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Abstract

Background: Through a genome-wide association study,
we discovered an association of the electrocardiographic QT
interval with polymorphisms in the NOS1AP (CAPON) gene.
The purpose of the current study was to replicate this asso-
ciation in the Old Order Amish. Methods: Four NOSTAP SNPs
were selected that captured all major haplotypes in the re-
gion of interest (~120 kb segment). Genotyping was com-
pleted in 763 subjects from the Heredity and Phenotype In-
tervention (HAPI) Heart Study. Association analyses were
performed using a variance components methodology, ac-
counting for relatedness of individuals. Results: Heritability
of the QT interval was 0.50 * 0.09 (p = 1.9 X 107°). All four
SNPs were common with a high degree of correlation be-
tween SNPs. Two of the four SNPs (pairwise r? = 0.86) were
significantly associated with variation in adjusted QT inter-

val (rs1415262, p = 0.02 and rs10494366, p = 0.006, additive
models for both). SNP rs10494366 explained 0.9% of QT in-
terval variability, with an average genetic effect of 6.1 ms.
Haplotypes that contained the minor allele for rs10494366
were associated with longer QT interval. Conclusions: This
study provides further evidence that NOSTAP variants influ-
ence QT interval and further validates the utility of genome-
wide association studies, a relatively new approach to gene
diSCOVEI‘y. Copyright © 2007 S. Karger AG, Basel

Introduction:

The electrocardiographic QT interval is a measure of
cardiac repolarization which is moderately heritable [1, 2]
and predicts risk for cardiovascular events in the general
population [3-5]. Long QT syndrome is a rare heteroge-
neous single gene disorder caused by mutations in one of
a variety of ion channel genes, which can lead to fatal ar-
rhythmias [6]; however, the majority of sudden arrhyth-
mic deaths occur in people without mutations in these
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genes [7]. Indeed, determinants of the QT interval in the
general population and the risk for sudden arrhythmic
cardiac death are complex, and are determined by genet-
ic background, the environment, and their interactions.

We previously undertook a three-stage genome-wide
association study, designed to identify genes or genomic
regions that modulate the QT interval, by initially ge-
notyping ~115,000 single nucleotide polymorphisms
(SNPs) in 100 subjects from each of the extremes of the
QT interval distribution (total 200 subjects) in the KORA
§4 Study (‘Cooperative Research in the Region of Augs-
burg’), a population based epidemiological study in Augs-
burg, Germany [8]. We identified and replicated an as-
sociation between QT interval with SNPs in Nitric Oxide
Synthase 1 (Neuronal) Adaptor Protein (NOSIAP also
known as CAPON) on chromosome 1, which is the car-
boxy-terminal PDZ ligand of neuronal nitric oxide syn-
thase (nNOS).

The purpose of the current study was to evaluate, and
replicate, the association between NOSIAP and the QT
interval in a more genetically homogenous population,
the Old Order Amish, and to estimate the heritability of
the QT interval. The Old Order Amish of Lancaster
County, Pennsylvania are a rural, closed, genetically iso-
lated population who are descendents from a limited
number of individuals who emigrated from Europe in the
1700’s. They eschew modern technology, including many
standard medical therapies, and live a relatively homoge-
neous, active lifestyle [9]. There are potential advantages
to performing genetic association studies in the Amish.
Genetic association studies in isolated populations are
less likely to be influenced by spurious associations due
to population substructure, and there are fewer non-ge-
netic factors that could potentially confound associations
between complex traits and genetic polymorphisms due
to their relative environmental homogeneity.

Although the association between NOSIAP and the
QT interval was replicated in our initial report, replica-
tion in multiple populations helps to confirm that the
association is valid in these populations that have the
potential for different genetic backgrounds and environ-
mental influences that have the potential for different
genetic backgrounds and environmental influences that
could negate or otherwise modify the main effect of the
gene variant. Moreover, if heterogeneity in associations is
observed in different populations, assuming that the dif-
ferences were not due to study design issues, our under-
standing of the role of these genetic variations in different
populations may be refined or additional insight into
the potential interactions between genetic variations and
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other underlying risk factors in various populations may
be gleaned [10]. Further validation of our genome-wide
association study results would extend the association
between NOSIAP and the QT interval to additional pop-
ulations, and also strengthen the evidence for the poten-
tial utility of genome-wide association studies, a relative-
ly new approach to gene discovery.

Methods

Subjects/Phenotyping

The subjects in this study were Amish men and women, en-
rolled between 2003 and 2006 in the Heredity and Phenotype In-
tervention (HAPI) Heart Study, which was designed to identify
genes that interact with the environment to influence cardiovas-
cular risk. Subjects were generally healthy and were initially re-
cruited into the HAPI Heart Study on the basis of their prior par-
ticipation in one of our previous studies of bone mineral density
and/or coronary calcification, although for practical consider-
ations (e.g., to maintain rapport with the community and to more
efficiently meet recruitment goals), recruitment guidelines were
modified to allow other interested individuals in the community
to participate. These subjects were initially identified through
word of mouth, advertisements, Amish-wide mailings, and refer-
rals from local physicians. Participating subjects were aged 20
years and older, and their first and second degree relatives were
encouraged to participate. Subjects with severe hypertension (BP
>180/105 mm Hg), malignancy, kidney, liver or uncontrolled thy-
roid disease were not eligible for the study.

All subjects underwent a research examination at the Amish
Research Clinic in Strasburg, PA. This examination included a
12-lead electrocardiogram (ECG) which was acquired using stan-
dard methods with a GE Marquette digital recording system. The
QT measurements were calculated by the Marquette computer
system using ‘median beats’. There were 12 median beats, one for
each of the 12 leads, which was developed using simultaneously
sampled data, allowing for them to be time aligned synchronous-
ly. A vector magnitude signal was formed by combining all 12-
lead median beats, so-called ‘superbeat’. The QT interval was cal-
culated from the superbeat, which measures the earliest onset of
the QRS to the latest offset of the T wave across all 12 leads.

The analyses described in this report are based on 797 subjects
recruited into the HAPI Heart Study with at least one genotype
in the NOSIAP gene available. We excluded one subject with atri-
al fibrillation and 33 subjects with a QRS duration =120 ms, as
these conditions can alter repolarization (QT interval). Our final
analysis set included 763 subjects.

The research protocols were approved by the Institutional Re-
view Boards of the University of Maryland and the Johns Hopkins
University. All subjects signed informed consent, which included
permission to perform genotyping.

SNP Selection and Genotyping

Four SNPs in NOSIAP (rs4657139, rs12567211, rs1415262,
rs10494366) were selected for genotyping based on our previous
work in the KORA Study. In stage II of that study, which consist-
ed of 300 individuals from each extreme of the QT interval dis-
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Table 1. Characteristics of the Amish

HAPI Heart Study population

Characteristics (mean * SD) Total Men Women
(n =763) (n = 402) (n =361)

Age, years 435+ 14.1 41.6x13.5 455+144
Mean QT interval, ms 409.5%28.7 411.3%£29.0 407.4%28.4
Adjusted QT interval*, ms 408.8£29.2 411.4%28.5 407.9%28.2
Body mass index, kg/m? 26.6+4.5 25.6%3.2 27.6%5.4
Systolic blood pressure, mm Hg 121.1£14.9 121.2£12.7 121.0£17.0
Diastolic blood pressure, mm Hg 76.6 8.8 77.6£9.0 75.6 £8.5

* Adjusted for age, gender, heart rate and family structure.

tribution (total of 600 individuals), fine mapping had revealed
that the 5" end of the gene, and in particular, a ~120-kb segment
exhibiting strong linkage disequilibrium (LD), displayed the
greatest association with QT interval [8]. Using the Tagger tool in
Haploview (http://www.broad.mit.edu/mpg/haploview/) these
four common SNPs capture all major haplotypes in this region
(>1% frequency). To estimate coverage, using an r? of 0.5 in the
HapMap CEU samples, we capture 44 of the 89 alleles with a mi-
nor allele frequency >0.05 in this region. Seventy-three percent of
the captured alleles have an r? > 0.8. Genotyping was performed
using TagMan Assays on Demand or Assays by Design (Applied
Biosystems) according to manufacturer’s protocols.

Statistical Methods

Genotypes were checked for Mendelian consistency using the
PedCheck software program in the extended Amish pedigree. Al-
lele frequencies were calculated for each SNP by gene counting, and
observed genotypes were tested for fit to the expectations of the
Hardy-Weinberg law using the x* test. Pairwise LD (r?) was esti-
mated by Haploview. Heritability and association analyses were
performed using a variance components methodology to account
for the relatedness of study subjects as implemented in the Sequen-
tial Oligogenic Linkage Analysis Routines (SOLAR) program [11].
We modeled variation in QT interval as a function of measured
environmental covariates, additive genetic effects and a residual
error component. The additive genetic effects were parameterized
as a function of the kinship matrix. Maximum likelihood methods
were used to estimate the covariate and genetic effects simultane-
ously. Initially, we estimated the heritability of QT interval as the
proportion of the total phenotypic variation that could be attribut-
able to additive genetic effects. We then evaluated the association
between NOSIAP genotype and QT interval while simultaneously
adjusting for the effects of age, age?, sex, and heart rate and additive
genetic effects (heritability). Statistical significance of the genotype
effects were assessed using the likelihood ratio test, in which we
compared the likelihood of the data under a model in which the
genotype effect was estimated against the likelihood of a nested
model in which the genotype effect was constrained to zero. Anal-
yses were performed assuming an additive genetic model. Since
some associations appeared to follow a dominant pattern, we re-
peated the analyses assuming a dominant model. We evaluated
gene-by-gender interactions for each SNP using the log likelihood
ratio test comparing the full model with a gene*gender term and a
nested model without the gene*gender term. We estimated that a
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sample of size 763 subjects provides 80% power to identify SNPs
accounting for as little as 1% of the variation in QT interval, with
an alphalevel of 0.05 and minor allele frequency of 0.30. Haplotype
frequencies and association were calculated based on the Stochas-
tic_EM (SEM) algorithm using THESIAS program [12].

Results

The characteristics of the study population are de-
scribed in table 1. The sample size of 763 subjects includes
individuals from 466 sibships, with sibships ranging in
size from 1 to 9. Additional relationship types were iden-
tified by linking study subjects into larger pedigrees
through their examined or unexamined parents. These
763 individuals could be combined into 377 multiplex
pedigrees, ranging in size from 1 to 35 examined indi-
viduals and representing 466 sibpairs, 241 parent-off-
spring pairs, 352 avuncular pairs and 156 first-cousin
pairs.

The mean (* SD)agewas44 * 14 years and 47% were
women. QT was normally distributed (skewness = 0.43
and kurtosis = 0.73) with mean (£ SD) of 409.5 *
28.7 ms. Heritability of the QT interval, adjusted for age,
gender and heart rate, was estimated at 0.50 % 0.09 (p =
1.9 X 107%). The proportion of the variance due to the
covariates (age, age?, gender, and heart rate) was 0.63. All
four SNPs were relatively common with minor allele fre-
quencies between 34 and 45% and satisfied HardyWein-
berg equilibrium. There was a high degree of correlation
between SNPs (pairwise r? ranging from 0.62 to 0.86) as
displayed in figure 1.

Two of the four NOSIAP SNPs were significantly as-
sociated with variation in adjusted QT interval, as shown
in table 2 (rs1415262, p = 0.02, additive model; p = 0.008,
dominant model; and rs10494366, p = 0.006, additive
model; p = 0.02, dominant model). Of note, the r? of pair-
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Table 2. Associations between NOSIAP SNPs and adjusted QT interval

NOSIAP SNP (N/n) MAF Adjusted QT interval* Additive =~ Dominant
model model
WY L on p value*  p value*
rs4657139 (A/T) 0.37 4084*1.3 411.0x1.5 411.8%22 0.1 0.05
rs12567211 (C/A) 0.34 409.1x24 410.7x2.3 409.3x£2.2 0.84 0.45
1rs1415262 (G/C) 0.41 407.2*+14 4106+ 1.4 412.1%2.1 0.02 0.008
rs10494366 (T/G) 0.45 407.2x14 4099=x1.5 413.3x£2.0 0.006 0.02
N = Major allele; n = minor allele. MAF is minor allele frequency.
* Adjusted for age, gender, heart rate, and family structure.
wise linkage disequilibrium between these two SNPs
Exon1 Exon2

was 0.86. There was a trend towards an association bet-
ween rs4657139 and adjusted QT interval (p = 0.05,
dominant model). There were no associations between
rs12567211 and the QT interval in single SNP analyses.
There were no significant gene-by-gender interactions.
SNP rs10494366 explained 0.9% of the variability in the
QT interval, and the average genetic effect, measured as
the difference in the mean QT intervals between the two
homozygote genotypes, was 6.1 ms.

We also performed haplotype analyses using these 4
SNPs. There were 2 major haplotypes in this Amish co-
hort. One haplotype was comprised of all the major al-
leles (1111) for these 4 SNPs (haplotype frequency 55%)
and the other of all the minor alleles (2222) (haplotype
frequency 33%). There were three additional haplotypes
(2121, 1121, 2221) that were each present in 3-4% of the
sample (note the order of the 4 SNPs is the same as in
table 2). Consistent with the single SNP analyses, haplo-
types that contained the minor allele for rs10494366 were
associated with longer QT interval.

Discussion

Sudden unexpected cardiac death, generally attribut-
ed to alethal arrhythmia, accounts for nearly 50% of cor-
onary heart disease mortality [7] and has a familial com-
ponent [13]. Abnormalities in cardiac repolarization,
which can increase risk for arrhythmias, can manifest on
a 12-lead electrocardiogram as an alteration in the QT
interval. Little is known about specific genes associated
with risk for sudden cardiac death in the general popula-
tion, other than a few candidate gene studies [14-16]. We
found that the QT interval is a moderately heritable trait

NOSIAP (CAPON) Gene and Cardiac
Repolarization

)

— o
o) — o 0
) ~ © )
— ~ ~ <
N © n [
n n — <
© N < o
< — — —
wv wv wv wv
2 2 2 4
1 2 3 4

®

70

Fig. 1. r? plot of pairwise linkage disequilibrium between the four
SNPs that cover a 120-kb region in the 5" portion of the NOS1AP
gene.

(h?2=0.50 * 0.09) in the Old Order Amish. Our herita-
bility results are slightly higher than the heritability esti-
mates in the Framingham Heart Study (h? = 0.35) [2] and
the Family Heart Study (h? = 0.34) [17].

We have further validated the association between
variants in the NOSIAP (CAPON) gene and the QT in-
terval, which was recently discovered in a genome-wide
association study [8]. Remarkably, we find very similar
results in the Old Order Amish, a genetically isolated
population, and the results seen in the German KORA
Study [8]. In the Amish, the proportion of the variability
in the QT interval that was explained by SNP rs10494366
was 0.9% and the average genetic effect, measured as the
difference in the mean QT intervals between the two ho-
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mozygote genotypes, was 6.1 ms. In KORA S4 and KORA
F3, two distinct samples from a population-based Ger-
man cohort, the proportion of the variability explained
by the same allele of the same SNP was 1.2 and 1.9%, re-
spectively, and the average genetic effects were 4.9 and
7.9 ms, respectively. The frequency of the minor allele
was somewhat higher in the Amish, 45 versus 36% in the
KORA $4 and F3 populations, and 39% in the Framing-
ham Heart Study, in which association between NOSIAP
and QT interval was also shown [8]. A limitation of this
study in the Old Order Amish is the smaller sample size
(763 subjects versus 2,000-4,000 in the previous studies),
leading to somewhat less power to detect associations and
therefore less significant p values; however, the impor-
tance of these results is reflected in the remarkable con-
sistency of the point estimates between this study and the
others, suggesting that these findings are likely true pos-
itives.

We have added significantly to the previous study by
performing these analyses in a genetically isolated popu-
lation, in which spurious associations due to population
substructure are less likely. We have also performed hap-
lotype analyses, utilizing 4 SNPs that were identified to
tag the 120-kb region at the 5" region of the gene, which
is likely to harbor the functional variant. Since there was
a high degree of LD between these SNPs in the Old Order
Amish, the haplotype analysis did not provide significant
additional information, but did suggest that haplotypes
containing the minor allele for rs10494366 are most as-
sociated with longer QT intervals. Most likely, the func-
tional variant is in a non-coding region with regulatory
function, since sequencing in KORA did not identify any
missense mutations in the exons [8].

Itis remarkable that when comparing the resultsacross
the various cohort studies, findings are relatively consis-
tent even though each study used a different algorithm
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