on the
separate groups; meta-analysis using an inverse-variance-weighted approach was
performed using METAL (Willer, Li et al. 2010).

In CHARGE cohorts, each study independently implemented a predefined
GWAS analysis plan. For the continuous measures of CCA-IMT, we evaluated

cross-sectional associations of log(IMT) and genome-wide variation using linear
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regression models (or linear mixed effects models, in Amish, FHS, and ERF to
account for family relatedness). For each of the 2.5 million SNPs, each study fit
additive genetic models relating genotype dosage (0 to 2 copies of the variant allele)
with the study trait. For the dichotomous outcome of plaque, each study used
logistic regression models (or general estimating equations clustering on family to
account for familial correlations in FHS and ERF). In our primary analyses all
studies adjusted for age and sex. Some studies made additional adjustments
including study site (ARIC and CHS), familial structure (Amish, FHS, and ERF), or
for whether the DNA had been whole genome amplified (FHS). A meta-analysis of
beta estimates and standard errors was conducted from the nine studies using an
inverse-variance weighting approach as implemented in METAL (Willer, Li et al.
2010). Prior to meta-analysis, we calculated a genomic inflation factor (Agc) for
each study to screen for cryptic population substructure or undiagnosed
irregularities that might have inflated the test statistics. Inflation was low, with Agc
below 1.09 in all studies. Genomic control was applied to each study whose
genomic inflation factor was greater than 1.00 by multiplying all of the standard
errors by the square root of the study-specific Agc. For IMT, we express the
association of each SNP and log(IMT) as the regression slope(f), its standard error
[SE(B)] and a corresponding p-value. For the presence of plaque, meta-analysis
odds ratio (OR) was calculated, which represents the increase or decrease in the
odds of plaque for each additional copy of the SNP’s coded allele.

In study IV, The prevalence of ischaemic stroke by age was obtained from a
recent publication; (Seshadri, Wolf 2007) gender-specific estimates were averaged,
and prevalences within each of the stroke subtypes were assumed to be
approximately 20% of the overall total, similar to proportions seen in population-
based studies. The phenotype data was modeled using a continuous unobserved
quantitative trait called the disease liability, which we used to approximate the
effect of age-at-onset on the liability scale, based on estimates of ischaemic stroke
prevalence by age from epidemiological data. We developed two models for our
analysis; one based on the prevalence rates for all ischaemic stroke cases, and
secondly for the three stroke subtypes. We used these models to calculate posterior
liabilities after conditioning on age-at-onset and stroke affection status for the four
stroke phenotypes separately. Regression was then performed on posterior
liabilities by multiplying the number of samples by the squared correlation between
the expected genotype dosage and posterior liabilities for each of the discovery
cohorts in the four ischaemic stroke phenotypes (CE, LAA, SVD, IS), following a
previous approach (Zaitlen, Lindstrom et al. 2012).
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The results from each centre were meta-analysed for each of the four
phenotypes using Stouffer’s Z-score weighted approach, as implemented in
METAL (Marchini, Howie 2010). Genomic control was used to correct for any
residual inflation due to population stratification. Between-study heterogeneity was
assessed using Cochran’s Q statistic. We considered only SNPs present in at least
75% of the cases, and with no evidence of heterogeneity (Cochran’s Q p-value >
0.001). All SNPs analysed were either genotyped or imputed in both the
Immunochip and the genome-wide datasets. After meta-analysis, the resulting p-
values were compared with the equivalent values from an unconditioned analysis.
For SNPs more significant in the age-at-onset informed analysis and with p<5x10-
6, we determined the evidence of a true age-at-onset effect by generating 1000
permutations of age-at-onset and rerunning the age-at-onset informed analysis,
meta-analysing as previously. We calculated an empirical p-value by dividing the
number of permuted observations showing greater significance in the meta-analysis
than the observed results by the number of permutations. Any novel SNP with a
meta-analysis p<5x10-¢ and evidence of an age-at-onset effect at p<0.05 were taken
forward for replication. We set the experiment-wide significance threshold at
p<5x103.

Furthermore, all of the SNPs identified were then investigated using
RegulomeDB to determine the evidence that any of the SNPs have a regulatory
function (Boyle, Hong et al. 2012). Moreover, a simulation study was performed to
evaluate the age-at-onset informed approach, to show that including age at onset
information directly led to the increased significance, due solely to inclusion of age-
at-onset information at tested SNPs.

In TVS, Statistical analyses were performed using R version 3.1.1
(http:/ /www.r-project.org). HDAC9 and MMP12 were correlated with previously
determined expression signature genes (Puig, Yuan et al. 2011, Salagianni, Galani et
al. 2012) with nonparametric Spearman correlation. Association of HDAC9 and
MMP12 with AHA classification of plaque severity was studied with analysis of
variance (ANOVA). Differences were considered significant when P<0.05.
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5 Results

5.1 Novel Genetic Variant Affecting the Oxidation of Low-

Density Lipoprotein was Discovered in GWAS (l)

The general characteristics of the study populations

showed a female

predominance in the YFS population and a male predominance in the
FINCAVAS, LURIC, and KORA populations (Table 1). Furthermore, there were
age differences between the cohorts, with YES as the youngest and LURIC as the

oldest population. The mean oxLLDL levels also varied, being highest in KORA

and lowest in LURIC.

Table 1. General characteristics of the study populations. Modified from study I.

Study Acronym N* Age, yearst % Male
The Cardiovascular Risk in Young YFS 2080 31.7(5.0) 45.2%
Finns Study
The Ludwigshafen Risk and LURIC 2912 62.6(10.7) 69.3%
Cardiovascular Health Study
Kooperative Gesundheitsforschung KORA 1326  52.7 (10.6) 53.1%
in der Region Augsburg
(Cooperative Health Research in
the Region of Augsburg) Study
The Finnish Cardiovascular Study FINCAVAS 1118 59.9(10.4) 71.1%
The Angiography and Genes Study ~ ANGES 808 62.9 (10.0) 63.9%

Abbreviations: n, number. *n for subjects having data required for the present study; fvalues

expressed as means (standard deviations).
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In the YES discovery GWAS, 328 SNPs were associated with oxLDL with
genome-wide statistical significance (p < 5 x 10-8). All of the statistical adjustments
applied produced identical top SNP associations. All of these SNPs were within
210 kb from the apolipoprotein B-100 precursor coding region (OMIM 107730)
on chromosome 2 (see the Q-Q plot [Figure 9], Manhattan plot [Figure 10], and
regional plot [Figure 11]).
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Figure 9 — Q-Q plot of the genome-wide association study of oxidized low-density lipoprotein
showing a clear deviation from normal distribution (lambda = 0.997). The gray line represents
normal distribution and the p-values of the GWAS SNPs are plotted on the y-axis. It shows a
clear deviance from normal distribution with the GWAS-results. This means that the results are

most probably not due to chance. Modified from study I.
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Figure 10 — Manhattan plot of the genome-wide association study of oxidized low-density
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lipoprotein (oxLLDL) showing the association of multiple single-nucleotide polymorphisms with
oxLLDL in chromosome 2. Manhattan plot maps the SNP p values on chromosomes. On the x-

axis is the chromosome number (1-22) and the y-axis show the —log of the association p-value.

The significant associations are found on chromosome two. Modified from study I.
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Figure 11 — Regional plot of the single nucleotide polymorphisms (SNPs) associated
significantly with oxidized low-density lipoprotein. Dots represent -2log10 (p values) of SNPs;
the color represents the 12 value of the most significantly associated SNP. The gray line shows
recombination rates yielded by the HapMap database. The lower part indicates RefSeq genes in
the locus. The plot was drawn using LocusZoom version 1.1 (Pruim, Welch et al. 2010). The
main finding of the study, rs676210, has the most significant association with serum oxLDL
levels. The SNP is a Pro2739Leu missense mutation located on apolipoprotein B-100 precursor
coding region (OMIM 107730) on chromosome 2. Modified from study I.

Using a forward selection algorithm with a probability value cut-off of 5 X 108,
only one SNP (rs676210) was independently associated with oxLDL, implicating a
role as the proxy for all of the associations. 11 SNPs had r2 > 0.5 with rs676210
(11042034, rs6728178, 16754295, 15673548, rs6711016, rs11902417, rs10184054,
565443060, rs4564803, 157557067, and rs2678379) and forward selection algorithm
cannot separate which is the true proxy. We chose to include rs676210 in the
subsequent analyses since it is biologically most plausible from its LD-block
because it causes a missense mutation. We also ran the GWAS by adjusting for
rs676210, in addition to other covariates. No other independent associations were
found (Figure 12). Moreover, in a haplotype analysis of all associated missense
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mutations, only rs676210 (or rs1042034 which is in perfect LD with rs676210)
showed an independent effect on oxLLDL.

i
b

Y i.
g.

P i

I

.

s,

. H
O T .
a4 a
.

.'-: .53 i

T T T T T T T T T L
1 2 3 4 5 6 7 8 1 12 13 14 16 18 20 23

L]

T
AT e, ¢

-log10(p value)

&3

Location
Figure 12 — Manhattan plot of the genome-wide association study of oxidized low-density

lipoprotein adjusted for the top single-nucleotide polymorphism  (rs676210) showing no
further independent associations with a p < 5 x 10-8. Modified from study I.
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Table 2. Clinical and biochemical trait profiles of oxidized LDL study cohorts
according to rs676210 (Pro2739Leu) genotype. Modified from study I.

ApoB rs676210 (Pro2739Leu) genotype

Cohort / trait AA GA GG p value
YFS (n=149) (n=806) (n=1125)
OxLDL (U/1) 61.7 (20) 76.2 (22) 91.3(24.6)  4.3E-136
OxLDL / LDL (U/I/mmol/I) 19.8 (5.98) 23.7(5.12)  28(5.22) 2E-113
OxLDL / apoB (U/l/g/1) 60.9 (17.1) 73.4(13.9)  85.7(13.8)  4.9E-124
Sex (%male) 67 (45%) 357 (44.3%) 516 (45.9%) 0.789
Hypertension (%) 5 (3.36%) 20(2.48%)  30(2.67%)  0.828
Diabetes (%) 2 (1.34%) 3 (0.372%) 7 (0.622%) 0.341
Statin use (%) 0 (0%) 2 (0.248%) 5(0.444%) 0.582
Age (years) 31.7 (5.09) 31.8 (4.9) 31.7(5.04)  0.694
BMI (kg/m?) 25.3 (3.97) 25 (4.45) 25.2 (4.5) 0.636
Triglycerides (mmol/I) 1.33 (1.01) 1.27(0.747) 1.37(0.884) 0.0483
Total cholesterol (mmol/l) 5.03 (0.919) 5.13(0.964) 5.17(0.979) 0.109
LDL cholesterol (mmol/I) 3.15(0.828) 3.25(0.844) 3.28(0.827) 0.0801
HDL cholesterol (mmol/I) 1.32(0.337)  1.31(0.321) 1.27(0.308)  0.00605
Total / HDL cholesterol 4.05 (1.25) 4.16 (1.39) 4.3 (1.37) 0.00671
apoB (g/l) 1.02 (0.261) 1.04 (0.261) 1.07 (0.266)  0.00501
LURIC (n=165) (n=986) (n=1761)

OxLDL (U/1) 58.9 (52.6) 68.6(26.2)  80.1(24.5)  2.5E-47
OxLDL / LDL (U/I/mg/dl) 0.507 (0.393) 0.614 (0.263) 0.74(0.312)  9.7E-36
OxLDL / apoB (U/l/mg/dl) 0.554 (0.414) 0.659(0.223) 0.768(0.201) 4.3E-49
OxLDL / LDL-apoB (U/I / mg/dl)  0.69 (0.53) 0.825(0.309) 0.981 (0.357) 7.2E-38
Sex (%male) 119 (72.1%) 676 (68.6%) 1224 (69.5%) 0.636
Hypertension (%) 122 (73.9%) 706 (71.6%) 1285 (73%) 0.684
Diabetes (%) 26 (15.8%) 175 (17.7%) 305 (17.3%)  0.819
Statin use (%) 80 (48.5%) 447 (45.3%) 819 (46.5%) 0.701
Age (years) 62.6 (10.8) 62.9(10.6)  62.5(10.8)  0.447
BMI (kg/m?) 26.9 (3.44) 27.3(4.12)  27.5(4.1) 0.0501
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Table 2 — continued from page 62

Triglycerides (mg/dl) 154 (84) 169 (115) 178 (125) 0.00487
Total cholesterol (mg/dl) 194 (35.8) 192 (39.3) 192 (38.6) 0.933
LDL cholesterol (mg/dl) 119 (33.8) 116 (34.9) 115 (33.5) 0.111
VLDL cholesterol (mg/dl) 34.3(25.8) 36.3(25.4)  38.8(27.5)  0.0034
HDL cholesterol (mg/dl) 40.6 (12.5) 39.1(10.5)  38.2(10.7)  0.00168
Total / HDL cholesterol 5.12 (1.63) 5.31(3.53) 5.37 (1.77) 0.245
apoB (mg/dl) 104 (22.4) 104 (25.2) 105 (24.2) 0.236
LDL-apoB (mg/dl) 85.1(21.3) 84.7(22.9)  84.5(21.9)  0.697
KORA (n=61) (n=462) (n = 803)
OxLDL (U/1) 79.9 (22.7) 88.0(24.2) 96.8 (26.7) 1.05E-11
OxXLDL / LDL (U/I / mg/dl) 0.583 (0.126)  0.627 (0.154) 0.674 (0.167) 0.000000235
Sex (%male) 33 (54.1%) 230 (49.8%) 441 (54.9%)  0.209
Hypertension (%) 23 (37.7%) 194 (42.0%) 355 (44.2%) 0.507
Diabetes (%) 2 (3.3%) 28 (6.1%) 48 (6.0%) 0.675
Statin use (%) 0 (0%) 2 (0.43%) 4 (0.50%) 0.853
Age (years) 50.9 (11.0) 52.5(10.6) 52.9 (10.5) 0.341
BMI (kg/m?) 26.7 (4.1) 27.1(3.9) 27.3(4.2) 0.513
Triglycerides (mg/dl) 145.6 (83.2) 167.8 (107.5) 180.4(127.0) 0.334
Total cholesterol (mg/dl) 232.7 (40.7) 237.1(42.2) 238.8(46.4) 0.524
LDL cholesterol (mg/dl) 142.8 (40.2) 147.7 (41.7)  150.0(43.9) 0.455
HDL cholesterol (mg/dl) 55.5 (15.0) 57.7 (17.3) 55.1 (16.5) 0.03
Total / HDL cholesterol 4.52 (1.59) 4.50 (1.86) 4.73 (1.84) 0.079

Abbreviations: YFS, The Cardiovascular Risk in Young Finns Study; LURIC, The
Ludwigshafen  Risk  and Health KORA,
Gesundheitsforschung in  der Region Augsburg Study; OxLDL, oxidized low-density

Cardiovascular Study; Kooperative
lipoprotein (LDL); apoB, apolipoprotein-B; BMI, body mass index; HDL, high-density
lipoprotein; VLDL, very-low-density lipoprotein; Statistics: Values are numbers (percentages)
in cases of categorical data and means (standard deviations) in cases of continuous data; p
values (difference between rs676210 genotype groups) calculated with chi-square test for
categorical data, with a linear regtession model for oxLDL, oxLDL/LDL, and oxLLDL/apoB,
and with analysis of variance (ANOVA) for other continuous data. The OxLDL and
oxLDL/LDL models have been adjusted for age, sex, BMI, HDL, APOB, triglycerides, and

curtent smoking in YFS and LURIC. The OxLDL and oxLDL/LDL models have been
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adjusted for age, sex, survey number, and BMI in KORA. The OxLDL/apoB models have
been adjusted for age, sex, BMI, HDL, and triglycerides. Conversion factors: total cholesterol,
LDL cholesterol, and HDL cholesterol 1 mg/dl = 0.0259 mmol/l; triglycerides: 1 mg/dl
= 0.0113 mmol/]; apoB: 1mg/dl = 0.01 g/1.

The variant rs676210 causes a missense mutation (change of proline to leucine at
position 2739) in apoB. This mutation was predicted to be damaging in the analysis
performed with the PolyPhen-2 software. This supports the notion of the
biological functionality of the amino acid change caused by the SNP. The SNP in
perfect LD with rs676210 (rs1042034 [Ser4338Asn]) was predicted to be benign,
which further supports the role of 15676210 as the functional variant. Two other
nearby missense mutations (rs533617 [His1923Arg] and rs679899 [Ala618Val])
were also predicted to be probably damaging to apoB but showed no independent
effect on oxLLDL in the haplotype analyses and were therefore not studied further.
The other significantly associated missense mutations (rs1801695 [Ala4481Thr],
rs1367117 [Thr98lle], and rs1042031 [Glu4181Lys]|) were predicted to be benign,
and did not show independent effect on oxLDL in the haplotype analyses. Since
rs676210 was the most probable SNP behind all the found associations, further
analyses were conducted with this SNP only.

In YFS, 15676210 was associated with oxLLDL with a p value of 4.3 x 10-13¢ and
an effect size of 13.2 U/l oxLLDL per allele. The major (risk) allele catriers had
significantly higher levels of oxLDL (Table 2). In addition to conventional risk
factors, rs676210 explained 11% of the variation in oxLLDL (r2 = 0.11). The
association was replicated in two independent cohorts—in LURIC with a p value
of 2.5 x 1047 and an effect size of 10.5 U/], and in KORA with a p value of 1.1 x
10-11 and an effect size of 7.8 U/l The association was also strong with the
oxLDL/LDL, oxLLDL/apoB, and oxLLDL/LDL-apoB ratios (Table 2).

In a linear regression model adjusted for age, sex, and BMI in the YFS,
rs676210 also associated significantly with the apoB-epitope-structure-independent
measurement of oxLDL—LDL diene conjugation—with a p value of 0.028 and an
effect size of 0.73 umol/L, confirming the effect of the studied SNP on LDL
oxidation.

Furthermore, rs676210 was significantly associated with apoB in YFS; with
triglyceride concentrations in YFS and LURIC; with very low-density lipoprotein
(VLDL) cholesterol concentration in LURIC; with high-density lipoprotein (HDL)
cholesterol concentrations in YFS, LURIC, and KORA; and with total
cholesterol/HDL cholesterol concentrations in YFS and LURIC (Table 2).
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5.2  The ApoB Genetic Variant Pro2739Leu Did Not Associate
with Coronary Artery Disease or Myocardial Infarction (1)

Table 3. Risk profiles of the additional meta-analysis study cohorts according to
apoB 15676210 (Pro2739Leu) genotype. Modified from study I.

ApoB rs676210 (Pro2739Leu) genotype

Cohort/trait AA AG GG p-value
FINCAVAS (n =99) (n = 408) (n = 608)

Age (years) 60.2 (10.4) 60 (10.7) 59.9(10.2)  0.858
Sex (% female) 26 (26.3%) 118 (28.9%) 178(29.3%)  0.828
BMI (kg/m?) 28.2 (4.14) 27.6 (4.36) 27.8(4.56)  0.814
Hypertension (%) 88 (88.9%) 357 (87.5%) 540 (88.8%)  0.856
Diabetes (%) 17 (17.2%) 50 (12.3%) 69(11.3%)  0.285
Statin use (%) 53 (53.5%) 222 (54.4%) 348 (57.2%)  0.597
LDL cholesterol (mmol/l)  2-63 (0.791) 2.67 (0.934) 2.75(0.931)  0.112
HDL cholesterol (mmol/l)  1.32 (0.444) 1.28 (0.409) 127(0.379)  0.337
Triglycerides (mmol/) 1.42 (0.837) 1.42 (0.742) 1.61(1.97)  0.0813
Total cholesterol (mmol/I) 4.58 (0.879) 4.59 (1.04) 4.73 (1.15) 0.0475
ANGES (n = 54) (n =309) (n = 441)

Age (years) 65.1(9.09) 62.8 (10.6) 62.6(9.61)  0.217
Sex (% female) 18 (33.3%) 119 (38.5%) 155 (35.1%)  0.573
BMI (kg/m?) 28.2 (4.07) 27.6 (4.1) 28.4(4.46)  0.0908
Hypertension (%) 51 (94.4%) 286 (92.6%) 408 (92.5%)  0.873
Diabetes (%) 14 (25.9%) 89 (28.8%) 126 (28.6%)  0.894
Statin use (%) 37 (68.5%) 198 (64.1%) 304 (68.9%)  0.368
LDL cholesterol (mmol/l)  2-57 (0.656) 2.79 (0.783) 2.77(0.826)  0.434
HDL cholesterol (mmol/l)  1-19 (0.373) 1.19(0.351) 1.16(0.311)  0.297
Triglycerides (mmol/) 1.5(0.923) 1.52 (0.806) 1.58(0.972)  0.314
Total cholesterol (mmol/I) 4.42 (0.993) 4.5 (1.02) 4.5 (0.938) 0.719
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Abbreviations: FINCAVAS, The Finnish Cardiovascular Study; ANGES, The Angiography
and Genes Study; BMI, body mass index; LDL, low-density lipoprotein; HDL, high-density
lipoprotein. Statistics: Values are numbers (percentages) in cases of categorical data and means
(standard deviations) in cases of continuous data; p values are calculated with chi-squared for
categorical variables and with analysis of variance (ANOVA) for continuous variables.
Conversion factors: total cholesterol, LDL cholesterol, and HDL cholesterol 1 mg/dl =
0.0259 mmol/l; triglycerides: 1 mg/dl = 0.0113 mmol/1

We found statistically significant differences in traits between genotypes in the
angiographic cohorts (FINCAVAS, ANGES, and LURIC; see Tables 2 and 3).
Therefore, and because of the pleiotropic effect of rs676210 with lipids, the meta-
analyses were performed adjusting for age, sex, BMI, LDL, HDL, and triglycerides.
We also performed the same analyses without adjusting for LDI, HDL, and
triglycerides to reveal which proportion of the effects is caused by the pleiotropic
effects of rs676210. The apoB Pro2739Leu (rs676210 allele G, also the allele
causing high oxLLDL levels) was not associated with CAD, three vessel CAD or MI
after adjustment for age, sex, BMI, statin use, LDL, HDL, and triglycerides (Figure
13). Results without adjustment for LDL, HDL, and triglycerides were also not
significant in the meta-analysis (Figure 14).
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Outcome

Coronary artery disease (CAD)
FINCAVAS
ANGES
Subtotal

LURIC

Overall

Three vessel disease (3VD)
FINCAVAS
ANGES
Subtotal

LURIC

Overall

Myocardial infarction
FINCAVAS
ANGES
Subtotal

LURIC

Overall

N (% cases)

1118 (63.1%)
804 (64.3%)
1922 (63.6%)

2879 (68.4%)

4801 (66.5%)

617 (33.2%)

522 (45%)
1139 (38.6%)
1781 (48.8%)

2920 (44.9%)

2391 (20.2%)

780 (29.5%)
3171 (22.5%)
2918 (41.5%)

6089 (31.6%)

“HR (95% CI)

1.01 (0.90-1.14)
1.05 (0.88-1.25)
1.02 (0.93-1.13)

0.99 (0.92-1.06)

1.00 (0.94-1.06)

1.06 (0.85-1.33)
1.04 (0.79-1.37)
1.05 (0.88-1.25)
1.02 (0.91-1.14)

1.03 (0.94-1.13)

1.15 (0.99-1.34)
1.05 (0.81-1.35)
1.13 (0.99-1.28)
1.00 (0.91-1.09)

1.04 (0.96-1.12)

p value

0.86
0.60
0.66

0.72

0.98

0.60
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Figure 13 — Meta-analyses of the association between apoB alleles (1s676210/Pro2739Leu) and

the age of onset of cardiovascular outcomes in three independent clinical study cohorts.

Statistics: *Hazard ratios (HR; gray squares, sizes indicate the relative weight of each study)

and 95% confidence intervals (CI; horizontal lines) were estimated by a per-risk-allele (G)

additive Cox Proportional-Hazards regression using age as time variable adjusted for sex, body

mass index (BMI), low-density lipoprotein (LDL), high-density lipoprotein (HDL), triglycerides,

and statin use. The fixed effect meta-analysis (p value for heterogeneity > 0.05 for all) estimates

are shown as gray diamonds. Definitions: a) coronary artery disease (CAD), with or without
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angiographically verified 50% stenosis; b) three vessel disease (3VD), with or without
angiographically verified 50% stenosis in three vessels; ¢) myocardial infarction (MI), with or
without MI Abbreviations: N, number; FINCAVAS, The Finnish Cardiovascular Study;
ANGES, The Angiography and Genes Study; LURIC, The Ludwigshafen Risk and
Cardiovascular Health Study. Modified from study I.

Outcome N (% cases) *HR (95% Cl) p value

Coronary artery disease (CAD)

FINCAVAS 1118 (63.1%) 1.02 (0.91-1.14) 0.77 —a—
ANGES 804 (64.3%) 1.08 (0.94-1.24) 0.27 _—
Subtotal 1922 (63.6%) 1.04 (0.96-1.14) 0.35 ’
LURIC 2879 (68.4%) 0.99 (0.92-1.06) 0.74 — —
Overall 4801 (66.5%) 1.01 (0.95-1.07) 0.73 ‘
Three vessel disease (3VD)
FINCAVAS 617 (33.2%) 1.1 (0.88-1.36) 0.42
ANGES 522 (45%) 1.18 (0.96-1.45) 0.11
Subtotal 1139 (38.6%) 1.14 (0.98-1.32)  0.086 e
LURIC 1781 (48.8%) 1(0.90-1.12) 096 —@—
Overall 2920 (44.9%) 1.05 (0.96-1.15) 0.29 ‘
Myocardial infarction
FINCAVAS 2391 (20.2%) 1.15(1-1.32)  0.058 _
ANGES 780 (29.5%)  1.06 (0.86-1.3) 0.61
Subtotal 3171 (22.5%) 1.12(0.99-1.25)  0.064 =
LURIC 2918 (41.5%) 1(0.91-1.1) 0.99 ——
Overall 6089 (31.6%) 1.04 (0.97-1.12) 0.24 ‘

f T T T T T T 1
08 0.9 10 11 12 13 14 15

HR per apoB risk allele (rs676210/Pro2739Leu)

Figure 14 — Meta-analyses of the association between apoB alleles (ts676210/Pr02739Leu) and
the age of onset of cardiovascular outcomes in three independent clinical study cohorts.
Statistics: *Hazard ratios (HR; gray squares, sizes indicate the relative weight of each study)

and 95% confidence intervals (CI; horizontal lines) were estimated by a per-risk-allele (G)
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additive Cox Proportional-Hazards regression using age as time variable adjusted for sex, body
mass index (BMI), and statin use. The fixed effect meta-analysis (p value for heterogeneity >
0.05 for all) estimates are shown as blue diamonds. Definitions: a) coronary artery disease
(CAD), with or without angiographically verified 50% stenosis; b) three vessel disease (3VD),
with or without angiographically verified 50% stenosis in three vessels; ¢) myocardial infarction
MI), with or without MI. Abbreviations: N, number; FINCAVAS, The Finnish
Cardiovascular Study; ANGES, The Angiography and Genes Study; LURIC, The Ludwigshafen
Risk and Cardiovascular Health Study. Modified from study I.
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9.3  Association of ApoB Pro2739Leu with Cerebrovascular
Disease Events was Found (l1)

Table 4. Characteristics of cerebrovascular disease (CVD) event cases and controls
in LURIC. Modified from study II.

All Controls CVD event
Variables (N=2913) (N=2642) (N=271) p-value
Sex (female) 893 (30.7%) 805 (30.5%) 88 (32.5%) 0.541

1706 (58.6%) 1509 (57.1%) 197 (72.7%) <<0.001
941 (32.3%) 809 (30.6%) 132 (48.7%) <<0.001

Hypertension (yes)

Diabetes (yes)

Carotid stenosis >50% 134 (4.6%) 93 (3.52%) 41 (15.1%) <<0.001
(ves)

0, 0, 0,
Atrial fibrillation (yes) 362 (12.4%) 308 (11.7%) 54 (19.9%) <<0.001
CAD (yes) 1964 (67.4%) 1759 (66.6%) 205 (75.6%) <<0.001

1207 (41.4%) 1063 (40.2%) 144 (53.1%)  <<0.001
1856 (63.7%) 1671 (63.2%) 185 (68.3%)  0.116

Ml (yes)

Smoking (yes, ever)

BMI (ke/m’) 27.4(4.07) 27.4(4.05)  27.6(4.34) 0.406
DL cholesterol (mg/dl) 116 (34) 116 (34) 112 (33.6) 0.0442
OxLDL (U] 75(28.3)  75(28.6) 75.1 (24.9) 0.955

Abbreviations: LURIC, Ludwigshafen Risk and Cardiovascular Health study; CAD, coronary
artery disease (over 50% stenosis); MI, myocardial infarction; BMI, body-mass index; LDL,
low-density lipoprotein; oxLLDL, oxidized LDL. Statistics: Values are numbers (percentages) in
cases of categorical data and means (standard deviations) in cases of continuous data; p values
(difference between rs676210 genotype groups) calculated with chi-square test for categorical

data, and with analysis of variance (ANOVA) for continuous data.

The general characteristics of the LURIC cohort and the difference between CVD
event cases and controls are displayed in Table 4. More than 60% of the LURIC
population was diagnosed with CAD, and CAD and MI were more prevalent
among CVD event cases. Out of the known ischaemic stroke risk factors,

hypertension, diabetes, carotid stenosis, atrial fibrillation and LDL cholesterol were
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associated with history of CVD events. OxLDL did not associate with CVD events
in LURIC (p=0.955).

Table 5. The association of the apolipoprotein-B Pro2739Leu missense mutation
rs676210 with cerebrovascular disease (CVD) events and its risk factors in LURIC.
Modified from study II.

rs676210 genotype

AA AG GG
Variables (N=165) (N=987) (N=1761) p-value
CVD event (yes) 11 (6.67%) 80(8.11%) 180(10.2%) 0.030
OxLDL (U/I) 58.9(52.6) 68.7(26.2) 80.1(24.5)  <<0.001
Sex (female) 46 (27.9%) 310(31.4%) 537(30.5%) 0.643
Hypertension (yes) 95 (57.6%) 562 (56.9%) 1049 (59.6%) 0.392
Diabetes (yes) 52 (31.5%) 327(33.1%) 562 (31.9%) 0.787
Carotid stenosis (yes) 12 (7.27%) 42 (4.26%) 80 (4.54%) 0.229
Atrial fibrillation (yes) 17 (10.3%) 127 (12.9%) 218(12.4%) 0.633
CAD (yes) 119 (72.1%) 662 (67.1%) 1183 (67.2%) 0.469
Ml (yes) 62 (37.6%) 423 (42.9%) 722 (41%) 0.373
Smoking (yes, ever) 116 (70.3%) 607 (61.5%) 1133 (64.3%) 0.0643
BMI (kg/m?) 26.9 (3.44) 27.3(4.12) 27.5(4.1) 0.0501
LDL cholesterol (mg/dl) 119(33.8) 116(34.9) 115(33.5) 0.111

Abbreviations: LURIC, Ludwigshafen Risk and Cardiovascular Health study; CAD, coronary
artery disease (over 50% stenosis); MI, myocardial infarction; BMI, body-mass index; LDL,
low-density lipoprotein; oxLLDL, oxidized LDL. Statistics: Values are numbers (percentages) in
cases of categorical data and means (standard deviations) in cases of continuous data; p values
(difference between 15676210 genotype groups) calculated with chi-square test for categorical
data, with logistic regression for CVD events and with analysis of variance (ANOVA) for other
continuous data. The CVD event model is adjusted for hypertension, diabetes, carotid stenosis,

atrial fibrillation and low-density lipoprotein cholesterol.

In the logistic regression model with no covariates, 15676210 associated with CVD
events (p=0.030, odds ratio [OR] = 1.28 [95% confidence interval, CI = 1.03-1.60]
for risk allele G). In the logistic regression model adjusted for the significant risk
factors (hypertension, diabetes, carotid stenosis, atrial fibrillation and LDL
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cholesterol), rs676210 remained significantly associated with CVD events
(p=0.030, OR=1.29 [1.03-1.63] for risk allele G). The studied LURIC variables
according to rs676210 genotype are displayed in Table 5. In addition to oxLLDL
and CVD events, only BMI and smoking were borderline-significantly associated
with rs676210.
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Table 6. The general characteristics of ischaemic stroke cases and controls in the
WTCCC2 study populations. Modified from study II.

Cohort All cases Subtypes Controls
- - CE LAA SvVD -
Number
WTCCC2-
1,174 330 346 106 797

Germany
WTCCC2-UK 2,374 460 498 474 5,175
Total 3,548 790 844 580 5,972

Age (mean £ SD)

WTCCC2- 66.9 + 717+ 65.8 659+ 62.7

Germany 12.9 12.1 10.8 11.4 10.9

WTCCC2-UK 722+ 77.0% 70.0 70.4 5o
12.3 12.9 10.2 11.7

Male sex (%)

WTCCC2-

61.9 52.1 70.7 72.6 514
Germany
WTCCC2-UK 53.7 59.4 63.3 49.8 50.5

Abbreviations: WTCCC2, Wellcome Trust Case-control consortium II; IS, all ischaemic stroke
cases; SVD, small-vessel disease; CE, cardioembolic source; LAA, large-artery atherosclerosis.
Note *, a subset of controls from WTCCC2-UK were from the 1958 birth cohort; the age of

all other participants was unknown.

We attempted to replicate the association of 15676210 with CVD events in LURIC
in the meta-analysis of WTCCC2 ischaemic stroke cohorts. The general
characteristics as well as number of cases and controls in WTCCC2 are displayed in
Table 6. Logistic regression without adjustments was used as in LURIC. There was
no significant association of rs676210 with all types of ischemic stroke (p=0.81,
OR=1.00 [0.93-1.09]), LAA (p=0.85, OR=0.99 [0.87-1.12]), CE (p=0.66, OR=1.03
[0.90-1.18]), or SVD (p=0.65, OR=0.97 [0.83-1.13]).
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9.4  HDACY Promotes Carotid Atherosclerosis (Ill)

Table 7. General characteristics of the TVS population. Modified from study III.

Carotid Aortic Femoral Control All
plaque plaque plaque arteries
N 29 15 24 28 96
Age, median, year 70 (9.5) 61.0(10.8) 76.0(9.4) 69.0 (9.6) 69.0 (10.2)
(SD)
Males, % 62.1 73.3 70.8 82.1 71.9
BMI, median 25.6 (3.4) 25.9 (4.2) 26.7 (4.3) 28.2 (5.1) 27.0 (4.4)
kg/m” (D)
Dyslipidemia, % 75.9 46.7 70.8 85.7 72.9
Statins, % 100.0 40.0 62.5 82.1 76
Hypertension, %  79.3 80.0 87.5 100.0 87.5
Blood pressure 82.8 80.0 79.2 92.9 84.4
medication, %
History of 65.5 100.0 70.8 64.3 71.9
smoking %
AHA Class V-VI, %, 82.8 73.3 62.5 NA 74.6

of the
atherosclerotic
arteries

Abbreviations: N, Number; BMI, body-mass index; AHA, American Heart Association
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Both SNPs (rs11984041 and rs 2107595) were associated with both CCA-IMT and
with presence of carotid plaque (Table 9) in CHARGE cohorts (Table 8). The
strongest associations were seen for SNPs rs2107595; CCA-IMT p=0.0018; carotid
plaque p=0.0022.

In all arterial beds strong HDACO labelling was seen in nuclei and cytoplasm of
VSMC, and in endothelial cells, where intact endothelia were visible (example in
Fig 1A). In the medial layer a high fraction of cells were labelled (80-90%) with a
similar distribution to the VSMC-specific marker SMM (Figure 15). A minority of
medial cells, with fibroblast-like morphology, were negative for HDAC9 and SMM,
consistent with normal incidence of structural fibroblasts. Similar results were
obtained with the two different anti-HDACY antibodies used.

Distinct patterns of labelling were observed with primary antibodies to
leukocyte common antigen (CD45) and a lysosomal marker for
macrophage/monocytic cells (CD68) at similar titre. Immunolabeling was absent in
adjacent negative control sections treated without primary antibody (Figure 16).

Gene expression was analysed from 29 carotid, 15 abdominal aorta plaques and
24 femoral plaques, and 28 atherosclerosis free LITA controls. Demographics and
AHA plaque grading for the different plaques are shown in Table 7.

HDACY expression was upregulated in carotid plaques compared to LITA
controls. (p=0.00000103, FC=3.06). It was also upregulated in aortic plaques
(p=0.0038, FC=1.76) and femoral plaques (p=0.038, FC=1.57) compared to
controls. HDACY9 mRNA expression was greater in carotid compared with
femoral plaques (p=0.0038, FC=1.76), although there was no significant difference
between carotid and aortic plaques (p=0.90, FC=1.19).
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Table 8. The general characteristics of CHARGE cohorts used in association analyses. Modified from study III.

Characteristic AGES Amish ARIC CHS ERF FHS RS- SardiNIA SHIP

N=3073 N=1,054 N= 7,767 N= 3,261 N=3,004 N= 4,699 N=4,235 N= 2,309
N= 1,809

Age, years 76.4(5.4) 48.1(15.9) 54.3(5.7) 72.3(5.4) 48.5(14.5) 58.5(9.7) 68.9(8.70) 43.5(17.5) 61.8(9.5)

Women, % 57.7% 49.4% 53% 61% 56.5 53.3% 59.3% 56.2% 48.6%

Hypertension, % 80.6% 9.3% 27% 51% 51.4% 40.5% 55.9% 29.1% 72.4%

Diabetes, % 11.6% 2.1% 8% 12% 6.1% 8.6% 10% 4.8% 10.1%

Current smoker, % 12.6% 9.4% 25% 11% 39.4% 15.6% 23.4% 20.2% 19.2%

Total cholesterol, 217.9(44.5) 211.3(48.1) 214.7(40.5) 213.0(38.9) 214.4(42.6) 205.9(39.7) 256.0(46.8) 208.6(42.1) 234.3(47.9)

mg/dL

HDL cholesterol, mg/dL ~ 61.0(17.1) 55.7(14.8) 50.7 (16.8)  55.3(15.8) 49.5(14.1) 51.1(16.1) 51.8(13.9) 64.4(14.9) 55.3(17.8)
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Table 8. Continued from page 76.

Triglyceride, mg/dL 107.0 74.9(47.1) 136.0(89.5) 140.4(76.4) 118.6(68.1) 142.3(138.6) N/A 87.2(61.4) 177.6(134.8)
(59.0)

BMI, kg/m? 27.1(4.5) 26.9(4.7) 26.9(4.7) 26.3(4.5) 26.8(4.7) 27.9(5.1) 26.3(3.7) 25.3(4.7) 28.5(4.6)

Prevalent CVD 21.9% 6.9% 5% 0% 3.1% 10.4% 30.8% 1.7% 8.4%

IMT common carotid 0.97(0.1) 0.74(0.2) 0.77(0.2) 1.03(0.2) 0.82 (0.2) 0.74(0.2) 1.02(0.2) 0.54(0.1) 0.93(0.2)

Abbreviations: N, Number; BMI, body-mass index; HDL, high-density lipoprotein; CVD, cardiovascular disease; IMT, intima-media thickness.

Conversion factors: total cholesterol, HDL cholesterol 1 mg/dl = 0.0259 mmol/]; triglycerides: 1 mg/dl = 0.0113 mmol/L.
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Table 9. Association of the studied SNPs with carotid IMT and plaque in meta-analysis. Modified from study III.
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A. CCC IMT

Allele
SNP Allelel 2 Freql.z Effect StdErr  P.value Direction N N_eff P.value.z
rs11984041 t c 0.088 0.0077 0.0027 0.00391 +++++++-+ 31210 26187.95 0.006243
rs2107595 a g 0.146  0.0065 0.0021 0.00184  +-+++++++ 31210 27035.76  0.001833
B.
CAROTID
PLAQUE

Allele
SNP Allelel 2 Freql.z Effect StdErr  P.value Direction N N_eff P.value.z
rs11984041 t c 0.097 0.1069 0.0374 0.00425 +H-t+ 25179  21616.84  0.002554
rs2107595 a g 0.159 0.0911 0.0298 0.00222 +H+++++ 25179  22257.60 0.001395




Figure 15 — Immunohistochemical labelling of HDACY in human middle cerebral artery Post
mortem sample of human middle cerebral artery labelled for HDACY (panel A) or with no
primary antibody (B). A: cellular HDACY immunoreactivity (brown) is evident in endothelial
cells (examples marked with arrows) and in myoctes within the medial layer (examples marked
with arrowheads). B: labelling was absent from neighbouring sections treated identically but
with no primary antibody. Scale bars 20 um. Modified from study ITI.
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Figure 16 — Immunohistochemical labelling of HDACY in human aorta. Cellular HDAC9
immunoreactivity (brown) in adult human aorta (A) was absent from a neighbouring negative
control section (B). C, higher magnification shows HDACY9 in VSMC (arrowheads) and
endothelial cells (arrows). In VSMC a similar pattern of labelling is seen with smooth muscle
myosin (SMM; D). Haematoxylin counterstain (blue) labels nuclear chromatin. Scale bars 100
pm (A,B), 20 um (C,D). Modified from study IIIL
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55 Novel Association with Ischemic Stroke Was Found Near
MMP12 Locus in Age-of-Onset Informed GWAS (1V)

As prevalence rates in ischemic stroke are markedly affected by age, younger onset
cases may have higher genetic predisposition. Therefore, we investigated whether
an age-at-onset informed approach could detect novel associations with ischemic
stroke and its subtypes; CE, LAA and SVD. Regression analysis to identify SNP
associations was performed on posterior liabilities after conditioning on age-at-
onset and affection status. We identified a novel association with an MMP12 locus
in LAA (Figure 17, rs660599; p=2.5x10"7), with independent replication in
METASTROKE population (p=0.004, OR(95% CI)=1.18(1.05-1.32); meta-
analysis p=2.5x10-8).

Plotted SNPs {11151 00 ) 00 A 0000 AN 000 0T 0O R OO 0000 00 10 0 AR AR

rs660599 - 100

- logso(p-value)
(qQuywo) @1l uoneuIqUIosaY

~MMPIO ~MMP1 ~MMP3 < MMP12 ~MMP13
WTAPP1—>
I I 1 I
102.65 102.7 102.75 102.8

Position on chr11 (Mb)

Figure 17 — LocusZoom plot of MMP12 association using age-at-onset informed approach.
SNPs are colored based on their correlation (12) with the labeled top SNP, which has the
smallest P value in the region. The fine-scale recombination rates estimated from 1000
Genomes (EUR) data are marked in light gray, with genes marked below by horizontal gray

lines. Arrows on the horizontal gray lines show the direction of transcription, and rectangles are
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exons. SNP p-values are from the discovery meta-analysis only with the exception of 15660599,
for which the given p-value indicates the overall evidence for association from the discovery

and replication cohorts. Modified from study IV.

The nearby gene, MMP12, was significantly overexpressed in carotid plaques
compared to atherosclerosis-free control arteries (p=1.2x10-15; fold change=335.0)
in TVS.
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Figure 18 — Evaluation of evidence genome-wide for SNPs exhibiting greater significance using
the age-at-onset informed approach compared to permutations. -loglO(p value) from
permutations for evidence of age-at-onset effect at given SNP p-value selection threshold
shown in light gray; median proportion of SNPs (with IQR) more significant in observed age-
at-onset informed meta-analysis compared to permutations shown in dark gray; horizontal line

at p=0.05; horizontal line at median proportion of SNP=0.5; IS, all ischaemic stroke; CE,
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cardioembolic stroke; LLAA, large artery atherosclerotic stroke; SVD, small vessel disease.
Modified from study IV.

Permutation analyses demonstrated a gain of power for detecting associations
when accounting for age-at-onset in all four stroke phenotypes (Figure 18,
p<0.001). Our results show that a covariate-informed design, by adjusting for age-
at-onset of stroke, can detect variants not identified by conventional GWAS.

Furthermore, using RegulomeDB, we found further evidence from ENCODE
that one of these SNPs (152276109) is indeed functional, giving evidence that the
associated locus in this analysis is likely to affect MMP12 expression through
altered transcription. We also compared the sum of the meta-analysis Z scores
from all SNPs with p<0.05 in the observed age at onset informed meta-analysis
with those from permutations. At this p-value selection threshold, we found strong
evidence (p<0.001) for genome-wide age-at-onset effects in each of the stroke
phenotypes, with consistently increased summed Z scores in the observed age-at-
onset informed meta-analysis compared to the permutations.

5.6  HDAC9 and MMP12 Expression in the Atherosclerotic
Plaque (V)

The general characteristics of the TVS study population are shown in Table 7.
Expression of HDAC9 and MMP12 were correlated with the expression signatures
of M1/M2 macrophages, and plaque stability in atherosclerotic plaques in three
artery sites; carotid artery (Figure 19), femoral artery (Figure 21), abdominal aorta
(Figure 22), and control artery LITA (Figure 23).

HDACY expression correlated significantly with MMP12 expression in carotid
artery plaques (R=0.46, p=0.012), and LITA controls (r=-0.44, p=0.034). The
correlation was not statistically significant in femoral (r=0.04, p=0.84) or
abdominal (r=-0.10, p=0.72) plaques.
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Figure 19 — Correlation among Histone deacetylase 9 (HDACY) and matrix metalloproteinase

12 (MMP12) mRNA levels and established M1/M2 macrophage markers (panels A and B) in

human atherosclerotic plaque, top 25 genes differentially expressed between regions of human

atherosclerotic plaque enriched in smooth muscle cells (SMCs, panels C and D), and established

markers for plaque stability (panels E and F) in carotid artery samples. Spearman correlation

coefficient (r) and statistical significance values (P) are shown. Modified from study V.
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Figure 21 — Correlation among Histone deacetylase 9 (HDACY) and matrix metalloproteinase

12 (MMP12) mRNA levels and established M1/M2 macrophage matkers (panels A and B) in

human atherosclerotic plaque, top 25 genes differentially expressed between regions of human

atherosclerotic plaque enriched in smooth muscle cells (SMCs, panels C and D), and established

markers for plaque stability (panels E and F) in femoral artery samples. Spearman correlation

. Modified from study V.

coefficient (r) and statistical significance values (P) are shown
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Figure 22 — Correlation among Histone deacetylase 9 (HDACY) and matrix metalloproteinase

12 MMP12) mRNA levels and established M1/M2 macrophage markers (panels A and B) in
human atherosclerotic plaque, top 25 genes differentially expressed between regions of human

atherosclerotic plaque enriched in smooth muscle cells (SMCs, panels C and D), and established

. Spearman correlation

markers for plaque stability (panels E and F) in abdominal aorta samples

coefficient (r) and statistical significance values (P) are shown. Modified from study V.
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Figure 23 — Correlation among Histone deacetylase 9 (HDACY) and matrix metalloproteinase

12 (MMP12) mRNA levels and established M1/M2 macrophage markers (panels A and B) in

human atherosclerotic plaque, top 25 genes differentially expressed between regions of human

atherosclerotic plaque enriched in smooth muscle cells (SMCs), and established markers for

plaque stability (panels E and F) in left internal thoracic artery (LITA) controls. Spearman

Modified from study

shown.
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In carotid artery (Figure 19) MMP12 showed positive correlation (p<0.05) with M2
polatrized macrophages (panel B, 22 per cent [2/9] of M1 markers, and 79 per cent
[11/14] of M2 markers), negative correlation toward SMC markers (panel D, 72
per cent [18/25]), and no correlation with plaque stability (panel F) in the carotid
artery plaques. There was a similar, but not as significant, pattern of correlation of
MMP12 in the femoral artery (Figure 21) and abdominal aorta (Figure 22) plaques,
and no correlation in the control arteries (Figure 23). There was no clear
correlation pattern for HDACY expression with the markers in any artery beds
(panels A, C, and E).

HDACY (Figure 20, panel A) and MMP12 (Figure 20, panel B) expressions
increased significantly with plaque severity (AHA classification, ANOVA for trend,
p=0.00018, and p<0.0001, respectively) in all artery beds.

89



6 Discussion

6.1  Genetics of LDL Oxidation (1)

Of the 328 SNPs associated with circulating oxLDL levels in a healthy Caucasian
adult population (YFS), only one missense mutation leading to a proline-to-leucine
interchange in ApoB (SNP rs676210, Pro2739Leu) remained significant in further
analysis. ApoB is coded by the gene apolipoprotein B-100 precursor coding region
(OMIM 107730) on chromosome 2. The association of apoB rs676210 with
oxLLDL was convincingly replicated in the LURIC and KORA cohorts. We also
tested the association of rs676210 with cardiovascular end points in a meta-analysis
of three independent clinical cohorts but did not find significant associations.

The YFES subjects had higher mean oxLLDL levels than the LURIC subjects even
though the LURIC subjects were older and had more co-morbidity. This could
simply be due to different storage conditions or differences in the use of statin
medication (Homma, Michishita et al. 2010) or the levels of oxidants or anti-
oxidants. In LURIC, there was a higher proportion of statin users in comparison to
the healthier YFS population (mean oxLDL levels were lower among statin users
than among non-users, data not shown).

There are few previous reports about the genetics of LDL oxidation. The
interleukin-1b (IL-1B) gene has been associated with oxLDL levels (Manica-
Cattani, Duarte et al. 2012), supporting the role of genetic variation in LDL
oxidation. This study is the first GWAS on circulating oxLDL. Employing a
forward selection algorithm, performing haplotype analyses, assessing the damage-
producing probability of the SNPs, and running the GWAS with top-SNP
adjustment strongly suggest that apoB rs676210 is the most probable functional
variant and the proxy for all of the found 328 associations.

Each LDL particle contains one apoB moiety. In the present study, the
missense mutation of proline to leucine (rs676210, Pro2739Leu) in apoB increased
plasma oxLLDL levels in a stepwise manner in the genotype order of AA (Leu/Leu,
the minor allele), GA (Pro/Leu), and GG (Pro/Pro). The results are supported by
the fact that the variation in apoB probably changes the 3D structure of apoB
(Kumar, Butcher et al. 2011) in a way that makes LDL less prone to oxidation in
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homozygous apoB (Leu/Leu) minor allele cattiers. It could be that LDL is more
easily stuck in the proteoglycans in the matrix of the intima (Weber, Noels 2011),
and therefore the LDL particle could be exposed to the oxidative processes longer.

There seem to be some pleiotropic effects for this variation as rs676210 was
also associated with HDL cholesterol in all three cohorts and with triglyceride
levels in YFS and LURIC. The oxLLDL association, however, was adjusted for
these, so the main effect seems to be on the oxLLDL levels.

There are a few studies related to the genetic variation rs676210. In one
previous study, the 1rs676210 minor allele (A) was associated with lower
triglyceride, total cholesterol, and LDL cholesterol levels, and with higher HDL
cholesterol levels, with a p value of < 5x10-8, in comparison to major allele (G)
carriers (Teslovich, Musunuru et al. 2010). These results are in accordance with this
study. In another earlier report, rs676210 was found to associate with VLDL-
related fractions, triglycerides, and mean VLDL/LDL size (Chasman, Pate et al.
2009). In that study, minor allele carriers had larger VLDL/LDL particles and
lower VLDL cholesterol and triglyceride concentrations. These findings are also in
accordance with our results, showing a linear trend for the minor allele carriers in
LURIC to have lower VLDL cholesterol levels (p=0.0034). VLDL cholesterol was
not measured in YFS with this method.

Interestingly, the minor allele of rs676210 (A) has been linked to an improved
response to fenofibrate treatment (Wojczynski, Gao et al. 2010)—the treatment
was reported to lower triglyceride levels by 24.7%, 28.3%, and 34.5% according to
the rs676210 genotypes GG, GA, and AA, respectively. The allele we found to
decrease LDL oxidation also seems to improve the response to fenofibrate.
Furthermore, minor allele carriers had lower triglyceride levels in YFS and LURIC
when compared to major risk allele carriers. Moreover, fenofibrates have been
shown to have effect on oxLDL. (Hogue, LLamarche et al. 2008). There is no data
on fenofibrate use in the studied cohorts.
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6.2  Association of ApoB Pro2739Leu (rs676210) with CAD, M,
and Ischemic Stroke (I and Il)

Since apoB Pro2739Leu (rs676210) associates strongly with oxLDL in both the
young healthy population and elderly angiography patients, it could be used as a
substitute for the effect of the lifetime risk of increased oxLDL levels on CAD, MI
or ischemic stroke.

It seems, however, that the oxLDL levels associated apoB Pro2739Leu
mutation is not associated with cardiovascular end points. This was observed
across the cohorts studied in the combined meta-analysis. The association of serum
oxLLDL levels measured with Mercodia ELISA assay with CAD is controversial.
Many smaller studies report oxLDL as a predictor of CAD, however, larger studies
have been negative after adjusting for standard lipid variables (Wu, Willett et al.
20006). Our results are in line with these larger non-genetic studies by showing that
serum oxLDL levels associated gene wvariant is not associated with the
cardiovascular end points.

Association of rs676210 was also studied with the history of cerebrovascular
disease events (TTA, or ischemic stroke) in LURIC and the result was sought to
replicate the results in a large GWAS meta-analysis of history of ischaemic stroke
and its pathophysiological subtypes. An association between the oxILDL-levels-
increasing apolipoprotein-B missense mutation Pro2739Leu (rs676210) and history
of cerebrovascular events was found in LURIC. The result was not, however,
replicated in a large meta-analysis of ischaemic stroke cohorts.

The evident difference between the LURIC and WTCCC2 cohorts could
explain the distinct association of rs676210 with cerebrovascular events in LURIC
and ischaemic stroke in WTCCC2. The WTCCC2 cohorts were a collected as
series of stroke patients enrolled to hospital, whereas LURIC is a series of patients
referred for coronary angiography, most of whom were diagnosed with CAD. The
expected association between oxLLDL and ischaemic stroke would be for the LAA
subtype of stroke due to the known involvement of oxLDL in the atherosclerotic
process (Yla-Herttuala 1998). However, the absence of an association between
rs676210 and CAD or MI and the controversial evidence of circulating oxLDL
associating with CAD suggest that this would not explain the observed association
of the SNP with cerebrovascular events.
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One explanation could be found in the evidence of oxLLDL binding to
thrombocytes and increasing their adhesion to vessel walls (Stellos, Sauter et al.
2012). There is also evidence of higher serum oxLLDL levels especially in CAD
patients (Weinbrenner, Cladellas et al. 2003). This higher oxidative stress burden in
CAD patients could be the key to explaining the increase in the risk of at least the
LAA subtype of stroke in the cases of CAD among the LURIC patients.
Unfortunately, we found no association for this subtype in WTCCC2. The
cerebrovascular event definition in LURIC includes TIAs which also could be one
explanation for the distinct association between the studies, as increased oxLLDL
levels in LURIC could also increase the risk for TTA.

The predictive value of cardiovascular disease by oxLDL biomarkers is
considered controversial (T'simikas 2006) and, accordingly, there is no clinical use
for them at present. A genetic variant such as rs676210 which has a high impact on
oxLLDL levels would be an interesting alternative for oxLLDL biomarkers, as it
describes the lifetime risk for high oxILDL levels in comparison to measurements
of oxLDL at one point in time. Unfortunately, the evidence of circulating oxLDL
associating with ischaemic stroke is scarce (Uno, Kitazato et al. 2003, Serebruany,
Sani et al. 2011, Vibo, Korv et al. 2007) and our current results are inconsistent. In
our results, the cross-sectional circulating oxILDL levels did not associate with
history of cerebrovascular events even though rs676210 did. Therefore, 1567210
could have predictive value for ischaemic stroke in a specific population of CAD
risk patients. This needs to be verified in another similar sample.
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6.3 HDAC9 and MMP12 in Atherosclerosis and Ischemic Stroke
(11-V)

The results in study III show the HDAC9 7p21.1 locus, previously associated with
large artery stroke, is also associated with asymptomatic carotid plaque and carotid
IMT in community populations. This is consistent with a mechanism related with
acceleration of the progression of atherosclerosis. HDACY is the most likely gene
underlying this association. Consistent with this it was demonstrated that HDAC9
is expressed in VSMC and endothelium of healthy human adult large arteries,
including both cerebral and systemic arteries. A similar pattern was obtained with
two antibodies raised against two non-overlapping HDAC9-specific protein
sequences. Consistent with a potential role in atherosclerosis we found increased
expression of HDAC9 mRNA in carotid atherosclerotic plaques in TVS.

While canonical HDACs are ubiquitously expressed, Class Ila HDACs
(including HDACY9) have more restricted expression. Expression in heart,
pancreatic islets, spinal cord and brain of mouse embryos has been demonstrated,
and human tissue lysates for HDAC9 mRNA show high expression in skeletal
muscle and brain (Milde, Ochme et al. 2010). There are recent reports of HDAC9
protein  expression using immunohistochemical labelling in  cerebral
medulloblastoma tumours (using one of the antibodies we used, ab59718) (Milde,
Ochme et al. 2010) and in teeth, using a different antibody (Klinz, Korkmaz et al.
2012).

Since its discovery as a risk factor for stroke, a recent very large GWAS meta-
analysis in 63,746 coronary artery disease (CAD) cases and 130,681 controls has
found an association of the HDACY locus with CAD but with a much smaller
effect size (CARDIoGRAMplusC4D Consortium, Deloukas et al. 2013); the odds
ratio was 1.09, compared with an odds ratio of 1.42 with large artery ischaemic
stroke in WTCCC2 (International Stroke Genetics Consortium (ISGC), Wellcome
Trust Case Control Consortium 2 (WTCCC2) et al. 2012). This suggests this locus
predisposes to large artery disease in the carotid arteries to a much greater extent
than to CAD.

Interestingly we found HDAC9 mRNA expression was greater in carotid
compared with femoral plaques. How such a risk factor would preferentially
increase risk of carotid plaque is uncertain. One possible factor is flow dependent

mechanisms dependent on local anatomy; local haemodynamic factors, and the
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anatomy of the carotid bifurcation, are known to be related to early atherosclerotic
changes (Sitzer, Puac et al. 2003).

Given the VSMC expression of HDACDY, increased risk of large vessel disease
could be via promotion of atherosclerosis as a consequence of HDACY mediated
increased VSMC proliferation — an action impeded by HDACY inhibition in vitro
(Okamoto, Fujioka et al. 2000).

In study IV, we found novel MMP12 locus associated with ischemic stroke.
Moreover, it was shown in our results that MMPI12 is overexpressed in
atherosclerotic plaques compared to atherosclerosis free controls. MMP12, also
known as macrophage metalloelastase, belongs to the MMP family of proteases
which are capable of degrading extracellular matrix proteins, and have an important
role in atherosclerosis (Halpert, Sires et al. 1996). MMP12 has also eatlier been
shown to be overexpressed in atherosclerotic plaques (Levula, Oksala et al. 2012)
and has been localized to macrophages at the border of the lipid core (Halpert,
Sires et al. 1996), and is suggested to be involved in late stage plaque instability
(Morgan, Rerkasem et al. 2004, Yamada, Wang et al. 2008). In accordance with our
results, Chehaibi and others showed association of MMP12 polymorphism with
ischemic stroke in diabetic patients (Chehaibi, Hrira et al. 2014).

Furthermore, we demonstrated in study V that HDACY9 and MMP12
expressions correlate with each other and associate with plaque severity according
to AHA classification. The results also suggest anti-inflammatory M2 macrophages
as a possible source of expression for MMP12 in advanced human atherosclerotic
plaques.

It has been shown that HDAC inhibition affects MMP expression (Young,
Lakey et al. 2005) in chondrosarcoma cell line. In our results HDAC9 expression
correlated negatively with MMP12 expression, which implies that HDAC9 could
have effect on MMP12 activity in atherosclerotic plaque as well. We showed that
MMP12 correlates positively with the M2 signature and negatively with the SMC
signature in plaques, with no correlation with these in the control arteries. We also
showed that MMP12 expression is increased by the severity of the plaque. These
results are in line with the previous studies which localize the expression of
MMP12 in advanced atherosclerotic plaques (Morgan, Rerkasem et al. 2004,
Yamada, Wang et al. 2008), and suggest M2 macrophages as a source of expression
of MMP12 in adipose tissue of mice (Lee, Pamir et al. 2014). Inflammatory M1
macrophages and M1-associated cytokines are considered to be involved in the
development of the vulnerable plaques, whereas M2 macrophages are considered
to be protective through paracrine anti-inflammatory effect which they exert on
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M1 macrophages (Salagianni, Galani et al. 2012). In our results, MMP12 expression
associated mostly with M2 signature, and not with the plaque instability markers,
which suggest that MMP12 exerts anti-inflammatory effect in the plaque. This is
supported by results, where MMP12 has been shown to exert anti-inflammatory
effect also in synovitis (Bellac, Dufour et al. 2014). Since MMP12 variation
associates with increased risk of ischemic stroke (original communication IV), it
might be that this variation inactivates the protective role of MMP12. However, it
has also been shown that MMP12 initiates atherosclerosis and stimulates the
progression of fatty streaks to fibrous plaques in transgenic rabbits (Yamada, Wang
et al. 2008), which suggest opposite effect for MMP12. It has been suggested that
selective inhibition of MMP12 could be used as therapeutic application in
atherosclerosis (Devel, Garcia et al. 2010). If MMP12 was protective, the inhibition
of MMP12 might not be effective.

There is a suggestive positive correlation of HDACY expression toward M2
macrophages in the carotid artery. This result is in line with previous studies, where
the deletion of HDACY in murine models showed an attenuation of atherosclerosis
with minimal effect on lipid concentrations (Cao, Rong et al. 2014). In that study,
macrophages polarized toward M2 when HDACY was deleted systematically or
specifically in macrophages. The effect on the attenuation of atherosclerosis has
also been shown to be allele specific (Azghandi, Prell et al. 2014). It might be that
the HDACY9 expressed by M2 macrophages could exert negative feedback
preventing further M2 polarization. Cao and others showed that the attenuation of
atherosclerosis was location dependent in the aorta (Cao, Rong et al. 2014). In our
results there was suggestive, but not significant, reverse pattern of expression when
comparing carotid and femoral plaques, which also suggest distinct effect
depending on artery site. This is also supported by our result where the correlation
between HDAC9 and MMP12 was only significant in carotid artery plaques.

Interestingly, there was a significant interaction with HDAC9 and MMP12
association in relation to case control status. In controls HDACY correlated
inversely (-0.44) with MMP12 expression while in atherosclerotic plaque in the
carotid artery the correlation was in opposite direction. Possibly, HDAC9 related
MMP12 methylation regulation (Young, Lakey et al. 2005) could be able to regulate
MMP12 gene expression in healthy tissue while this regulation does not work in
inflamed atherosclerotic tissue.

Taken together the results are consistent with the HDACY locus acting as a risk
factor for atherosclerosis. Such an association with large artery stroke could be via

increasing plaque development, or by mechanisms which results in plaque
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instability (Badimon, Vilahur 2014) and increase the risk of subsequent
thromboembolism, the major cause of stroke in large artery disease. The
association with asymptomatic carotid plaque, plaques which have not yet become
unstable and symptomatic, would support the former mechanism. An association
with carotid IMT was also found which would be consistent with increased risk
occurring at the earlier stages of plaque formation. Increased carotid IMT is
believed to occur with both early atherosclerosis and also vascular remodelling
(Mathiesen, Johnsen 2009). Our results also show that expression of HDAC9 and
MMP12 correlate with each other positively in carotid plaques and negatively in
control samples, associate with plaque severity, and suggest anti-inflammatory M2
macrophages as a possible source for expression of MMP12 in advanced human

atherosclerotic plaques.

6.4  Limitations and Strengths of the Study

In all studies the study subjects were Caucasians and the results cannot be
generalized to other populations.

In original communication I, the main reason for not finding additional signals
could be the small number of study subjects. In the largest GWASes hundreds of
thousands of individuals are required to significantly find the weakest signals. An
obvious strength of the study is the replication of the major results in multiple
independent cohorts. There were significant differences in sex distributions and
mean ages between the cohorts. However, the association of rs676210 with oxLDL
concentration remained significant in spite of these and other differences in the
background populations.

The association of rs676210 with LDL oxidation is convincing. The oxidation
of LDL was, however, measured by structural changes in the apoB protein and
does not fully account for the lipid component of these apoB-containing particles.
To confirm that our results are not due to the possibility of the Pro2739Leu
substitution altering the binding of the used monoclonal antibody to apoB, we also
applied a second, apoB-epitope-structure-independent assay to assess the effect of
the SNP on the LDL oxidation, with parallel results. In this independent assay, the
SNP rs676210 was significantly associated with LDL diene conjugation. These
results put together show that our findings are not due to the oxLDL assay
employed and imply a true biological function for rs676210 in LDL oxidation.
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The step-wise algorithm and top-SNP-adjusted GWAS strongly suggest that
rs676210 is the proxy SNP. We also carried out manual haplotype analyses, arriving
at the same conclusion of rs676210 as the implied proxy. This information,
together with the predicted damaging change caused in apoB (proline-to-leucine
interchange), indicates that out of the available SNPs, this is the most likely
functional top-SNP candidate. The SNP in perfect LD with rs676210 was
predicted to be benign. Two other nearby missense mutations were also predicted
to be damaging but showed no independent effect in the haplotype analysis nor
with the forward-selection algorithm. Other associated missense-mutations were
predicted not to be damaging. These results strongly suggest that rs676210 is the
true functional variant. However, it is important to note that the true proxy cannot
be found with 100% certainty by means of bioinformatic methods, and, therefore,
we performed the analyses with the most probable one.

In comparison, the cohorts used for the clinical endpoint association
assessments were quite similar. The current analyses related to oxLLDL did not
include the FINCAVAS or ANGES study populations because oxLLDL was not
measured in them. The clinical implications of rs676210 leading to Pro2739Leu
missense mutation require further investigation—however, we did not find
significant associations in a meta-analysis of three independent studies.

In original communication II, the obvious limitation of this study is the lack of
replication of the association of rs676210 with ischaemic stroke. To verify the
association, it needs to be replicated in a sample similar to LURIC. Moreover, the
definitions for cerebrovascular disease differ between LURIC and WTCCC2. The
cerebrovascular event definition in LURIC includes all TIAs and strokes. The
absence of replication of this association in a general ischemic stroke setting means
that there is not clear clinical use for the studied SNP per se in, for example, the
prediction of stroke in the general population. However, if the result could be
replicated in another cohort of angiography patients, there might be some
predictive value for this SNP in patients with suspected CAD. LURIC does not
have stroke subtype definition available to verify whether the association is with a
specific subtype of ischaemic stroke.

In original communication III, there are a number of potential limitations to
the study. Not all patients who had IMT measured also had carotid plaque
measured. However this would have tended to reduce power to detect any
statistical association with plaque, and we found such an association. The
CHARGE consortium includes a number of different populations which

introduces heterogeneity; therefore we analysed using a meta-analysis approach and
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the associations we found were consistent across almost all populations. In the
mRNA expression studies there were relatively small sample sizes, although the
upregulation of HDACY was still detected in atherosclerotic plaque.

In IV, we used imputed data from the Immunochip platform, meaning we only
had access to ~40% of the genome across all centres. Secondly, cases were drawn
from a number of international centres, meaning that despite efforts to standardize
phenotyping, we cannot rule out differences in screening and clinical
ascertainment.

In original communication V, even though the control arteries were
microscopically free of atherosclerosis, the control subjects have atherosclerosis at
least in cardiac arteries since they are undergoing coronary artery bypass surgery.
The bioinformatic method used in the study is only suggestive tool for localization
and for example confocal microscopy or double staining immunohistochemistry
would be needed to confirm the results. Moreover, the studied plaques are mostly
at advanced stage and the role of the studied genes in the early process of
atherosclerosis is not known. The advantage of the used method is that in
comparison to other methods it a cost effective way to give rough estimation of
localization of expression of genes.
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6.5  Future Prospects

The Pro2379Leu missense mutation rs676210 might have use as a determinant of
life time exposure to oxLDL since it associated convincingly with circulating
oxLDL-concentration in a young healthy population, and also in a sample of
patients undergoing coronary angiography. However, since the mutation did not
associate with CAD or MI it might not have clinical significance in their risk
assessment. We found association of Pro2739Leu with cerebrovascular disease
events in the population of angiography patients, however, the result did not
replicate in a large meta-analysis of ischemic stroke patients. The variant might
have prognostic value for ischemic stroke in a specific subpopulation.

Interestingly, it has been shown that rs676210 modifies the response to
cholesterol lowering fenofibrate treatment (Wojczynski, Gao et al. 2010).
Therefore, Pro2739Leu might have use in pharmacogenomics in determining
patients who benefit the most from fenofibrate treatment. Moreover, there might
be other gene-by-environment interactions for this variant, such as smoking which
increases oxidative stress. In further studies with larger populations it should be
determined whether Pro2739Leu could predict CAD, MI or ischemic stroke in
smokers only.

HDACY and MMP12 are novel susceptibility genes for ischemic stroke. Their
variation could be use as part of ischemic stroke risk prediction in the future.
Moreover, especially HDAC9 could function as a therapeutical target in prevention
of atherosclerosis, since specific HDAC-inhibitors are being developed and there is
evidence of non-specific inhibitors, such as natrium valproate, reducing
atherosclerosis in animal models (Dregan, Chatlton et al. 2014). Furthermore,
selective MMP12 inhibition has been suggested as a therapeutic application for
atherosclerosis (Devel, Garcia et al. 2010) acting possibly via stabilization of
vulnerable plaques.

These novel genetic findings also give new information of the pathophysiology
of atherosclerosis. It is interesting, that the effect of HDACY seems to be especially
for the development of atherosclerosis in the carotid artery. Further studies are
needed to determine which factors cause the location specific action for this gene

in the atherosclerotic process.
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7 Summary and Conclusions

The present study was conducted to analyse the genetic background of human
atherosclerosis plaques, cardiovascular diseases especially focusing on ischemic
stroke and to investigate the role of oxLDL related gene variation, MMP12 and
HSCD9Y genes in their pathogenesis. Figure 24 bellow summarizes the major results

of this study.
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Figure 24 — Summary of the results. Novel SNP 15676210 causing Pro2739Leu missense
mutation in apoB affecting the oxidation of LDL was found in study I. Clear association of
676210 with CAD or MI was not found in I. In IT rs676210 associated with cerebrovascular
disease events in patients undergoing coronary angiography. In study III ischemic stroke

associated HDACY was found to be acting through promoting carotid atherosclerosis. In study
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IV we found novel MMP12 locus associated with ischemic stroke, and found that MMP12 is

overexpressed in atherosclerotic plaque compared to atherosclerosis free control vessels. In 'V

HDACY9 and MMP12 expression in human atherosclerotic plaques were further studied and M2

macrophages pinpointed as a possible source for MMP12 expression.

The main findings of the study were (Figure 24):
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In discovery GWAS using YFS samples and related replication analysis with
two independent cohorts (LURIS and KORA cohorts) we found a novel
genetic marker SNP 15676210 for oxLDL concentration (in YFS p=4.3x10-
136, effect size 13.2 U/I per allele). The vatiant rs676210 causes missense
mutations i.e., change of proline to leucine at position 2739 in apoB. This
mutation was predicted to be functional in the analysis performed with the
PolyPhen-2 software (I).

The apoB (Pro2739Leu) mutation proofed to be important factor regulating
oxLLDL levels but not a major genetic factor for coronary artery disease or

myocardial infarction (I).

In II, the functional apoB (Pro2739Leu) mutation (rsr67210) associated
with cerebrovascular disease events in patients undergoing coronary
angiography, however, the result did not replicate in larger meta-analysis of
ischemic stroke patients participating in WTCCC2 consortium.

In III, both HDACY9 GWAS top-SNPs 1511984041 and rs2107595,
associated significantly with carotid artery intima-media thickness measured
by ultrasound and presence of atherosclerotic plaques (p-values for
52107595 were p=0.0018 and p=0.0022 and for rs11984041 p=0.00391
and p=0.00425 for cIMT and plaques, respectively). HDAC9 was showed
to be acting in the risk of stroke via promoting atherosclerosis in the carotid

artery.

In IV, MMP12 locus was found to be associated with ischemic stroke and
atherosclerosis using age-of-onset informed GWAS.

In V, it was shown in TVS samples that HDAC9 and MMP12 expressions
associate with plaque severity, i.e., HDAC9 and MMP12 expressions were



increased with plaque severity (p=0.00018, and p<0.0001, for trend
respectively) in all artery beds. HDAC9 and MMP12 correlated with each
other, and the results suggested anti-inflammatory M2 macrophages as a
possible source of expression for MMP12 in advanced human
atherosclerotic plaques.

These results give novel insight into the genetic background of lipoprotein
oxidation, atherosclerosis and ischemic stroke.
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Original Article

Genome-Wide Association Study Pinpoints a New Functional
Apolipoprotein B Variant Influencing Oxidized Low-Density
Lipoprotein Levels But Not Cardiovascular Events
AtheroRemo Consortium

Kari-Matti Mikeld, BM, BSc; Ilkka Seppild, MSc; Jussi A. Hernesniemi, MD, PhD;
Leo-Pekka Lyytikdinen, MD; Niku Oksala, MD, PhD, DSc; Marcus E. Kleber, PhD;
Hubert Scharnagl, PhD; Tanja B. Grammer, MD; Jens Baumert, PhD; Barbara Thorand, PhD;
Antti Jula, MD, PhD; Nina Hutri-Kiahonen, MD, PhD; Markus Juonala, MD, PhD;
Tomi Laitinen, MD, PhD; Reijo Laaksonen, MD, PhD; Pekka J. Karhunen, MD, PhD;
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Background—Oxidized low-density lipoprotein may be a key factor in the development of atherosclerosis. We performed a
genome-wide association study on oxidized low-density lipoprotein and tested the impact of associated single-nucleotide
polymorphisms (SNPs) on the risk factors of atherosclerosis and cardiovascular events.

Methods and Results—A discovery genome-wide association study was performed on a population of young healthy white
individuals (N=2080), and the SNPs associated with a P<5x10=* were replicated in 2 independent samples (A: N=2912; B:
N=1326). Associations with cardiovascular endpoints were also assessed with 2 additional clinical cohorts (C: N=1118; and D:
N=808). We found 328 SNPs associated with oxidized low-density lipoprotein. The genetic variant rs676210 (Pro2739Leu) in
apolipoprotein B was the proxy SNP behind all associations (P=4.3x107"%, effect size=13.2 U/L per allele). This association was
replicated in the 2 independent samples (A and B, P=2.5x107 and 1.1x107", effect sizes=10.3 U/L and 7.8 U/L, respectively).
In the meta-analyses of cohorts A, C, and D (excluding cohort B without angiographic data), the top SNP did not associate
significantly with the age of onset of angiographically verified coronary artery disease (hazard ratio=1.00 [0.94—1.06] per allele),
3-vessel coronary artery disease (hazard ratio=1.03 [0.94-1.13]), or myocardial infarction (hazard ratio=1.04 [0.96-1.12]).

Conclusions—This novel genetic marker is an important factor regulating oxidized low-density lipoprotein levels but not a major
genetic factor for the studied cardiovascular endpoints. (Circ Cardiovasc Genet. 2013;6:73-81.)

Key Words: atherosclerosis m coronary artery disease m genome-wide association study m lipoproteins m oxidative stress

therosclerosis, a major cause of disability and death, is a
multifactorial disease with a strong hereditary and envi-
ronmental background.!

Clinical Perspective on p 81

The conversion of low-density lipoprotein (LDL) to
oxidized LDL (oxLDL) increases the atherogenic potential of
LDL and is regarded as a key event in the development of
fatty streaks, the early atherosclerotic lesions.? The removal
of oxLDL has been shown to prevent atherosclerosis in mice.’

At present, little is known about the genetic factors affect-
ing the susceptibility of LDL to oxidation. As oxLDL plays

an important role in the development of atherosclerosis, we
wanted to elucidate the possible genetic factors influenc-
ing its formation by performing a genome-wide associa-
tion study (GWAS) on a population of healthy white adults
from the Cardiovascular Risk in Young Finns Study (YFS).*
The genome-wide significant associations were repli-
cated in 2 additional samples: the Ludwigshafen Risk and
Cardiovascular Health (LURIC) study’ and the Kooperative
Gesundheitsforschung in der Region Augsburg (Cooperative
Health Research in the Augsburg Region, ie, KORA) study.®’
The effect of single-nucleotide polymorphisms (SNPs) with a
P<5x107 on cardiovascular endpoints was further analyzed
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in 2 additional clinical cohorts, the Finnish Cardiovascular
Study (FINCAVAS)® and the Angiography and Genes Study
(ANGES).” Meta-analyses of the association between the top
hits and cardiovascular outcomes were carried out on 3 inde-
pendent cohorts (FINCAVAS, ANGES, and LURIC; KORA
did not have angiographic data).

The current study comprises 8244 subjects with measured
early subclinical (YFS) or more advanced atherosclerosis-
related clinical phenotypes, that is, cardiovascular disease
endpoints (FINCAVAS, ANGES, KORA, and LURIC). The
mentioned studies were engaged in cooperation with the
ongoing AtheroRemo Consortium and have been widely
involved with other international genetic consortia (online-
only Data Supplement references).

Materials and Methods

For more details, please see the online-only Data Supplement.

Study Populations and Ethical Statements

All studies were conducted according to the guidelines of the
Declaration of Helsinki, and the study protocols were approved by
local ethics committees. All participants gave an informed consent.

The YFS cohort is a Finnish longitudinal population study sample
on the evolution of cardiovascular risk factors from childhood to
adulthood.* The first cross-sectional study was conducted in 1980 at 5
different centers. These subjects were reexamined in 1983 and 1986
as young individuals and in 2001 and 2007 as adults. In the current
study, we used the variables measured in 2001. Genotype, risk factor,
and phenotype data were available for 2080 subjects, and they formed
the current study population.

The LURIC study comprises 3316 white patients who were re-
ferred to coronary angiography due to chest pain at a tertiary care
center in Southwest Germany between 1997 and 2000.° All the nec-
essary covariate and endpoint data were available for 2912 LURIC
patients, who were hence included in the present study.

The Monitoring Trends and Determinants in Cardiovascular
Disease/KORA Augsburg study (KORA) is a series of population-
based surveys conducted in the region of Augsburg in Southern
Germany.” The data for the current study were drawn from a subco-
hort randomly selected on the basis of sex and survey from the KORA
surveys S1-S3 conducted between 1984 and 1995.¢ Of these, 1326
subjects had all the required covariate and end point data available
and were included in the current study.

The FINCAVAS population consists of patients who underwent an
exercise stress test at Tampere University Hospital, Finland.® From
the overall recruited study population, 1118 individuals had all the
necessary angiographic, genetic, and covariate data available and
were included in the current study.

The ANGES population consisted of 1000 patients with a symp-
tomatic heart disease referred to as coronary angiography to rule out
or confirm coronary artery disease (CAD).”!° Angiographic, genetic,
and covariate data were available for 808 individuals (online-only
Data Supplement Table I, and section A1).

Clinical and Biochemical Characteristics of the
Participating Study Cohorts

OxLDL, Lipoprotein, and Apolipoprotein B Measurements
In YFS, LURIC, and KORA, the circulating oxLDL levels were
measured using the same immunoassay. In brief, circulating serum
oxLDL levels were assayed with a competitive ELISA utilizing a spe-
cific murine monoclonal antibody, mAB 4E6'' (Mercodia, Uppsala,
Sweden; detection limit <0.3 U/L).

In YFS, LDL baseline diene conjugation was measured by deter-
mining the level of baseline diene conjugation in lipids extracted
from LDL." In all cohorts, standard methods were used for serum

cholesterol and apolipoprotein B (apoB) analyses (online-only Data
Supplement section A2).

Cardiovascular Endpoint Definitions in FINCAVAS,
ANGES, and LURIC

Angiographically Verified CAD

In FINCAVAS, ANGES, and LURIC, coronary angiography
(KORA did not have angiographic data) was performed using
the standard Judkins technique. Transluminal narrowing of at
least 50% in any major coronary artery (left anterior descending,
left circumflex, or right coronary artery) was the criterion for
the diagnosis of CAD. The number of arteries with significant
>50% stenosis was used to determine the severity of CAD. In
this study, subjects with no CAD were compared with those with
3-vessel disease.

Myocardial Infarction

In LURIC, myocardial infarction (MI) was defined as evidence of
any MI (acute, previous, ST-elevation MI, or non-ST-elevation MI).>
In FINCAVAS, a history of prior MI was based on patient interviews,
resting ECG recordings, and hospital records.® In ANGES, the clini-
cal diagnosis of MI was based on symptoms, electrocardiographic
findings, and biochemical marker tests measuring troponin I and cre-
atine kinase (online-only Data Supplement section A3).°

Genotyping and Quality Control in the Different
Cohorts

In brief, in YFS, genotyping was carried out by using a custom-
built Illumina Human 670k BeadChip at the Welcome Trust Sanger
Institute. Genotype imputation was performed using MACH 1.0" and
HapMap II CEU (release 22, NCBI build 36, dbSNP 126) samples as
a reference. After imputation, 2 543 887 SNPs were available. SNPs
with a squared correlation (%) of <0.30 between imputed and true
genotypes were eliminated from the analysis.

In the FINCAVAS, ANGES, and LURIC cohorts, genotyping was
performed by using the Metabochip, which is a custom Illumina iSelect
genotyping array designed to test =200 000 SNPs identified through
genome-wide meta-analyses for metabolic and atherosclerotic/
cardiovascular diseases and traits. In KORA, genotyping was
accomplished by using the IBC 50K array, which is an Illumina
iSelect genotyping array designed to test =50 000 SNPs identified
through genome-wide meta-analyses associated with a range of
cardiovascular, metabolic, and inflammatory syndromes.'* The studied
top SNP (rs676210) passed quality check (call rate >0.95, minor allele
frequency >0.01, Hardy-Weinbert equilibrium P>10-) in all 3 cohorts
(online-only Data Supplement, section A4).

Statistical Analyses
For the GWAS analysis, oxLDL was Box-Cox transformed. Residuals
were obtained using a linear regression model in which the variables
were adjusted for sex, age, and body mass index, as well as prin-
cipal components (to control population stratification)'® and apoB.
Tests for additive genetic effects were carried out on a linear scale
by means of linear regression. Genotypes were coded as 0, 1, or 2
when the SNP was genotyped and by dosage (scale 0-2) when im-
puted. In true genotyped SNPs, the minor allele was the effect allele.
The imputation software (MACH 1.0) used HapMap II as reference
to assign the alleles for imputed SNPs. Tests were performed to as-
sess the association of SNPs with the standardized residuals using
PLINK!'® for the genotyped data. ProbABEL!” was employed to fit
the linear regression model, taking into account the genotype uncer-
tainty in imputed SNPs. P values were combined from the analysis by
favoring genotyped SNPs over imputed ones. Quartile-quartile and
Manhattan plots were drawn for the analysis of the results. The P
value for genome-wide significance was set at P<5x107%, correspond-
ing to a target o of 0.05 with a Bonferroni correction for 1 million
independent tests.

The severity (functionality) of mutations was assessed by
PolyPhen-2 version 2.1.0 software.'® Further statistical analyses were
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performed using the R Statistical package v. 2.11.1 (http://www.r-
project.org). To define associations nonredundantly associated with
oxLDL, we applied a forward-selection algorithm.!” We associated
the SNPs with genome-wide significance (top SNPs) with cardio-
vascular-disease—related endpoints (angioraphically verified CAD,
severity of CAD, and MI) in FINCAVAS, ANGES, and LURIC. The
associations were assessed using the appropriate statistical models
(x? test, ANOVA, linear regression, or Cox Proportional-Hazards re-
gression) in R. Meta-analyses were performed using a fixed effects
model when the P for cohort heterogeneity was >0.05. KORA did
not have angiographic data and was only used for the replication of
the oxLDL association. The YFS participants were young (<39 years
of age, average age 31.7 years in 2001), still without major clini-
cal endpoints, and it was therefore not possible to include them in
these analyses. P<0.05 were considered significant (online-only Data
Supplement, section AS).

Results

General Characteristics of the Study Populations
There was a predominance of women in the YFS population
and a predominance of men in the FINCAVAS, LURIC, and
KORA populations (online-only Data Supplement Table I).
Furthermore, age differences existed between the cohorts,
with YFS as the youngest and LURIC as the oldest popula-
tion. The mean oxLDL levels also varied, being highest in
KORA and lowest in LURIC (online-only Data Supplement
Tables I and II).

GWAS Analysis of Oxidized LDL Pinpoints a Novel
Variant Affecting LDL Oxidation
In the YFS discovery GWAS, 328 SNPs were associated with
oxLDL with genome-wide statistical significance (P<5x107%).
All statistical adjustments applied produced identical top SNP
associations. All of these SNPs were within 210 kb from the
apoB-100 precursor coding region (OMIM 107730) on chro-
mosome 2 (see the quartile-quartile plot [online-only Data
Supplement Figure 1], Manhattan plot [online-only Data Sup-
plement Figure II], and regional plot [Figure 1]).

Using a forward-selection algorithm with a P value cut-off
of 5x107%, only 1 SNP (rs676210) was independently asso-
ciated with oxLDL, implicating a role as the proxy for all
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of the associations. Eleven SNPs had r>>0.5 with rs676210
(rs1042034, rs6728178, rs6754295, rs673548, rs6711016,
rs11902417, rs10184054, rs6544366, rs4564803, rs7557067,
and rs2678379), and forward-selection algorithm can-
not separate, which is the true proxy. We chose to include
rs676210 in the subsequent analyses because it is biologi-
cally most plausible from its linkage disequilibrium-block
and also because it causes a missense mutation. We also ran
the GWAS by adjusting for rs676210, in addition to other
covariates. No other independent associations were found
(online-only Data Supplement Figure III). Moreover, in
a haplotype analysis of all associated missense mutations,
only rs676210 (or rs1042034, which is in perfect linkage
disequilibrium with rs676210) showed an independent effect
on oxLDL.

Structural Testing of the Pro2739Leu (rs676210)
and Other Related Missense Variants

The variant rs676210 causes a missense mutation (change
of proline to leucine at position 2739) in apoB. This muta-
tion was predicted to be damaging in the analysis per-
formed with the PolyPhen-2 software. This supports the
notion of the biological functionality of the amino acid
change caused by the SNP. The SNP in perfect linkage dis-
equilibrium with rs676210 (rs1042034 [Ser4338Asn]) was
predicted to be benign, which further supports the role of
rs676210 as the functional variant. Two other nearby mis-
sense mutations (rs533617 [His1923Arg] and rs679899
[Ala618Val]) were also predicted to be probably damag-
ing to apoB but showed no independent effect on oxLLDL
in the haplotype analyses and were, therefore, not studied
further. The other significantly associated missense muta-
tions (rs1801695 [Ala4481Thr], rs1367117 [Thr98Ile], and
rs1042031 [Glu4181Lys]) were predicted to be benign and
did not show independent effect on oxLDL in the haplotype
analyses. As 1676210 was the most probable SNP behind
all the found associations, further analyses were conducted
with this SNP only.
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Replication of the Association of rs676210 With
oxLDL in 2 Independent cohorts

In YFS, rs676210 was associated with oxLDL with a P value
of 4.3x107%¢ and an effect size of 13.2 U/L oxLDL per allele.
The major (risk) allele carriers had significantly higher levels
of oxLLDL (Table 1). In addition to conventional risk factors,
1rs676210 explained 11% of the variation in oxLDL (*=0.11).
The association was replicated in 2 independent cohorts, in
LURIC with a P value of 2.5x10* and an effect size of 10.5
U/L, and in KORA with a P value of 1.1x10"" and an effect size
of 7.8 U/L. The association was also strong with the oxLDL/
LDL, oxLLDL/apoB, and oxLDL/LDL-apoB ratios (Table 1).

In a linear regression model adjusted for age, sex, and body
mass index in the YFS, rs676210 also associated significantly
with the apoB-epitope-structure-independent measurement
of oxLLDL, LDL diene conjugation, with a P value of 0.028
and an effect size of 0.73 pmol/L, confirming the effect of the
studied SNP on LDL oxidation.

Furthermore, rs676210 was significantly associated with
apoB in YFS: with triglyceride concentrations in YFS and
LURIC; with very-low-density lipoprotein (VLDL) choles-
terol concentration in LURIC; with high-density lipopro-
tein (HDL) cholesterol concentrations in YFS, LURIC, and
KORA; and with total cholesterol/HDL cholesterol concentra-
tions in YFS and LURIC (Tables 1).

Meta-Analyses of the Association Between the
apoB Pro2739Leu (rs676210) Mutation and
Cardiovascular Outcomes
We found statistically significant differences in traits between
genotypes in the angiographic cohorts (FINCAVAS, ANGES,
and LURIC; see Tables 1 and 2). Therefore, and because of the
pleiotropic effect of rs676210 with lipids, the meta-analyses
were performed adjusting for age, sex, body mass index, LDL,
HDL, and triglycerides (Figure 2). We also performed the
analyses without adjusting for LDL, HDL, and triglycerides to
see what proportion of the effects is caused by the pleiotropic
effects of rs676210 (online-only Data Supplement Figure IV).
The apoB Pro2739Leu (rs676210 allele G, also the allele
causing high oxLDL levels) was not associated with CAD,
3-vessel CAD, or MI after adjustment for age, sex, body mass
index, statin use, LDL, HDL, and triglycerides (Figure 2).
Results without adjustment for LDL, HDL, and triglycerides
were also not significant in the meta-analysis (online-only
Data Supplement Figure IV).

Discussion

Of the 328 SNPs associated with circulating oxLLDL levels in
a healthy white adult population (YFS), only 1 missense muta-
tion leading to a proline-to-leucine interchange in apoB (SNP
15676210, Pro2739Leu) on chromosome 2 remained significant
in further analysis. The association of apoB rs676210 with
oxLDL was convincingly replicated in the LURIC and KORA
cohorts. We also tested the association of rs676210 with cardio-
vascular endpoints in a meta-analysis of 3 independent clinical
cohorts but did not find significant associations.

The YFS subjects had higher mean oxLDL levels than
the LURIC subjects, although the LURIC subjects were

older and had more comorbidities. This could simply be due
to different storage conditions or differences in the use of
statin medication®' or the levels of oxidants or antioxidants.
In LURIC, there was a higher proportion of statin users in
comparison with the healthier YFS population (mean oxLDL
levels were lower among statin users than among nonusers;
data not shown).

There are few previous reports about the genetics of LDL
oxidation. To our knowledge, ours is the first GWAS on circu-
lating oxLDL. Employing a forward-selection algorithm, per-
forming haplotype analyses, assessing the damage-producing
probability of the SNPs, and running the GWAS with top-SNP
adjustment strongly suggest that apoB rs676210 is the most
probable functional variant and the proxy for all of the found
328 associations.

Each LDL particle contains 1 apoB moiety. In the current
study, the missense mutation of proline to leucine (rs676210,
Pro2739Leu) in apoB increased plasma oxLDL levels in a
step-wise manner in the genotype order of AA (Leu/Leu, the
minor allele), GA (Pro/Leu), and GG (Pro/Pro). Our results
are supported by the fact that the variation in apoB probably
changes the 3-dimensional structure of apoB?* in a way that
makes LDL less prone to oxidation in homozygous apoB
(Leu/Leu) minor allele carriers.

There seem to be some pleiotropic effects for this variation
as rs676210 was also associated with HDL cholesterol in all 3
cohorts and with triglyceride levels in YFS and LURIC. The
oxLDL association, however, was adjusted for these, so the
main effect seems to be on the oxLDL levels.

There are a few studies related to the genetic variation
rs676210. In a previous study, the rs676210 minor allele (A)
was associated with lower triglyceride, total cholesterol, and
LDL cholesterol levels and with higher HDL cholesterol lev-
els, with a P<5x107%, in comparison with major allele (G)
carriers.” These results are in accordance with our study. In
another earlier report, rs676210 was found to associate with
VLDL-related fractions, triglycerides, and mean VLDL/LDL
size.” In that study, minor allele carriers had larger VLDL/
LDL particles and lower VLDL cholesterol and triglycer-
ide concentrations. These findings are also in accordance
with our results, showing a linear trend for the minor allele
carriers in LURIC to have lower VLDL cholesterol levels
(P=0.0034). VLDL cholesterol was not measured in YFS
with this method.

Interestingly, the minor allele of rs676210 (A) has been
linked to an improved response to fenofibrate treatment,?
the treatment was reported to lower triglyceride levels by
24.7%, 28.3%, and 34.5% according to the rs676210 geno-
types GG, GA, and AA, respectively. The allele found to
decrease LDL oxidation also seems to improve the response
to fenofibrate. Furthermore, minor allele carriers had lower
triglyceride levels in YFS and LURIC when compared with
major risk allele carriers. We do not have data on fenofibrate
use in our cohorts.

It seems that the oxLDL levels associated apoB Pro2739Leu
mutation is not associated with cardiovascular endpoints. This
was observed across the cohorts studied in the combined
meta-analysis. The association of serum oxLDL levels mea-
sured with Mercodia ELISA assay with CAD is controversial.
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Table 1. Clinical and Biochemical Trait Profiles of Oxidized LDL Study Cohorts According to rs676210 (Pro2739Leu) Genotype

ApoB rs676210 (Pro2739Leu) Genotype

Cohort/Trait AA GA GG PValue
YFS (n=149) (n=806) (n=1125)

OxLDL (U/L) 61.7 (20) 76.2 (22) 91 3(24.6) 4.3E-136
OxLDL/LDL (U/L per mmol per L) 19.8 (5.98) 23.7 (5.12) 28 (5.22) 2E-113
0xLDL/apoB (U/L per g per L) 60 9(17.1) 73.4(13.9) 85.7 (13.8) 4.9E-124
Sex (% male) 67 (45%) 357 (44.3%) 516 (45.9%) 0.789
Hypertension (%) 5 (3.36%) 20 (2.48%) 30 (2.67%) 0.828
Diabetes mellitus (%) 2 (1.34%) 3(0.372%) 7 (0.622%) 0.341
Statin use (%) 0 (0%) 2 (0.248%) 5 (0.444%) 0.582
Age (y) 31.7 (5.09) 31. 8( 9) 31.7 (5.04) 0.694
BMI (kg/m?) 25.3(3.97) 25 (4.45) 25.2 (4.5) 0.636
Triglycerides (mmol/L) 1.33(1.01) 1.27 (0.747) 1.37(0.884) 0.0483
Total cholesterol (mmol/L) 5.03 (0.919) 5.13(0.964) 5.17 (0.979) 0.109
LDL cholesterol (mmol/L) 3.15(0.828) 3.25(0.844) 3.28 (0.827) 0.0801
HDL cholesterol (mmol/L) 1.32(0.337) 1.31(0.321) 1.27 (0.308) 0.00605
Total/HDL cholesterol 4.05 (1.25) 4.16 (1.39) .3(1.37) 0.00671
apoB (g/L) 1.02 (0.261) 1.04 (0.261) 1.07 (0.266) 0.00501
LURIC (n=165) (n=986) (n=1761)

OxLDL (U/L) 58.9 (52.6) 68.6 (26.2) 80.1 (24.5) 2.5E-47
OxLDL/LDL (U/L per mg per dL) 0.507 (0.393) 0.614 (0.263) 0.74 (0.312) 9.7E-36
0xLDL/apoB (U/L per mg per dL) 0.554 (0.414) 0.659 (0.223) 0.768 (0.201) 4.3E-49
OxLDL/LDL-apoB (U/L per mg per dL) 0.69 (0.53) 0.825 (0.309) 0.981 (0.357) 7.2E-38
Sex (% male) 119 (72.1%) 676 (68.6%) 1224 (69.5%) 0.636
Hypertension (%) 122 (73.9%) 706 (71.6%) 1285 (73%) 0.684
Diabetes mellitus (%) 26 (15.8%) 175 (17.7%) 305 (17.3%) 0.819
Statin use (%) 80 (48.5%) 447 (45.3%) 819 (46.5%) 0.701
Age (y) 62.6 (10.8) 62.9 (10.6) 62.5(10.8) 0.447
BMI (kg/m?) 26.9 (3.44) 27.3(4.12) 27.5(4.1) 0.0501
Triglycerides (mg/dL) 154 (84) 169 (115) 178 (125) 0.00487
Total cholesterol (mg/dL) 194 (35.8) 192 (39.3) 192 (38.6) 0.933
LDL cholesterol (mg/dL) 119 (33.8) 116 (34.9) 115 (33.5) 0.111
VLDL cholesterol (mg/dL) 34.3(25.8) 36.3 (25.4) 38.8(27.5) 0.0034
HDL cholesterol (mg/dL) 40.6 (12.5) 39.1 (10.5) 38.2(10.7) 0.00168
Total/HDL cholesterol 5.12 (1.63) 5.31(3.53) 5.37 (1.77) 0.245
apoB (mg/dL) 104 (22.4) 104 (25.2) 105 (24.2) 0.236
LDL-apoB (mg/dL) 85.1(21.3) 84.7 (22.9) 84.5(21.9) 0.697
KORA (n=61) (n=462) (n=803)

OxLDL (U/L) 79.9 (22.7) 88.0 (24.2) 96.8 (26.7) 1.05E-11
OXLDL/LDL (U/L per mg per dL) 0. 583 (0.126) 0.627 (0.154) 0.674 (0.167) 0.000000235
Sex (% male) 33 (54.1%) 230 (49.8%) 441 (54.9%) 0.209
Hypertension (%) 23 (37.7%) 194 (42.0%) 355 (44.2%) 0.507
Diabetes mellitus (%) 2 (3.3%) 28 (6.1%) 48 (6.0%) 0.675
Statin use (%) 0 (0%) 2 (0.43%) 4 (0.50%) 0.853
Age (y) 50.9 (11.0) 52.5 (10. 6) 52.9 (10.5) 0.341
BMI (kg/m?) 26.7 (4.1) 27.1(3.9 27.3(4.2) 0.513
Triglycerides (mg/dL) 145.6 (83.2) 167.8 (107 5) 180.4 (127.0) 0.334
Total cholesterol (mg/dL) 232.7 (40.7) 237.1 (42.2) 238.8 (46.4) 0.524
LDL cholesterol (mg/dL) 142.8 (40.2) 147.7 (41.7) 150.0 (43.9) 0.455
HDL cholesterol (mg/dL) 55.5 (15.0) 57.7 (17.3) 55.1 (16.5) 0.03
Total/HDL cholesterol 4.52 (1.59) 4.50 (1.86) 4.73 (1.84) 0.079

Statistics: values are numbers (percentages) in cases of categorical data and means (SDs) in cases of continuous data; P values (difference between rs676210 genotype
groups) calculated with 2 test for categorical data, with a linear regression model for oxLDL, oxLDL/LDL, and oxLDL/apoB, and with ANOVA for other continuous data. The
OxLDL and oxLDL/LDL models have been adjusted for age, sex, BMI, HDL, apoB, triglycerides, and current smoking in YFS and LURIC. The OxLDL and oxLDL/LDL models
have been adjusted for age, sex, survey number, and BMI in KORA. The OxLDL/apoB models have been adjusted for age, sex, BMI, HDL, and triglycerides. Conversion
factors: total cholesterol, LDL cholesterol, and HDL cholesterol 1 mg/dL=0.0259 mmol/L; triglycerides: 1 mg/dL=0.0113 mmol/L; apoB: 1 mg/dL=0.01 g/L. apoB indicates
apolipoprotein B; BMI, body mass index; HDL, high-density lipoprotein; KORA, Kooperative Gesundheitsforschung in der Region Augsburg Study; LURIC, the Ludwigshafen Risk
and Cardiovascular Health Study; OxLDL, oxidized low-density lipoprotein (LDL); VLDL, very-low-density lipoprotein; and YFS, the Cardiovascular Risk in Young Finns Study.

Downloaded from circgenetics.ahajournals.org at Tampere University on April 22, 2013


http://circgenetics.ahajournals.org/

78 Circ Cardiovasc Genet February 2013

Table 2. Risk Profiles of the Additional Meta-Analysis Study Cohorts According to apoB rs676210 (Pro2739Leu) Genotype

ApoB rs676210 (Pro2739Leu) Genotype

Cohort/Trait AA AG GG P Value

FINCAVAS (n=99) (n=408) (n=608)
Age, (v) 60.2 (10.4) 60 (10.7) 59.9 (10.2) 0.858
Sex (% female) 26 (26.3%) 118 (28.9%) 178 (29.3%) 0.828
BMI (kg/m2) 28.2 (4.14) 27.6 (4.36) 27.8 (4.56) 0.814
Hypertension (%) 88 (88.9%) 357 (87.5%) 540 (88.8%) 0.856
Diabetes mellitus (%) 7 (17.2%) 50 (12.3%) 69 (11.3%) 0.285
Statin use (%) 53 (53.5%) 222 (54.4%) 348 (57.2%) 0.597
LDL cholesterol (mmol/L) 2.63 (0.791) 2.67 (0.934) 2.75(0.931) 0.112
HDL cholesterol (mmol/L) 1.32 (0.444) 1.28 (0.409) 1.27 (0.379) 0.337
Triglycerides (mmol/L) 1.42 (0.837) 1.42 (0.742) 1.61(1.97) 0.0813
Total cholesterol mmol/L 4.58 (0.879) 4.59 (1.04) 4.73(1.15) 0.0475

ANGES (n=54) (n=309) (n=441)
Age, (v) 65.1(9.09) 62.8 (10.6) 62.6 (9.61) 0.217
Sex (% female) 8 (33.3%) 119 (38.5%) 155 (35.1%) 0.573
BMI (kg/m2) 28.2 (4.07) 27.6 (4.1) 28.4 (4.46) 0.0908
Hypertension (%) 51 (94.4%) 286 (92.6%) 408 (92.5%) 0.873
Diabetes mellitus (%) 14 (25.9%) 89 (28.8%) 126 (28.6%) 0.894
Statin use (%) 37 (68.5%) 198 (64.1%) 304 (68.9%) 0.368
LDL cholesterol (mmol/L) 2.57 (0.656) 2.79 (0.783) 2.77 (0.826) 0.434
HDL cholesterol (mmol/L) 1.19(0.373) 1.19(0.351) 1.16 (0.311) 0.297
Triglycerides (mmol/L) 5(0.923) 1 52 (0.806) 1 58 (0.972) 0.314
Total cholesterol (mmol/L) 4.42(0.993) 5(1.02) 5(0.939) 0.719

Statistics: Values are numbers (percentages) in cases of categorical data and means (standard deviations) in cases of continuous data; p values are calculated with
chi-squared for categorical variables and with analysis of variance (ANOVA) for continuous variables. Conversion factors: total cholesterol, LDL cholesterol, and HDL

cholesterol 1 mg/dl = 0.0259 mmol/I; triglycerides: 1 mg/dl =

0.0113 mmol/I. ANGES indicates The Angiography and Genes Study; BMI, body mass index; FINCAVAS,

The Finnish Cardiovascular Study; HDL, high-density lipoprotein; and LDL, low-density lipoprotein.

Many smaller studies report oxLDL as a predictor of CAD;
however, larger studies have been negative after adjusting for
standard lipid variables.?® Our results are in line with these
larger nongenetic studies by showing that serum oxLDL levels
associated gene variant is not associated with the cardiovascu-
lar endpoints.

Limitations and Strengths of the Study

A strength of the study is the replication of the major
results in multiple independent cohorts. The association of
rs676210 with LDL oxidation is convincing. The oxidation
of LDL was, however, measured by structural changes in the
apoB protein and does not fully account for the lipid com-
ponent of these apoB-containing particles. To confirm that
our results are not due to the possibility of the Pro2739Leu
substitution altering the binding of the used monoclonal
antibody to apoB, we also applied a second, apoB-epitope-
structure-independent assay to assess the effect of the SNP
on the LDL oxidation, with parallel results. In this inde-
pendent assay, the SNP rs676210 was significantly associ-
ated with LDL diene conjugation. These results put together
show that our findings are not due to the oxLDL assay

employed and imply a true biological function for rs676210
in LDL oxidation.

The step-wise algorithm and top-SNP-adjusted GWAS
strongly suggest that rs676210 is the proxy SNP. We also
carried out manual haplotype analyses, arriving at the same
conclusion of rs676210 as the implied proxy. This informa-
tion, together with the predicted damaging change caused
in apoB (proline-to-leucine interchange), indicates that out
of the available SNPs, this is the most likely functional top-
SNP candidate. The SNP in perfect linkage disequilibrium
with rs676210 was predicted to be benign. Two other nearby
missense mutations were also predicted to be damaging but
showed no independent effect in the haplotype analysis nor
with the forward-selection algorithm; other associated mis-
sense mutations were predicted not to be damaging. These
results strongly suggest that rs676210 is the true functional
variant. However, it is important to note that the true proxy
cannot be found with 100% certainty by means of bioinfor-
matic methods, and, therefore, we performed the analyses
with the most probable one.

The effect was studied only in whites and might not be
generalizable to other populations. There were significant
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FINCAVAS 1118 (63.1%) 1.01(0.90-1.14) 086 —a—
ANGES 804 (64.3%) 1.05(0.88-1.25)  0.60 —_——
Subtotal 1922 (63.6%) 1.02(0.93-1.13)  0.66 -
Figure 2. Meta-analyses of the associa-
LURIC 2879 (68.4%) 0.99 (0.92-1.06) 0.72 —— tion between apolipoprotein B alleles
(rs676210/Pro2739Leu) and the age of
Overall 4801 (66.5%) 1.00 (0.94-1.06) 0.98 ’ onset of cardiovascular outcomes in 3
independent clinical study cohorts. Sta-
tistics: *Hazard ratios (HR; gray squares,
Three vessel disease (3VD) sizes indicate the relative weight of each
study) and 95% confidence intervals (Cl;
o horizontal lines) were estimated by a per-
;:T;EA: AS 515?2(2321';2: 122 :2321 23: gsg risk-allele (G) additive Cox Proportional-
Hazards regression using age as time
Subtotal 1139 (38.6%) 1.05(0.88-1.25)  0.56 ‘— variable adjusted for sex, body mass
index (BMI), low-density lipoprotein (LDL),
LURIC 1781 (48.8%) 1.02(0.91-1.14) Q.73 —— high-density lipoprotein (HDL), triglyc-
erides, and statin use. The fixed effect
Overall 2920 (44.9%) 1.03 (0.94-1.13) 0.54 ’ meta-analysis (P value for heterogene-
ity >0.05 for all) estimates are shown as
gray diamonds. ANGES indicates the
Myocardial infarction Angiography and Genes Study; CAD,
coronary artery disease, with or without
FINCAVAS 2391 (20.2%) 1.15(0.99-1.34)  0.06 —. angiographically verified 50% stenosis;
ANGES 780 (20.5%) 1.05(0.81-1.35)  0.72 FINCAVAS, Finnish Cardiovascular Study;
Subtotal 3171 (22.5%) 1.13(0.99-1.28)  0.07 < LURIC, Ludwigshafen Risk and Cardio-
vascular Health Study; MI, myocardial
o infarction, with or without MI; and 3VD,
LURIC 2018 (41.5%) 1.00(0.91-1.09) 04 3-vessel disease, with or without angio-
- o o .S
Overall 6089 (31.6%) 1.04 (0.96-1.12)  0.31 ’ 8;8322:?”3/ verified 50% stenosis in three

T T
0.7 08

T T T T 1
10 11 12 13 14

HR per apoB risk allele (rs676210/Pro2739Leu)

differences in sex distributions and mean ages between the
cohorts. However, the association of rs676210 with oxLDL
concentration remained significant despite these and other dif-
ferences in the background populations.

In comparison, the cohorts used for the clinical endpoint
association assessments were quite similar. The current anal-
yses related to oxLDL did not include the FINCAVAS or
ANGES study populations because oxXLDL was not measured
in them.

The clinical implications of rs676210 leading to Pro2739Leu
missense mutation require further investigation. However, we
did not find significant associations in a meta-analysis of 3
independent studies.

Conclusions
We found an SNP that is important in regulating oxLDL
levels but not a major genetic factor for studied cardiovascular
endpoints.
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CLINICAL PERSPECTIVE

Atherogenic oxidized low-density lipoprotein (LDL) is regarded as a key element in atherosclerosis. By performing a
genome-wide association analysis, we identified the most important single-nucleotide polymorphism associating with circu-
lating levels of oxidized LDL. The discovered single-nucleotide polymorphism (rs676210) leads to a Pro2739Leu missense
mutation in the apolipoprotein B gene, likely rendering LDL less prone to oxidation and resulting in significantly lower
levels of circulating oxidized LDL. Oxidized LDL levels have previously been reported to predict coronary artery disease
but often not independently after adjusting for standard lipid variables. Correspondingly, we did not observe statistically sig-
nificant associations between rs676210 and the age of onset of cardiovascular endpoints in a meta-analysis of 3 independent
patient populations undergoing angiography (N=4801). However, population stratification by genetic and environmental
factors regulating the oxidation of LDL could potentially lead to improved accuracy in patient selection for interventions
such as statin therapy, novel antioxidant-molecule-based therapies, or diet-based prevention strategies. Supporting this, the
discovered single-nucleotide polymorphism has previously been found to associate with an improved response to fenofibrate
treatment, with the minor (protective) allele associating with greater reductions in triglyceride levels. Our study provides
a useful framework for future investigations to elucidate the oxidative processes underlying coronary artery disease and to
investigate how genes and environmental exposures (such as smoking) interact in causing the condition.
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Supplemental Material

Supplementary introduction
Atherosclerosis, a major cause of disability and death, is a multifactorial disease with a strong
hereditary and environmental background .

The conversion of low-density lipoprotein (LDL) to oxidized LDL (oxLDL) increases
the atherogenic potential of LDL and is regarded as a key event in the development of fatty
streaks—the early atherosclerotic lesions “. OXLDL can be found in the macrophages in
atherosclerotic lesions, but not in healthy arteries °. Macrophages do not take up oxLDL via
the LDL receptor ', but instead via scavenger receptors “® . The binding of oxLDL to the
scavenger receptors, and their subsequent internalization, is a key step in the accumulation of
cholesterol in macrophages, which transforms them into lipid-laden foam cells **.

The mentioned studies were engaged in cooperation with the ongoing AtheroRemo

Consortium *2 and have been widely involved with other international genetic consortia **™**.

A. Supplementary Materials and Methods

1. Detailed cohort descriptions
The Cardiovascular Risk in Young Finns Study (YFS)

The first cross-sectional study was conducted in 1980 at five different centers. It included
3,596 participants in the age groups of 3, 6, 9, 12, 15, and 18. The participants were randomly
selected from the national population register. Following recruitment in 1980, these subjects

have been re-examined in 1983 and 1986 as young individuals and in 2001 and 2007 as
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adults. During the follow-up in 2001, a total of 2,283 participants aged 24-39 years were
examined for numerous study variables, including serum lipoproteins, glucose, insulin,
obesity indices, blood pressure, lifestyle factors, smoking status, alcohol use, and general

health status. %°

The Finnish Cardiovascular study (FINCAVAS)

The exercise test indications were a diagnosis of CAD, a post-MI assessment, evaluation of
drug therapy, arrhythmia, assessment of performance (working capacity), or an evaluation
prior to surgery. The purpose of FINCAVAS is to construct a risk profile of individuals at
high risk of cardiovascular diseases, events, and deaths. FINCAVAS has an extensive set of
data on patient history, genetic variation (the Metabochip), cardiovascular parameters, ECG
markers, and follow-up data on clinical events, hospitalizations, and deaths. Of the patients

included, 43.6% also underwent coronary angiography. **

The Angiography and Genes Study (ANGES)

The population studied consists of 1,000 Finnish individuals participating in the ongoing
ANGES study. Angiographic, genetic, and covariate data was available for 808 individuals
(516 men and 292 women; mean age 62 + 10). The data was collected between September
2002 and July 2005. All patients underwent coronary angiography at Tampere University
Hospital due to clinically suspected coronary artery disease ?°. The study is a cross-sectional
study, and after the angiography, patients were treated according to the Finnish Current Care
Guidelines. Patients were also interviewed by a study nurse, and a questionnaire was used to
collect general information—age, sex, body mass index, alcohol consumption, smoking,

medication as well as traditional risk factors of atherosclerosis and myocardial infarction

2
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(MI). The whole study has been approved by the Ethics Committee of Pirkanmaa Hospital

District, and written informed consent was obtained from each patient. %

2. Other clinical and biochemical characteristics in more detail
Oxidized LDL, lipid, and apolipoprotein B (apoB) measurements

In the YFS, LURIC, and KORA, the circulating oxidized LDL levels were measured
using the same immunoassay. In brief, circulating serum oxLDL levels were assayed with a
competitive enzyme-linked immunosorbent assay (ELISA) utilizing a specific murine
monoclonal antibody, mAB 4E6% (Mercodia, Uppsala, Sweden; detection limit < 0.3 U/I).
The monoclonal antibody is directed against a conformational epitope in the apoB-100
moiety of LDL that is generated by substituting at least 60 lysine residues of apolipoprotein
B-100 with aldehydes. The substitute aldehydes can be produced by the peroxidation of LDL
lipids, resulting in the generation of oxLDL. Aldehydes released by endothelial cells under
oxidative stress or by activated platelets may also induce the oxidative modification of
apolipoprotein B-100 in the absence of the peroxidation of LDL lipids %*.

In YFS, LDL baseline diene conjugation was measured by determining the level of
baseline diene conjugation in lipids extracted from LDL %°. In brief, serum LDL was isolated
by means of precipitation with buffered heparin. Lipids were extracted from LDL samples
with chloroform-methanol, dried under nitrogen, then redissolved in cyclohexane and
analyzed spectrophotometrically at 234 nm.

In YES, LURIC, ANGES, and FINCAVAS, venous blood samples were drawn after an
overnight fast. In KORA, non-fasting venous blood samples were drawn. Standard enzymatic
methods were used for serum total cholesterol, triglycerides, and high-density lipoprotein
(HDL) cholesterol. LDL cholesterol was calculated in YFS, KORA, ANGES, and

FINCAVAS by the Friedewald formula: LDL cholesterol = total cholesterol — HDL
3

Downloaded from circgenetics.ahajournals.org at Tampere University on April 22, 2013


http://circgenetics.ahajournals.org/

cholesterol — triglyceride-concentration / 2.2 %, In LURIC, lipoproteins were separated by
means of a combined ultracentrifugation—precipitation method (R-quantification) %'.

In YFS, apoB was analyzed immunoturbidometrically (Orion Diagnostica, Espoo,
Finland); the interassay CV was 2.8% for apoB ?%. In LURIC, apoB was analyzed with a
photometric assay using an antihuman apoB antibody (apoB Test, Rolf Greiner Bio-chemica,
Flacht, Germany).

In YFS, ANGES, and FINCAVAS, participants were classified as having type 2
diabetes mellitus (T2DM) if they (i) had a fasting plasma glucose level of >7.0 mmol/L
(>125 mg/dL); or (ii) reported receiving oral hypoglycemic agents and/or insulin injections
and did not have type 1 diabetes mellitus; or (iii) reported a history of physician-diagnosed
T2DM, which is consistent with the World Health Organization definition. Women who
reported having physician-diagnosed diabetes mellitus only during the term of their
pregnancy were considered to have had gestational diabetes and were classified as not
currently having T2DM, provided that their plasma glucose levels were not >7.0 mmol/L
(>125 mg/dL).

In LURIC, Individuals were classified as having diabetes mellitus if their plasma glucose
level was > 125 mg/dL (7 mmol/l) in the fasting state or >200 mg/dL (11 mmol/l) 2 h after
the oral glucose load (performed on individuals with no previous diabetes mellitus diagnosis),
or if individuals were receiving oral antidiabetics or insulin.

In all studies, hypertension was diagnosed if the systolic and/or diastolic blood pressure
exceeded 140 and/or 90 mmHg, respectively, or if there was a significant history of
hypertension (use of antihypertensive medication).

In YFS, FINCAVAS, ANGES, and LURIC, dyslipidemia was defined as usage of lipid-
lowering medication or having a triglyceride concentration of over 2 mmol/l, an LDL

cholesterol concentration of over 3 mmol/l (LURIC 4 mmol/l), an HDL cholesterol
4
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concentration below 1 mmol/l, or an HDL/total cholesterol concentration of over 4 mmol/l. In

In YFS, CRP was analyzed by an automated analyzer (Olympus AU400) with a latex
turbidimetric immunoassay kit (CRP-UL assay, Wako Chemicals, Neuss, Germany). The
detection limit reported by the manufacturer for the assay was 0.06 mg/I.

In LURIC, ‘sensitive’ CRP was measured by means of immunonephelometry on a
Behring Nephelometer 1l (N High Sensitivity CRP, Dade Behring, Marburg, Germany) after
the completion of the patient recruitment in 2001 on samples stored at -80 °C. In the CRP
assay used, the limit of detection for CRP is >0.17 mg/L; it is linear up to 500 mg/L. The
lowest and the highest CRP concentrations encountered in this study were 0.17 mg/L and 269
mg/L, respectively. In KORA, CRP concentrations were measured using a high-sensitivity
immunoradiometric assay (IRMA; range, 0.05-10 mg/l; Survey 1: men aged 45-64; Survey
3) or a high-sensitivity latex enhanced nephelometric assay on a BN Il analyzer (Dade
Behring, Marburg, Germany; Survey 1: men aged 35-44 and all women; Survey 2). Both
methods gave similar results when the same samples were analyzed 2°. The respective intra-
and inter-assay coefficients of variation for quality control test sera were 4.0% and 12.0% for

the IRMA assay, and 2.5% and 5.1% for the nephelometric assay.

Assessments of risk factors and medications

In all studies, body mass index (BMI) was calculated with the formula BMI = weight (kg)
/ height (m) 2.

In all studies, subjects were asked to fill out questionnaires that included questions

concerning the use of medications (including lipid-lowering medication [statins]).

3. Cardiovascular endpoint determinations and definitions of different cohorts

Cardiovascular endpoints studied in the Ludwigshafen Risk and Cardiovascular Health
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(LURIC) study.
Coronary artery disease (CAD) was assessed by angiography using the maximum luminal
narrowing estimated by visual analysis ?’. Clinically relevant CAD was defined as the

occurrence of at least one 50% stenosis in at least 1 of 15 coronary segments.

Cardiovascular endpoints studied in the Finnish Cardiovascular Study (FINCAVAS)

The presence of coronary artery disease (CAD) in the patients prior to the exercise test was
determined based on patient interviews, resting ECG recordings, and existing hospital records
2L Of the patients, 43.6% had undergone coronary angiography that unambiguously revealed
the status of the coronary arteries. The data on the presence of hypertension, valvular
conditions, cardiomyopathies, other heart diseases, and diabetes (types 1 and 2) were based

on interviews and hospital records.

The Angiography and Genes Study (ANGES)

A clinical diagnosis of MI was based on symptoms, electrocardiographic findings, and
biochemical marker tests measuring troponin | and creatinekinase. Information concerning
previous cardiovascular diseases, surgical procedures, and MIs was collected from patient
records at Tampere University Hospital. Coronary angiography was performed using the
standard Judkins technique. Transluminal narrowing of at least 50% in any major coronary
artery (left anterior descending, left circumflex, or right coronary artery) was the criterion for

the diagnosis of coronary artery disease. *°
4. Genotyping and quality control (QC) in the different cohorts

In YFS, genomic DNA was extracted from peripheral blood leukocytes using a commercially

6
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available kit and the Qiagen BioRobot M48 Workstation according to the manufacturer’s
instructions (Qiagen, Hilden, Germany). Genotyping was performed on 2,556 samples using
a custom-built Illumina Human 670k BeadChip at the Welcome Trust Sanger Institute.
Genotypes were called using the Illuminus clustering algorithm. Fifty-six samples failed to
meet the Sanger genotyping pipeline QC criteria (i.e. duplicated samples, heterozygosity, low
call rate, or Sequenom fingerprint discrepancy). Out of the remaining 2,500 samples, one
failed the gender check, three were removed due to low genotyping call rate (< 0.95), and 54
were excluded for possible relatedness (pi-hat > 0.2). Based on the Hardy—Weinberg
equilibrium (HWE) test, 11,766 SNPs were excluded (p < 10), and 7,746 SNPs failed the
missingness test (call rate < 0.95 ) and another 34,596 failed the frequency test (MAF <
0.01). After quality control, 2,442 samples and 546,677 genotyped SNPs were available for
further analysis. **

Genotype imputation was performed using MACH®* ** 1.0 and HapMap 1l CEU
(release 22, NCBI build 36, dbSNP 126) samples as a reference. Palindromic A/T and C/G
SNPs were removed before imputation. After imputation, 2,543,887 SNPs were available.
SNPs with a squared correlation () of > 0.30 between imputed and true genotypes were
considered well imputed.

For the DNA extraction in FINCAVAS and ANGES, 9.0 ml EDTA whole blood was
drawn from the participants and stored at -20 °C. Genomic DNA was extracted from
peripheral blood leukocytes by using the QlAamp DNA Blood Midi Kit and automated
biorobot M48 extraction (QIAGEN GmbH, Hilden, Germany). Genotyping was completed
for 2,824 samples using the Illumina Cardio-Metabo Chip (lllumina Inc., San Diego, CA,
USA) at the Helmholtz Zentrum, Minchen, Germany. The chips were scanned with the
Illumina iScan system and genotypes called with Illumina GenomeStudio software. The

following quality control filters were applied: GenCall score < 0.2, sample and SNP call rate
;
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< 0.95, HWE p value < 10-6, MAF < 0.01, cryptic relatedness (pi-hat > 0.2), and gender
check. After quality control, 2,620 samples and 120,721 SNPs were available. Both genotype
and clinical data were available for 2,390 samples in FINCAVAS and for 808 in ANGES.

In LURIC, genomic DNA was prepared from EDTA anticoagulated peripheral blood
by using a common salting-out procedure. Genotyping was accomplished for 2,966 samples
using a custom-built lllumina 200k BeadChip (Cardio-Metabo Chip) at the Institute of
Human Genetics at the Department of Genomics, Life & Brain Center, University of Bonn,
Germany. Forty-seven samples failed to meet the QC criteria (i.e. duplicated samples,
possible relatedness, low call rate [< 0.95], or gender discrepancy). Out of the SNPs, 5,384
failed to meet the QC criteria (Hardy—Weinberg equilibrium test [p < 10-6], call rate < 0.95).
After quality control, 2,919 samples and 191,341 genotyped SNPs were available for further

analysis. Both genotype and clinical data were available for 2,912 samples in this study.

5. Statistical analyses in more detalil

For the GWAS analysis, oxLDL was Box-Cox transformed. Residuals were obtained using a
linear regression model in which the variables were adjusted for sex, age, and BMI, as well as
principal components (to control population stratification **) and apoB. The GWAS was
adjusted for apoB to identify SNPs affecting the oxidation process only (each LDL particle
has one apoB molecule and the measured oxLDL strongly correlates with apoB). A GWAS
was also performed on oxLDL without adjusting for apoB as well as by adjusting for LDL
concentrations. Residuals were standardized (mean 0, s.d. 1) and their distributions confirmed
to be very close to normal by means of visual Q-Q plot analysis. We also verified that the
estimates for the beta coefficients from the GWAS were not driven by a few outliers by
plotting leverage versus standardized residuals plots for the residuals.

Tests for additive genetic effects were carried out on a linear scale by means of linear
8
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regression. Genotypes were coded as 0, 1, or 2 when the SNP was genotyped and by dosage
(scale 0-2) when imputed. Tests were performed to assess the association of SNPs with the
standardized residuals using PLINK® for the genotyped data. ProbABEL *® was employed to
fit the linear regression model, taking into account the genotype uncertainty in imputed SNPs.
P values were combined from the analysis by favoring genotyped SNPs over imputed ones.
Q-Q and Manhattan plots were drawn for the analysis of the results. The p value for genome-
wide significance was set at p < 5 x 10, corresponding to a target o of 0.05 with a
Bonferroni correction for one million independent tests.

The severity (functionality) of mutations was assessed by PolyPhen-2 version 2.1.0
software ¥’

Further statistical analyses were performed using the R Statistical package v. 2.11.1

(http://www.r-project.org). In order to define associations non-redundantly associated with

oxLDL, we applied a forward selection algorithm (as described in **). In brief, all the top
SNPs with a p value below 5x10® and the covariates were inserted in the same linear model,
and a stepwise model selection (Akaike Information Criterion, AIC) algorithm in the R
package Modern Applied Statistics with S (MASS) was used with the Bayesian IC (BIC)
criterion to leave only the individually associated SNPs and covariates in the model. Linkage
disequilibrium (LD) was also analyzed visually with the Haploview software with an r
threshold of 0.8 using HapMap (phase Il, release 22 CEU) haplotypes *. Moreover, the
possible haplotypic effect of the associated SNPs was studied by using the haplo.stats
package in R. To assess the proportion of oxLDL explained by the top SNP, r* was calculated
twice—first by using a linear regression model explaining oxLDL with the SNP and all
covariates, and secondly only with the covariates. The remainder of these two was considered
as r? for the SNP.

We associated the SNPs with genome-wide significance (top SNPs) with
9
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cardiovascular-disease-related endpoints (angioraphically verified CAD, three vessel CAD,
and MI) in FINCAVAS, ANGES, and LURIC. The associations were assessed using the
appropriate statistical models (chi-squared test, analysis of variance [ANOVA], linear
regression, or Cox Proportional-Hazards regression) in R. Meta-analyses were performed
using a fixed effects model when the p for cohort heterogeneity was higher than 0.05. KORA
was only used for the replication of the oxLDL association. The YFS participants were young
(< 39 yrs, average age 31.7 yrs in 2001), still without major clinical endpoints, and it was
therefore not possible to include them in these analyses. P values below 0.05 were considered

significant.
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C. Supplementary figure legends

Figure S1. Q-Q plot of the genome-wide association study of oxidized low-density

lipoprotein showing a clear deviation from normal distribution (lambda = 0.997).

Figure S2. Manhattan plot of the genome-wide association study of oxidized low-density
lipoprotein  (oxLDL) showing the association of multiple single-nucleotide

polymorphisms with oxLDL in chromosome two.

Figure S3. Manhattan plot of the genome-wide association study of oxidized low-
density lipoprotein adjusted for the top single-nucleotide polymorphism (rs676210)

showing no further independent associations, with ap < 5 x 107.

Figure S4. Meta-analyses of the association between apoB alleles
(rs676210/Pro2739Leu) and the age of onset of cardiovascular outcomes in three

independent clinical study cohorts.

Statistics: *Hazard ratios (HR; blue squares, sizes indicate the relative weight of each study)
and 95% confidence intervals (ClI; horizontal lines) were estimated by a per-risk-allele (G)
additive Cox Proportional-Hazards regression using age as time variable adjusted for sex,
body mass index (BMI), and statin use. The fixed effect meta-analysis (p value for

heterogeneity > 0.05 for all) estimates are shown as blue diamonds.

Definitions: a) coronary artery disease (CAD), with or without angiographically verified
50% stenosis; b) three vessel disease (3VD), with or without angiographically verified 50%

stenosis in three vessels; ¢) myocardial infarction (M), with or without Ml
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Abbreviations: N, number; FINCAVAS, The Finnish Cardiovascular Study; ANGES, The
Angiography and Genes Study; LURIC, The Ludwigshafen Risk and Cardiovascular Health

Study.

17

Downloaded from circgenetics.ahajournals.org at Tampere University on April 22, 2013


http://circgenetics.ahajournals.org/

D. Supplementary Tables

Table S1. General characteristics of the study populations.

Acronym n* Age, yearst % Male
The Cardiovascular Risk in Young Finns Study YFS 2080 31.7 (5.0) 45.2%
The Ludwigshafen Risk and Cardiovascular
Health Study LURIC 2912 62.6 (10.7) 69.3%

Kooperative Gesundheitsforschung in der
Region Augsburg (Cooperative Health Research

in the Region of Augsburg) Study KORA 1326 52.7 (10.6) 53.1%
The Finnish Cardiovascular Study ~ FINCAVAS 1118 59.9 (10.4) 71.1%
The Angiography and Genes Study ANGES 808 62.9 (10.0) 63.9%

Abbreviations: n, number. *n for subjects having data required for the present study; fvalues

expressed as means (standard deviations).
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Table S2. Clinical and biochemical trait profiles of oxidized LDL study cohorts according to

rs676210 (Pro2739Leu) genotype.

ApoB rs676210 (Pro2739Leu) genotype

Cohort / trait
YFS

OxLDL (U/l)

OxLDL / LDL (U/l/mmol/I)
OXxLDL / apoB (U/I/g/l)
Male sex (yes)
Hypertension (yes)

Type | DM (yes)

Type || DM (yes)

Current smoking (yes)
Dyslipidemia (yes)

Statin use (yes)

Age (years)

BMI (kg/m?)

C-reactive protein (mg/l)
Triglycerides (mmol/I)
Total cholesterol (mmol/l)
LDL cholesterol (mmol/l)
VLDL cholesterol

HDL cholesterol (mmol/1)
Total / HDL cholesterol
ApoB (g/l)

LURIC
OxLDL (U/1)
OXLDL / LDL (U/l/mg/dI)
OXLDL / apoB (U/l/mg/dI)
OXLDL / LDL-apoB (U/I / mg/dl)
Male sex (yes)
Hypertension (yes)
Type | DM (yes)
Type || DM (yes)
Current smoking (yes)
Dyslipidemia (yes)
Statin use (yes)
Age (years)

Downloaded from circgenetics.ahajournals.org at Tampere University on April 22, 2013

GG

(n = 1125)
91.3 (24.6)
28 (5.22)
85.7 (13.8)
516 (45.9%)
30 (2.67%)
7 (0.622%)
1 (0.0889%)
269 (23.9%)
782 (69.5%)
5 (0.444%)
31.7 (5.04)
25.2 (4.5)
2.02 (4.33)
1.37 (0.884)
5.17 (0.979)
3.28 (0.827)
NA
1.27 (0.308)
4.3(1.37)
1.07 (0.266)

(n=1761)
80.1 (24.5)
0.74 (0.312)
0.768 (0.201)
0.981 (0.357)
1224 (69.5%)
1285 (73%)
4(0.227%)
305 (17.3%)
1146 (65.1%)
1278 (72.6%)
819 (46.5%)
62.5 (10.8)

GA

(n = 806)
76.2 (22)
23.7(5.12)
73.4 (13.9)
357 (44.3%)
20 (2.48%)
3 (0.372%)
0 (0%)
182 (22.6%)
539 (66.9%)
2 (0.248%)
31.8 (4.9)
25 (4.45)
1.95 (3.74)
1.27 (0.747)
5.13 (0.964)
3.25 (0.844)
NA
1.31(0.321)
4.16 (1.39)
1.04 (0.261)

(n = 986)
68.6 (26.2)
0.614 (0.263)
0.659 (0.223)
0.825 (0.309)
676 (68.6%)
706 (71.6%)
2 (0.203%)
175 (17.7%)
608 (61.7%)
646 (65.5%)
447 (45.3%)
62.9 (10.6)

AA

(n=149)
61.7 (20)
19.8 (5.98)
60.9 (17.1)
67 (45%)
5 (3.36%)
2 (1.34%)
0 (0%)
36 (24.2%)
100 (67.1%)
0 (0%)
31.7 (5.09)
25.3 (3.97)
1.32 (1.53)
1.33(1.01)
5.03 (0.919)
3.15 (0.828)
NA
1.32 (0.337)
4.05 (1.25)
1.02 (0.261)

(n = 165)
58.9 (52.6)
0.507 (0.393)
0.554 (0.414)
0.69 (0.53)
119 (72.1%)
122 (73.9%)
2 (1.21%)
26 (15.8%)
116 (70.3%)
103 (62.4%)
80 (48.5%)
62.6 (10.8)

4.3E-136
2E-113
4.9E-124
0.789
0.828
0.341
0.654
0.771
0.446
0.582
0.694
0.636
0.116
0.0483
0.109
0.0801
0.00605
0.00671
0.00501

2.5E-47
9.7E-36
4.3E-49
7.2E-38
0.636
0.684
0.0601
0.819
0.0492
0.0000698
0.701
0.447
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BMI (kg/m?) 27.5(4.1) 27.3(4.12) 26.9 (3.44) 0.0501

C-reactive protein (mg/l) 9.29 (19.2) 8.48 (15.8) 8.85 (15.6) 0.346
Triglycerides (mg/dl) 178 (125) 169 (115) 154 (84) 0.00487
Total cholesterol (mg/dl) 192 (38.6) 192 (39.3) 194 (35.8) 0.933
LDL cholesterol (mg/dl) 115 (33.5) 116 (34.9) 119 (33.8) 0.111
VLDL cholesterol (mg/dl) 38.8 (27.5) 36.3 (25.4) 34.3 (25.8) 0.0034
HDL cholesterol (mg/dl) 38.2 (10.7) 39.1 (10.5) 40.6 (12.5) 0.00168
Total / HDL cholesterol 5.37 (1.77) 5.31 (3.53) 5.12 (1.63) 0.245
apoB (mg/dl) 105 (24.2) 104 (25.2) 104 (22.4) 0.236
LDL-apoB (mg/dl) 84.5 (21.9) 84.7 (22.9) 85.1 (21.3) 0.697

KORA (n=2803) (n=462) (n=61)
OxLDL (U/1) 96.8 (26.7) 88.0 (24.2) 79.9 (22.7) 1.05E-11
OXLDL / LDL (U/I / mg/dl) 0.674 (0.167) 0.627 (0.154) 0.583(0.126) 0.000000235
Male sex (yes) 441 (54.9%) 230 (49.8%) 33 (54.1%) 0.209
Hypertension (yes) 355 (44.2%) 194 (42.0%) 23 (37.7%) 0.507
DM (yes) 48 (6.0%) 28 (6.1%) 2 (3.3%) 0.675
Dyslipidemia (yes) 297 (40.0%) 172 (37.2%) 16 (26.2%) 0.228
Current smoking (yes) 193 (24.0%) 121 (26.2%) 18 (29.5%) 0.495
Statin use (yes) 4 (0.50%) 2 (0.43%) 0 (0%) 0.853
Age (years) 52.9 (10.5) 52.5(10.6) 50.9 (11.0) 0.341
BMI (kg/m?) 27.3(4.2) 27.1(3.9) 26.7 (4.1) 0.513
C-reactive protein (mg/l) 3.20( 5.67) 2.89 (5.95) 3.03 (4.56) 0.646
Triglycerides (mg/dl) 180.4 (127.0) 167.8 (107.5) 145.6 (83.2) 0.334
Total cholesterol (mg/dl) 238.8 (46.4) 237.1(42.2) 232.7 (40.7) 0.524
LDL cholesterol (mg/dl) 150.0 (43.9) 147.7 (41.7) 142.8(40.2) 0.455
HDL cholesterol (mg/dl) 55.1 (16.5) 57.7 (17.3) 55.5 (15.0) 0.03
Total / HDL cholesterol 4.73 (1.84) 4.50 (1.86) 4.52 (1.59) 0.079

Abbreviations: YFS, The Cardiovascular Risk in Young Finns Study; LURIC, The
Ludwigshafen Risk and Cardiovascular Health Study; KORA, Kooperative
Gesundheitsforschung in der Region Augsburg Study; OxLDL, oxidized low-density
lipoprotein (LDL); DM, Diabetes Mellitus; apoB, apolipoprotein-B; BMI, body mass index;
HDL, high-density lipoprotein; VLDL, very-low-density lipoprotein; NA, not available.

Statistics: Values are numbers (percentages) in cases of categorical data and means (standard
deviations) in cases of continuous data; * p values (difference between rs676210 genotype

groups) calculated with chi-square test for categorical data, with a linear regression model for
20
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oxLDL, oxLDL/LDL, and oxLDL/apoB, and with analysis of variance (ANOVA) for other
continuous data. The OxLDL and oxLDL/LDL models have been adjusted for age, sex, BMI,
HDL, APOB, triglycerides, and current smoking in YFS and LURIC. The OxLDL and
oxLDL/LDL models have been adjusted for age, sex, survey number, and BMI in KORA.
The OxLDL/apoB models have been adjusted for age, sex, BMI, HDL, and triglycerides.
Conversion factors: total cholesterol, LDL cholesterol, and HDL cholesterol 1 mg/dl =

0.0259 mmol/I; triglycerides: 1 mg/dl = 0.0113 mmol/l; apoB: 1mg/dl = 0.01 g/I.
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Figure S1
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Figure S2

L ]
L ]
o L ]
g
- ]
L ]
) .
2 o
g 29 .
o
=3
@ .
o
v L
o _|
w
o - Lﬂ“ﬂﬂﬂu--il
T I I I T I I I | I I T I T T T T T T TTTI
1 2 3 4 5 3] 7 8 9 10 1 12 13 14 16 18 20 23
Location

Downloaded from circgenetics.ahajournals.org at Tampere University on April 22, 2013

23


http://circgenetics.ahajournals.org/

Figure S3

» o e Ve ad e

e L —
T LTS —

. o o'to.ooﬂo.‘.u.
.

(anjea d)g | Go|-

16 18 20 23

12 13 14

11

10

Location

24

Downloaded from circgenetics.ahajournals.org at Tampere University on April 22, 2013


http://circgenetics.ahajournals.org/

Figure S4

Outcome

Coronary artery disease (CAD)

FINCAVAS
ANGES
Subtotal

LURIC

Overall

Three vessel disease (3VD)

FINCAVAS
ANGES
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ABSTRACT

Background and purpose: Patients with genetic background for high circulating oxidized low-density
lipoprotein (oxLDL) levels might be at an increased risk of cerebrovascular disease (CVD).
Methods: The association of oxLDL-variant rs676210 with CVD events was studied in patients undergoing
coronary angiography (study A; N = 2913 [271 cases]). We sought to replicate the results in a large
genome-wide association study meta-analysis of ischaemic stroke (study B; N = 3548 cases, 5972
controls).
Results: In study A, the prevalence of hypertension, diabetes and >50% carotid stenosis as well as the
levels of LDL cholesterol differed significantly between cases and controls. In a logistic regression model
adjusted for the significant covariates, rs676210 associated with CVD events (p = 0.030; odds ratio = 1.29
[95% confidence interval 1.03-1.63] for risk allele G). In study B, rs676210 did not associate with the
history of ischaemic stroke.
Conclusions: The oxLDL levels increasing variant rs676210 associates with CVD events in patients un-
dergoing coronary angiography.

© 2014 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

In our earlier genome-wide association study (GWAS) on

* Corresponding author. Department of Clinical Chemistry, Finn-Medi 2, P.O. Box oxidized low-density lipoprotein (oxLDL), we found an
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apolipoprotein-B (apoB) Pro2739Leu missense mutation (rs676210)
associating with oxLDL but not with history of coronary artery
disease (CAD) or myocardial infarction (MI) [1]. Since there is some

0021-9150/© 2014 Elsevier Ireland Ltd. All rights reserved.
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evidence that oxLDL associates with ischaemic stroke [2—4],
rs676210 may also associate with ischaemic stroke.

Ischaemic stroke can be classified into five subtypes according
to Trial of Org 10172 in Acute Stroke Treatment (TOAST) criteria [5];
1) large-artery atherosclerosis (LAA), 2) small-vessel disease (SVD),
3) cardioembolic stroke (CE), 4) other aetiology, or 5) unknown
aetiology. One would expect oxLDL to associate especially with LAA
since oxLDL is considered to be essential in the atherosclerotic
process [6]. There is also some evidence that oxLDL could bind to
thrombocytes and induce platelet adhesion to the vascular wall in
acute coronary syndromes [7], which could also increase the risk of
LAA subtype of stroke. However, only few studies indicate an as-
sociation of circulating oxLDL with LAA [4], and, furthermore, we
did not find an association between rs676210 and the history of
CAD in the previous study [1].

Since rs676210 associates strongly with oxLDL in both the young
healthy population and elderly angiography patients [1], it could be
used to substitute the effect of the lifetime risk of increased oxLDL
levels on ischaemic stroke. Therefore, we first studied the associ-
ation of rs676210 with the history of cerebrovascular disease (CVD)
events (transient ischaemic attack [TIA], or stroke) in patients un-
dergoing coronary angiography (the Ludwigshafen Risk and Car-
diovascular Health [LURIC] study [8]; N = 2918 [271 cases]). In the
second phase, we sought to replicate the results in a large GWAS
meta-analysis of history of ischaemic stroke and its pathophysio-
logical subtypes (Wellcome Trust Case Control Consortium 2
[WTCCC2] ischaemic stroke GWAS [9]; total N = 3548 cases,
5972.controls).

2. Materials and methods

For all cohorts, the recruitment of patients was approved by the
relevant local ethics committees, and studies were conducted in
accordance with the Declaration of Helsinki.

The Ludwigshafen Risk and Cardiovascular Health (LURIC) study
consists of 3316 Caucasian patients who were referred for coronary
angiography because of chest pain at a tertiary care centre in
Southwest Germany between 1997 and 2000 [8]. For the 2913
LURIC participants, all necessary covariate and endpoint data were
available and they were included in the present study. Previous
CVD events were defined as a documented history of a foregoing
transient ischaemic attack (TIA), prolonged ischaemic deficit,
or cerebral infarction with or without a remaining neurologic
deficit [8].

Discovery stroke cohorts in WTCCC2 ischaemic stroke GWAS
included samples from the UK (a—c) and Germany (d), with a total
of 3548 cases and 5972 controls [9]. Cases were phenotyped and
classified into mutually exclusive aetiologic subtypes according to
the TOAST classification [5]. The control data set for the British
discovery samples was the WTCCC2 common control set, which
includes healthy blood donors from the United Kingdom Blood
Service’s (UKBS) collection and individuals from the 1958 Birth
Cohort dataset (58C). The control data set for the German cases was
taken from the MONICA/KORA Augsburg Study’s population-based
controls from the same region in Germany.

2.1. Genotyping and quality control (QC) in the different cohorts

In LURIC, Metabochip and in WTCCC2 Illumina chips were used
for genotyping the studied single-nucleotide polymorphism (SNP),
1s676210. The SNP was directly genotyped in all studies and met all
quality control criteria.

Statistics for the LURIC study were performed using logistic
regression in the R Statistical package v. 2.15.2 (http://www.r-
project.org). In the WTCCC2, analysis was performed with logistic

regression using PLINK [10] on the separate groups; meta-analysis
using an inverse-variance-weighted approach was performed us-
ing METAL [11].

3. Results

The general characteristics of the LURIC cohort and the differ-
ence between CVD event cases and controls are displayed in
Supplementary Table 1. More than 60% of the LURIC population was
diagnosed with CAD, and CAD and MI were more prevalent among
CVD event cases. Out of the known ischaemic stroke risk factors,
hypertension, diabetes, carotid stenosis, atrial fibrillation and LDL
cholesterol were associated with history of CVD events. OxLDL did
not associate with CVD events in LURIC (p = 0.955).

In the logistic regression model with no covariates, rs676210
associated with CVD events (p = 0.030, odds ratio [OR] = 1.28 [95%
confidence interval, CI = 1.03-1.60] for risk allele G). In the logistic
regression model adjusted for the significant risk factors (hyper-
tension, diabetes, carotid stenosis, atrial fibrillation and LDL
cholesterol), rs676210 remained significantly associated with CVD
events (p = 0.030, OR = 1.29 [1.03-1.63] for risk allele G). The
studied LURIC variables according to rs676210 genotype are dis-
played in Table 1. In addition to oxLDL and CVD events, only BMI
and smoking were borderline-significantly associated with
rs676210.

We attempted to replicate the association of rs676210 with CVD
events in LURIC in the meta-analysis of WTCCC2 ischaemic stroke
cohorts. The general characteristics as well as number of cases and
controls in WTCCC2 are displayed in Supplementary Table 2.
Logistic regression without adjustments was used as in LURIC.
There was no significant association of rs676210 with all types of
ischaemic stroke (p = 0.81, OR = 1.00 [0.93—1.09]), LAA (p = 0.85,
OR = 0.99 [0.87—1.12]), CE (p = 0.66, OR = 1.03 [0.90—1.18]), or SVD
(p = 0.65, OR = 0.97 [0.83—1.13]).

Table 1
The association of the apolipoprotein-B Pro2739Leu missense mutation rs676210
with cerebrovascular disease (CVD) events and its risk factors in LURIC.

Variables rs676210 genotype p-value
AA AG GG
(N =165) (N =987) (N=1761)
CVD event 11 (6.67%) 80 (8.11%) 180 (10.2%) 0.030
(ves)
oxLDL (U/1) 58.9(52.6) 68.7(26.2) 80.1 (24.5) <<0.001
Sex (female) 46 (27.9%) 310(31.4%) 537 (30.5%) 0.643

Hypertension
(yes)

Diabetes (yes)

Carotid stenosis

95 (57.6%) 562 (56.9%) 1049 (59.6%) 0.392
52 (31.5%)

12 (7.27%)

327 (33.1%)
42 (4.26%)

562 (31.9%) 0.787
80 (4.54%) 0.229

(yes)
Atrial fibrillation 17 (103%) 127 (12.9%) 218 (12.4%) 0.633
(yes)
CAD (yes) 119 (72.1%) 662 (67.1%) 1183 (67.2%) 0.469
MI (yes) 62 (37.6%) 423 (42.9%) 722 (41%) 0.373
Smoking (yes, ever) 116 (70.3%) 607 (61.5%) 1133 (64.3%) 0.0643
BMI (kg/m?) 26.9(3.44) 273 (4.12) 27.5 (4.1) 0.0501
LDL cholesterol 119(33.8) 116 (34.9) 115 (33.5) 0.111
(mg/dl)

Abbreviations: LURIC, Ludwigshafen Risk and Cardiovascular Health study; CAD,
coronary artery disease (over 50% stenosis); MI, myocardial infarction; BMI, body-
mass index; LDL, low-density lipoprotein; oxLDL, oxidized LDL.

Statistics: Values are numbers (percentages) in cases of categorical data and means
(standard deviations) in cases of continuous data; p values (difference between
rs676210 genotype groups) calculated with chi-square test for categorical data, with
logistic regression for CVD events and with analysis of variance (ANOVA) for other
continuous data. The CVD event model is adjusted for hypertension, diabetes, ca-
rotid stenosis, atrial fibrillation and low-density lipoprotein cholesterol.
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4. Discussion

We found an association between the oxLDL-levels-increasing
apolipoprotein-B missense mutation Pro2739Leu (rs676210) and
history of CVD events in a cohort of patients referred for coronary
angiography. The result was not, however, replicated in a large
meta-analysis of ischaemic stroke cohorts.

The evident difference between the LURIC and WTCCC2 cohorts
could explain the distinct association of rs676210 with CVD events in
LURIC and ischaemic stroke in WTCCC2. The WTCCC2 cohorts were a
collected as series of stroke patients enrolled to hospital, whereas
LURIC is a series of patients referred for coronary angiography, most
of whom were diagnosed with CAD. The expected association be-
tween oxLDL and ischaemic stroke would be for the LAA subtype of
stroke due to the known involvement of oxLDL in the atherosclerotic
process [6]. However, the absence of an association between
rs676210 and CAD or MI [1] and the controversial evidence of
circulating oxLDL associating with CAD [12] suggest that this would
not explain the observed association of the SNP with CVD events.
One explanation could be found in the evidence of oxLDL binding to
thrombocytes and increasing their adhesion to vessel walls [ 7]. There
is also evidence of higher serum oxLDL levels especially in CAD pa-
tients [ 13]. This higher oxidative stress burden in CAD patients could
be the key to explaining the increase in the risk of at least the LAA
subtype of stroke in the cases of CAD among the LURIC patients.
Unfortunately, we found no association for this subtype in WTCCC2.
The CVD event definition in LURIC includes TIAs which also could be
one explanation for the distinct association between the studies, as
increased oxLDL levels in LURIC could also increase the risk for TIA.

The predictive value of cardiovascular disease by oxLDL bio-
markers is considered controversial [ 12] and, accordingly, there is no
clinical use for them at present. A genetic variant such as rs676210
which has a high impact on oxLDL levels would be an interesting
alternative for oxLDL biomarkers, as it describes the lifetime risk for
high oxLDL levels in comparison to measurements of oxLDL at one
point in time. Unfortunately, the evidence of circulating oxLDL
associating with ischaemic stroke is scarce [2—4] and our current
results are inconsistent. In our results, the cross-sectional circulating
oxLDL levels did not associate with history of CVD events even
though rs676210 did. Therefore, rs67210 could have predictive value
forischaemic stroke in a specific population of CAD risk patients. This
needs to be verified in another similar sample.

4.1. Limitations and strengths of the study

The obvious limitation of this study is the lack of replication of
the association of rs676210 with ischaemic stroke. To verify the
association, it needs to be replicated in a sample similar to LURIC.
Moreover, the definitions for CVD differ between LURIC and
WTCCC2. The CVD event definition in LURIC includes all TIAs and
strokes. The absence of replication of this association in a general
ischaemic stroke setting means that there is not clear clinical use
for the studied SNP per se in, for example, the prediction of stroke
in the general population. However, if the result could be replicated
in another cohort of angiography patients, there might be some
predictive value for this SNP in patients with suspected CAD. We
also do not have stroke subtypes available from LURIC to verify
whether the association is with a specific subtype of ischaemic
stroke. Furthermore, the effect was only studied in white European
individuals and might not be generalisable to other ethnicities.

5. Conclusions

We have found evidence that the common apoB missense mu-
tation Pro2739Leu (rs676210) that increases oXLDL levels associates

with CVD events in patients with high probability of CAD under-
going coronary angiography.
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Clinical Sciences

Evidence HDAC9 Genetic Variant Associated With Ischemic
Stroke Increases Risk via Promoting Carotid Atherosclerosis

Hugh S. Markus, DM, FRCP; Kari-Matti Mikeld, BM, BSc; Steve Bevan, PhD; Emma Raitoharju, MSc;
Niku Oksala, MD, PhD; Joshua C. Bis, PhD; Chris O’Donnell, MD, MPH?*; Atticus Hainsworth, PhD;
Terho Lehtimidki, MD, PhD

Background and Purpose—A novel association between a single nucleotide polymorphism on chromosome 7p21.1 and
large-vessel ischemic stroke was recently identified. The most likely underlying gene is histone deacetylase 9 (HDACD9).
The mechanism by which HDACOY increases stroke risk is not clear; both vascular and neuronal mechanisms have been
proposed.

Methods—We determined whether the lead single nucleotide polymorphisms were associated with asymptomatic carotid
plaque (N=25179) and carotid intima-media thickness (N=31210) detected by carotid ultrasound in a meta-analysis of
population-based and community cohorts. Immunohistochemistry was used to determine whether HDAC9 was expressed
in healthy human cerebral and systemic arteries. In the Tampere Vascular Study, we determined whether HDAC9 mRNA
expression was altered in carotid (N=29), abdominal aortic (N=15), and femoral (N=24) atherosclerotic plaques compared
with control (left internal thoracic, N=28) arteries.

Results—Both single nucleotide polymorphisms (rs11984041 and rs2107595) were associated with common carotid
intima-media thickness (rs2107595; P=0.0018) and with presence of carotid plaque (rs2107595; P=0.0022). In both
cerebral and systemic arteries, HDAC9 labeling was seen in nuclei and cytoplasm of vascular smooth muscle cells, and
in endothelial cells. HDAC9 expression was upregulated in carotid plaques compared with left internal thoracic controls
(P=0.00000103). It was also upregulated in aortic and femoral plaques compared with controls, with mRNA expression
increased in carotid compared with femoral plaques (P=0.0038).

Conclusions—Our results are consistent with the 7p21.1 association acting via promoting atherosclerosis, and consistent
with alterations in HDAC9 expression mediating this increased risk. Further studies in experimental models are required
to confirm this link. (Stroke. 2013;44:1220-1225.)

Key Words: atherosclerosis m carotid stenosis m expression experiments m genetics m intima-media thickness

he Wellcome Trust Case Control Consortium 2 chromatin structure and gene transcription.? Although known

(WTCCC2) Ischemic Stroke Study identified a novel
association between a single nucleotide polymorphism (SNP)
on chromosome 7p21.1 and ischemic stroke.! This associa-
tion was present with large artery atherosclerotic stroke but
not with cardioembolic or small vessel stroke.

The most likely underlying gene is histone deacetylase 9
(HDAC9). All SNPs showing an association resided within
a peak between 2 recombination hotspots and encompassed
the tail end of HDACY.! The mechanisms underlying this
association remain uncertain. HDAC9 is a member of a
large family of genes that encode proteins responsible
for deacetylation of histones, and therefore regulation of

as histone deacetylases, these proteins also act on other
substrates and lead to both upregulation and downregulation
of genes. How HDAC9 might increase stroke risk is not clear.
The specific association with large artery stroke would be
consistent with a mechanism via accelerating atherosclerosis
or promoting plaque instability. The HDAC9 protein inhibits
myogenesis and is involved in heart development, but no
specific mechanism that could predispose to pathological
processes in large systemic arteries has yet been reported.’
Alternatively, it could increase risk by altering brain ischemic
responses, and therefore have effects on neuronal survival;
although how this would only predispose to large artery
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stroke is unclear.* HDAC inhibitors have been suggested as a
treatment for ischemic stroke.*

We performed a series of experiments to explore the mech-
anisms underlying the 7p21.1 association with large artery
stroke. First, we determined whether the SNP associated with
large artery stroke was also associated with asymptomatic
carotid plaque and carotid intima-media thickness (IMT) mea-
sured in community populations. Duplex ultrasound imaging
can noninvasively visualize atherosclerotic plaques them-
selves and diffuse thickening of the arterial wall (thickened
IMT), which is an independent predictor of stroke.> Second,
we determined whether HDAC9 was expressed in cerebral
and systemic large arteries. Finally, we determined whether
mRNA expression of HDAC9 was altered in atherosclerotic
plaque using data from the Tampere Vascular Study.®

Methods
Associations With Carotid Plaque and IMT

Associations with carotid plaque and common carotid artery (CCA)
IMT were examined in the Cohorts for Heart and Aging Research in
Genomic Epidemiology (CHARGE) consortium that brings together 5
population-based studies, and 4 additional community-based studies that
had collaborated with the CHARGE consortium in a previous genome-
wide association study (GWAS) of these phenotypes.” All individuals
have GWAS data; these were used to perform a look-up of the SNPs.
Measurements of CCA-IMT were available on 31210 partici-
pants from 9 studies, and of carotid artery plaque on 25179 par-
ticipants from 7 studies. The individual studies were as follows:
Aging Gene-Environment Susceptibility-Reykjavik Study (AGES),
Atherosclerosis Risk in Communities (ARIC) Study, Cardiovascular
Health Study (CHS), Framingham Heart Study (FHS), the Rotterdam
Study I (RS-I), Old Order Amish (Amish) Study, Erasmus Ruchpen
Family (ERF) Study, SardiNIA Study, and Study of Health in
Pomerania (SHIP). For all studies in the meta-analyses, each par-
ticipant provided written informed consent, and the local institu-
tional review board approved the study. Studies contributing to this
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meta-analysis have been described in detail previously’; details are
summarized in Table 1.

Each study evaluated the carotid arteries using B-mode ultrasonog-
raphy and previously described reading protocols.” Data were used
from the baseline examination, or the first examination in which ca-
rotid ultrasonography was obtained. CCA-IMT was typically summa-
rized as the mean of the maximum of several measurements. For most
studies, this was an average of multiple measurements of both the
left and right arteries. All studies measured the far wall, and in addi-
tion, several included the near wall. We also examined atherosclerotic
thickening of the carotid artery wall, defined in 7 of the 9 studies by
either the presence of plaque (ARIC, AGES, ERF, CHS, RS-1, SHIP)
or the proxy measure of stenosis >25% (FHS).

Genotyping and Imputation

The 9 studies used commercial genotyping platforms available from
Illumina and Affymetrix. Each study performed genotyping quality
control checks and imputed =2.5 million polymorphic autosomal
SNPs described in the HapMap Utah residents with ancestry from
northern and western Europe population for each participant using
available imputation methods. Details of individual study genotyp-
ing, imputation, and quality control procedures have been previously
published.

Statistical Analysis Within Studies

Each study independently implemented a predefined GWAS analysis
plan. For the continuous measures of CCA-IMT, we evaluated cross-
sectional associations of log(IMT)and genomewide variation using
linear regression models (or linear mixed effects models, in Amish,
FHS, and ERF to account for family relatedness). For each of the 2.5
million SNPs, each study fit additive genetic models relating genotype
dosage (0-2 copies of the variant allele) with the study trait. For the
dichotomous outcome of plaque, each study used logistic regression
models (or general estimating equations clustering on family to ac-
count for familial correlations in FHS and ERF). In our primary analy-
ses, all studies adjusted for age and sex. Some studies made additional
adjustments, including study site (ARIC and CHS), familial structure
(Amish, FHS, and ERF), or for whether the DNA had been whole ge-
nome amplified (FHS). Full details have been previously published.’

Table 1. Details of the Individual Cohorts in the CHARGE Collaboration

AGES Amish ARIC CHS ERF FHS RS-I SardiNIA SHIP

Characteristics (N=3073) (N=1054) (N=7767) (N=3261) (N=1809) (N=3004) (N=4699) (N=4235) (N=2309)
Age,y 76.4(5.4) 48.1(15.9) 54.3 (5.7) 72.3(5.4)  485(14.5) 58.5(9.7) 68.9(8.70) 43.5(17.5) 61.8 (9.5)
Women, % 57.7% 49.4% 53% 61% 56.5 53.3% 59.3% 56.2% 48.6%
Hypertension, % 80.6% 9.3% 27% 51% 51.4% 40.5% 55.9% 29.1% 72.4%
Diabetes mellitus, % 11.6% 2.1% 8% 12% 6.1% 8.6% 10% 4.8% 10.1%
Current smoker, % 12.6% 9.4% 25% 1% 39.4% 15.6% 23.4% 20.2% 19.2%
Total cholesterol, 217.9 (44.5) 211.3(48.1) 214.7(40.5 213.0(38.9) 214.4(42.6) 2059(39.7) 256.0(46.8) 208.6 (42.1) 234.3(47.9)
mg/dL

HDL cholesterol, 61.0(17.1) 55.7 (14.8) 50.7 (16.8) 55.3(15.8)  49.5(14.1) 51.1(16.1) 51.8(13.9) 64.4(14.9) 55.3(17.8)
mg/dL

Triglyceride, mg/dL 107.0(59.00 74.9(47.1) 136.0(89.5) 140.4(76.4) 118.6(68.1) 142.3(138.6) N/A 87.2(61.4) 177.6(134.9)
BMI, kg/m2 27.1(45) 26.9(4.7) 26.9 (4.7) 26.3 (4.5) 26.8 (4.7) 27.9(5.1) 26.3(3.7) 25.3(4.7) 28.5 (4.6)
Prevalent CVD 21.9% 6.9% 5% 3.1% 10.4% 30.8% 1.7% 8.4%
IMT common carotid 0.97(0.1) 0.74(0.2 0.77 (0.2) 1.03(0.2) 0.82(0.2) 0.74 (0.2) 1.02(0.2) 0.54(0.1) 0.93(0.2)

Numbers in table are mean (SD) or percentage. N in the column headers indicates number of participants with common carotid IMT available. Diabetes mellitus was
defined as fasting blood glucose >125 mg/dL, a random blood glucose of >200 mg/dL, or use of insulin or oral hypoglycemic agents; hypertension was defined as
blood pressure >140/90 mmHg or on antihypertensive medication; current cigarette smoking was defined as self-reported cigarette smoking of >1 cigarette per day
for a year at any attended examination; cardiovascular disease was defined as coronary heart disease, stroke or transient ischemic attack, or congestive heart failure.

AGES indicates Aging Gene-Environment Susceptibility-Reykjavik Study; ARIC, Atherosclerosis Risk in Communities; BMI, body mass index; CHS, Cardiovascular
Health Study; CVD, cardiovascular disease; ERF, Erasmus Ruchpen Family; FHS, Framingham Heart Study; HDL, high-density lipoprotein; IMT, intima-media thickness;

RS-I, Rotterdam Study I; and SHIP, Study of Health in Pomerania.
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Table 2. CHARGE Results of the Association Analyses for the 2 Lead SNPs Tested for CCA-IMT

CCA-IMT SNP Allele 1 Allele 2 Freq1.Z Effect PValue Direction N N_Eff PValue.Z
rs11984041 t c 0.088 0.0077 0.00391 o+ttt —+ 31210 26187.95 0.006243
rs2107595 a g 0.146 0.0065 0.00184 =ttt 31210 27035.76 0.001833

CCA-IMT indicates common carotid artery intima-media thickness; and SNP, single nucleotide polymorphism.

Meta-analysis

We conducted a meta-analysis of beta estimates and SEs from the 9
studies using an inverse-variance weighting approach as implemented
in METAL.? Before meta-analysis, we calculated a genomic inflation
factor ()»gc) for each study to screen for cryptic population substructure
or undiagnosed irregularities that might have inflated the test statis-
tics. Inflation was low, with A <1.09 in all studies. We applied ge-
nomic control to each study whose genomic inflation factor was >1.00
by multiplying all of the SEs by the square root of the study-specific
)»gc. For IMT, we express the association of each SNP and log(IMT)
as the regression slope(f3), its SE(f3), and a corresponding P value.
For the presence of plaque, we calculated a meta-analysis odds ratio,
which represents the increase or decrease in the odds of plaque for
each additional copy of the coded allele of the SNP.

We performed a look-up of 2 SNPs at 7p21.1. The WTCCC2
study found the strongest association with rs11984041, whereas
recent GWAS meta-analysis in 12389 ischemic stroke individuals
and 62004 controls found the strongest association with rs2107595,
which is in linkage disequilibrium with rs11984041.° To account for
the 2 SNPs, we applied a Bonferroni correction and predefined a sig-
nificance level of 0.025.

Immunohistochemistry Studies of HDACY in
Normal Arteries

Expression of HDAC9 was examined by immunohistochemistry in
human large arteries derived from surgical or post-mortem material:
aorta (n=7), internal carotid (n=5), middle cerebral (n=5), and coro-
nary arteries (n=5). Tissues were used with ethical approval via the
UK National Research Ethics Service.

Anti-HDAC? antibodies were rabbit polyclonal, 18970, and 59718
(both Abcam, Cambridge, United Kingdom); 18970 is raised against
the peptide EVPVGLEPISPLDLRT (corresponding to residues 12—
27 of human HDAC9 isoform 1) present in human HDAC9 isoforms
1,3,5,6,7,CRA_g, CRA_i, CRA_j, and 59718 is raised against a pep-
tide corresponding to amino acids 541 to 590 at the C-terminal of
human HDACY isoform 6 that is found in human HDAC9 isoforms
3,6,7,8,9,10, CRA_h, CRA_i, CRA_j.

Other antibodies used for immunohistochemistry were as follows:
CD31(PECAM1), CD45 (leukocyte common antigen; clones 2B11
and PD7/26), and CD68 (clone PG-M1); all mouse monoclonals from
Dako, Ely, United Kingdom; and smooth muscle a-actin (mouse
monoclonal, clone 1A4) and smooth muscle myosin (mouse mono-
clonal, clone h-SMV) from Sigma-Aldrich, Poole, United Kingdom.

Paraffin wax—embedded sections (6 um) were processed for standard
immunohistochemical labeling. Endogenous peroxidase activity was
quenched by H,O, (3% v/v, aqueous solution) for 8 minutes. After
high-pressure heat-induced antigen retrieval (30 s, 125°C, in pH 7.8
Tris-citrate buffer), sections were exposed to primary antibodies.
HDACY primary antibodies ab18970 and ab59718 were applied to
human tissues (1:300) and to pig tissue (1:500) overnight at 4°C.

Antibody labeling was visualized using a peroxidase-conjugated
secondary reagent (Envision kit, K-5007, Dako, Ely, United Kingdom)
and diaminobenzidine chromogen, then counterstained with Mayer’s

hematoxylin. Sections were examined on a Zeiss Axioplan-2 micro-
scope driven by Axiovision software (version 4.7).

Messenger RNA Expression Studies

Carotid, femoral, and aortic atherosclerotic plaques constituting the
intima and inner media were prospectively obtained between 2005
and 2009 from patients fulfilling the following inclusion criteria: (1)
carotid endarterectomy attributable to asymptomatic or symptomat-
ic >70% carotid stenosis, or (2) femoral or (3) aortic endarterectomy
with aortoiliac or aortobifemoral bypass attributable to symptomat-
ic peripheral arterial disease. Whole thickness left internal thoracic
artery samples were used as controls and obtained during coronary
artery bypass surgery. All open vascular surgical procedures were
performed at the Division of Vascular Surgery and Heart Center,
Tampere University Hospital. The study was approved by the local
ethics committee; all patients gave informed consent.

Fresh tissue samples were immediately soaked in RNALater so-
lution (Ambion Inc) and homogenized using an Ultra-Turrax T80
homogenizer (IKA). RNA was extracted with the Trizol reagent
(Invitrogen) and miRNEasy Mini-Kit (Qiagen) with the RNase-Free
DNase Set (Qiagen) according to manufacturer instructions. The
RNA isolation protocol was validated by analyzing the integrity of
the RNA with the RNA 6000 Nano Chip Kit (Agilent).

The expression levels were analyzed with an Illumina HumanHT-12
v3 Expression BeadChip (Illumina). In brief, 300-500 ng of RNA
was reverse transcribed in cRNA and biotin-UTP labeled using the
IluminaTotalPrep RNA Amplification Kit (Ambion), and 1500
ng of cRNA was then hybridized to the Illumina HumanHT-12 v3
Expression BeadChip.

The BeadChips were scanned with the Illuminai Scan system.
After background subtraction, raw intensity data were exported using
the Illumina Genome Studio software. Further data processing was
conducted by means of R language and appropriate Bioconductor
modules. Data were log2-transformed, and robust multichip average
and robust spline normalization (rma_rsn) were used.

Results

Associations With Carotid Plaque and IMT
Both SNPs (rs11984041 and rs 2107595) were associated with
both CCA-IMT (Table 2) and with presence of carotid plaque

(Table 3). The strongest associations were seen for SNPs rs
2107595; CCA-IMT P=0.0018; carotid plaque P=0.0022.

Immunohistochemistry Studies of HDACY in
Normal Arteries

In all arterial beds, strong HDACY labeling was seen in nuclei
and cytoplasm of VSMC, and in endothelial cells, where intact
endothelia were visible (example in Figure 1A). In the medial
layer, a high fraction of cells were labeled (80% to 90%) with

Table 3. CHARGE Results of the Association Analyses for the 2 Lead SNPs Tested for Carotid Plaque

Carotid Plaque SNP Allele 1 Allele 2 Freq1.Z Effect SE PValue Direction N N_eff PValue.Z
rs11984041 t c 0.097 0.1069 0.0374 0.00425 +++—t++ 25179 21616.84 0.002554
rs2107595 a g 0.159 0.0911 0.0298 0.00222 +++++++ 25179 22257.60 0.001395

SNP indicates single nucleotide polymorphism.
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a similar distribution to the VSMC-specific marker smooth
muscle myosin (Figure 1). A minority of medial cells, with
fibroblast-like morphology, were negative for HDAC9 and
smooth muscle myosin, consistent with normal incidence of
structural fibroblasts. Similar results were obtained with the 2
different anti-HDAC9 antibodies used.

Distinct patterns of labeling were observed with primary anti-
bodies to leukocyte common antigen (CD45) and a lysosomal
marker for macrophage/monocytic cells (CD68) at similar titer.
Immunolabeling was absent in adjacent negative control sec-
tions treated without primary antibody (Figures 1 and 2).

Messenger RNA Expression Studies

Gene expression was analyzed from 29 carotid, 15 abdomi-
nal aorta, 24 femoral plaques, and 28 atherosclerosis free left
internal thoracic artery controls. Demographics and American
Heart Association plaque grading'® for the different plaques
are shown in Table 4.

HDACY expression was upregulated in carotid plaques
compared with left internal thoracic artery controls.
(P=0.00000103; fold change [FC]=3.06). It was also upreg-
ulated in aortic plaques (P=0.0038; FC=1.76) and femoral
plaques (P=0.038; FC=1.57) compared with controls. HDAC9

Markus et al HDAC9 and Atherosclerosis 1223

Figure 1. Immunohistochemical labeling of
histone deacetylase 9 (HDAC9) in human
middle cerebral artery. Post-mortem
sample of human middle cerebral artery
labeled for HDAC9 (A) or with no primary
antibody (B). A, Cellular HDAC9 immuno-
reactivity (brown) is evident in endothelial
cells (examples marked with arrows) and in
myoctes within the medial layer (examples
marked with arrowheads). B, Labeling was
absent from neighboring sections treated
identically but with no primary antibody.
Scale bars=20 pm.

mRNA expression was greater in carotid compared with
femoral plaques (P=0.0038; FC=1.76), although there was
no significant difference between carotid and aortic plaques
(P=0.90; FC=1.19).

Discussion

Our results show the 7p21.1 locus, previously associated with
large artery stroke, is associated with asymptomatic carotid
plaque and carotid IMT in community populations. This is
consistent with a mechanism related to acceleration of the pro-
gression of atherosclerosis. HDACY is the most likely gene
underlying this association. Consistent with this, we dem-
onstrated that HDACO is expressed in VSMC and endothe-
lium of healthy human adult large arteries, including cerebral
and systemic arteries. A similar pattern was obtained with 2
antibodies raised against 2 nonoverlapping HDAC9-specific
sequences. Consistent with a role in atherosclerosis, we found
increased expression of HDAC9 mRNA in carotid atheroscle-
rotic plaques.

Although canonical HDACs are ubiquitously expressed,
Class IIa HDACs (including HDAC9) have more restricted
expression. Expression in heart, pancreatic islets, spinal cord,
and brain of mouse embryos has been demonstrated, and

Figure 2. Immunohistochemical labeling of
histone deacetylase 9 (HDAC9) in human
aorta. Cellular HDAC9 immunoreactiv-

ity (brown) in adult human aorta (A) was
absent from a neighboring negative control
section (B). C, Higher magnification shows
HDACS in vascular smooth muscle cells
(VSMC; arrowheads) and endothelial cells
(arrows). In VSMC, a similar pattern of
labeling is seen with smooth muscle myo-
sin (SMM; D). Hematoxylin counterstain
(blue) labels nuclear chromatin. Scale bars,
100 pm (A and B); 20 um (C and D).

E20m_,
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Table 4. Demographics, Risk Factors, and AHA Plaque Class of Plaques From Different Vascular Beds

Carotid Plaque Aortic Plaque Femoral Plaque Control Arteries All
N 29 15 24 28 96
Age (median), y (SD) 70 (9.5) 61.0(10.8) 76.0 (9.4) 69.0 (9.6) 69.0 (10.2)
Men, % 62.1 73.3 70.8 82.1 71.9
Body mass index (median), kg/m? (SD) 25.6 (3.4) 25.9(4.2) 26.7 (4.3) 28.2(5.1) 27.0 (4.9
Dyslipidemia, % 75.9 46.7 70.8 85.7 729
Statins, % 100.0 40.0 62.5 82.1 76
Hypertension, % 79.3 80.0 87.5 100.0 87.5
Blood pressure medication, % 82.8 80.0 79.2 92.9 84.4
History of smoking % 65.5 100.0 70.8 64.3 719
AHA Class V-VI, %, of the atherosclerotic arteries 82.8 73.3 62.5 NA 74.6

AHA indicates American Heart Association.

human tissue lysates for HDAC9 mRNA show high expres-
sion in skeletal muscle and brain. There are reports of HDAC9
protein expression using immunohistochemical labeling in
cerebral medulloblastoma tumors (using one of the antibod-
ies we used, ab59718)"" and in teeth, using a different anti-
body.!?> We have been unable to find published data on HDAC9
expression in human blood vessels.

Since its discovery as a risk factor for stroke, a recent very
large GWAS meta-analysis in 63 746 coronary artery disease
cases and 130681 controls has found an association of the
7p21.1 locus with coronary artery disease but with a much
smaller effect size'®; the odds ratio was 1.09 compared with
1.42 with large artery stroke in WTCCC2.! This suggests
this locus predisposes to large artery disease in the carotid
arteries to a much greater extent than to coronary artery dis-
ease. Interestingly, we found HDAC9 mRNA expression was
greater in carotid compared with femoral plaques. How such a
risk factor would preferentially increase risk of carotid plaque
is uncertain. One possible factor is flow-dependent mecha-
nisms dependent on local anatomy; local hemodynamic fac-
tors, and the anatomy of the carotid bifurcation, are known to
be related to early atherosclerotic changes.'*

Taken together, our results are consistent with the 7p21.1
locus acting as a risk factor for atherosclerosis. Such an asso-
ciation with large artery stroke could be via increasing plaque
development, or by mechanisms that result in plaque instabil-
ity and increase the risk of subsequent thromboembolism, the
major cause of stroke in large artery disease. The association
with asymptomatic carotid plaque, plaques that have not yet
become unstable and symptomatic, would support the former
mechanism. We also found an association with carotid IMT,
consistent with increased risk occurring at the earlier stages of
plaque formation. Increased carotid IMT is believed to occur
with both early atherosclerosis and also vascular remodeling. '

HDACS catalyze removal of acetyl groups from e-amino
groups of lysine residues in a variety of proteins. HDACs have
been studied mainly in the context of chromatin, where they
serve an epigenetic function by deacetylating nucleosomal
histones and altering the electrostatic properties of chromatin
leading to gene repression. However, it is now recognized
that HDACs deacetylate many nonhistone proteins, and are
therefore also referred to as lysine deacetylases.'® There are
18 HDAC:s that are encoded by different genes and grouped

into 4 classes on the basis of similarity to yeast transcriptional
repressors.”” HDAC9 is a member of the class Ila HDACs.
The class Ila HDACs interact with members of the myocyte
enhancer factor-2 transcription factor family,'"® which
are regulators of VSMC proliferation. Given the VSMC
expression of HDACY, increased risk of large-vessel disease
could be via promotion of atherosclerosis as a consequence of
MDAC9-mediated increased VSMC proliferation, an action
impeded by HDACY inhibition in vitro."” HDAC inhibitors
also have been shown to reduce proinflammatory cytokine
expression, which has been implicated in atherosclerosis.!”
The antiepileptic drug sodium valproate has nonspecific
HDAC inhibitory properties and has been shown to inhibit
atherosclerosis in animal models.® Intriguingly, sodium
valproate therapy in man has been associated with lower
stroke and myocardial infarction rates compared with other
antiepileptic drugs.?' Specific inhibitors to a variety of HDACs
are currently being developed and might offer potential in
stroke and cardiovascular prevention."”

The 2 HDAC9 SNPs we assessed for association with IMT
were those most strongly associated previously with large
artery stroke.' They are in close linkage disequilibrium; in
the 1000 genomes European ancestry individuals, linkage
disequilibrium measures between the 2 SNPs are R’=0.568,
D-prime=0.936. Both are likely to be markers for an as-yet-
unknown functional variant.

There are potential limitations to this study. Not all patients
in whom IMT was measured had carotid plaque measured
also. However, this would have tended to reduce power to
detect association with plaque, and we found such an asso-
ciation. The CHARGE consortium includes several different
populations, which introduces heterogeneity; therefore, we
analyzed using a meta-analysis approach, and the associations
we found were consistent across almost all populations (Table
2). In the mRNA expression studies, we used relatively small
sample sizes, although we were still able to detect upregula-
tion of HDACD in atherosclerotic plaque.

In conclusion, our results are consistent with the 7p21.1
association, which has previously been associated with symp-
tomatic large artery stroke, acting via alterations in HDAC9
expression promoting atherosclerosis. Further studies in
experimental models are now required to prove this associa-
tion is indeed mediated via accelerated carotid atherosclerosis.
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Abstract

Genome-wide association studies (GWAS) have begun to identify the common genetic component to ischaemic stroke (IS).
However, IS has considerable phenotypic heterogeneity. Where clinical covariates explain a large fraction of disease risk,
covariate informed designs can increase power to detect associations. As prevalence rates in IS are markedly affected by
age, and younger onset cases may have higher genetic predisposition, we investigated whether an age-at-onset informed
approach could detect novel associations with IS and its subtypes; cardioembolic (CE), large artery atherosclerosis (LAA) and
small vessel disease (SVD) in 6,778 cases of European ancestry and 12,095 ancestry-matched controls. Regression analysis to
identify SNP associations was performed on posterior liabilities after conditioning on age-at-onset and affection status. We
sought further evidence of an association with LAA in 1,881 cases and 50,817 controls, and examined mRNA expression
levels of the nearby genes in atherosclerotic carotid artery plaques. Secondly, we performed permutation analyses to
evaluate the extent to which age-at-onset informed analysis improves significance for novel loci. We identified a novel
association with an MMP12 locus in LAA (rs660599; p=2.5x10"7), with independent replication in a second population
(p=0.0048, OR(95% Cl)=1.18(1.05-1.32); meta-analysis p=2.6x10"%). The nearby gene, MMP12, was significantly
overexpressed in carotid plaques compared to atherosclerosis-free control arteries (p=1.2x10""%; fold change =335.6).
Permutation analyses demonstrated improved significance for associations when accounting for age-at-onset in all four
stroke phenotypes (p<<0.001). Our results show that a covariate-informed design, by adjusting for age-at-onset of stroke,
can detect variants not identified by conventional GWAS.
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Introduction

Genome-wide association studies (GWAS) in ischaemic stroke
have begun to identify the common genetic variants that confer
risk of the disease. However, there is considerable heterogeneity
present in stroke phenotypes: GWAS analyses have primarily
looked at the three main subtypes; cardioembolic (CE), large
artery atherosclerosis (LAA) and small vessel disease stroke (SVD).
Within these subtype analyses, numbers of cases are smaller, but
the expectation is that the effects of SNPs identified within the
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subtypes will be considerably larger. Indeed, all validated GWAS
SNPs for ischaemic stroke to date have been stroke subtype-
specific [1,2,3,4,5], indicating the importance of subtyping of
cases.

Clinical risk factors are important in stroke; as many as 77% of
first-ever stroke patients are hypertensive [6], and other factors
such as diabetes mellitus and elevated serum cholesterol confer a
considerable proportion of disease risk [7]. These risk factors
increase in prevalence in older age groups, suggesting older stroke
patients may have a reduced stroke-specific genetic contribution.
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Author Summary

Ischaemic stroke places an enormous burden on global
healthcare. However, the disease processes that lead to
stroke are not fully understood. Genome-wide association
studies have recently established that common genetic
variants can increase risk of ischaemic stroke and its
subtypes. In this study, we aimed to identify novel genetic
associations with ischaemic stroke and its subtypes by
addressing the fact that younger onset cases may have a
stronger genetic component, and using this information in
our analyses. We identify a novel genetic variant on
chromosome 11 (rs660599), which is associated with
increased risk of large artery stroke. We also show that
MRNA expression of the nearest gene (MMP12) is higher in
arteries with the disease process underlying large artery
stroke (atherosclerosis). Finally, we evaluate our novel
analysis approach, and show that our method is likely to
identify further associations with ischaemic stroke.

Indeed, IS is uncommon in individuals below middle age, but
increases greatly in prevalence beyond the age of 65 [8], with a
lifetime risk of 1 in 5 for women and 1 in 6 for men [9].

Under the assumptions of the liability threshold model, the low
prevalence of IS in younger age ranges suggests that individuals
who do suffer strokes in this age group are likely to have an
increased genetic predisposition. This is supported by family
history data; with stronger family history seen in younger onset
cases [10,11,12], and twin studies [13], which suggest that early
onset cases may have higher heritability. We recently showed
stronger effects for all stroke-associated SNPs in younger age
groups, found evidence genome-wide that a significant number of
SNPs show stronger association p-values when the oldest cases are
removed, and showed increased pseudoheritability estimates for
younger onset cases in certain stroke subtypes, thereby supporting
this hypothesis [14]. However, the question of how best to
integrate this information into GWAS analyses of ischaemic stroke
remains unanswered. Previous GWAS have analysed younger
subsets of ischaemic stroke cases [1,15], but this approach may not
be optimal for existing GWAS datasets if the increase in odds
ratios for SNPs in younger cases are not sufficient to justify
discarding a large proportion of the ascertained cases. All previous
young onset analyses have been restricted to all ischaemic stroke
cases versus controls; this may be particularly relevant given that
all known loci for ischaemic stroke to date are for stroke subtypes
[16].

A recent publication [17], outlined a novel method of
informing genetic association analyses on important clinical
covariates. Using the liability threshold model in conjunction
with estimates of disease prevalence for individuals with specific
clinical covariates, the method estimates posterior disease
liabilities for each individual in a GWAS, and uses these
liabilities in regression analyses to test for association with
genome-wide SNPs. This approach avoids issues due to multiple
testing across age-at-onset thresholds, and provides a simple
solution that is rooted is previous epidemiological research. In
the present study, we extend the clinical covariate informed
analysis approach to imputed genotypes, informing our analyses
on the age-at-onset to identify novel variants associated with IS.
We perform a genome-wide analysis with four stroke pheno-
types (IS, CE, LAA, SVD), and then determine the utility of the
approach in ischaemic stroke GWAS, testing whether SNPs
increase in significance.

PLOS Genetics | www.plosgenetics.org
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Results

Association analysis

We performed age-at-onset informed association analysis for a
total of 6,778 ischaemic stroke cases and 12,095 controls across
four ischaemic stroke phenotypes; all IS and the three major
subtypes: CE, LAA, and SVD (Table 1); with 1,637, 1,316, and
1,108 cases in the CE, LAA and SVD analyses respectively. With
the exception of the young Milanese cohort, the age-at-onset
distributions were similar in all cohorts (Table S3).

We identified a group of twenty SNPs proximal to MMP3 and
MMPI12 on chromosome 11 in the LAA subtype that met our
criteria for replication. The strongest associated of these was
15662558 (p = 1.4x1077), a SNP that is in 1000 Genomes, but not
HapMap II. Therefore, to enable replication in existing METAS-
TROKE datasets, which were imputed to HapMap II, we selected
the most strongly associated SNP from the HapMap II panel,
which was in perfect LD with the lead SNP in our discovery meta-
analysis  (rs660599: uninformed, p=1.6x10"°% informed,
p=2.5x10"7; Figure 1) [16]. We found no evidence of
between-study heterogeneity at either SNP (Cochran’s Q
p=0.22 and p=0.19 for rs662558 and rs660599, respectively).
The evidence of an age-at-onset effect at rs660599 was p=10.011
(from permutations). We calculated age-at-onset quartiles for all
large artery stroke cases from the discovery cohorts, and used these
to evaluate this region at different age-at-onset thresholds. The
median age-at-onset was 71 years, and the interquartile range was
between 61 and 78 years. Post-hoc analyses of rs660599 in the
discovery cohorts using logistic regression (full details in Text S2)
showed considerably stronger associations in younger age-at-onset
quantiles (Q1; OR(95% CI)=1.83 (1.46-2.30), Q1-Q2; 1.56
(1.33-1.83), Q1-0Q3; 1.30 (1.14-1.49), Q1-0O4; 1.30 (1.15-1.46)).

No other regions met our criteria for replication.

Replication analysis

The associated locus was evaluated in a further 1,881 large artery
stroke cases and ancestry matched controls in 9 cohorts from
METASTROKE (Table 2). We found evidence for replication of
the SNP (rs660599) in all large artery stroke cases of European
Ancestry (p=0.0048, OR(95% CI)=1.18(1.05-1.32)). Combining
this result with the discovery p-value gave a genome-wide significant
p-value of 2.6x10™% (Table 3). Secondly, we used the Han and
Eskin random effects meta-analysis approach to evaluate the
association [18] after including a further 355 cases and 1,390
controls of Pakistani ancestry. The evidence for replication in this
sample was p = 0.0063, giving an overall p-value of 3.4x10~%. Age-
at-onset information was available across all age-at-onset quantiles
for a subset of the replication studies (1,240 cases, 9,238 controls;
ASGC, HVH, ISGS/SWISS, MGH-GASROS, Utrecht). We
evaluated the SNP (rs660599) in these studies at different age-at-
onset quantiles using logistic regression, meta-analysing as previ-
ously. We again found the strongest effects in the youngest age
quantile, consistent with a stronger effect in younger onset cases
(Ql; OR(95% CI)=1.27(1.02-1.57), Q1-Q2; 1.18(1.00-1.39),
Q1-Q3; 1.22(1.05-1.40), Q1-Q4; 1.22(1.07-1.41)).

MRNA expression in carotid plaques

mRNA expression of the two proximal genes, MMP3 and
MMP12 was analysed from 29 carotid, 15 abdominal aorta, 24
femoral plaques, and 28 atherosclerosis free left internal thoracic
artery controls. MMPI2 expression was upregulated in carotid
plaques compared with left internal thoracic artery controls
(P=1.2x10""; fold change [FC] = 335.6). It was also upregulated
in femoral plaques (P=3.2x10""* FC =306.0) and abdominal
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plaques (P=5.0x10"""; FC=399.3) compared with controls.
Clonversely, MMP3 was not significantly overexpressed in carotid,
femoral or abdominal plaques versus controls (p>0.05).

Regulatory information from ENCODE

Eight SNPs were identified that were perfect proxies (r>=1)
with the associated SNP (rs660599) in the region. Seven of the
SNPs were in an intergenic region between MMP3 and MMP12,
while one fell within an intron of MMPI12. We investigated the
evidence that any of these SNPs are functional variants using
RegulomeDB [19]. Of the eight SNPs, we found strong evidence
that one of these SNPs (rs586701) affects binding. The SNP
overlaps both CHIP-seq and DNA-seq peaks from ENCODE

analyses, indicating that there is open chromatin in the region, and

Table 1. Sample size of discovery populations.

Study Population IS CE LAA SVD Controls
Belgium - Immunochip 396 147 57 49 319
Germany-Immunochip 421 127 101 - 2,355
Krakow — Immunochip 384 119 33 28 255
Sweden - Immunochip 796 246 56 183 997
UK - Immunochip 867 130 152 257 1,790
Germany — WTCCC2 1,174 330 346 106 797
UK - WTCCC2 2,374 474 498 460 5,175
Milano 366 64 73 25 407
Total (Discovery) 6,778 1,637 1,316 1,108 12,095
IS, all ischaemic stroke; CE, cardioembolic stroke; LAA, large artery stroke; SVD, small vessel disease.

doi:10.1371/journal.pgen.1004469.t001

therefore that the SNP is likely to be functional. There is also
evidence from a separate CHIP-seq analysis that the SNP affects
protein binding [20], and evidence from multiple sources that the
SNP overlaps a predicted motif [21,22,23]. Histone modifications
were observed in CHIP-seq experiments from ENCODE in a
number of cells types, including Human umbilical vein endothelial
(Huvec) cells. Two other SNPs (rs17368582, rs2276109) in
moderate LD with the associated SNP (r?=0.64) have been
previously shown to directly influence MMP12 expression by
affecting the affinity of an AP-1 binding site in the MMPI2
promoter region [24,25]. Using RegulomeDB, we found further
evidence from ENCODE that one of these SNPs (rs2276109) is
indeed functional, giving evidence that the associated locus in this
analysis is likely to affect MMPI2 expression through altered

Plotted SNPs: 1] 11118910000 W 100 00000 0RO H00 0 000N D 00 000000 0 0 A O OO OO O
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Figure 1. LocusZoom plot of MMP12 association using age-at-onset informed approach. SNPs are colored based on their correlation (r?)
with the labeled top SNP, which has the smallest P value in the region. The fine-scale recombination rates estimated from 1000 Genomes (EUR) data
are marked in light blue, with genes marked below by horizontal blue lines. Arrows on the horizontal blue lines show the direction of transcription,
and rectangles are exons. SNP p-values are from the discovery meta-analysis only with the exception of rs660599, for which the given p-value
indicates the overall evidence for association from the discovery and replication cohorts.

doi:10.1371/journal.pgen.1004469.g001
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Table 2. Sample size of replication populations.
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Study Population LAA (age<61) LAA (age<71) LAA (age<78) LAA (all ages) IS Controls
ARIC = = = 31 385 8,803
ASGC 81 179 277 421 1,162 1,244
deCODE = = = 255 2,391 26,970
GEOS - - - 37 448 498
HVH 18 39 63 71 566 2,072
ISGS/SWISS 84 130 179 217 1,070 1,370
MGH-GASROS (Affymetrix) 31 60 79 102 485 3,030
MGH-GASROS (lllumina) 22 47 59 68 296 377
PROMISe 134 230 301 324 556 1,145
RACE - - - 355 1,390 5,308
Total (Replication) 370 685 958 1,881 8,749 50,817

doi:10.1371/journal.pgen.1004469.t002

transcription. Detailed results for all analysed SNPs are given in
Table S1. Additionally, we investigated if these SNPs (rs17368582,
2276109, rs586701) were associated with MMP12 expression in
tissues from the GTEx project [26]. However, we could not
confirm an association with MMP12 expression in any relevant
tissues (p>0.4 in whole blood, tibial artery, aortic artery).

Evaluation of age-at-onset informed approach

Finally, we evaluated the overall utility of the age-at-onset
informed approach in permutation analyses for SNPs that met p-
value thresholds in the case control discovery data set. We
generated 1000 permutations of age-at-onset within each centre,
and performed age-at-onset informed analysis and subsequent
meta-analysis for these SNPs, in the relevant stroke subtype.

We compared the sum of the meta-analysis Z scores from all
SNPs with p<0.05 in the observed age at onset informed meta-
analysis with those from permutations. At this p-value selection
threshold, we found strong evidence (p<<0.001) for genome-wide
age-at-onset effects in each of the stroke phenotypes, with
consistently increased summed Z scores in the observed age-at-
onset informed meta-analysis compared to the permutations
(Figure 2, red points, right hand axis). These results suggest that
many of the risk variants for each stroke subphenotype have a
higher frequency in younger onset cases. As the p-value selection

atherosclerotic stroke and all ischaemic stroke.

LAA, large artery stroke; IS, all ischaemic stroke; ARIC, the Atherosclerosis Risk in communities study; ASGC, the Australian Stroke Genetics collaboration; deCODE,

deCODE genetics; GEOS, the Genetics of early onset stroke study; HVH, the heart and vascular health study; ISGS/SWISS, the Ischaemic stroke genetics study/Siblings
with Ischaemic stroke study; MGH-GASROS, Massachusetts General Hospital — Genetics affecting stroke risk and outcome; PROMISe, Prognostic modeling in ischaemic
stroke study [55]; RACE, Risk Assessment of Cerebrovascular Events study. For further details of these populations please see the original METASTROKE publication [16].

threshold decreased, the summed Z score statistic became less
significant in each stroke type, possibly reflecting lower overall
power when fewer SNPs are included, even as these SNPs may
have larger average effects. Further details are seen from the
median proportion of SNPs more significant in the age-at-onset
informed analysis than in the permutations (Figure 2, blue points,
left hand axis). For CE and LAA stroke, the proportions increased
with more stringent p-value thresholds (from 52.1% to 56.3% for
p<<0.05 and p<<0.00005 thresholds in CE, and from 51.4% to
56.0% for p<<0.05 and p<<0.00005 thresholds in LAA). Interest-
ingly, in the all ischaemic stroke analysis the median proportion of
SNPs more significant in the observed results than permutations
dropped from 55.1% for SNPs with p<<0.05 to 49.2% for only
SNPs with p<<0.00005. This result may indicate a reduced
proportion of true associations at stricter p-value thresholds for all
ischaemic stroke compared to the subtypes, which is consistent
with the observation that all common variants associated with
stroke are for stroke subtypes, rather than for the phenotype of all
ischaemic stroke [16].

The previously reported GWAS associations from a recent
ischaemic stroke meta-analysis (9p21, HDACY, PITX2, ZFHX3)
were all found to be more significant using the age-at-onset
informed approach than the uninformed analysis (Figure 3). The
increase in significance ranged from over half an order of

Table 3. Evidence for association of A allele of rs660599 (chromosome 11; Base position 102,234,967) with large artery

OR (95% CI) (EUR p-value (EUR p-value (ALL

Subtype SNP RAF p-value (discovery) replication) replication, overall) replication, overall)
LAA rs660599 0.19 2.5.x1077 1.18 (1.05-1.32) 0.0048, 2.6x10 8 0.0063, 3.4x10°8

IS “ “ 32x107* 1.05 (1.00-1.11) 0.050, 1.9x10™* 0.098, 3.6x10°*

CE " “ 0.13 - - -

SVD “ “ 0.30 - - -

replication centre are given in Figures S3, S4.
doi:10.1371/journal.pgen.1004469.t003

PLOS Genetics | www.plosgenetics.org

LAA, large artery stroke; IS, all ischaemic stroke; SNP, single nucleotide polymorphism; RAF, risk allele frequency; OR, odds ratio; 95% Cl, 95% confidence interval; EUR,
meta-analysis in individuals of European ancestry alone; ALL, trans-ethnic meta-analysis of all individuals. Forest plots of effect sizes and standard errors for each

July 2014 | Volume 10 | Issue 7 | 1004469



CE
_ o
(52}
e}
g m
pd )
) - Q3
Y ©
o >
c - L"?&
g 22
=4
L 2o
3 =0
8 O
e}
e g - S
=)
L ©
T T T 1 ©
0.05 5e-3 5e-4 5e-5
P-value selection threshold
SVD
o
—-o -2
3
- T o}
g < B
z . )
o
o g - S3
o o >
c L Lo
o S
= o
T o) o
S = . D
g8 ©° -3
e 1
o}
o 3 - S
o
L ©
o

0.05 5e-3 5e-4 5e-5

P-value selection threshold

MMP12 and Large Artery Atherosclerotic Stroke

LVD
-0 - <
o \D )
© A 0
e ° \ I«
pd N )
o
w9 - S
[rop o=
5 o Y
c - { - 2o
I T R Tt S 2
_ =
8_ o o) <3
= 0
< I~ o
o
L ©
I T I 1 e
0.05 5e-3 5e-4 5e-5
P-value selection threshold
IS
o
-0 o oo
3
s [Te)
g ° o
pd 7] o ®
& g Kk
5 S |s g
2 1 \§ L 03
R Jooof 28
_ | o5
8_ (=} \ -0
=S R N o
< - o
o
L o
o

0.05 5e-3 5e-4 5e-5

P-value selection threshold

Figure 2. Evaluation of evidence genome-wide for SNPs exhibiting greater significance using the age-at-onset informed approach
compared to permutations. -log10(p value) from permutations for evidence of age-at-onset effect at given SNP p-value selection threshold
shown in red; median proportion of SNPs (with IQR) more significant in observed age-at-onset informed meta-analysis compared to permutations
shown in blue; horizontal line at p=0.05 in red; horizontal line at median proportion of SNP=0.5 in blue; IS, all ischaemic stroke; CE, cardioembolic
stroke; LAA, large artery atherosclerotic stroke; SVD, small vessel disease. See Table S5 for number of SNPs included at each p-value selection

threshold.
doi:10.1371/journal.pgen.1004469.9002

magnitude (7.9x1077 to 1.5x1077 for rs879324 in ZFHX3,
CE), to under half an order of magnitude (5.7x1077 to
2.5x1077 for rs2107595 in HDACY, LVD). To ensure these
analysis methods were comparable, we calculated genomic
inflation factors and plotted QQ-plots. These were similar in
the standard and the age-at-onset informed approach (Table
S4, Figure S1, S2). For these four associated SNPs, we further
used the permuted data sets to assess the observation of
increased significance in the age-at-onset informed analysis.
We compared the observed meta-analysis p-value to those
from the permutations, generating an empirical p-value by
dividing the number of permutations more significant than the
observed results by the number of permutations. In LAA
stroke, we observed a significant age-at-onset effect (p =0.018,
0.011 and 0.002 for the HDACY, MMPI2 and 9p21-
associated SNPs in Figure 3, respectively). Similarly, for CE,
we observed a significant age-at-onset effect for rs879324
(ZFHX3, p=0.026), and a near-significant effect in rs6843082
(PITX2, p=10.081). This result provides further evidence that
risk variants associated with ischaemic stroke subtypes have a
stronger role in younger onset cases, and suggests that the age-
at-onset informed approach will produce improved signifi-
cance when the magnitude of genetic effects are stronger in
younger onset cases.

PLOS Genetics | www.plosgenetics.org

Discussion

We used a large GWAS dataset to evaluate the utility of an age-
at-onset informed analysis approach to ischaemic stroke, and to
identify novel variants associated with ischaemic stroke pheno-
types. We identified a novel MMP12 locus that is associated with
large artery atherosclerotic stroke, and verified that the age-at-
onset informed approach produces improved significance for loci
associated with each of the stroke phenotypes studied, as well as
demonstrating that it increased the significance of four previous
GWAS associations with ischemic stroke, all without systematic
inflation of the test statistic. Importantly, the novel associated SNP
would not have been identified using a standard logistic regression
framework.

We identified a group of SNPs proximal to Matrix Metallo-
proteinase 12 (MMP12) that showed increased significance when
using the age-at-onset informed approach. The increase in
significance from the equivalent uninformed analysis was of
almost an order of magnitude (from p=1.6x10"° to
p=2.5x10"" for rs660599). We took a single SNP from this
region forward for replication in an independent dataset, finding
further evidence that the region is associated with large artery
stroke. Two SNPs (rs17368582, rs2276109) in this LD-block have
previously been shown to directly influence MM P12 expression by
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affecting the affinity of an AP-1 binding site in the MMPI12
promoter region [24,25], and another variant in this block
(rs17361668) is associated with increased fibrinogen levels, leading
to an increased risk of developing advanced carotid atherosclerotic
lesions, and an increased risk of myocardial infarction. We
identified a second functional candidate (rs586701), which falls
within both CHIP-seq and DNA-seq peaks from ENCODE, and is
in complete LD with the associated SNP in our analysis.

We investigated mRNA expression of MMP12 and MMP3 in
carotid atherosclerotic plaques in individuals from the Tampere
Vascular Study. MMPI2 was overexpressed in diseased tissue
compared to healthy controls, while no significant difference was
found for the other nearby gene, MMP3. MMP1I12 is a member of
the Matrix Metalloproteinase (MMP) family of proteases, which
are capable of degrading extracellular matrix proteins, and have a
prominent role in atherosclerosis. They are thought to promote
macrophage invasion [27,28,29], promote angiogenesis [30], and
show increased activity in atheromatous plaques [31]. MMP12
deletions are associated with smaller, more stable lesions in the
brachiocephalic artery of rabbits [32], and reduced elastin
degradation in the aortic arch [33], indicating that MMPI12
may have a role in destabilising plaques. Studies in humans have
found MMP12 is localized to the core of advanced plaques, in
macrophages with decreased arginase-I expression [34], that
MMP12 localizes selectively to macrophages at the borders of the
lipid core [35], and that MMP1I12 is significantly overexpressed in
ruptured plaques when compared with thick or thin cap plaques,
or with plaques with pathological intimal thickening [36]. This
indicates that MMP12 is likely be involved in late-stage plaque
instability: our study suggests that genetic variation impacts on this
process.

Secondly, we performed extensive permutation analyses to
assess the utility of the age-at-onset informed approach genome-
wide. In each phenotype studied we found evidence that SNPs
were more strongly associated using the approach than would be

PLOS Genetics | www.plosgenetics.org

expected by chance, indicating that multiple risk variants are likely
to be more common in younger onset cases. The significance was
strongest when more SNPs were included in the analysis, which
likely reflects the cumulative impact of age-at-onset effects on
many SNPs. An alternative explanation might be that the
increased significance for lower p-value thresholds is the result of
the cumulative effects of subtle confounding. However, this is
unlikely because any subtle biases will also be present in the
permutations, and should therefore not affect the significance of
the results. This result supports observations from family history
and prospective cohort studies, which have observed stronger
effects in younger onset cases [6,11]. Furthermore, all known
associations with stroke were more significant using the age-at-
onset informed approach. The increase in significance was around
half an order of magnitude (e.g from p=7.9x10"" to 1.5x107°
for ZFHX3, Figure 2), and was significant in all but one locus, as
assessed by permutation. Taken together, these results indicate
that age-at-onset is an important measure to stratify stroke cases,
and show that, as expected by theory [17], integrating this
information into association studies is likely to increase power to
identify novel loci when the relative contribution of genetic is
dependent on age-at-onset.

Our study has limitations. We used imputed data from the
Immunochip platform, meaning we only had access to ~40% of
the genome across all centres. Secondly, cases were drawn from a
number of international centres, meaning that despite efforts to
standardize phenotyping, we cannot rule out differences in
screening and clinical ascertainment.

Of complex diseases, IS has a particularly large degree of
heterogeneity, exemplified by the fact that all validated associa-
tions identified to date have been within subtypes defined by
clinical and radiological information. Further heterogeneity by risk
factor and clinical covariate profiles is likely to exist, but the
optimal method of incorporating this information into analyses
remains an unanswered question. Our results indicate that a
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covariate-informed design, conditioning on age-at-onset of stroke,
can unearth further associated variants. We provide evidence for
this by identifying an association with a novel MMPI12 locus in
large artery stroke, supported by increased mRNA expression of
the implicated gene in carotid plaques. GWAS in ischaemic stroke
have begun to identify the genetic component of the disease, but
these results are not yet clinically useful. Our study suggests that a
more refined approach to analysis of genetic data, incorporating
covariate information, is an important step in this process, and will
help to ensure success in future GWAS.

Materials and Methods

Ethics statement
All studies were approved by their local ethics committees; all
patients gave informed consent.

Description of datasets

The initial dataset consisted of 6,778 ischaemic stroke cases of
European ancestry and 12,095 ancestry-matched controls from
the Wellcome Trust Case-Control Consortium II project in
ischaemic stroke [1], as well as a cohort from Milan, Italy [16].
These included 2,858 cases and 5,716 matched controls genotyped
using the Immunochip platform; and 3,940 cases genotyped using
either the Illumina 610 k or 660 k platforms matched with 6,379
controls genotyped on the Illumina Human 1.2M Duo (UK),
Illumina Human 550 k (German) and Illumina 610 k platforms
(Italian) (Table 1). The Immunochip cases were described in the
previous WTCCC2 ischaemic study, where they formed the
replication effort [1], as well as in a recent paper [37]. Genotyping
of the five Immunochip case cohorts on the commercially available
Immunochip array (Illumina, San Diego, CA, USA) was
performed at the Sanger Centre, Hinxton, Cambridge UK.
Swedish controls were provided and genotyped by the Swedish
SLE network, Uppsala, Sweden. Belgian control samples were
provided through the efforts of the International Multiple Sclerosis
Genetics Consortium (IMSGC). German controls were derived
from the PopGen biobank, [38]. UK controls were derived from
the 1958 Birth cohort. Any of the 1958 Birth controls overlapping
with those from the WTCCC2 datasets, as assessed by IBD
estimates, were removed prior to analysis. Standard quality control
procedures were undertaken on all centres, before centre-wise
imputation to the 1000 Genomes phase 1 integrated variant set
(March 2012), using IMPUTE v2.2.0 [39,40]. SNPs with poor
imputation quality (info<<0.3) or low minor allele frequency
(MAF<0.01) were discarded.

Ischemic stroke was defined as a typical clinical syndrome with
radiological confirmation; ascertained cases were classified into
individual stroke subtypes using the Trial of Org 10172 in acute
stroke (TOAST) criteria in all centres [41]. Age-at-onset was
defined as age at first hospital admission for stroke; where this
information was unavailable, age at blood draw was used (7.3% of
cases). The age-at-onset and gender distributions of the popula-
tions are given in Table S3. Age-at-onset quantiles were calculated
from all the cases from the discovery datasets in the four stroke
phenotypes (all IS and the three stroke subtypes: CE, LAA, SVD)
and these were used to evaluate associated loci at different age-at-
onset thresholds.

Association analysis

The prevalence of ischaemic stroke by age was obtained from a
recent publication [9]; gender-specific estimates were averaged,
and prevalences within each of the stroke subtypes were assumed
to be approximately 20% of the overall total, similar to
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proportions seen in population-based studies [42]. We modeled
phenotype data using a continuous unobserved quantitative trait
called the disease liability, which we used to approximate the
effect of age-at-onset on the liability scale, based on estimates of
ischaemic stroke prevalence by age from epidemiological data
(full details in Text S2). We developed two models for our
analysis; one based on the prevalence rates for all ischaemic
stroke cases, and secondly for the three stroke subtypes. We used
these models to calculate posterior mean liabilities after condi-
tioning on age-at-onset for the four stroke phenotypes separately.
Controls were modeled in the same way, but were assumed to
take the posterior mean from the lower (unaffected) portion of the
distribution in the liability threshold model. Where age data was
missing, individuals were assigned the median age value. Full
descriptions of the models used and the formulae used to
calculate posterior mean liabilities are given in Text S2.
Regression was then performed on posterior liabilities by
multiplying the number of samples by the squared correlation
between the expected genotype dosage and posterior mean
liabilities for each of the discovery cohorts in the four ischaemic
stroke phenotypes (CE, LAA, SVD, IS), following a previous
approach [17]. Ancestry-informative principal components were
included where appropriate (6 of 8 centres), using the EIGEN-
STRAT procedure [43]. All analysis was performed using the R
statistical software.

The results from each centre were meta-analysed for each of the
four phenotypes using Stouffer’s Z-score weighted approach, as
implemented in METAL [44]. Genomic control was used to
correct for any residual inflation due to population stratification
[43]. Between-study heterogeneity was assessed using Cochran’s Q.
statistic. We considered only SNPs present in at least 75% of the
cases, and with no evidence of heterogeneity (Cochran’s Q p-
value>0.001). All SNPs analysed were either genotyped or
imputed in both the Immunochip and the genome-wide datasets.
After meta-analysis, the resulting p-values were compared with the
equivalent values from an unconditioned analysis. For SNPs more
significant in the age-at-onset informed analysis and with p<
5%107°, we determined the evidence of a true age-at-onset effect
by generating 1000 permutations of age-at-onset and rerunning
the age-at-onset informed analysis, meta-analysing as previously.
We calculated an empirical p-value by dividing the number of
permuted observations showing greater significance in the meta-
analysis than the observed results by the number of permutations.
Any novel SNP with a meta-analysis p<<5x10~° and evidence of
an age-at-onset effect at p<<0.05 were taken forward for
replication. We set the experiment-wide significance threshold at
p<5x107°%

Replication analysis

Replication of an associated variant was performed in a further
10 cohorts from METASTROKE. Nine of the centres used a
cross-sectional design, while one was a large prospective,
population based cohort (ARIC). Nine of the centres were of
European ancestry, while one consisted of individuals of Pakistani
ancestry (RACE) (Table 2). All centres used a case-control
methodology; centres with a cross sectional design used logistic
regression to model the association of genotype dosages from
imputation with the dichotomous outcome of ischaemic stroke and
prospective cohorts used Cox proportional-hazards models to
evaluate time to first stroke, fitting an additive model relating
genotype dose to the stroke outcome. European ancestry
replication centres were meta-analysed using a fixed effects
inverse-variance weighted method. To assess the evidence for
association of the SNP for replication samples of all ancestries, we
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performed a trans-ethnic meta-analysis using a random-effects
model to control for any resulting heterogeneity [18]. To evaluate
the overall evidence for association, the results of the discovery and
replication analyses were combined using Fisher’s Method.

mMRNA expression in carotid atherosclerotic plaques

Expression of the two genes proximal to the associated variant
was tested in atherosclerotic plaques from the Tampere Vascular
study [27,46,47,48,49]. Carotid, femoral, and aortic atheroscle-
rotic plaques constituting the intima and inner media were
prospectively obtained between 2005 and 2009 from patients
fulfilling the following inclusion criteria: (1) carotid endarterecto-
my attributable to asymptomatic or symptomatic >70% carotid
stenosis, or (2) femoral or (3) aortic endarterectomy with aortoiliac
or aortobifemoral bypass attributable to symptomatic peripheral
arterial disease. Whole thickness left internal thoracic artery
samples obtained during coronary artery bypass surgery and
identified as being microscopically atherosclerosis free were
used as controls. The patients were consecutively recruited
and stratified according to indication for surgery. All open
vascular surgical procedures were performed at the Division
of Vascular Surgery and Heart Center, Tampere University
Hospital.

Fresh tissue samples were immediately soaked in RNALater
solution (Ambion Inc) and homogenized using an Ultra-Turrax
T80 homogenizer IKA). RNA was extracted with the Trizol
reagent (Invitrogen) and miRNEasy Mini-Kit (Qiagen) with the
RNase-Free DNase Set (Qiagen) according to manufacturer
mstructions. The RNA isolation protocol was validated by
analyzing the integrity of the RNA with the RNA 6000 Nano
Chip Kit (Agilent). The expression levels were analyzed with an
Ilumina HumanHT-12 v3 Expression BeadChip (Illumina). In
brief, 300-500 ng of RNA was reverse transcribed in cRNA and
biotin-UTP labeled using the IlluminaTotalPrep RNA Amplifica-
tion Kit (Ambion), and 1500 ng of cRNA was then hybridized to
the INlumina HumanHT-12 v3 Expression BeadChip.

The BeadChips were scanned with the Illumina iScan system.
After background subtraction, raw intensity data were exported
using the Illumina Genome Studio software. Further data
processing was conducted by means of R language and appropriate
Bioconductor modules. Data were log2-transformed, and robust
multichip average and robust spline normalization (rma_rsn) were
used. Accuracy of the expression array was validated with qRT-
PCR [50]. mRNA Expression levels in the tissues were determined;
a fold change statistic was estimated between the two tissues, and
significance was calculated using a t test.

Regulatory information using RegulomeDB

Recent evidence indicates that a significant proportion of
GWAS SNPs fall within regions that are likely to affect binding of
nearby proteins, such as transcription factor binding sites [51,52].
We wused the RegulomeDB database to access regulatory
information from ENCODE and other existing publications
[19], investigating the evidence that the SNPs in the associated
locus have a regulatory function. First, the linkage-disequilibrium
(LD) patterns amongst the most strongly associated SNPs were
determined. We then used PLINK to determine the LD structure
of the associated region, using LD-patterns from the 85 Utah
residents from the 1000 Genomes project [53,54]. All SNPs with
1?>0.6 were identified within a 2,000 kb window from the index
SNP. All of the SNPs identified were then investigated using
RegulomeDB to determine the evidence that any of the SNPs have
a regulatory function.

PLOS Genetics | www.plosgenetics.org

MMP12 and Large Artery Atherosclerotic Stroke

Evaluation of age-at-onset informed approach

Permutation analysis was performed to evaluate the age-at-
onset informed approach, to show that including age at onset
information directly led to the increased significance, due solely
to inclusion of age-at-onset information at tested SNPs. First, we
identified a set of SNPs enriched for true association in the case
control analysis of ischaemic stroke and subtypes. An expanded
set of discovery and METASTROKE studies were analysed
using standard case control methods and subsequent meta-
analysis (see Table S2). SNPs with p<<0.05 and no evidence of
heterogeneity (p>0.0001) were extracted and pruned for LD
(300 kb window, r*<0.25), leaving a set of almost independent
SNPs for further analysis. Each retained SNP represented the
most significant association in each LD block, as determined by
the “clump” procedure in PLINK, based on LD patterns from
the CEU individuals from 1000 Genomes. The number of SNPs
used in each analysis is given in Table S5. These SNP subsets
were derived for ischaemic stroke, and for each stroke subset
and then used in the age-at-onset informed analysis. Analysis
was performed as previously for each stroke subtype using the
age-at-onset informed method within studies and meta-analysis
across studies (giving observed results, as obtained above). We
then performed a permutation study to obtain the expected
distribution of p-values at these SNPs. Age at onset for cases was
permuted within stroke subtypes within each study, and then the
data were re-analysed, for 1000 permutations. Two summary
statistics were constructed: (1) within permutations, we com-
pared p-values from analysis of permuted age at onset with p-
values from the observed data, and tabulated the proportion of
SNPs with increased significance in the observed data set than
in the permuted data set; across permutations, we calculated the
median proportion of SNPs with increased significance in the
observed data; (2) Within permutations, we converted each SNP
p-value to a Z score and summed the absolute value of the Z
score across SNPs (sumZ). An empirical p-value for the age-
informed analysis was calculated from the proportion of
simulated data sets where sumZ exceeded the value in the
observed analysis. This analysis was performed at SNP subsets
defined from four SNP p-value thresholds in the discovery and
METASTROKE studies: p<<0.05, p<<0.005, p<<0.0005, and
p<<0.00005.

Finally, we assessed the evidence of an age-at-onset effect at the
four stroke loci identified in the METASTROKE ischaemic stroke
collaboration (9p21, HDACY, PITX2, ZFHX3) [16]. For each
SNP, we generated an empirical p-value from the proportion of
permutations showing stronger association than in the observed
age-at-onset informed analysis.

Supporting Information

Figure S1 QQ)-plots for cardioembolic stroke and all ischaemic
stroke analyses. QQ-plots of expected p-values (x-axis) against
observed p-values (y-axis) for analyses of (clockwise from top left)
cardioembolic stroke (age-at-onset informed), cardioembolic stroke
(uninformed), all ischaemic stroke (uninformed), all ischaemic
stroke (age-at-onset informed). Lambda values for each plot are
given in Table S4.

DOCX)

Figure 82 QQ-plots for large artery atherosclerotic stroke and
small vessel disease stroke analyses. QQ-plots of expected p-values
(x-axis) against observed p-values (y-axis) for analyses of (clockwise
from top left) large artery stroke (age-at-onset informed), large
artery stroke (uninformed), small vessel stroke (uninformed), small
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vessel stroke (age-at-onset informed). Lambda values for each plot
are given in Table S4.
(DOCX)

Figure 83 Torest plot of SNP effects for rs660599 in the large
artery atherosclerotic stroke replication populations. ASGC,
the Australian Stroke Genetics collaboration; deCODE,
deCODE genetics; GEOS, the Genetics of early onset stroke
study; HVH, the heart and vascular health study; ISGS/
SWISS, the Ischaemic stroke genetics study/Siblings with
Ischaemic stroke study; MGH-GASROS, Massachusetts Gen-
eral Hospital — Genetics affecting stroke risk and outcome.
PROMISe, Prognostic modeling in ischaemic stroke study;
RACE, Risk Assessment of Cerebrovascular Events study.
(DOCX)

Figure 84 Torest plot of SNP effects for rs660599 in the large
artery atherosclerotic stroke replication populations for cases
with age <61 years. ASGC, the Australian Stroke Genetics
collaboration; HVH, the heart and vascular health study;
ISGS/SWISS, the Ischaemic stroke genetics study/Siblings
with Ischaemic stroke study; MGH-GASROS, Massachusetts
General Hospital — Genetics affecting stroke risk and
outcome. PROMISe, Prognostic modeling in ischaemic stroke
study.

DOCX)

Table S1 Results from RegulomeDB, showing the evidence
that SNPs in the associated MMPI12 region have a regulatory
function. Scores indicate the following degrees of evidence:
Score 2b, TF binding + any motif + DNase Footprint + DNase
peak; Score 4, TF binding + DNase peak; Score 5, TF binding
or DNase peak; Score 6, other; “No data” indicates that
RegulomeDB holds no information about the given SNP,
meaning there currently exists no evidence to suggest that the
SNP has a regulatory function. In some cases this may indicate
that the SNP falls within a protein-coding region. SNP, single
nucleotide polymorphism.

(DOCX)

Table S2 Expanded set of populations used to generate SNPs
with p<0.05 to evaluate the age-at-onset informed approach.
ARIC, The Atherosclerosis Risk in Communities study; ASGC,
Australian Stroke Genetics Collaborative; CHS, Cardiovascular
Health Study; FHS, Framingham Heart Study; HPS, Heart
Protection Study; HVH, The Heart and Vascular Health Study;
ISGS/SWISS, The Ischemic Stroke Genetics Study/Sibling
with Ischaemic Stroke Study; MGH-GASROS, The MGH
Genes Affecting Stroke Risk and Outcome Study; WTCCC2-
Germany, The Wellcome Trust Case-Consortium II Munich;

References

1. Bellenguez C, Bevan S, Gschwendtner A, Spencer CC, Burgess Al et al. (2012)
Genome-wide association study identifies a variant in HDACO associated with
large vessel ischemic stroke. Nat Genet 44: 328-333.

2. Holliday EG, Maguire JM, Evans TJ, Koblar SA, Jannes ], et al. (2012)
Common variants at 6p21.1 are associated with large artery atherosclerotic
stroke. Nat Genet 44: 1147-1151.

3. Gschwendtner A, Bevan S, Cole JW, Plourde A, Matarin M, et al. (2009)
Sequence variants on chromosome 9p21.3 confer risk for atherosclerotic stroke.
Ann Neurol 65: 531-539.

4. Gudbjartsson DF, Holm H, Gretarsdottir S, Thorleifsson G, Walters GB, et al.
(2009) A sequence variant in ZFHX3 on 16¢22 associates with atrial fibrillation
and ischemic stroke. Nat Genet 41: 876-878.

. Gretarsdottir S, Thorleifsson G, Manolescu A, Styrkarsdottir U, Helgadottir A,
et al. (2008) Risk variants for atrial fibrillation on chromosome 4q25 associate
with ischemic stroke. Ann Neurol 64: 402-409.

6. Seshadri S, Beiser A, Kelly-Hayes M, Kase CS, Au R, et al. (2006) The

lifetime risk of stroke: estimates from the Framingham Study. Stroke 37: 345—
350.

wr

PLOS Genetics | www.plosgenetics.org

10

MMP12 and Large Artery Atherosclerotic Stroke

WTCCC2-UK, The Wellcome Trust Case-Consortium II UK;
RACE, Risk Assessment of Cerebrovascular Events Study,
Pakistan.
DOCX)

Table 83 Age and gender distributions of populations. ARIC,
The Atherosclerosis Risk in Communities study; ASGC, Austra-
lian Stroke Genetics Collaborative; CHS, Cardiovascular Health
Study; FHS, Framingham Heart Study; HPS, Heart Protection
Study; HVH, The Heart and Vascular Health Study; ISGS/
SWISS, The Ischemic Stroke Genetics Study/Sibling with
Ischaemic Stroke Study; MGH-GASROS, The MGH Genes
Affecting Stroke Risk and Outcome Study; WTCCC2-Germany,
The Wellcome Trust Case-Consortium II Munich; WTCCC2-
UK, The Wellcome Trust Case-Consortium II UK; RACE, Risk
Assessment of Cerebrovascular Events Study, Pakistan. IS, all
ischaemic stroke; CE, cardioembolic stroke; LAA, large artery
stroke; SVD, small vessel disease.

DOCX)

Table S4 Genomic inflation (A) rates for discovery populations
for age-at-onset informed and uninformed approaches. IS, all
ischaemic stroke; CE, cardioembolic stroke; LAA, large artery
stroke; SVD, small vessel disease.

(DOCX)

Table 85 Number of SNPs used in evaluation of age-at-onset
informed approach. IS, all ischaemic stroke; CE, cardioembolic
stroke; LAA, large artery stroke; SVD, small vessel disease.
DOCX)

Text S1 Membership of Wellcome Trust Case Control Consor-
tium 2 (WTCCC2).
(DOCX)

Text 82 Liability threshold models.
(DOCX)

Acknowledgments

The authors thank all study staff and participants for their important
contributions, and METASTROKE for granting access to study data.

Author Contributions

Conceived and designed the experiments: MT CML HSM. Performed the
experiments: MT KMM ER NO EGH WJD MAN KLW WZ YCC SA.
Analyzed the data: MT KMM. Contributed reagents/materials/analysis
tools: LLK RM CS SB VT RL AL AS JMM MW AA PS JRA GBB PMR
PIWdB JCB DS SJK BDM JR JFM CL MD TL. Wrote the paper: MT
CML HSM.

7. O’Donnell MJ, Xavier D, Liu L, Zhang H, Chin SL, et al. (2010) Risk factors for
ischaemic and intracerebral haemorrhagic stroke in 22 countries (the INTER-
STROKE study): a case-control study. Lancet 376: 112-123.

8. Rothwell PM, Coull AJ, Silver LE, Fairhead JF, Giles MF, et al. (2005)
Population-based study of event-rate, incidence, case fatality, and mortality for
all acute vascular events in all arterial territories (Oxford Vascular Study). Lancet
366: 1773-1783.

9. Seshadri S, Wolf PA (2007) Lifetime risk of stroke and dementia: current
concepts, and estimates from the Framingham Study. Lancet Neurol 6: 1106~
1114.

. Seshadri S, Beiser A, Pikula A, Himali JJ, Kelly-Hayes M, et al. (2010) Parental
occurrence of stroke and risk of stroke in their children: the Framingham study.
Circulation 121: 1304-1312.

11. Jerrard-Dunne P, Cloud G, Hassan A, Markus HS (2003) Evaluating the genetic
component of ischemic stroke subtypes: a family history study. Stroke 34: 1364-1369.

. MacClellan LR, Mitchell BD, Cole JW, Wozniak MA, Stern BJ, et al. (2006)
Familial aggregation of ischemic stroke in young women: the Stroke Prevention
in Young Women Study. Genet Epidemiol 30: 602-608.

July 2014 | Volume 10 | Issue 7 | 1004469



20.

21.

22.

23.

24.

26.

27.

28.

29.

30.

31.

32.

34.

. Brass LM, Isaacsohn JL, Merikangas KR, Robinette CD (1992) A study of twins

and stroke. Stroke 23: 221-223.

. Traylor M, Bevan S, Rothwell PM, Sudlow C, Dichgans M, et al. (2013) Using

phenotypic heterogeneity to increase the power of genome-wide association
studies: application to age at onset of ischaemic stroke subphenotypes. Genetic
Epidemiology 37: 495-503.

. Cheng YC, O’Connell JR, Cole JW, Stine OC, Dueker N, et al. (2011) Genome-

wide association analysis of ischemic stroke in young adults. G3 (Bethesda) 1:
505-514.

. Traylor M, Farrall M, Holliday EG, Sudlow C, Hopewell JC, et al. (2012)

Genetic risk factors for ischaemic stroke and its subtypes (the METASTROKE
collaboration): a meta-analysis of genome-wide association studies. Lancet

Neurol 11: 951-962.

. Zaitlen N, Lindstrom S, Pasaniuc B, Cornelis M, Genovese G, et al. (2012)

Informed conditioning on clinical covariates increases power in case-control
association studies. PLoS Genet 8: ¢1003032.

. Han B, Eskin E (2011) Random-effects model aimed at discovering associations

in meta-analysis of genome-wide association studies. Am J] Hum Genet 88: 586
598.

. Boyle AP, Hong EL, Haritharan M, Cheng Y, Schaub MA, et al. (2012)

Annotation of functional variation in personal genomes using RegulomeDB.
Genome Res 22: 1790-1797.

Verzi MP, Shin H, He HH, Sulahian R, Meyer CA, et al. (2010) Differentiation-
specific histone modifications reveal dynamic chromatin interactions and
partners for the intestinal transcription factor CDX2. Dev Cell 19: 713-726.
Badis G, Berger MF, Philippakis AA, Talukder S, Gehrke AR, et al. (2009)
Diversity and complexity in DNA recognition by transcription factors. Science
324: 1720-1723.

Bryne JC, Valen E, Tang MH, Marstrand T, Winther O, et al. (2008) JASPAR,
the open access database of transcription factor-binding profiles: new content
and tools in the 2008 update. Nucleic Acids Res 36: D102-106.

Pique-Regi R, Degner JF, Pai AA, Gaflney DJ, Gilad Y, et al. (2011) Accurate
inference of transcription factor binding from DNA sequence and chromatin
accessibility data. Genome Res 21: 447-455.

Jormsjo S, Ye S, Moritz J, Walter DH, Dimmeler S, et al. (2000) Allele-specific
regulation of matrix metalloproteinase-12 gene activity is associated with
coronary artery luminal dimensions in diabetic patients with manifest coronary

artery disease. Circ Res 86: 998-1003.

. Motterle A, Xiao Q, Kiechl S, Pender SL, Morris GE, et al. (2012) Influence of

matrix metalloproteinase-12 on fibrinogen level. Atherosclerosis 220: 351-354.
(2013) The Genotype-Tissue Expression (GTEx) project. Nature Genetics 45:
580-585.

Oksala N, Levula M, Airla N, Pelto-Huikko M, Ortiz RM, et al. (2009) ADAM-
9, ADAM-15, and ADAM-17 are upregulated in macrophages in advanced
human atherosclerotic plaques in aorta and carotid and femoral arteries—
Tampere vascular study. Ann Med 41: 279-290.

Shipley JM, Wesselschmidt RL, Kobayashi DK, Ley TJ, Shapiro SD (1996)
Metalloelastase is required for macrophage-mediated proteolysis and matrix
invasion in mice. Proc Natl Acad Sci U S A 93: 3942-3946.

Johnson JL, Baker AH, Oka K, Chan L, Newby AC, et al. (2006) Suppression of
atherosclerotic plaque progression and instability by tissue inhibitor of
metalloproteinase-2: involvement of macrophage migration and apoptosis.
Circulation 113: 2435-2444.

Pepper MS (2001) Role of the matrix metalloproteinase and plasminogen
activator-plasmin systems in angiogenesis. Arterioscler Thromb Vasc Biol 21:
1104-1117.

Choudhary S, Higgins CL, Chen IY, Reardon M, Lawrie G, et al. (2006)
Quantitation and localization of matrix metalloproteinases and their inhibitors
in human carotid endarterectomy tissues. Arterioscler Thromb Vasc Biol 26:
2351-2358.

Johnson JL, George SJ, Newby AC, Jackson CL (2005) Divergent effects of
matrix metalloproteinases 3, 7, 9, and 12 on atherosclerotic plaque stability in
mouse brachiocephalic arteries. Proc Natl Acad Sci U S A 102: 15575-15580.
Luttun A, Lutgens E, Manderveld A, Maris K, Collen D, et al. (2004) Loss of
matrix metalloproteinase-9 or matrix metalloproteinase-12 protects apolipopro-
tein E-deficient mice against atherosclerotic media destruction but differentially
affects plaque growth. Circulation 109: 1408-1414.

Thomas AC, Sala-Newby GB, Ismail Y, Johnson JL, Pasterkamp G, et al. (2007)
Genomics of foam cells and nonfoamy macrophages from rabbits identifies
arginase-I as a differential regulator of nitric oxide production. Arterioscler
Thromb Vasc Biol 27: 571-577.

PLOS Genetics | www.plosgenetics.org

1

36.

37.

38.

39.

40.

41.

42.

43.

44.

46.

47.

48.

49.

50.

51.

52.

53.

54.

MMP12 and Large Artery Atherosclerotic Stroke

. Halpert I, Sires UL, Roby JD, Potter-Perigo S, Wight TN, et al. (1996) Matrilysin

is expressed by lipid-laden macrophages at sites of potential rupture in
atherosclerotic lesions and localizes to areas of versican deposition, a
proteoglycan substrate for the enzyme. Proc Natl Acad Sci U S A 93: 9748
9753.

Morgan AR, Rerkasem K, Gallagher PJ, Zhang B, Morris GE, et al. (2004)
Differences in matrix metalloproteinase-1 and matrix metalloproteinase-12
transcript levels among carotid atherosclerotic plaques with different histopath-
ological characteristics. Stroke 35: 1310-1315.

Kilarski L, Achterberg S, Devan WJ, Traylor M, Malik R, et al. (2014) Meta-
analysis in over 17,900 cases of ischaemic stroke reveals a novel association at
12q24.12. Neurology (in press).

Krawczak M, Nikolaus S, von Eberstein H, Croucher PJ, El Mokhtari NE, et al.
(2006) PopGen: population-based recruitment of patients and controls for the
analysis of complex genotype-phenotype relationships. Community Genet 9: 55—
61.

Howie B, Fuchsberger C, Stephens M, Marchini J, Abecasis GR (2012) Fast and
accurate genotype imputation in genome-wide association studies through pre-
phasing. Nat Genet 44: 955-959.

Marchini J, Howie B (2010) Genotype imputation for genome-wide association
studies. Nat Rev Genet 11: 499-511.

Adams HP, Jr., Bendixen BH, Kappelle L], Biller J, Love BB, et al. (1993)
Classification of subtype of acute ischemic stroke. Definitions for use in a
multicenter clinical trial. TOAST. Trial of Org 10172 in Acute Stroke
Treatment. Stroke 24: 35-41.

Lovett JK, Coull AJ, Rothwell PM (2004) Early risk of recurrence by subtype of
ischemic stroke in population-based incidence studies. Neurology 62: 569-573.
Price AL, Patterson NJ, Plenge RM, Weinblatt ME, Shadick NA, et al. (2006)
Principal components analysis corrects for stratification in genome-wide
association studies. Nat Genet 38: 904-909.

Willer CJ, Li Y, Abecasis GR (2010) METAL: fast and efficient meta-analysis of
genomewide association scans. Bioinformatics 26: 2190-2191.

. Devlin B, Roeder K (1999) Genomic control for association studies. Biometrics

55: 997-1004.

Levula M, Oksala N, Airla N, Zeitlin R, Salenius JP, et al. (2012) Genes involved
in systemic and arterial bed dependent atherosclerosis—Tampere Vascular study.
PLoS One 7: e33787.

Niinisalo P, Oksala N, Levula M, Pelto-Huikko M, Jarvinen O, et al. (2010)
Activation of indoleamine 2,3-dioxygenase-induced tryptophan degradation in
advanced atherosclerotic plaques: Tampere vascular study. Ann Med 42: 55-63.
Oksala N, Levula M, Pelto-Huikko M, Kytomaki L, Soini JT, et al. (2010)
Carbonic anhydrases II and XII are up-regulated in osteoclast-like cells in
advanced human atherosclerotic plaques-Tampere Vascular Study. Ann Med
42: 360-370.

Oksala N, Parssinen J, Seppala I, Raitoharju E, Kholova I, et al. (2013)
Association of Neuroimmune Guidance Cue Netrin-1 and its Chemorepulsive
Receptor UNCS5B with Atherosclerotic Plaque Expression Signatures and
Stability in Human(s) - Tampere Vascular Study. Circ Cardiovasc Genet 6:579—
87.

Raitoharju E, Seppala I, Lyytikainen LP, Levula M, Oksala N, et al. (2013) A
comparison of the accuracy of lllumina HumanHT-12 v3 Expression BeadChip
and TagMan gqRT-PCR gene expression results in patient samples from the
Tampere Vascular Study. Atherosclerosis 226: 149-152.

Schork AJ, Thompson WK, Pham P, Torkamani A, Roddey JC, et al. (2013) All
SNPs are not created equal: genome-wide association studies reveal a consistent
pattern of enrichment among functionally annotated SNPs. PLoS Genet 9:
¢1003449.

Dunham I, Kundaje A, Aldred SF, Collins PJ, Davis CA, et al. (2012) An
integrated encyclopedia of DNA elements in the human genome. Nature 489:
57-74.

Abecasis GR, Auton A, Brooks LD, DePristo MA, Durbin RM, et al. (2012) An
integrated map of genetic variation from 1,092 human genomes. Nature 491:
56-65.

Purcell S, Neale B, Todd-Brown K, Thomas L, Ferreira MA, et al. (2007)
PLINK: a tool set for whole-genome association and population-based linkage
analyses. Am J Hum Genet 81: 559-575.

. Achterberg S, Kappelle L], Algra A (2008) Prognostic modelling in ischaemic

stroke study, additional value of genetic characteristics. Rationale and design.
Eur Neurol 59: 243-252.

July 2014 | Volume 10 | Issue 7 | 1004469



	Mäkelä_artikkeli_1.pdf
	/content/circcvg/supplemental/CIRCGENETICS.112.964965/DC1/1/964965_supplemental_material.pdf
	The Angiography and Genes Study (ANGES)
	The Angiography and Genes Study (ANGES)


	Mäkelä_artikkeli_2.pdf
	Association of the novel single-nucleotide polymorphism which increases oxidized low-density lipoprotein levels with cerebr ...
	1 Introduction
	2 Materials and methods
	2.1 Genotyping and quality control (QC) in the different cohorts

	3 Results
	4 Discussion
	4.1 Limitations and strengths of the study

	5 Conclusions
	Sources of funding
	Disclosures
	Appendix A Supplementary data
	References



