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Nitric Oxide Synthase 1 Adaptor Protein, an
Emerging New Genetic Marker for QT
Prolongation and Sudden Cardiac Death
Kuan-Cheng Chang,1,2 Tetsuo Sasano,3 Yu-Chen Wang1,2 and Shoei K. Stephen Huang4

Sudden cardiac death (SCD) is defined as sudden unexplained death due to cardiac causes with an acute change in
cardiovascular status within 1 hour of onset of symptoms. Alternatively, in unwitnessed cases, SCD can also be
defined as a person last seen functionally normal 24 hours before being found dead. Despite significant advances in
understanding the pathophysiology of cardiovascular diseases and the resultant improvement in resuscitation
science, SCD remains a major healthcare challenge worldwide. Although the most pronounced risk factor for SCD is
the presence of coronary artery disease in the setting of a depressed left ventricular function, most deaths occur in
the larger, lower-risk subgroups where genetic variations and other conditions may be the precipitating factors in
triggering SCD. Recently, a common genetic variation in a neuronal nitric oxide synthase regulator, nitric oxide
synthase 1 adaptor protein (NOS1AP) also known as carboxyl-terminal PDZ ligand of neuronal nitric oxide synthase
protein (CAPON) gene, has been identified as a new genetic marker in modulating QT interval prolongation and SCD
in general populations. Animal study revealed that NOS1AP is expressed in the heart and interacts with NOS1-NO
pathways to modulate cardiac repolarization via suppressing the sarcolemmal L-type calcium current and enhancing
the IKr current. This important genetic implication was soon replicated in other racial/ethnic populations and
extended to a variety of clinical settings including diabetes mellitus, coronary artery disease, myocardial infarction,
and congenital or drug-induced long QT syndrome. The purpose of this review aims to provide up-to-date
information about the emerging new genetic marker, NOS1AP, in relation to QT prolongation and SCD.
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Sudden cardiac death (SCD) is defined as sudden
death without explanation arising from cardiac causes,
involving an acute cardiovascular status change within 1
hour of onset of symptoms. In unwitnessed cases, SCD
can also be defined as a person last seen functionally
normal 24 hours before being found dead. The annual
incidence of SCD is approximately 300,000-400,000
cases in the United States and 4~5 million worldwide.1
The underlying etiologies of SCD consist of coronary
artery disease, cardiomyopathy and hereditary electrical disorders.2 Structural heart diseases secondary to
coronary artery diseases or cardiomyopathy constitute
the majority of SCD (90-95%), while the non-structural
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heart diseases comprise the remaining 5-10% of cases in
Western countries.3,4
Although the most important risk factor for SCD is
the presence of coronary artery disease accompanied by
a depressed left ventricular function, this highest-risk
subgroup only accounts for a small fraction of SCDs.5
The largest absolute number of SCD events occurs in the
relatively lower-risk subgroups where specific risk
markers responsible for triggering SCD remain to be
defined. On the other hand, among those patients who
die suddenly without underlying structural heart disease, congenital long QT syndrome (LQTS) caused by
gene mutation and resultant ion channel dysfunction
leading to ventricular tachycardia and SCD has been well
recognized. Apart from the rare disease-causing mutations in congenital LQTS, severe QT prolongation, torsades de pointes ventricular tachycardia and SCD can
occur resulting from complex interactions among factors
including common genetic polymorphisms, drugs, gender effects, metabolic/electrolytes derangement, and
underlying structural heart diseases in susceptible individuals.
Recently, a common genetic variation in a neuronal
nitric oxide synthase regulator, nitric oxide synthase 1
adaptor protein (NOS1AP) also known as carboxylterminal PDZ ligand of neuronal nitric oxide synthase
protein (CAPON) gene, has been identified as a new genetic marker in modulating QT interval prolongation and
SCD in general populations. This important genetic implication was soon confirmed in other racial/ethnic populations and extended to a variety of clinical settings including diabetes, coronary artery disease, myocardial
infarction, and congenital or drug-induced LQTS. The
purpose of this review is to provide up-to-date information about the emerging new genetic marker, NOS1AP,
in relation to QT prolongation and SCD.

since provided new insights into QT prolongation and
SCD.
NOS1AP, first identified in rat brain neurons, is a
highly-conserved protein with an approximate 92%
conceptual amino acid sequence identity between rat
and human. 7-9 NOS1AP protein comprises an aminoterminus phospho-tyrosine binding (PTB) domain and a
carboxyl-terminus PDZ binding domain. In brain neuron,
NOS1AP competes with postsynaptic density protein 95
for the binding of nitric oxide synthase 1 (NOS1)
through the interaction of its carboxyl-terminus PDZ
binding domain with the PDZ domain of NOS1 to uncouple the N-Methyl-D-aspartate (NMDA)-NOS1-nitric oxide
(NO) mediated signaling pathways.7 NOS1AP is also an
adaptor protein of NOS1, capable of directing NOS1 to
other specific target proteins to exert relevant biological
functions.8,9
In addition to neuronal expression in the brain, we
previously have identified NOS1AP expression in the
heart (Figure 1). 10 The cardiac expression of NOS1AP
was further confirmed by Beigi et al.11 in a study of cardiac localization of NOS1 in physiological and diseased
states. They showed that the PDZ-binding domain inter-

IDENTIFICATION AND PROPERTY OF NOS1AP GENE
In searching for new genetic markers responsible for
QT prolongation and SCD, a whole-genome association
approach has identified common genetic variants in a
neuronal nitric oxide synthase regulator, NOS1AP gene,
that is found to contribute to QT interval differences in a
community-based population.6 This genetic finding has
Acta Cardiol Sin 2013;29:217-225

Figure 1. Immunohistochemistry staining of nitric oxide synthase 1
adaptor protein (NOS1AP) also known as carboxyl- terminal PDZ ligand
of neuronal nitric oxide synthase (CAPON, green) and actin (red) in left
ventricular tissues from rats showing a cytoplasmic distribution pattern
of the soluble NOS1AP protein. Myocytes nuclei (blue) are stained by
4’,6-diamidino-2-phenylindole (DAPI).
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prospective cohort study of individuals aged ³ 55 living
in the Rotterdam area in the west of Netherlands, both
rs10494366 and rs10918594 variants were significantly
associated with QTc interval prolongation (3.8 ms and
3.6 ms increase in QTc, respectively for each additional
allele copy). Over 11.9 median years of follow-up of 233
cases involving SCDs, no significant association of both
NOS1AP variants was found with the risk of SCD. However, Eijgelsheim et al. 15 demonstrated that when the
SCD definition was restricted to only witnessed SCD,
significant associations of rs12143842 and its proxy
rs16847549 with SCD were seen, despite the fact that
the case number was reduced in the Rotterdam Study
population. They further showed that combining the
Rotterdam Study with the data from the Cardiovascular
Health Study and the Atherosclerosis Risk in Communities study16 further strengthened the overall significance of the association between rs16847548 and
SCD, irrespective of the phenotype definition. In the
Atherosclerosis Risk in Communities Study and the Cardiovascular Health Study, Kao et al. 16 analyzed the
association of NOS1AP variants with SCD in a combined
population of 19,295 black and white adults by examining 19 tagging single nucleotide polymorphisms
(SNPs) in the genomic blocks containing rs10494366
and rs4657139 in NOS1AP. They found that multiple
SNPs in NOS1AP, including rs10494366, rs4657139, and
rs16847548, were significantly associated with adjusted
QT interval in whites. In whites, both rs16847548 and
rs12567209 were independently associated with SCD
even after considering a variety of confounders including QT interval and coronary heart disease risk factors.

action between NOS1AP and NOS1 contributes to NOS1
localization in specific organelles within cardiomyocytes.
NOS1AP co-immunoprecipitated with the mu and alpha
isoforms of NOS1 in whole heart lysates, and co-localization of NOS1AP and NOS1 was present in the sarcoplasmic reticulum and mitochondria with dual immunogold electron microscopy.11
The QT interval reflects global ventricular repolarization, which is the duration of action potentials of all
ventricular cardiomyocytes. Prolonged repolarization in
cardiac ventricular myocytes is caused by an increase in
depolarizing inward currents and/or by a decrease in
repolarizing outward currents. We found that NOS1AP
over-expression accelerates cardiac repolarization via
suppressing the sarcolemmal L-type calcium current and
enhancing the IKr current, which was mediated by the
interaction with NOS1-NO pathways in ventricular
cardiomyocytes.10 These findings provide the rationale
for the association of NOS1AP gene variants and the
extremes of QT interval in humans.

COMMON NOS1AP VARIANTS AND RISK OF SCD
IN GENERAL POPULATION
Soon after the discovery by Arking et al.6 in 2006 in
a genome-wide association study that a common variant of NOS1AP (rs10494366) in the non-coding region is
significantly associated with QTc interval variation in a
community-based German population, a number of
studies have confirmed similar results (Table 1).6,12-14
Aarnoudse et al.12 reported that in a population-based,
Table 1. Common NOS1AP variants in general populations

SNPs

rs10494366

Adjusted QT prolongation
+
Sudden cardiac death
NA
Population
German
5
Author
Arking et al.
Year published
2006

rs10494366
rs10918594

rs10494366
rs1415262

rs10494366

+
+*
Dutch
11
Aarnoudse et al.
2007

+
NA
Amish
12
Post et al.
2007

+
NA
British
13
Tobin et al.
2008

†

rs10494366
rs4657139
rs16847548

rs2819328
rs6427669
rs10800465
rs3751284
rs449908

+
‡
+
§
American
15
Kao et al.
2009

+
NA
Chinese
25
Shah et al.
2013

NA, not applicable; SNPs, single nucleotide polymorphisms.
+ denotes significant association with prolongation of adjusted QT interval or sudden cardiac death.
†
‡
§
* Restricted to witnessed sudden cardiac death; Only seen in women; Only re16847548; American black and white adults.
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mal models. 30,32 Recently, Lehtinen et al. 35 demonstrated that common genetic variants in NOS1AP in families with a genetic susceptibility to diabetes are independently associated with QTc prolongation, even accounted for the strong effect of diabetes on repolarization. The strength of the effect of NOS1AP SNPs on
QTc prolongation in European-American diabetic
subjects was 11.3 and 13.9 ms differences between
minor and major homozygotes respectively for SNP
rs10494366 and SNP 10918594. This difference was
much greater than that observed in the previous reports
by Arking 6 (4-8 ms), Aarnoudse 12 (6.3-7.2 ms), and
Post13 (0.2-6.1 ms) (Figure 2). They thus suggest a positive synergistic interaction between diabetes and
NOS1AP genetic variants that alter myocardial repolarization. Furthermore, in Lehtinen’s study, 34% of all European-American diabetic subjects in the Diabetes
Heart Study were using a QT-altering medication. It is
therefore possible that use of QT-prolonging medication
in the diabetic population, along with the presence of
QT-prolonging alleles of NOS1AP, may increase the risk
of arrhythmias and SCD in this patient subset. Although
the interactions between diabetes and NOS1AP genetic
variants may exist and cause more QTc prolongation in
this European-American diabetic population, whether
these findings can be applied to nonwhite diabetic patients remains unclear. In a recent study by Lu et al.,36
three candidate SNPs rs10494366, rs12143842 and

On the other hand, there were no significant associations between tagging SNPs in NOS1AP and either QT
interval or SCD in blacks.
Post et al.13 conducted another study to replicate
the association between NOS1AP variants and the QT interval in a more genetically homogenous population,
the Old Order Amish people, living in Lancaster County,
Pennsylvania, United States. They found that two
(rs1415262 and rs10494366) of the four selected SNPs
were significantly associated with variation in adjusted
QT interval. Tobin et al. 14 assessed gender-specific
NOS1AP associations with resting QTc in 919 women
and 918 men from 504 representative families in the UK
GRAPHIC study, and found that the minor allele (G) of
the NOS1AP SNP rs10494366 significantly prolonged
QTc by 4.59 ms in women, but only by 1.62 ms in men,
suggesting the existence of gender-specific effects of
the NOS1AP variant on QTc interval prolongation in this
population. In addition to these findings, a variety of
new genetic loci within NOS1AP associated with QT
variation have since been identified over the past few
years,17-22 and the association of NOS1AP variants and
QT variation has further been shown in non-European
populations.23-26 All of these studies provide strong evidence that common genetic variants of NOS1AP may
influence QT interval in healthy populations across different races.

COMMON NOS1AP VARIANTS AND DIABETES
MELLITUS
Diabetes is a strong risk factor for SCD.27,28 QT interval prolongation has been associated with both type 1
and type 2 diabetes.29-33 Diabetic patients with longer
QTc have a threefold increased risk of SCD after adjusting for clinical and other electrocardiographic (ECG) or
autonomic characteristics,29 thus linking QTc prolongation as a particularly potent risk factor in the diabetic
population. The relationship between diabetes and QT
dispersion has been attributed to acquired autonomic
dysfunction in humans.34 However, cardiac ion channel
remodeling, predominantly involving the transient outward K+ current (Ito), slowly delayed rectifier K+ current
(IKs) and rapidly delayed rectifier K+ current (IKr), and has
been shown to underlie diabetic QT prolongation in aniActa Cardiol Sin 2013;29:217-225

Figure 2. Differences of the adjusted QT interval between major and
minor homozygotes for NOS1AP single nucleotide polymorphism,
rs10494366, in four population studies. Note the greater extent of
adjusted QT interval difference in a type 2 diabetes - enriched sample of
European ancestry reported by Lehtinen et al.34 The QT interval was
corrected by heart rate, age and sex in Arking’s study;5 by heart rate,
age, sex, and family structure in Post’s study;12 by Bazett’s formula in
Aarnoudse’s11 and Lehtinen’s34 studies.
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in SCD risk stratification of non-Caucasian patients with
coronary artery disease.

rs12029454 were genotyped in 1240 Chinese Type 2 diabetic patients (631 men and 609 women) and 1196 normal controls (433 men and 763 women). Interestingly,
they found that in the diabetic group, the rs12143842 T
allele was associated with a 3.87 ms increase in QTc interval for each additional allele copy, while rs10494366
and rs12029454 showed no significant association with
QTc. Additionally, there was no evidence of association
for the three SNPs in subjects with normal glucose regulation and no significant SNP-gender and -diabetes interaction was observed. Thus, further studies with fine
mapping of the association of the NOS1AP locus with QT
interval are important to clarify whether NOS1AP variants potentiate QTc prolongation and risk for SCD in
type 2 diabetic populations.

COMMON NOS1AP VARIANTS AND CONGENITAL
LONG QT SYNDROME
Congenital LQTS is the most common genetically
heterogeneous disorder predisposing affected individuals to SCD. Common genetic variants other than the
primary mutation have been shown to modify the probability of life-threatening events.46,47 Crotti et al.46 investigated whether common variants in NOS1AP modify the risk of clinical manifestations and the magnitude of QT prolongation in a South African LQTS
population segregating a founder mutation in KCNQ1
/A341V using a family-based association analysis. They
found that NOS1AP variants (rs4657139 and rs16847548)
were significantly associated with the occurrence of
symptoms and disease severity, as manifested by a
greater probability for cardiac arrest and sudden
death. The QT interval also tends to be longer (in the
top 40% of values) among all mutation carriers
(rs4657139 and rs16847548). Tomás et al. 47 investigated the role of NOS1AP as a genetic modifier of congenital LQTS in 901 patients enrolled in a prospective
LQTS registry by genotyping three NOS1AP marker
SNPs (rs4657139, rs16847548, and rs10494366). They
found that SNPs rs4657139 and rs16847548 were associated with an average QTc prolongation of 7 and 8 ms,
respectively; whereas rs4657139 and rs10494366 were
associated with increased incidence of cardiac events.
Interestingly, the rs10494366 minor allele was identified as an independent prognostic marker among patients with QTc < 500 ms, but not in the entire cohort
according to Cox multivariate analysis. However, in a
recent clinical and genetic analysis of a single Saudi
family, Shinwari et al.48 reported that both rs4657139
and rs16847548 NOS1AP variants did not correlate
with the cardiac symptoms or with the QTc intervals.
Results from the single family study appear inconsistent with the large LQTS cohort analysis, suggesting
that the LQTS phenotypes may be modified by varying
NOS1AP SNPs across races. Nevertheless, emerging evidence supports the notion that NOS1AP not only affects the QTc interval in a general population, but also

COMMON NOS1AP VARIANTS AND CORONARY
ARTERY DISEASE
Approximately 80% of SCDs occur in the setting of
coronary artery disease37 with ventricular tachycardia or
ventricular fibrillation as the major arrhythmias.38 Recent candidate gene association studies for SCD in patients with coronary artery disease have identified
several susceptible common variants including b2 adrenergic receptor gene,39,40 angiotensin-converting enzyme pathway genes and the transforming growth factor b-receptor 2 gene.41,42 However, these studies are
either lacking in unified SCD phenotype definitions43 or
have yet to be validated. 41,42 Aouizerat et al. 44 conducted a genome-wide association case-control study
comparing 89 patients with coronary artery disease and
SCD due to ventricular tachycardia or ventricular fibrillation to 520 healthy controls, and found that rs4292933
in NOS1AP was among the 14 SNPs spanning 11 genes
that were associated with an elevated likelihood of SCD.
Westaway et al.45 conducted a candidate-gene approach
using haplotype tagging SNPs to identify genes associated with SCD risk in the context of coronary artery
disease in 291 subjects from the Oregon Sudden Unexpected Death Study. They reported that common
NOS1AP variants (rs12084280 and rs10918859) are associated with increased risk of SCD in patients with coronary artery disease. Further studies are needed to verify
whether common genetic variants in NOS1AP play a role
221
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influences sudden death risk in subjects with LQTS.
Therefore, NOS1AP can be regarded as a genetic modifier and is clinically useful for risk stratification in patients with congenital LQTS.

and cardiovascular mortality in Caucasian users of
dihydropyridine calcium channel blockers. The putative
mechanism is possibly related to changes of NOS-NO
mediated vasodilatation rather than via the QT prolonging effects.
Antipsychotic drugs are among the drugs causing
QT prolongation, which may trigger lethal ventricular
tachyarrhythmias in susceptible patients. Identifying the
genetic variants that mediate or potentiate antipsychotic-induced QT prolongation may help to minimize this risk. Aberg et al.56 performed candidate gene
analysis and five drug-specific genome-wide association
studies to search for genetic variation mediating
antipsychotic-induced QT prolongation in 738 schizophrenia patients from the Clinical Antipsychotic Trial of
Intervention Effectiveness study. They found that,
though it may not be directly linked to the metabolic
pathways of antipsychotic medications, NOS1AP was involved in antipsychotics-induced QT prolongation. Furthermore, they identified SLC22A23 with high genome-wide significance, which mediates the effects of
quetiapine on QT prolongation.
Use of antiarrhythmic medications is often limited
by the potential risk of serious adverse events including
drug-induced QT prolongation and torsades de pointes.
Jamshidi et al.57 performed an association study using
167 SNPs spanning the NOS1AP gene in 58 Caucasian
patients experiencing drug-induced LQTS and 87 Caucasian controls from the DARE (Drug-Induced Arrhythmia
Risk Evaluation) study. They found that the most significant SNP associated with drug-induced LQTS was SNP
rs10919035 in amiodarone users. Further genotyping
rs10919035 in another independent replication cohort
confirmed the association of this NOS1AP variant and
amiodarone-induced LQTS.
These results provide the evidence that common
NOS1AP variants are associated with a significant increase in the risk of drug-induced LQTS including use of
calcium channel blockers (notably verapamil), antipsychotics and antiarrhythmics (Table 2). These studies
also suggest that common variations in the NOS1AP
gene are important for future pharmacogenomic applications in clinical settings to allow safer prescription of
these drugs in susceptible patients.
In addition to the previous reports investigating the
association of NOS1AP variations and drug-induced

COMMON NOS1AP VARIANTS AND
DRUG-INDUCED LONG QT SYNDROME
Verapamil use has been shown to be associated
with a significant increase in the QTc interval, 49-51
whereas the QTc prolonging effect was not consistently
confirmed for other types of calcium channel blockers,
including amlodipine, isradipine, nifedipine, and diltiazem. A high-affinity blockage of the HERG current by
verapamil (IC50 range 0.14-0.83 mmol/l), compared to
weak or no blockage of this current by other calcium
channel blockers and might be responsible for these differential effects. 49-51 We have previously shown that
NOS1AP overexpression activates the NOS1-NO pathway, resulting in suppression of the L-type calcium current and enhancement of the rapidly delayed rectifier
potassium current in ventricular cardiomyocytes. 10
Barouch et al.52 observed that NOS1 stimulates sarcoplasmatic reticulum Ca 2+ release, which leads to increased intracellular calcium. The elevation of intracellular Ca 2+ suppresses the Ca 2+ entry pathway, the
L-type calcium channels,53 and selectively enhances the
delayed rectifier current, which leads to increased outflow of potassium.53 Consequently, it is reasonable to
assume that calcium channel blockers may potentiate
the QTc prolonging effect in subjects with common
NOS1AP variants. This concept has been proven by van
Noord et al.54 in the prospective population-based Rotterdam Study. van Noord et al. 54 found that use of
verapamil was associated with a significant QTc interval
prolongation of 6.0 ms compared to non-users. Furthermore, verapamil users with the rs10494366 GG genotype had significantly more QTc prolongation [25.4 ms
(95% confidence interval: 5.9-44.9)] than those with the
TT genotype. Compared to verapamil, dihydropyridine
calcium channel blockers (amlodipine, nifedipine and
others), have a higher affinity for vascular calcium channels with a greater effect of vasodilatation. Becker et
al.55 showed that the minor G allele of rs10494366 in
the NOS1AP gene is associated with increased all-cause
Acta Cardiol Sin 2013;29:217-225
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Table 2. Common NOS1AP variants in drug-induced long-QT syndrome
Medication
SNP
Adjusted QT
Population
Author
Year published

Verapamil

Antipsychotics

Amiodarone

Methadone

rs10494366
+
Dutch
53
van Noord et al.
2009

Candidate SNPs
+
American*
55
Aberg et al.
2012

rs10919035
+
British
56
Jamshidi et al.
2012

rs10918594
+
Chinese
Chang et al.
Unpublished data

SNP, single nucleotide polymorphism.
+ denotes presence of drug-gene interaction on adjusted QT prolongation.
*Multi-ethnicity including white/European American (57%), black/African American (29%), and other ancestral origins (14%)

LQTS, we recently conducted a prospective study to
evaluate the interactions between selected NOS1AP
SNPs and methadone in a heroin-dependent population.
Because both methadone and NOS1AP affect IKr current,
we therefore hypothesized that NOS1AP might play a
role in regulating methadone-associated QTc prolongation. Our preliminary results (unpublished data) showed
that methadone maintenance therapy is associated with
significant QTc lengthening, and NOS1AP variant at
rs10918594 may further modify the QTc prolonging
effects by methadone in 122 patients with complete
genotyping data who received an ECG examination at
baseline and 51 days after starting maintenance methadone treatment.

2.
3.

4.
5.
6.

7.

8.

CONCLUSIONS
9.

NOS1AP, has emerged as a new genetic marker in
modulating QT interval prolongation and SCD in multiracial/ethnic general populations and in a variety of
clinical settings including diabetes mellitus, coronary
artery disease, myocardial infarction, and congenital or
drug-induced LQTS. Although the detailed mechanistic
pathways and mediators remain to be defined, the new
information derived from genomic approaches has provided new insights into the global public health problem
of SCD. Such advances offer not only new directions for
risk stratification but also additional opportunities for
discovery of novel antiarrhythmic targets and therapies.

10.

11.

12.

13.

14.

REFERENCES
15.

1. Kong MH, Fonarow GC, Peterson ED, et al. Systematic review of

223

the incidence of sudden cardiac death in the United States. J Am
Coll Cardiol 2011;57:794-801.
Capatina CO, Dogaroiu C, Hostiuc S, et al. Sudden death due to
aortic coarctation. Acta Cardiol Sin 2011;27:120-3.
Chugh SS, Reinier K, Teodorescu C, et al. Epidemiology of sudden
cardiac death: clinical and research implications. Prog Cardiovasc Dis 2008;51:213-28.
Deo R, Albert CM. Epidemiology and genetics of sudden cardiac
death. Circulation 2012;125:620-37.
Huikuri HV, Castellanos A, Myerburg RJ. Sudden death due to
cardiac arrhythmias. N Engl J Med 2001;345:1473-82.
Arking DE, Pfeufer A, Post W, et al. A common genetic variant in
the NOS1 regulator NOS1AP modulates cardiac repolarization.
Nat Genet 2006;38:644-51.
Jaffrey SR, Snowman AM, Eliasson MJ, et al. CAPON: a protein
associated with neuronal nitric oxide synthase that regulates its
interactions with PSD95. Neuron 1998;20:115-24.
Fang M, Jaffrey SR, Sawa A, et al. Dexras1: a G protein specifically
coupled to neuronal nitric oxide synthase via capon. Neuron
2000;28:183-93.
Jaffrey SR, Benfenati F, Snowman AM, et al. Neuronal nitric-oxide
synthase localization mediated by a ternary complex with synapsin and capon. Proc Natl Acad Sci U S A 2002;99:3199-204.
Chang KC, Barth AS, Sasano T, et al. CAPON modulates cardiac
repolarization via neuronal nitric oxide synthase signaling in the
heart. Proc Natl Acad Sci U S A 2008;105:4477-82.
Beigi F, Oskouei BN, Zheng M, et al. Cardiac nitric oxide synthase-1 localization within the cardiomyocyte is accompanied by
the adaptor protein, CAPON. Nitric Oxide 2009;21:226-33.
Aarnoudse A-JLHJ, Newton-Cheh C, de Bakker PIW, et al. Common NOS1AP variants are associated with a prolonged QTc
interval in the Rotterdam study. Circulation 2007;116:10-6.
Post W, Shen H, Damcott C, et al. Associations between genetic
variants in the NOS1AP (CAPON) gene and cardiac repolarization
in the old order Amish. Hum Hered 2007;64:214.
Tobin MD, Kahonen M, Braund P, et al. Gender and effects of a
common genetic variant in the NOS1 regulator nos1ap on cardiac repolarization in 3761 individuals from two independent
populations. Int J Epidemiol 2008;37:1132-41.
Eijgelsheim M, Newton-Cheh C, Aarnoudse AL, et al. Genetic

Acta Cardiol Sin 2013;29:217-225

Kuan-Cheng Chang et al.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

variation in NOS1AP is associated with sudden cardiac death:
evidence from the Rotterdam study. Hum Mol Genet 2009;
18:4213-8.
Kao WH, Arking DE, Post W, et al. Genetic variations in nitric
oxide synthase 1 adaptor protein are associated with sudden
cardiac death in US white community-based populations. Circulation 2009;119:940-51.
Eijgelsheim M, Aarnoudse AL, Rivadeneira F, et al. Identification
of a common variant at the NOS1AP locus strongly associated to
QT-interval duration. Hum Mol Genet 2009;18:347-57.
Marjamaa A, Newton-Cheh C, Porthan K, et al. Common candidate gene variants are associated with QT interval duration in
the general population. J Intern Med 2009;265:448-58.
Marroni F, Pfeufer A, Aulchenko YS, et al. A genome-wide association scan of RR and QT interval duration in 3 European
genetically isolated populations: the Eurospan project. Circ
Cardiovasc Genet 2009;2:322-8.
Newton-Cheh C, Eijgelsheim M, Rice KM, et al. Common variants
at ten loci influence QT interval duration in the QTGEN study. Nat
Genet 2009;41:399-406.
Pfeufer A, Sanna S, Arking DE, et al. Common variants at ten loci
modulate the QT interval duration in the QTSCD study. Nat Genet
2009;41:407-14.
Raitakari OT, Blom-Nyholm J, Koskinen TA, et al. Common variation in NOS1AP and KCNH2 genes and QT interval duration in
young adults. The cardiovascular risk in young Finns study. Ann
Med 2009;41:144-51.
Arking DE, Khera A, Xing C, et al. Multiple independent genetic
factors at NOS1AP modulate the QT interval in a multi-ethnic
population. PLoS One 2009;4:e4333.
Avery CL, Sethupathy P, Buyske S, et al. Fine-mapping and initial
characterization of QT interval loci in African Americans. PLoS
Genet 2012;8:e1002870.
Smith JG, Avery CL, Evans DS, et al. Impact of ancestry and common genetic variants on QT interval in African Americans. Circ
Cardiovasc Genet 2012;5:647-55.
Shah SA, Herrington DM, Howard TD, et al. Associations between
NOS1AP single nucleotide polymorphisms (SNPs) and QT interval
duration in four racial/ethnic groups in the multi-ethnic study of
atherosclerosis (MESA). Ann Noninvasive Electrocardiol 2013;
18:29-40.
Friedlander Y, Siscovick DS, Arbogast P, et al. Sudden death and
myocardial infarction in first degree relatives as predictors of
primary cardiac arrest. Atherosclerosis 2002;162:211-6.
Solomon SD, Zelenkofske S, McMurray JJV, et al. Sudden death in
patients with myocardial infarction and left ventricular dysfunction, heart failure, or both. N Engl J Med 2005;352:2581-8.
Whitsel EA, Boyko EJ, Rautaharju PM, et al. Electrocardiographic
QT interval prolongation and risk of primary cardiac arrest in
diabetic patients. Diabetes Care 2005;28:2045-7.
Lengyel C, Virág L, Bíró T, et al. Diabetes mellitus attenuates the
repolarization reserve in mammalian heart. Cardiovasc Res
2007;73:512-20.

Acta Cardiol Sin 2013;29:217-225

31. Cardoso CRL, Salles GF, Deccache W. Prognostic value of QT interval parameters in type 2 diabetes mellitus: results of a long-term
follow-up prospective study. J Diabetes Complications 2003;17:
169-78.
32. Zhang Y, Xiao J, Wang H, et al. Restoring depressed herg k+ channel function as a mechanism for insulin treatment of abnormal
QT prolongation and associated arrhythmias in diabetic rabbits.
Am J Physiol Heart Circ Physiol 2006;291:H1446-55.
33. Robinson RTCE, Harris ND, Ireland RH, et al. Mechanisms of
abnormal cardiac repolarization during insulin-induced hypoglycemia. Diabetes 2003;52:1469-74.
34. Wei K, Dorian P, Newman D, Langer A. Association between QT
dispersion and autonomic dysfunction in patients with diabetes
mellitus. J Am Coll Cardiol 1995;26:859-63.
35. Lehtinen AB, Newton-Cheh C, Ziegler JT, et al. Association of
NOS1AP genetic variants with QT interval duration in families
from the diabetes heart study. Diabetes 2008;57:1108-14.
36. Lu J, Hu C, Hu W, et al. A common variant of NOS1AP is associated
with QT interval duration in a Chinese population with type 2
diabetes. Diabet Med 2010;27:1074-9.
37. Zipes DP, Wellens HJ. Sudden cardiac death. Circulation 1998;
98:2334-51.
38. Bayes de Luna A, Coumel P, Leclercq JF. Ambulatory sudden cardiac death: mechanisms of production of fatal arrhythmia on the
basis of data from 157 cases. Am Heart J 1989;117:151-9.
39. Sotoodehnia N, Siscovick DS, Vatta M, et al. Beta2-adrenergic
receptor genetic variants and risk of sudden cardiac death.
Circulation 2006;113:1842-8.
40. Tseng ZH, Aouizerat BE, Pawlikowska L, et al. Common betaadrenergic receptor polymorphisms are not associated with risk
of sudden cardiac death in patients with coronary artery disease.
Heart Rhythm 2008;5:814-21.
41. Sotoodehnia N, Li G, Johnson CO, et al. Genetic variation in angiotensin-converting enzyme-related pathways associated with
sudden cardiac arrest risk. Heart Rhythm 2009;6:1306-14.
42. Tseng ZH, Vittinghoff E, Musone SL, et al. Association of TGFbr2
polymorphism with risk of sudden cardiac arrest in patients with
coronary artery disease. Heart Rhythm 2009;6:1745-50.
43. Tseng ZH. Genetic association studies of sudden cardiac death/
arrest: the importance of context. Heart Rhythm 2009;6:
1315-7.
44. Aouizerat BE, Vittinghoff E, Musone SL, et al. GWAS for discovery
and replication of genetic loci associated with sudden cardiac
arrest in patients with coronary artery disease. BMC Cardiovasc
Disord 2011;11:29.
45. Westaway SK, Reinier K, Huertas-Vazquez A, et al. Common variants in CASQ2, GPD1l and NOS1AP are significantly associated
with risk of sudden death in patients with coronary artery disease. Circ Cardiovasc Genet 2011;4:397-402.
46. Crotti L, Monti MC, Insolia R, et al. NOS1AP is a genetic modifier
of the long-QT syndrome. Circulation 2009;120:1657-63.
47. Tomás M, Napolitano C, De Giuli L, et al. Polymorphisms in the
NOS1AP gene modulate QT interval duration and risk of ar224

NOS1AP and Sudden Cardiac Death

48.

49.

50.

51.

52.

rhythmias in the long QT syndrome. J Am Coll Cardiol 2010;
55:2745-52.
Shinwari Z, Al-Hazzani A, Dzimiri N, et al. Identification of a novel
KCNQ1 mutation in a large Saudi family with long QT syndrome:
clinical consequences and preventive implications. Clin Genet
2013;83:370-4.
Zhang S, Zhou Z, Gong Q, et al. Mechanism of block and identification of the verapamil binding domain to HERG potassium
channels. Circ Res 1999;84:989-98.
Chouabe C, Drici MD, Romey G, et al. HERG and KVLQT1/isk, the
cardiac k+ channels involved in long QT syndromes, are targets
for calcium channel blockers. Mol Pharmacol 1998;54:695-703.
Redfern WS, Carlsson L, Davis AS, et al. Relationships between
preclinical cardiac electrophysiology, clinical QT interval prolongation and torsade de pointes for a broad range of drugs: evidence for a provisional safety margin in drug development.
Cardiovasc Res 2003;58:32-45.
Barouch LA, Harrison RW, Skaf MW, et al. Nitric oxide regulates
the heart by spatial confinement of nitric oxide synthase iso-

forms. Nature 2002;416:337-9.
53. Bai CX, Namekata I, Kurokawa J, et al. Role of nitric oxide in ca2+
sensitivity of the slowly activating delayed rectifier k+ current in
cardiac myocytes. Circ Res 2005;96:64-72.
54. van Noord C, Aarnoudse AJ, Eijgelsheim M, et al. Calcium channel blockers, NOS1AP, and heart-rate-corrected QT prolongation.
Pharmacogenet Genomics 2009;19:260-6.
55. Becker ML, Visser LE, Newton-Cheh C, et al. A common NOS1AP
genetic polymorphism is associated with increased cardiovascular mortality in users of dihydropyridine calcium channel
blockers. Br J Clin Pharmacol 2009;67:61-7.
56. Aberg K, Adkins DE, Liu Y, et al. Genome-wide association study
of antipsychotic-induced QTc interval prolongation. Pharmacogenomics J 2012;12:165-72.
57. Jamshidi Y, Nolte IM, Dalageorgou C, et al. Common variation in
the NOS1AP gene is associated with drug-induced QT prolongation and ventricular arrhythmia. J Am Coll Cardiol 2012;60:
841-50.

225

Acta Cardiol Sin 2013;29:217-225

