©
OPEN @ ACCESS Freely available online @ PLoS one

Common Genetic Variants Associated with Sudden
Cardiac Death: The FinSCDgen Study

Annukka M. Lahtinen'®, Peter A. Noseworthy®3®, Aki S. Havulinna® Antti Jula®, Pekka J. Karhunen®,
Johannes Kettunen’, Markus Perola®’, Kimmo Kontula', Christopher Newton-Cheh>3',
Veikko Salomaa*'*

1 Research Programs Unit, Molecular Medicine and Department of Medicine, University of Helsinki, Helsinki, Finland, 2 Cardiovascular Research Center and Center for
Human Genetic Research, Massachusetts General Hospital, Boston, Massachusetts, United States of America, 3 Program in Medical and Population Genetics, Broad
Institute, Cambridge, Massachusetts, United States of America, 4 National Institute for Health and Welfare, Helsinki, Finland, 5 National Institute for Health and Welfare,
Turku, Finland, 6 School of Medicine, University of Tampere and Centre for Laboratory Medicine, Tampere University Hospital, Tampere, Finland, 7 Institute of Molecular
Medicine FIMM, University of Helsinki, Helsinki, Finland

Abstract

Background: Sudden cardiac death (SCD) accounts for up to half of cardiac mortality. The risk of SCD is heritable but the
underlying genetic variants are largely unknown. We investigated whether common genetic variants predisposing to
arrhythmia or related electrocardiographic phenotypes, including QT-interval prolongation, are associated with increased
risk of SCD.

Methodology/Principal Findings: We studied the association between 28 candidate SNPs and SCD in a meta-analysis of
four population cohorts (FINRISK 1992, 1997, 2002 and Health 2000, n=27,629) and two forensic autopsy series (The
Helsinki Sudden Death Study and The Tampere Autopsy Study, n=694). We also studied the association between
established cardiovascular risk factors and SCD. Causes of death were reviewed using registry-based health and autopsy
data. Cox regression and logistic regression models were adjusted for age, sex, and geographic region. The total number of
SCDs was 716. Two novel SNPs were associated with SCD: SCN5A rs41312391 (relative risk [RR] 1.27 per minor T allele, 95%
Cl 1.11-1.45, P=3.4x10"* and rs2200733 in 4g25 (RR 1.28 per minor T allele, 95% Cl 1.11-1.48, P=7.9x10"*. We also
replicated the associations for 9p21 (rs2383207, RR 1.13 per G allele, 95% Cl 1.01-1.26, P=0.036), as well as for male sex,
systolic blood pressure, diabetes, cigarette smoking, low physical activity, coronary heart disease, and digoxin use (P<<0.05).

Conclusions/Significance: Two novel genetic variants, one in the cardiac sodium channel gene SCN5A and another at 4925
previously associated with atrial fibrillation, are associated with SCD.
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Introduction [3-5]. In addition to the well established clinical risk factors, a
family history of SCD confers additional risk [6,7] but the genetic

Sudden cardiac death (SCD) is a major public health problem, variants underlying the inherited risk component of SCD are

accounting for 180,000-250,000 deaths per year in the United largely unknown.
States [1]. Up to half of cardiac deaths occur suddenly [1,2], and Rare mutations in potassium and sodium channel genes cause

in approximately half of SCD cases, death is the first clinical long QT syndrome (LQTS) [8-10], marked by delayed ventricular
manifestation of cardiac disease [1]. Therefore, improved risk y

stratification is needed. Established risk factors for coronary heart
disease (CHD) predispose to SCD, including: advanced age, male
sex, elevated blood pressure or serum cholesterol, reduced
pulmonary vital capacity, lack of physical activity, smoking,
excessive alcohol consumption, high body mass index (BMI),
diabetes, rapid heart rate, and electrocardiographic abnormalities

repolarization and increased risk of ventricular tachycardia and
SCD. Common variants in these LQTS genes are associated with
electrocardiographic QT prolongation [11,12], which has been
associated with SCD in the general population [13]. QT-interval
prolongation predisposes the myocardium to early afterdepolar-
izations, which may trigger ventricular arrhythmias, ventricular
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fibrillation, and ultimately SCD [14]. Since QT interval is highly
heritable [15], it may provide an intermediate, continuous trait
suitable for exploring the genetics of SCD. Other potential
candidate variants to influence SCD risk include common variants
associated with electrocardiographic PR interval, prolongation of
which has been shown to be associated with all-cause mortality
[16], and common variants associated with nonfatal arrhythmia
such as atrial fibrillation, which has been reported to predispose to
SCD after acute myocardial infarction [17].

The present study investigated the role of common genetic
variants with recently reported associations with arrhythmia-
related phenotypes, including atrial fibrillation, QT interval and
PR interval, as potential modifiers of SCD risk. We have
previously reported a study focused principally on the genetic
components of QT interval [18]. The previous study analyzed 14
QT-interval-associated single nucleotide polymorphisms (SNPs) in
6,808 individuals from Health 2000 (including the Mini-Finland
sample), experiencing only 116 SCD events. The current study
examined 28 SNPs in a total of 28,323 individuals, experiencing
716 SCD events, and identified two novel SNPs associated with
increased risk of SCD. In addition, an analysis of cardiovascular
risk factors associated with SCD was carried out in four population
cohorts including a total of 27,629 individuals.

Methods

Ethics statement

All included studies were carried out in accordance with the
Declaration of Helsinki and had appropriate ethical approvals
from the Ethics Committee of the National Public Health Institute,
the Epidemiology Ethics Committee of the Helsinki and Uusimaa
hospital region, the Ethics Committee of the Department of
Forensic Medicine, University of Helsinki, the Tampere University
Hospital Ethics Committee, and/or the National Supervisory
Authority for Welfare and Health (Valvira). Written informed
consent was obtained from the participants of the FINRISK and
Health 2000 population studies. In the case of forensic samples
included in The Helsinki Sudden Death Study (HSDS) [19] and
The Tampere Autopsy Study (TASTY) [20], a complete
medicolegal autopsy has to be performed in Finland in all cases
of unexpected out-of-hospital death of a person without a history
of serious disease, or if the person may have died a non-natural
death. This procedure does not need the permission of the
relatives and can be also accomplished even if the relatives are
against the autopsy. At the forensic autopsy, all necessary routine
samples can be taken to find out the cause of death. In the case of
scientific research, the study protocol has to be first approved by
the ethics committee of the hospital and after that permission for
taking study samples from forensic autopsies has to be obtained
from the National Supervisory Authority for Welfare and Health
(Valvira), without need to contact the relatives to obtain informed
consent.

Study materials

The study samples consisted of FINRISK 1992 (n=6,051),
FINRISK 1997 (n=8,446), FINRISK 2002 (n=28,648), and
Health 2000 (n=9,013, including the Mini-Finland sample,
n=985) recruited from the Finnish population, as well as of the
HSDS (n=297) and TASTY (n =397) series of forensic autopsies.
The clinical characteristics of the study samples are shown in
Table 1 and Table S1. FINRISK is a series of population-based
health examination surveys focused mainly on cardiovascular risk
factors and carried out at 5-year intervals for the age group of 25—
74 years [21]. Each FINRISK cohort was drawn independently of

@ PLoS ONE | www.plosone.org

Common Genetic Variants Associated with SCD

each other from the population register for each study area. The
sampling was stratified by sex, 10-year age group and study area,
so that the cell size was generally 250 persons. Because FINRISK
samples are independent population samples drawn every five
years from the same geographical areas, it is possible that the same
individual by coincidence ends up participating in more than one
FINRISK survey. On average, 0.8% of participants of a FINRISK
cohort were included by chance in another FINRISK cohort. This
percentage was considered low and therefore unlikely to bias the
analyses. DNA was available from 21,229 FINRISK participants.
The Health 2000 Study is a two-stage stratified cluster sample
collected between 2000 and 2001 and representing the Finnish
population aged =30 years [22]. The Mini-Finland Health Survey
(n=8,000) was initially conducted between 1978 and 1980
similarly to The Health 2000 Study [23]. Of the Mini-Finland
participants, 985 participated in a follow-up study in 2001. Health
2000 and Mini-Finland cohorts (DNA available for 6,400
individuals) were pooled for analysis, adjusting for study cohort.

HSDS is a series of consecutive forensic autopsies of men aged
35-69 who died out of hospital in Helsinki between 1991 and
1992. The source sample comprised all out-of-hospital deaths of
previously healthy men or those who had not seen a doctor for
more than one year, excluding decomposed or mutilated bodies
[19]. TASTY included consecutive medico-legal autopsies of men
and women =97 years of age performed in the city of Tampere
from 2002 to 2004 [20]. Subjects aged >80 or <25 years were
excluded from the current study. In the population cohorts,
subjects who became 80 years old during the follow-up were
censored at their 80™ birthday. The age cut-offs were applied in
order to increase the specificity of the SCD classification and to
increase the homogeneity between the population cohorts
collected from the general adult population and the series of
forensic autopsies. Electrocardiographic data were available only
from The Health 2000 Study and has been described in a separate
report [18].

Adjudication of causes of death

The causes of death were adjudicated using data from
FINRISK and Health 2000 baseline investigations and prospective
clinical information from the four national health care registries:
the Causes of Death Registry, the Hospital Discharge Registry, the
Drug Reimbursement Registry, and the Pharmacy Database
(Methods S1). In the combined population cohorts, 65.1% of all
SCDs and 75.1% of out-of-hospital SCDs underwent autopsy. In
the entire study (including the autopsy series), 75.9% of SCDs
underwent autopsy. The follow-up extended until the end of 2008,
was based on personal ID codes, and covered 100% of all study
subjects living in Finland (in FINRISK, 99.6% of all participants).
In total, there were 279,758 person-years of follow-up (Table S1).

All deaths occurring in the study cohorts were classified as
probable, possible or unlikely SCD, or death of unknown cause, by
two independent physician reviewers evaluating all cohort baseline
data and prospective follow-up data from the four national
registries. In cases of disagreement, two additional physicians
reviewed the data independently, and final adjudication was
achieved by consensus of all four physicians. Possible and probable
SCDs were pooled for the main analyses. In sensitivity analyses,
only probable SCDs were included. For a detailed description of
case adjudication, see Supporting Information (Methods S1 and
Table S2).

Sensitivity analyses were carried out using cardiac deaths or all-
cause deaths as the outcome. In these analyses, cardiac deaths
were defined as: ICD-10 100-152, R96, R98, or R99 (ICD-9 390—
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Table 1. Clinical characteristics of the study samples.

Common Genetic Variants Associated with SCD

Population cohorts

Autopsy studies

FINRISK 1992 FINRISK 1997

FINRISK 2002

Health 2000 HSDS TASTY

N with DNA available 5345 7672 8212

Source population Finland (4 regions*)  Finland (5 regions®)

Finland (6 regions®)

Age at baseline, 443+11.3 48.4+13.4 48.0+13.1
mean *= SD

Sex, male, % 46.3 49.7 46.6

N of SCD 129 178 75

6400 297 397

Finland (the whole Finland (region of Finland (region of

population Helsinki) Tampere)
aged =30 years)

53.0+13.0 522*95 60.5+13.0
459 100 68.5

112 117 105

*Helsinki/Vantaa, Turku/Loimaa, North Karelia, and North Savo.
Helsinki/Vantaa, Turku/Loimaa, North Karelia, North Savo, and Oulu province.

doi:10.1371/journal.pone.0041675.t001

429, 798, 799) either as the underlying or the immediate cause of
death in the Causes of Death Registry.

The definitions of prevalent CHD and heart failure are
described in Methods S1. Analysis of use of QT-prolonging
medication was based on listings from the website http://www.
qtdrugs.org (Table S3). The category of QT-shortening medica-
tion included only digoxin.

Genotyping and expression analysis

A total of 30 common (minor allele frequency >1%) SNPs were
selected based on recently reported associations with SCD-related
phenotypes, including atrial fibrillation, QT interval and PR
interval (Table S4). Genomic DNA was genotyped using the
Sequenom iPLEX Gold assay (MALDI-TOF mass spectrometry,
MassARRAY Analyzer Compact, Sequenom Inc., San Diego,
CA, USA). For SNPs, quality control thresholds applied were
=90% genotyping success in the combined population materials
and Hardy-Weinberg equilibrium P>0.002 in each study sample.
Of the 30 genotyped SNPs, 28 passed quality control filters;
rs11756440 and rs2074518 were excluded (Table S5). For each
study subject, =80% genotyping success across all passing SNPs
was required for each genotyping pool separately.

Expression analysis of two significant SNPs, rs41312391 and
rs2200733, was performed on RNA samples extracted from
peripheral blood of 510 unrelated individuals aged 25-74 years
(mean 51.9%13.7 years, females 53.8%) from the Helsinki region
using Illumina HumanHT-12 Expression BeadChips (Illumina
Inc., San Diego, CA, USA) as described previously [24].
Individuals used in the gene expression analysis represent the
general Finnish population and were not selected for any trait.

Statistical analyses

The QT-interval genotype score (T o), which aggregates the
information from 12 QT-interval-associated SNPs (Table S6), was
calculated for each individual as described previously [18]. In
FINRISK and Health 2000 cohorts, a Cox proportional hazards
regression model was applied for analyzing the association
between genotype and time to SCD. Age was used as the time
scale in the Cox model and primary adjustments included sex and
geographic region (East vs. West). In the second model, additional
adjustments were applied for established cardiovascular risk factors
(high-density lipoprotein (HDL)-total cholesterol concentration
ratio, systolic blood pressure, prevalent diabetes, BMI, current and
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HSDS = The Helsinki Sudden Death Study, SCD = sudden cardiac death, SD = standard deviation, TASTY = The Tampere Autopsy Study.

*Helsinki/Vantaa, Turku/Loimaa, North Karelia, North Savo, Oulu province, and Lapland.

former smoking, moderate/high vs. low leisure-time physical
activity) and prevalent CHD. Models 3 and 4 adjusted for all
covariates in model 2 as well as for QT-prolonging and QT-
shortening drug use in model 3 and prevalent heart failure in
model 4. An additional model for rs2200733 also adjusted for
atrial fibrillation (Minnesota codes 8.3.1 and 8.3.3) at baseline in
the Health 2000 cohort in addition to the covariates in model 2. In
the forensic autopsy series, the association between genotype and
cause of death (SCD vs. unlikely SCD) was analyzed using logistic
regression adjusting for age at death and sex. An additive
genotypic model (genotypes coded as 0, 1, 2) was used in all
analyses. Similar analyses were also performed for probable SCDs
and all-cause and cardiac mortality adjusting for sex and
geographic region. The association between baseline cardiovas-
cular risk factors (see above) and time to SCD was investigated
with a multivariate model in the population cohorts using Cox
proportional hazards regression.

Analyses were performed with R version 2.11 (“survival”
package) [25]. Inverse variance-weighted, fixed-effects meta-
analysis (“meta” package) was performed for pooling of risk
estimates. Heterogeneity between studies was assessed with I?
statistic [26]. When significant heterogeneity occurred (I7>0.5),
random-effects meta-analysis was applied. The Bonferroni-cor-
rected significance threshold for 25 independent tests (7<<0.5) was
0.002 (P=0.05/25). In secondary analyses, P<0.05 was consid-
ered statistically significant. All tests were two-sided. The power to
observe a hazard ratio of 1.30 in the Cox regression analyses in the
prospective population cohorts (n=27,629) was 99.1%. For 1-ms
change in the linear QT ..., the corresponding analyses had 80%
power to detect a hazard ratio =1.031 and 90% power to detect a
hazard ratio =1.034.

Results

Cardiovascular risk factors and SCD

Male gender, higher systolic blood pressure, prevalent diabetes,
current and former cigarette smoking, and Eastern Finnish
residency all increased the risk of SCD in the meta-analysis of
FINRISK and Health 2000 population cohorts, whereas increased
leisure-time physical activity reduced the risk (Table 2). Prevalent
CHD and digoxin use were associated with elevated risk of SCD,
but the use of QT-prolonging drugs was not significantly
associated with SCD risk (Table 2).
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Table 2. Cardiovascular risk factors associated with SCD in a multivariate model in four population-based cohorts.

Population cohorts, HR (95% CI)

Fixed-effects meta-analysis

QT-prolonging drug NA
Digoxin NA

0.76 (0.40-1.42)
3.33 (1.98-5.60)

1.29 (0.58-2.84)
2.12 (0.75-6.01)

FINRISK 1992 FINRISK 1997 FINRISK 2002 Health 2000 I? HR (95% CI) P-value
Sex, male 3.37 (2.24-5.07) 2.34 (1.56-3.52) 3.12 (1.70-5.74) 2.59 (1.62-4.13) 0.00 2.79 (2.23-3.51) <22x107'®
Geographic region, East 1.43 (1.05-1.95) 1.06 (0.78-1.44) 1.60 (0.92-2.79) 1.19 (0.80-1.76) 0.00 1.26 (1.05-1.51) 0.01
HDL/TC ratio 1.22 (0.11-13.4) 0.08 (0.01-1.08) 0.93 (0.04-23.6) 1.27 (0.08-21.1) 0.00 0.56 (0.15-2.16) 0.40
Systolic BP per 10 mmHg 1.17 (1.08-1.26) 1.06 (0.98-1.13) 1.12 (1.02-1.24) 1.06 (0.97-1.16) 0.35 1.10 (1.06-1.15) 48x10°°
Prevalent diabetes 2.26 (1.49-3.44) 1.59 (1.07-2.39) 1.57 (0.85-2.88) 1.49 (0.94-2.37) 0.00 1.74 (1.38-2.18) 22x107°
BMI per kg/m? 1.05 (1.02-1.09) 1.01 (0.97-1.04) 1.04 (0.99-1.09) 0.97 (0.92-1.01) 0.71* 1.02 (0.98-1.06) 0.38
Current smoker 2.70 (1.85-3.94) 2.78 (1.89-4.09) 5.48 (3.04-9.86) 4.83 (2.84-8.22) 0.55* 3.55 (2.52-5.00) 39x107 "3
Former smoker 1.21 (0.79-1.84) 1.28 (0.86-1.90) 1.08 (0.56-2.09) 2.36 (1.38-4.02) 0.39 1.39 (1.10-1.76) 0.007
Physical activity* 0.56 (0.41-0.78) 0.58 (0.42-0.80) 0.42 (0.26-0.66) 0.45 (0.31-0.65) 0.00 0.51 (0.43-0.62) 6.7x107"3
Prevalent CHD 4.77 (3.20-7.13) 2.70 (1.77-4.11) 3.56 (2.06-6.17) 5.10 (3.38-7.72) 0.47 3.99 (3.20-4.96) <22x107'®

0.85 (0.46-1.55) 0.00
2.68 (1.41-5.08) 0.00

0.90 (0.61-1.31) 0.57
291 (2.00-4.24) 27x1078

fLeisure-time physical activity (moderate/high vs. low).
doi:10.1371/journal.pone.0041675.t002

Common genetic variants associated with SCD

Two SNPs were significantly associated with risk of SCD after
Bonferroni correction: SCN5A rs41312391 (relative risk [RR] 1.27,
95% confidence interval [CI] 1.11-1.45, P=3.4x10""% and
1rs2200733 in 4q25 upstream of the PITX2 gene (RR 1.28, 95%
CI 1.11-1.48, P=7.9x10"* (Figure 1 and Table 3). The
association results of these two SNPs were consistent among the
different study cohorts (I?=0.00). In a sensitivity analysis
restricting the cases to probable SCDs, the RR estimates remained
similar: 1.28 (95% CI 1.11-1.48, P=6x10"" for rs41312391 and
1.27 (95% CI 1.08-1.49, P=0.003) for rs2200733, implicating
that inclusion of possible SCDs into the phenotype did not bias the
results. In the expression analysis, the minor allele of rs41312391
was assoclated with increased expression of WDR48 (P=0.037)
and the minor allele of rs2200733 with increased expression of
PITX2 (P=0.013). The previously detected SCD association for
rs2383207 in 9p21 [27] was replicated (RR 1.13, 95% CI 1.01-
1.26, P=0.036). None of the 28 SNPs was associated with all-
cause mortality, but rs2200733 was associated with cardiac
mortality (Table S7). The linear QT was not associated with
SCD (P=0.61) in the meta-analysis (Table S8).

SNP associations after adjustment for documented
cardiovascular risk factors

Covariate adjustments in model 2 included sex, geographic
region, cardiovascular risk factors (Table 2), and prevalent CHD.
Use of QT-prolonging and QT-shortening medication were
additionally adjusted for in model 3, and prevalent heart failure
in model 4. Because these additional covariates were not available
in HSDS and TASTY, models 2-4 could not be tested in these
cohorts. SCNOA r1s41312391 and 4q25 132200733 remained
significant risk factors for SCD in all four models (Table 3 and
Table S9). Adjustment for atrial fibrillation at baseline only slightly
decreased the risk estimate of rs2200733 but the confidence
intervals were wide (Table S9).

@ PLoS ONE | www.plosone.org

BMI = body mass index, BP = blood pressure, CHD = coronary heart disease, Cl = confidence interval, HDL = high-density lipoprotein cholesterol, HR = hazard ratio
(in Cox regression), I> = measure of heterogeneity between studies, SCD = sudden cardiac death, TC = total cholesterol.
*Random-effects meta-analysis was used because of significant heterogeneity between studies.

Discussion

We studied the association of 28 common candidate SNPs with
SCD in four large population-based cohorts and two forensic
autopsy studies, altogether comprising 716 SCD cases among
28,323 individuals, and performed a meta-analysis combining the
results of individual studies. Two SNPs were significantly
associated with risk of SCD after correction for multiple testing:
rs41312391 in the SGN54 sodium channel gene and rs2200733 in
4q25, which has been associated with atrial fibrillation [28]. In
addition, this study replicates the association of rs2383207 in 9p21
with SCD [27].

Previously reported associations of SCD risk with male gender,
higher systolic blood pressure, prevalent diabetes, current and
former cigarette smoking, leisure-time physical activity, prevalent
CHD, and Eastern Finnish residency were replicated [3-5,19].
High BMI, high total cholesterol and low HDL cholesterol
concentration, as well as the use of QQT-prolonging drugs have
been associated with increased risk of SCD in previous studies
[3,5,29]. In the present study, BMI, the HDL/total cholesterol
concentration ratio, and the use of QT-prolonging drugs were not
significantly associated with risk of SCD. Interestingly, use of the
QT-shortening drug digoxin was associated with an increased risk
of SCD. This may be due to the fact that digoxin may have been
prescribed to treat atrial fibrillation or heart failure, both of which
are associated with SCD risk [17,30]. Alternatively, digoxin use
could be directly related to risk of SCD [31].

The SCN5A4 rs41312391 (IVS24+116G>A) minor allele has
been associated with QT-interval prolongation in normal subjects
in one study (n =282, P=0.04) [32] and QT-interval shortening in
another (n =396, P=0.02) [33]. This SNP was not significantly
associated with QT interval in the Health 2000 study (n=4,802,
B=—0.9 ms, P=0.06). In the present study, the minor allele was
found to have a frequency of 20% and to be associated with a 27%
increased SCD risk. Adjusting for other cardiovascular risk factors
and presence of CHD and heart failure at baseline did not reduce
the SCD risk estimate, suggesting that the risk conferred by the
allele may be independent of CHD and heart failure. SCN54
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Figure 1. Forest plot of SCD risk ratios for rs41312391 and rs2200733. The figure shows point estimates for relative SCD risk (squares, area
proportional to the inverse-variance weight) and 95% confidence intervals (horizontal lines) in all six cohorts, adjusting for sex and geographic region.
The lateral tips of the diamonds indicate the 95% confidence intervals for the relative risk and the widest point of the diamond the relative risk
estimate in the meta-analysis. HSDS = The Helsinki Sudden Death Study, SCD = sudden cardiac death, TASTY = The Tampere Autopsy Study.

doi:10.1371/journal.pone.0041675.g001

encodes the o-subunit of the cardiac sodium channel. Different
mutations in SCGN5A are known to cause congenital LQTS,
Brugada syndrome, progressive cardiac conduction disease, sick
sinus syndrome, dilated cardiomyopathy, and atrial fibrillation
[34]. The expression analysis indicated that rs41312391 may
change the expression level of a nearby gene, WDR48, which
encodes a WD repeat-containing protein, a regulator of histone
deubiquitinating complexes. However, SCN54 remains the more
likely candidate gene for SCD due to its known function in
myocardial repolarization and conduction processes that can result

in SCD when deranged.

The minor T allele of rs2200733 at 4q25 has a population
frequency of 16% and was associated with a 28% increased risk of
SCD in our study, independent of the presence of CHD risk
factors at baseline. It was also associated with a 28% increased risk
of cardiac mortality, which implicates that it is also involved in
non-sudden cardiac death. The same allele has been reported to
predispose to atrial fibrillation in populations of both European
and Chinese ancestry [28]. Our additional adjustment model
suggests that the association of rs2200733 with SCD does not
appear to be entirely explained by the increased risk of atrial
fibrillation but may also involve other mechanisms, such as
increased arrhythmia risk or abnormal cardiac function in general.

Table 3. Results of the SCD meta-analysis for the two significant SNPs.

SNP Model Population cohorts, HR (95% CI)

Autopsy studies, OR (95%
ql) Fixed-effects meta-analysis

FINRISK 1992 FINRISK 1997 FINRISK 2002

Health 2000

HSDS TASTY 12 RR (95% CI) P-value

rs41312391 1 1.43 (1.09-1.87)
1.53 (1.16-2.01)
1.15 (0.83-1.59)

1.06 (0.77-1.47)

1.32 (1.04-1.68)
1.33 (1.03-1.73)
1.15 (0.88-1.49)
1.23 (0.93-1.63)

1.41 (0.97-2.04)
1.44 (0.99-2.08)
1.55 (1.04-2.32)
1.67 (1.11-2.50)

rs41312391 2
rs2200733 1
rs2200733 2

1.05 (0.76-1.46)
1.07 (0.76-1.50) NA NA 0.00 1.35(1.16-1.57)
1.42 (1.02-1.98)
1.30 (0.92-1.82) NA NA 0.00 1.26 (1.07-1.49) 0.006

120 (0.78-1.83) 1.09 (0.72-162) 0.00 127 (1.11-145) 34x10°*
1.2x107%

1.12 (0.71-1.78)  1.58 (1.00-2.50) 0.00 1.28 (1.11-1.48) 7.9x10™*

polymorphism, TASTY = The Tampere Autopsy Study.
doi:10.1371/journal.pone.0041675.t003
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Model 1: Age was used as the time scale and sex and geographic region were adjusted for. Model 2: Sex, geographic region, HDL-total cholesterol ratio, systolic blood
pressure, prevalent diabetes, BMI, current and former smoking status, physical activity, and prevalent CHD were adjusted for. BMI = body mass index, CHD = coronary
heart disease, Cl = confidence interval, HDL = high-density lipoprotein cholesterol, HR = hazard ratio (in Cox regression), HSDS = The Helsinki Sudden Death Study, I?

= measure of heterogeneity between studies, OR = odds ratio (in logistic regression), RR = relative risk, SCD = sudden cardiac death, SNP = single nucleotide
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However, a possibility of residual confounding also exists, since
atrial fibrillation may not always have been captured by the
baseline electrocardiogram. The expression analysis indicated that
1rs2200733 is associated with the expression of PITX?2, the nearest
gene in this chromosomal region. PITX?2 is a transcription factor
known to direct the left-right asymmetry in cardiac development
[35] and to contribute to sinoatrial node formation [36]. PITX2
expression level is associated with structural and electrical changes
in the atrial chambers, as well as expression of ion channel genes,
including SGN5A4 [37]. Our results show that PITX2 represents a
novel candidate gene for both SCD and non-sudden cardiac
death.

The minor G allele of rs2383207 on chromosome 9p21 has
previously been associated with a 25% increased risk of
myocardial infarction [38] and a 23% increased risk of SCD
[27]. Our study replicates this association for SCD. The nearest
genes in this 9p21 chromosomal region are the cyclin-dependent
kinase inhibitor genes CDEN2A and CDEN2B as well as the
CDEN2B antisense RNA gene. Deletion of the orthologous
chromosomal region in mice leads to reduced expression of
CDEN24 and CDEN2B as well as to excessive proliferation and
diminished senescence of aortic smooth muscle cells [39].
Accordingly, it has been suggested that the variants in the 9p21
region predispose to CHD by affecting vascular remodeling [39].

Of the 28 candidate SNPs investigated in the present study, 25
did not show a statistically significant association with SCD. The
power to identify a hazard ratio of >1.30 in the population
cohorts was high (>99%) but this study cannot exclude the
possibility of an association with a more modest effect size.
Therefore, larger meta-analyses are needed to assess the role of
candidate gene variants that may increase the risk of SCD by
acting through arrhythmia-related intermediate phenotypes.
However, this study was able to demonstrate the potential of
identifying novel SCD-associated variants using suitable interme-
diate phenotypes for selection of candidate variants. When
investigating the Q'T-prolonging variants in aggregate, the present
study did not demonstrate an association between the linear
QT core and SCD, nor did it replicate the previously reported
finding of an increased risk of SCD at the top compared to the
median quintiles of QT [18]. Failure to detect an association
could reflect a complex interaction between QT-prolonging and
QT-shortening variants and risk of SCD or could be caused by
inadequate power to detect a modest effect on SCD risk.

This study explored the association of a wide selection of
candidate SNPs with SCD in a large sample collection of four
population cohorts and two series of forensic autopsies, including a
total of 716 SCD events. A strength of the present study is the
availability of large prospective population cohorts enabling more
precise risk estimates than case-control studies. In addition,
prospective studies enable exploration of the effects of covariate
adjustment. The long-term follow-up of the study subjects was
comprehensive covering all subjects living in Finland, the autopsy
rate of SCD cases was high (75.9%), and extensive information on
the causes of death was gathered through several national
registries. In Finland, autopsies are targeted on cases in which
clinical information is insufficient to determine the cause of death.
As the diagnoses in the death certificate are generally valid,
including cases without autopsy [40,41], the information obtained
from the national registries as well as from the baseline
investigations can be considered sufficient for reliable classification
of causes of death. Finns represent a genetically isolated
population with significant substructure due to founder effects
and bottlenecks during the settlement history [42]. Significant
East-West differences have previously been reported in the risk of

@ PLoS ONE | www.plosone.org
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SCD [19] and we replicated this finding. To account for
population stratification in the present study, geographic region
(East vs. West) was adjusted for in the statistical analyses of the
population cohorts.

A large proportion of SCDs in Western countries are
unwitnessed and therefore the presence of an underlying fatal
arrhythmia, and the time between onset of symptoms and death
cannot be reliably determined in a population-based study. The
inclusion of individuals with a wide age range (25-80 years)
increases the generalizability of the study but at the expense of
increasing heterogeneity of the causes of death. Limitations of the
study include also incomplete SNP information for constructing
the QT ore, missing covariate information in the forensic autopsy
materials, and missing registry-based medication information
before year 1995 (FINRISK 1992). Covariate information was
available at baseline, which could be many years earlier than the
date of death.

Conclusions

We report two novel SNPs associated with increased risk of
sudden cardiac death (SCD). In addition, our results replicate the
association of a SNP in the chromosomal region 9p21 with SCD.
Our study replicates the previously reported associations between
well-known cardiovascular risk factors and risk of SCD. The novel
findings of this study add to our understanding of the contributions
of common genetic variants to SCD risk.

Supporting Information

Methods S1 Supporting information on data sources,
classification of causes of death, and disease definitions.

(PDF)
Table S1 Follow-up time and clinical characteristics of
the prospective study cohorts.

(PDE)
Table S2 Causes of death in each study cohort.
(PDI)

Table S3 QT-prolonging medication according to the
website http://www.qtdrugs.org/.

(PDF)
Table S4
(PDF)
Table S5
samples.
(PDF)
Table S6
(PDF)
Table S7
tality.
(PDF)
Table S8
(PDF)
Table S9 SCD meta-analysis results for all studied

SNPs.
(PDF)

SNPs selected for genotyping.

SNP genotyping results in the different study

SNP information for QT,,,. calculation.

Meta-analysis of all-cause and cardiac mor-

Association of QT .. with SCD.

Acknowledgments

Suzannah Bumpstead, Eija Hamalainen, Kaisa Silander, and Antti-Pekka
Sarin are acknowledged for help in the genotyping process.

July 2012 | Volume 7 | Issue 7 | e41675



Author Contributions

Conceived and designed the experiments: AML PAN ASH AJ PJK JK MP
KK CNC VS. Performed the experiments: AML. Analyzed the data: ASH

References

1.

2.

20.

21.

Adabag AS, Luepker RV, Roger VL, Gersh BJ (2010) Sudden cardiac death:
epidemiology and risk factors. Nat Rev Cardiol 7: 216-225.

Ni H, Coady S, Rosamond W, Folsom AR, Chambless L, et al. (2009) Trends
from 1987 to 2004 in sudden death due to coronary heart discase: the
Atherosclerosis Risk in Communities (ARIC) study. Am Heart J 157: 46-52.

. Kannel WB, Schatzkin A (1985) Sudden death: lessons from subsets in

population studies. ] Am Coll Cardiol 5: 141B-149B.

. Curb JD, Rodriguez BL, Burchfiel CM, Abbott RD, Chiu D, et al. (1995)

Sudden death, impaired glucose tolerance, and diabetes in Japanese American
men. Circulation 91: 2591-2595.

. Wannamethee G, Shaper AG, Macfarlane PW, Walker M (1995) Risk factors

for sudden cardiac death in middle-aged British men. Circulation 91: 1749—
1756.

. Friedlander Y, Siscovick DS, Weinmann S, Austin MA, Psaty BM, et al. (1998)

Family history as a risk factor for primary cardiac arrest. Circulation 97: 155
160.

. Jouven X, Desnos M, Guerot C, Ducimetié¢re P (1999) Predicting sudden death

in the population: the Paris Prospective Study I. Circulation 99: 1978-1983.

. Curran ME, Splawski I, Timothy KW, Vincent GM, Green ED, et al. (1995) A

molecular basis for cardiac arrhythmia: HERG mutations cause long QT
syndrome. Cell 80: 795-803.

. Wang Q, Shen J, Splawski I, Atkinson D, Li Z, et al. (1995) SCN5A mutations

associated with an inherited cardiac arrhythmia, long QT syndrome. Cell 80:

805-811.

. Wang Q, Curran ME, Splawski I, Burn TC, Millholland JM, et al. (1996)

Positional cloning of a novel potassium channel gene: KVLQT'1 mutations cause
cardiac arrhythmias. Nat Genet 12: 17-23.

. Newton-Cheh C, Eijgelsheim M, Rice KM, de Bakker PI, Yin X, et al. (2009)

Common variants at ten loci influence QT interval duration in the QTGEN
Study. Nat Genet 41: 399-406.

. Pfeufer A, Sanna S, Arking DE, Miiller M, Gateva V, et al. (2009) Common

variants at ten loci modulate the QT interval duration in the QTSCD Study.
Nat Genet 41: 407-414.

Straus SM, Kors JA, De Bruin ML, van der Hooft CS, Hofman A, et al. (2006)
Prolonged QTc interval and risk of sudden cardiac death in a population of
older adults. ] Am Coll Cardiol 47: 362-367.

. Antzelevitch C, Shimizu W (2002) Cellular mechanisms underlying the long QT

syndrome. Curr Opin Cardiol 17: 43-51.

. Newton-Cheh C, Larson MG, Corey DC, Benjamin EJ, Herbert AG, et al.

(2005) QT interval is a heritable quantitative trait with evidence of linkage to
chromosome 3 in a genome-wide linkage analysis: The Framingham Heart

Study. Heart Rhythm 2: 277-284.

. Cheng S, Keyes M]J, Larson MG, McCabe EL, Newton-Cheh C, et al. (2009)

Long-term outcomes in individuals with prolonged PR interval or first-degree
atrioventricular block. JAMA 301: 2571-2577.

. Pedersen OD, Abildstrom SZ, Ottesen MM, Rask-Madsen C, Bagger H, et al.

(2006) Increased risk of sudden and non-sudden cardiovascular death in patients
with atrial fibrillation/flutter following acute myocardial infarction. Eur Heart J
27: 290-295.

. Noseworthy PA, Havulinna AS, Porthan K, Lahtinen AM, Jula A, et al. (2011)

Common Genetic Variants, QT Interval, and Sudden Cardiac Death in a
Finnish Population-Based Study. Circ Cardiovasc Genet 4: 305-311.

. Tyynela P, Goebeler S, Ilveskoski E, Mikkelsson J, Perola M, et al. (2009)

Birthplace predicts risk for prehospital sudden cardiac death in middle-aged men
who migrated to metropolitan area: The Helsinki Sudden Death Study. Ann
Med 41: 57-65.

Kok E, Haikonen S, Luoto T, Huhtala H, Goebeler S, et al. (2009)
Apolipoprotein E-dependent accumulation of Alzheimer disease-related lesions
begins in middle age. Ann Neurol 65: 650-657.

Vartiainen E, Laatikainen T, Peltonen M, Juolevi A, Minnisté S, et al. (2010)
Thirty-five-year trends in cardiovascular risk factors in Finland. Int J Epidemiol

39: 504-518.

@ PLoS ONE | www.plosone.org

Common Genetic Variants Associated with SCD

JK. Contributed reagents/materials/analysis tools: PAN ASH AJ PJK JK
MP KK CNC VS. Wrote the paper: AML PAN ASH KK CNC VS.

22. Heistaro S (2008) Methodology report, Health 2000 Survey. Helsinki:
Publications of the National Public Health Institute, KTL B 26. Available:
http://www.terveys2000.fi/doc/methodologyrep.pdf. Accessed 2012 Feb 10.

23. Kattainen A, Salomaa V, Hirkinen T, Jula A, Kaaja R, et al. (2006) Coronary
heart disease: from a disease of middle-aged men in the late 1970s to a disease of
elderly women in the 2000s. Eur Heart J 27: 296-301.

24. Inouye M, Silander K, Hamalainen E, Salomaa V, Harald K, et al. (2010) An
immune response network associated with blood lipid levels. PLoS Genet 6:
el1001113.

25. R Development Core Team (2010) R: A language and environment for
statistical computing. Vienna: R Foundation for Statistical Computing.
Available: http://www.r-project.org. Accessed 2012 Feb 10.

26. Higgins JP, Thompson SG (2002) Quantifying heterogeneity in a meta-analysis.
Stat Med 21: 1539-1558.

27. Newton-Cheh C, Cook NR, VanDenburgh M, Rimm EB, Ridker PM, et al.
(2009) A common variant at 9p21 is associated with sudden and arrhythmic
cardiac death. Circulation 120: 2062-2068.

28. Gudbjartsson DF, Arnar DO, Helgadottir A, Gretarsdottir S, Holm H, et al.
(2007) Variants conferring risk of atrial fibrillation on chromosome 4q25. Nature
448: 353-357.

29. Chugh SS, Reinier K, Singh T, Uy-Evanado A, Socoteanu C, et al. (2009)
Determinants of prolonged QT interval and their contribution to sudden death
risk in coronary artery disease: the Oregon Sudden Unexpected Death Study.
Circulation 119: 663-670.

30. Kannel WB, Plehn JF, Cupples LA (1988) Cardiac failure and sudden death in
the Framingham Study. Am Heart J 115: 869-875.

31. Adams KF Jr, Patterson JH, Gattis WA, O’Connor CM, Lee CR, et al. (2005)
Relationship of serum digoxin concentration to mortality and morbidity in
women in the digitalis investigation group trial: a retrospective analysis. J Am
Coll Cardiol 46: 497-504.

32. Aydin A, Bihring S, Dahm S, Guenther UP, Uhlmann R, et al. (2005) Single
nucleotide polymorphism map of five long-QT genes. ] Mol Med 83: 159-165.

33. Gouas L, Nicaud V, Chaouch S, Berthet M, Forhan A, et al. (2007)
Confirmation of associations between ion channel gene SNPs and QTc interval
duration in healthy subjects. Eur J] Hum Genet 15: 974-979.

34. Ruan Y, Liu N, Priori SG (2009) Sodium channel mutations and arrhythmias.
Nat Rev Cardiol 6: 337-348.

35. Franco D, Campione M (2003) The role of Pitx2 during cardiac development.
Linking left-right signaling and congenital heart diseases. Trends Cardiovasc
Med 13: 157-163.

36. Mommersteeg MT, Hoogaars WM, Prall OW, de Gier-de Vries C, Wiese C, et
al. (2007) Molecular pathway for the localized formation of the sinoatrial node.
Circ Res 100: 354-362.

37. Chinchilla A, Daimi H, Lozano-Velasco E, Dominguez JN, Caballero R, et al.
(2011) PITX2 Insufficiency Leads to Atrial Electrical and Structural Remodeling
Linked to Arrhythmogenesis. Circ Cardiovasc Genet 4: 269-279.

38. Helgadottir A, Thorleifsson G, Manolescu A, Gretarsdottir S, Blondal T, et al.
(2007) A common variant on chromosome 9p21 affects the risk of myocardial
infarction. Science 316: 1491-1493.

39. Visel A, Zhu Y, May D, Afzal V, Gong E, et al. (2010) Targeted deletion of the
9p21 non-coding coronary artery disease risk interval in mice. Nature 464: 409
412.

40. Lahti RA, Penttila A (2001) The validity of death certificates: routine validation
of death certification and its effects on mortality statistics. Forensic Sci Int 115:
15-32.

41. Pajunen P, Koukkunen H, Ketonen M, Jerkkola T, Immonen-Riihi P, et al.
(2005) The validity of the Finnish Hospital Discharge Register and Causes of
Death Register data on coronary heart disease. Eur J Cardiovasc Prev Rehabil
12: 132-137.

42. Jakkula E, Rehnstrom K, Varilo T, Pietiliinen OP, Paunio T, et al. (2008) The
genome-wide patterns of variation expose significant substructure in a founder

population. Am J Hum Genet 83: 787-794.

July 2012 | Volume 7 | Issue 7 | e41675



