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CHAPTER 4

Abstract
Rationale
Long QT syndrome type 2 (LQT2) is a cardiac repolarization disorder that is caused by 
mutations in the KCNH2 gene which encodes kv11.1 (HERG) underlying the Ikr repolarizing 
K+ current. Although mutation type and location are known to impact on the severity of 
clinical manifestations, the occurrence of phenotypic variability among patients harboring 
the same mutation points to the presence of additional modulatory genetic factors. 

Objective
In this study we undertook a candidate gene-based approach to identify genetic modifiers 
of disease expression in this disorder. A total of 1201 haplotype-tagging SNPs across 18 
candidate genes were tested for association with QTc-interval in 438 patients with LQT2. 
In association analysis of the genetic variants with QTc, for the first time, we corrected for 
effects of KCNH2 mutation type and location.

results
Two SNPs, rs16847548 located immediately 5’upstream of the NOS1AP gene, and 
rs956642, located in the vicinity of KCNH2, were associated with the QTc-interval at 
p-values exceeding the Bonferroni-corrected significance threshold for association 
(p<4.16×10-5). Of these, rs956642 was also found to be associated with cardiac events 
(p=0.02). Two other SNPs in NOS1AP, rs10494366 and rs12567211, which like rs16847548 
were previously found to impact on QTc in the general population, were also significantly 
associated with QTc in the LQT2 patients studied (p-values, 9.96×10-3 and 2.24×10-4, 
respectively). 

Conclusion
We provide the first evidence that common genetic variants at the KCNH2 locus modulate 
severity of clincal manifestations in the Long QT Syndrome. Furthermore, we extend 
previous observations that common genetic variants in NOS1AP modulate the extent of 
QTc-prolongation in this disorder. 

Abbreviations
GWAS, genome-wide association study
LD, linkage disequilibrium
LQTS, Long QT Syndrome
LQT2, Long QT Syndrome type 2
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Introduction
The Long QT syndrome (LQTS) is a congenital disorder caused by mutations in several 
genes primarily encoding ion channels. It is associated with an increased risk of 
sudden cardiac death from torsades de pointes polymorphic ventricular tachycardia 
and is clinically diagnosed by a prolonged QT-interval on the electrocardiogram (ECG). 
Mutations in the KCNH2 gene have been linked to the type 2 LQTS (LQT2) and account 
for ~40% of genotyped LQT patients 1. KCNH2 encodes the pore-forming subunit of the 
channel conducting the rapid component of the delayed rectifier repolarizing K+ current 
(IKr) and mutations causing LQTS lead to a reduction of this current, thereby prolonging 
cardiomyocyte repolarization and prolonging the QT-interval on the ECG. 2 

Shimizu and co-workers have previously demonstrated that among patients with LQT2, 
the type and location of the KCNH2 mutation exerted a marked effect on the extent 
of QT-interval prolongation and occurrence of cardiac events 3. However although this 
explains some of the variability in disease severity among patients, the occurrence of 
phenotypic variability among patients harboring similar mutations points to the presence 
of additional modulatory genetic factors 4, 5. In this study we undertook a candidate 
gene-based approach to identify genetic modifiers of disease expression in a large set of 
patients with LQT2. In this analysis for genetic modifiers of disease expression in the LQTS, 
for the first time we also took into consideration the effects of mutation type and location.

Material and Methods
Study population
The study population consisted of 438 LQT2 probands and their relatives, all harboring 
a mutation in the KCNH2 gene. Patients carrying >1 mutation in KCNH2 or a second 
mutation in another LQTS gene were not included. These subjects were drawn from the 
LQTS registries of four European centers, namely Amsterdam (The Netherlands), Münster 
(Germany), Munich (Germany), and Nantes (France). All subjects were of European 
descent. The study was approved by the Medical Ethical Committees at the respective 
centers. All subjects or their guardians provided informed consent for genetic and clinical 
studies. 

Phenotyping
Routine clinical and ECG parameters were acquired at the time of patient enrollment in 
each of the registries. ECGs were digitalized and analyzed using ImageJ (http://rsb.info.
nih.gov/ij/) blinded to genotype. Only sinus rhythm complexes were analyzed. The QT-
interval was measured manually on-screen using the tangent method 6. Lead II was used 
whenever possible 7. The average QT-interval from up to 3 consecutive beats with similar 
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preceding RR-intervals was calculated and the QTc-interval was expressed using Bazett’s 
formula. A first cardiac event was defined as a first unexplained syncope, a first aborted 
cardiac arrest (requiring resuscitation) or a first ventricular tachycardia or fibrillation. The 
observation period for cardiac events started at birth and lasted to the initiation of anti-
adrenergic therapy (b-blockers) or the date of the last visit.

SNP selection and genotyping
Eighteen candidate genes known to be involved in cardiac electrophysiology were selected 
(Table 1). These included genes involved in cardiac arrhythmia syndromes, functionally 
important subunits of these genes, and genes significantly associated with the QTc-
interval in the general population based on the results of genome-wide association 
studies (GWAS). Each gene was analyzed systematically using a haplotype-tagging 
approach. To account for genetic variation within regulatory regions of genes, we also 
considered genetic variation immediately upstream and downstream of the candidate 
genes. Single nucleotide polymorphisms (SNPs) for genotyping were selected from all 
HapMap SNPs (http://www.hapmap.org/) available for the CEU population within the 
genes and 50 kb upstream and downstream of these genes. Tag-SNPs were selected using 
the Tagger program8 using the following criteria: HapMap CEU population, pairwise only 
tagging with r2 ≥ 0.8 and a minor allele frequency (MAF) ≥ 10%. SNPs with low Illumina 
GoldenGate quality design scores were replaced where possible by another SNP tagging 
the same haplotype block. In addition, we included 38 non-synonymous SNPs with minor 
allele frequencies ≥1% previously reported in the 18 candidate genes. A total of 1424 SNPs 
were derived in this way for genotype analysis. SNP genotyping was performed using a 
custom assay (GoldenGate) on an Illumina-BeadStation500GX (Illumina Inc., SanDiego, 
USA) at the Genome Analysis Center, Helmholtz Zentrum Munich, Germany. The Illumina 
BeadStudio software clustering algorithm was used for initial data analysis. Thereafter, 
intensity plots of all variants were examined individually and manual genotype calling was 
performed if necessary.

SNPs and samples were subsequently checked for quality. Monomorphic SNPs and SNPs 
with a MAF < 1%, as well as SNPs and samples with call rates <95% were removed from 
further analyses. A total of 1,201 SNPs had sufficient quality for analysis. All 438 samples 
had call rates ≥95% and were included in the analysis.

Statistical analyses
QTc-interval data were normally distributed (Shapiro-Wilk statistic W>0.90) and are 
reported as the mean ± standard deviation. Although all subjects were of European 
descent we nevertheless tested for any population stratification using principle component 
analysis in the GenABEL package 9 in R (http://www.rproject.org/). No such stratification 
was detected. 
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Effects of KCNH2 mutation type and/or location, effects of SNPs and effects of covariates 
on the QTc-interval were estimated using the linear mixed effect model function (lmekin) 
in the Kinship package 10 in R, thus correcting for dependency between some study 
subjects due to familial relatedness. The effect of SNPs on the secondary endpoint 
‘age at first cardiac event’, were estimated using the cox proportional hazards function 
(coxme) in Kinship. For each SNP-phenotype relationship, an additive genetic model 
was assumed unless mentioned otherwise. The effects of the SNPs were adjusted for 
sex, age at ECG recording, proband status, b-blocker use at the time of the ECG, and for 
mutation type and location. With respect to mutation type and location, mutations were 
classified into 5 different classes: (1) nonsense, frameshift, large deletions and insertions, 
all locations, 2) missense, N-terminus, 3) missense, transmembrane S1-S4, (4) missense, 
transmembrane S5-loop-S6, and (5) missense, C-terminus. This annotation was based 
on the Uniprot database (http://www.uniprot.org/uniprot/Q12809, version January 
2012). In association analysis, the Bonferroni corrected significance threshold was set at 
p=4.16×10-5 (0.05/1201). 

TAbLE 1  |  Overview of candidate genes and SNPs tested. 

gene Chromosome Tag SNPs passing QC Ns SNPs

AKAP9 7q21-q22 14 2

ANK2 4q25-q27 103 2

CACNA1C 12p13.3 150

CASQ2 1p13.3-p11 59

CAV3 3p25 55

FKBP1B 2p23.3 12

GPD1L 3p22.3 40

KCNE1 21q22.1-q22.2 57 1

KCNE2 21q22.1 24

KCNH2 7q35-q36 58 1

KCNJ2 17q23.1-q24.2 37

KCNQ1 11p15.5 112

NOS1AP 1q23.3 110 1

RYR2 1q42.1-q43 201 1

SCN1B 19q13.1 22

SCN4A 17q23.1-q25.3 22 1

SCN4B 11q23 45

SCN5A 3p21 70 1

Total 1191 10

Tag SNP, haplotype-tagging SNP, Ns SNP, non-synonymous SNP
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SNPs associated with QTc-interval at genome-wide statistical significance in published 
genome-wide association studies 11-14 were checked for LD (r2 >0.7) with genotyped SNPs 
using SNAP (http://www.broadinstitute.org/mpg/snap/ldsearchpw.php). 

Results
Study population
The characteristics of the 438 LQT2 patients studied are presented in Table 2. A total of 
137 (31%) patients were probands and 260 (59%) were female. The median age at ECG 
was 33 (IQR=30). As expected, probands had a significantly longer QTc-interval compared 
to relatives: 486 ± 48 vs. 459 ± 38 ms (p=5.8×10-10). Males and females had similar QTc-
intervals (465 ± 47, males; 469 ± 40 ms, females; p=0.31). Beta-blocker use at the time of 
the ECG did not affect the QTc-interval (467 ± 44 in non-users; 470 ± 41 in users; p=0.65). 

TAbLE 2  |  Characteristics of the LQT2 patients studied.

 Total

n = 438

Female 260 (59%)

Proband 137 (31%)

Median (IQR) age at ECG (years) 33 (30)

b-blocker use at time of ECG 79 (18%)

Mean (±SD) QTc-interval (ms) 467 ± 43

Cardiac event 149 (34%)

Median (IQR) follow-up (years) 24 (29)

A total of 131 different KCNH2 mutations (Figure 1, Supplemental Table 1) were present 
among the 438 patients who originated from 187 different families. The number of 
patients per family ranged from 1 to 20. Missense mutations accounted for 56.5% (n=74) 
of the mutations. Frameshift mutations accounted for 31.3% (n=41), and nonsense 
mutations for 7.6% (n=10). In-frame deletions (n=3), large deletions (n=2) and large 
duplications (n=1) accounted for 2.3, 1.5 and 0.8%, respectively. Mutations were located 
within four different channel sub-domains. Most mutations were located within the 
N-terminus (n=41, 31.3%), the transmembrane “pore” region (S5-loop-S6; n=39, 29.8%) 
and the C-terminus (n=40, 30.5%) of the channel. Eight mutations (6.1%) were located in 
the transmembrane “non-pore” region (S1-S4 transmembrane segments) while the two 
large deletions and the large duplication (2.3%) affected multiple regions. 
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TAbLE 3  |  Effects of KCNH2 mutation type and location on QTc-interval.

Location of the mutation n=426* QTc-interval (ms)

N-terminus 143 (34%) 462 ± 47

transmembrane S1-S4 19 (4%) 509 ± 49

transmembrane S5-loop-S6 119 (28%) 473 ± 42

C-terminus 145 (34%) 464 ± 36

Mutation type and location n=438 QTc-interval (ms)

nonsense, frameshift, large deletions and insertions, all locations 169 (39%) 465 ± 39

missense, N-terminus 113 (26%) 460 ± 46

missense, transmembrane S1-S4 15 (3%) 518 ± 49

missense, transmembrane S5-loop-S6 108 (25%) 476 ± 42

missense, C-terminus 33 (8%) 454 ± 31

*The two large KCNH2 gene deletions and the large duplication (12 individuals) were excluded as these 
affected multiple channel domains.

Effects of KCNH2 mutation type and location 
Since the type and location of the mutation may affect the extent of QTc-interval 
prolongation 3 we first evaluated whether there were any effects of mutation type and 
location on the extent of QTc-interval prolongation in our LQT2 patient sample. The type 
of mutation (missense vs. non-missense i.e. nonsense, frameshift, large duplications/
deletions) was not associated with the extent of QTc-interval (p=0.43). When the location 
of missense mutation was considered, we found that carriers of a missense mutation 
in the transmembrane non-pore region (S1-S4) had on average a longer QTc-interval 
compared to individuals carrying a missense mutation in any of the other 3 locations, i.e. 
transmembrane pore region (S5-pore-S6), N-terminus or C-terminus (p=2.4×10-4, Table 3). 
When the 15 patients with S1-S4 region missense mutations were excluded (2 different 
mutations), patients with a missense mutation in the pore region (transmembrane S5-
loop-S6) displayed a longer QTc-interval compared to patients with a non-pore missense 
mutation (N- or  C-terminal) (476 ± 42 vs. 458 ± 43, p=0.016). 

SNP effects on QTc-interval and cardiac events
A total of 1201 SNPs across the 18 candidate genes were tested for association with QTc-
interval in the 438 LQT2 patients. As the KCNH2 mutation type and location impacted on 
the QTc-interval, we adjusted for this, in addition to sex, age at ECG and proband status. 
The association results for all SNPs displaying association with QTc-interval at p≤0.01 are 
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presented in Table 4 and the results for all association tests are shown in Supplemental 
Table 2. Two SNPs, rs16847548 at the NOS1AP locus and rs956642 at the KCNH2 locus, 
passed the Bonferroni-corrected significance threshold of p<4.2×10-5. The minor allele of 
rs16847548 was associated with an increase in QTc-interval of ~13 ms, while the minor 
allele of rs956642 was associated with ~12ms shortening in QTc-interval. Figure 2 displays 
the regional association plots at these two loci. SNP rs16847548 is located at 4.5 kb 
upstream of NOS1AP while rs956642 is located at 50kb downstream of KCNH2. We next 
tested whether any of these two SNPs was also associated with risk of cardiac events. Only 
rs956642 near KCNH2 displayed a trend for association with reduced risk of cardiac events 
(RR=0.78, 95% CI 0.60 - 1.01, p=0.06). Since it has been previously suggested that SNP 
effects on risk of cardiac events might be more pronounced in patients with QTc-<500 ms, 
as the risk of cardiac events in patients with QTc>500ms is already very high 15, we next 

 
Figure 1  |  Location of the 128 different mutations in the Kv11.1 (HERG) potassium channel encoded 
by the KCNH2 gene. The open circles represent individual amino acids, the blue circles indicate the 
location of missense mutations, and the red circles indicate the location of non-missesnce mutations. 
The purple circles indicates the location where both missense and non-missense mutations occur. The 
transmembrane S1-S4 region was defined as amino acid residues 404 to 547. The transmembrane loop 
region was defined as residues 548 to 659. Residues 1-403 were defined as N-terminus, while residues 
660 to 1159 were defined as the C-terminus. The cylinders represent putative α-helical segments, and 
the bars represent putative β-sheets. These annotations are based on the Uniprot database (http://www.
uniprot.org/uniprot/Q12809, version January 2012).
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A.

B.

Figure 2  |  Regional association plots at the NOS1AP (upper panel) and KCNH2 (lower panel) loci.
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tested whether the association of rs956642 was more pronounced when we considered 
only patients with QTc<500ms. When this patient category was considered, rs956642 was 
found to be associated with cardiac events at a p-value of 0.02 (RR=0.70, 95% CI 0.53-
0.94, p=0.02). The minor allele was associated with a decreased risk of cardiac events in 
line with the QTc-abbreviating effect of this allele.

We next assessed whether SNPs that have been previously linked to the QTc-interval 
in GWAS conducted in the general population 11-14 also impacted on QTc-interval in our 
LQT2 patient set. For SNPs that were not directly genotyped, we considered SNPs that 
had an r2 > 0.7 with those found in previous GWAS; when multiple SNPs with r2 > 0.7 
were present, the SNP with the strongest LD was considered. Association data with QTc-
interval for these SNPs is presented in Table 5. Four SNPs from previous GWAS at the 
NOS1AP locus were either genotyped directly or were well-tagged. SNP rs16847548 
displaying the strongest association with QTc-interval in our set (see above, p=1.28×10-5) 
is in fact in high LD (r2 =0.88) with rs12143842, which was the highest ranking SNP in the 
two recent meta-analysis of QTc-GWAS in multiple sets of the general population 13, 14. SNP 
rs10494366 from previous GWAS was typed directly and was associated with QTc-interval 
at a p-value of 9.96×10-3. SNP rs2880058 was tagged by rs12567211, which was associated 
with QTc-interval at a p-value of 2.24×10-4. The direction of effect at all these three SNPs 
was concordant with the effect direction in previous GWAS; in all cases the minor allele 
had a prolonging effect on the QTc-interval. In aggregate, rs10494366, rs16847548 and 
rs12567211 explained 13.3% of the variance observed in QTc-interval among the patients, 
bringing the total explained variance from 15.3% (due to effects of sex, age, proband 
status and mutation type and location) to 28.64%. The fourth SNP, rs4657178, was typed 
directly. Using an additive genetic model, no association was observed with QTc-interval.  
However a trend for an association with QTc-interval (p=0.08) was observed when a 
recessive model was applied in the association analysis (AA+Aa vs. aa). Of the 4 NOS1AP 
GWAS SNPs that were typed or captured by proxies, only rs4657178 showed a trend 
for association with cardiac events (RR=1.31, 95% CI 0.99-1.72, p=0.06).The association 
improved when only individuals with QTc<500ms were considered (RR=1.45, 95% CI 1.07-
1.98, p=0.02). The QTc-prolonging allele was the risk-allele.
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TAbLE 4  |  SNPs associated with QTc-interval in LQT2 patients at p<0.01.

SNP§ Chr gene Position Major 
allele

Minor 
allele

MAF Effect on 
QTc-interval 
#β±SE (ms)

P-value 
QTc-
interval*

rs16847548 1 NOS1AP 162035274 T C 0.25 13.66  ±  3.12 1.28e-05

rs956642 7 KCNH2 150596502 A G 0.39 -12.14  ±  2.86 2.02e-05

rs12567211 1 NOS1AP 162036523 G T 0.31 10.63  ±  2.89 2.24e-04

rs1935778 1 CASQ2 116394699 A G 0.42 9.18  ±  2.65 5.45e-04

rs6677529 1 NOS1AP 162263754 C A 0.17 -12.17  ±  3.8 1.29e-03

rs6660701 1 NOS1AP 162040906 G C 0.39 9.12  ±  2.9 1.61e-03

rs2968857 7 KCNH2 150662330 T C 0.40 -8.9  ±  2.91 2.06e-03

rs929492 12 CACNA1C 2670580 C T 0.14 11.94  ±  4.02 2.72e-03

rs7944321 11 SCN4B 118055801 G A 0.21 -10.77  ±  3.66 2.94e-03

rs1415262 1 NOS1AP 162046135 G C 0.38 8.46  ±  2.9 3.43e-03

rs6674675 1 RYR2 237589433 A G 0.37 8.48  ±  2.95 3.95e-03

rs4656349 1 NOS1AP 162049824 A G 0.34 8.36  ±  2.94 4.26e-03

rs12703105 7 KCNH2 150594658 C A 0.26 7.36  ±  2.6 4.31e-03

rs3918227 7 KCNH2 150700946 C A 0.08 13.85  ±  5 5.40e-03

rs4657180 1 NOS1AP 162247738 C T 0.09 -13.44  ±  4.92 5.99e-03

rs7620066 3 GPD1L 32219424 A T 0.30 -8.06  ±  2.98 6.41e-03

rs4240550 1 CASQ2 116305471 T G 0.42 7.29  ±  2.73 6.94e-03

rs7539281 1 NOS1AP 162008034 G A 0.29 8.06  ±  3 7.02e-03

rs10923142 1 CASQ2 116204661 C T 0.17 9.8  ±  3.66 7.37e-03

rs2834432 21 KCNE2 35644787 C G 0.12 -11.2  ±  4.23 7.41e-03

rs313956 4 ANK2 114023849 G A 0.22 8.83  ±  3.37 8.09e-03

rs10399824 1 CASQ2 116371836 A G 0.07 14.76  ±  5.64 8.16e-03

rs6677154 1 NOS1AP 162254664 A G 0.25 8.66  ±  3.31 8.22e-03

rs2021746 17 SCN4A 62133488 T A 0.12 -11.42  ±  4.36 8.44e-03

rs11767582 7 KCNH2 150523344 T G 0.30 -8.27  ±  3.22 9.34e-03

rs10754345 1 CASQ2 116275152 G A 0.33 7.27  ±  2.84 9.87e-03

rs10494366 1 NOS1AP 162085685 T G 0.39 7.47  ±  2.92 9.96e-03
*P-values passing the Bonferroni corrected p-value threshold (p=4.16×10-5) are in bold face. Chr, 
chromosome. MAF, minor allele frequency. # Coded allele is the minor allele in all cases.
§SNPs previously associated with QTc in GWAS in the general population (rs10494366) or which are 
correlated to SNPs associated with QTc in these GWAS (rs16847548, rs12567211: r2>0.7; rs956642: r2=0.2) 
are in bold face.
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TAbLE 5  |  Effects of SNPs in LD with those found associating with QTc-interval in previous genome-wide 
association studies.

gWAS SNP Typed proxy r2 Effect on
QTc-interval

β±SE (ms)

P-value Concordance
with gWAS

(Y/N)

NOS1AP

rs10494366 7.47 ± 2.92 9.96×10-3 Y

rs12143842 rs16847548 0.88 13.66  ±  3.12 1.28×10-5 Y

rs2880058 rs12567211 0.79 10.63  ±  2.89 2.24×10-4 Y

rs4657178 0.52  ±  3.14 0.87

SCN5A

rs12053903 rs6793245 0.96 -0.34  ±  3.18 0.91

KCNH2

rs4725982 5.87  ±  3.51 0.09/0.02* Y

rs2968863 rs1547958 0.96 2.62  ±  3.45 0.44

KCNQ1

rs12296050 rs16928297 1.00 0.76  ±  3.36 0.82

rs12576239 2.9  ±  3.81 0.44

KCNE1

rs1805128 (D85N) 1.00 2.99 ± 9.81 0.76

*Using dominant genetic model

Another 6 SNPs that were associated with QTc-interval in the general population in 
previous GWAS (2 at the KCNH2 locus, 2 at KCNQ1, 1 at SCN5A and 1 at KCNE1), were 
either directly typed or were well-tagged (Table 5). Of these, rs4725982, located 4kb 
downstream of KCNH2 locus, displayed a trend for association with QTc-interval (p=0.09); 
the association improved when a dominant model was used in association analysis 
(p=0.02). The minor allele was associated with a longer QTc-interval in concordance with 
observations in GWAS. No association with cardiac events was detected for this SNP. None 
of the remaining 5 SNPs displayed association with QTc or cardiac events (Table 5).

Discussion
Considerable interest exists in the discovery of genetic factors modulating severity of 
clinical manifestations in the LQTS as the identification of these factors is expected to 
contribute to the refinement of individual risk stratification. We here assessed whether 
genetic variants in candidate genes modulate the extent of QTc-interval prolongation, a 
major determinant of risk in the LQTS 16, and the occurrence of cardiac events, in patients 
with LQT2. We undertook a comprehensive approach addressing genetic variation within 
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and in flanking regions of genes known to be involved in cardiac electrical function, and 
thereby likely harboring such variants. In this study, which for the first time also took 
effects of mutation type and location into account, we confirm and extend previous 
observations that common genetic variants in NOS1AP modulate disease severity in the 
Long QT Syndrome. Moreover, we provide the first evidence that common genetic variants 
at the KCNH2 locus also modulate severity of clinical manifestations in this disorder.

NOS1AP variants, QTc-interval and cardiac events
Genome-wide association studies of QTc-interval in the general population have provided 
strong evidence that common genetic variants immediately upstream of the NOS1AP 
gene modulate the QTc-interval 11-14. NOS1AP encodes CAPON, a neuronal nitric oxide 
synthase (NOS1) regulator which is expressed in heart. Multiple independent signals 
upstream of NOS1AP have been linked with QTc-interval in the general population 13, 14. 
The exact genetic mechanism involved at these loci remains unknown as for instance no 
effects of these genetic variants on NOS1AP gene expression have as yet been reported. 
However, experimental evidence suggests that CAPON interacts with NOS1 to accelerate 
cardiac repolarization through the inhibition of ICa,L and enhancement of IKr 

17.

Following the discovery of the effects of NOS1AP variants on QTc-interval in the general 
population, two studies investigated their role in modulation of QTc-interval prolongation 
and risk of cardiac events in patients with the LQTS 15, 18. Crotti and co-workers investigated 
the effects of these SNPs in South African patients with Long QT type 1 (LQT1), harboring 
a founder mutation in KCNQ1 (A341V), while Tomás et al. studied a large set of LQTS cases 
with different causal mutations in any of the KCNQ1, KCNH2, SCN5A, KCNE1 or KCNE2 
genes. Although these two studies provided us with important first insights, further 
studies are needed. For instance while founder mutations provide an excellent setting 
for carrying out such studies, the study population was rather small and per definition, 
this study precluded the assessment of SNP effects in other LQTS genetic subtypes. In 
the other study, KCNH2 mutation carriers constituted only 32% (n=243) of the patients 
studied and whether the NOS1AP SNP effects observed for the entire set also apply to 
LQT2 patients remains to be demonstrated. Furthermore, in the latter study effects of 
mutation type and location were not taken into account (as covariates in the analysis), 
while these could impact on the SNP effect size estimates. 

NOS1AP rs16847548 / rs12143842
In our comprehensive analysis of genetic variation at the NOS1AP locus, rs16847548 
exceeded the Bonferroni-corrected significance threshold for association with QTc and 
was the SNP displaying the lowest p-value in our analysis. This SNP is in high LD with 
rs12143842, the highest ranking SNP in the two recent meta-analysis of QTc-GWAS in 
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the general population. Our data are in line with findings of Crotti et al 18 and Tomás et al 
15 who reported an association for this SNP with QTc-interval in LQT patients. Crotti et al 
also demonstrated an association with increased risk of cardiac events among the KCNQ1-
A341V mutation carriers studied. 

NOS1AP rs12567211 / rs2880058 / rs4657139
SNP rs12567211 was our second independent high-ranking signal for association with QTc-
interval at the NOS1AP locus. This SNP is in strong LD with rs2880058 identified in GWAS. 
The effect on QTc-interval that we demonstrate for this SNP is in line with the findings of 
Crotti et al.18, and Tomas and co-workers 15 who both demonstrated effects of rs4657139, 
which is in high LD (r2>0.8) with both SNPs, on both QTc-interval and risk of cardiac events. 

NOS1AP rs10494366
The third independent signal at the NOS1AP locus in our study was rs10494366, which was 
previously found to associate with QTc in GWAS. We here demonstrate for the first time an 
association between this SNP and QTc-interval among patients with LQTS. This SNP tested 
negative in relation to cardiac events by Crotti 18 and co-workers and was consequently 
not tested for effects on QTc by these investigators. It was however associated with risk 
of cardiac events in the study of Tomás et al 15 in individuals with QTc <500ms. In the 
latter study, however no effect was detected on the QTc-interval. Considering our findings 
and the observations in the general population, one could hypothesize that the lack of 
association with QTc-interval in the latter study may be due to the fact that this study 
considered a set of LQTS subjects with different genetic causes and did not correct for 
effects of gene and neither for effects of mutation type and location.

NOS1AP rs4657178
In our study we detected a suggestive association between rs4657178 and cardiac events. 
However, although this SNP was associated with QTc-interval in GWAS in the general 
population, we detected no effect on QTc-interval among patients with LQT2. This SNP 
was not assessed in the two previous studies carried out in LQTS patients (16,19).

In contrast to the studies of Crotti et al. and Tomás et al. which provided evidence for 
effects of NOS1AP SNPs on the risk of cardiac events, in spite of detecting strong effects 
on the QTc-interval for specific NOS1AP SNPs, we did not detect any effects on risk of 
cardiac events. 

KCNH2 variants, QTc-interval and cardiac events
GWAS in the general population have previously identified two independent loci in the 
region of KCNH2 impacting on QTc-interval 11. We now provide the first evidence that 
one of these SNPs, rs4725982, also impacts on the extent of QTc-interval prolongation in 
patients with LQTS. 
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Furthermore, we show that another SNP at the KCNH2 locus, rs956642, impacted on QTc-
interval in patients with LQT2. This SNP does not seem to affect the QTc-interval in the 
general population 19. Its effect may therefore be specific to patients with the LQTS. One 
could argue that the already severely compromised repolarization in patients with LQTS 
provides a setting which is permissive to the effects of variants that are otherwise silent 
in normal subjects. This may be particularly so as the patient group studied here consists 
of patients harboring a causal mutation in the same gene. The fact that we here uncover 
effects of this SNP on both the QTc-interval and the risk of events, coupled to the fact that 
the allele associated with a decreased risk of cardiac events is, as one would expect, the 
QTc-abbreviating allele, provides support for the real involvement of this SNP. Rs956642 
is located downstream of KCNH2 and is in LD with SNPs within the KCNH2 gene. None of 
these are associated with coding non-synonymous changes and thus the observed effect 
on QTc-interval (which may be mediated by any SNP(s) within the haplotype block) is 
likely to occur through effects on gene expression. Of note, rs956642 is in moderate LD 
(r2 =0.22, D’=1) with rs2968863 previously associated with QTc-interval at genome-wide 
significance in GWAS.

rare non-synonymous variants
Our SNP selection strategy entailed the inclusion of low frequency (MAF≥1%) non-
synonymous variants in the candidate genes. Although the majority of these were 
excluded from the analysis at the quality control stage as they were either monomorphic 
or displayed a very low MAF (<1%) in our patient set, some were included in the association 
analysis (Supplemental Table 2). One of these was rs1805128, a low frequency variant 
(MAF=0.03% in HapMap CEU) in KCNE1 associated with the D85N amino acid change. This 
SNP was initially related to the QTc-interval in a small French study 20Institut de Myologie, 
IFR 14, UPMC, Groupe Hospitalier Pitie-Salpetriere, Paris, France</Address><Web_
URL>PM:16132053</Web_URL><ZZ_JournalStdAbbrev><f name=”System”>Eur.J.Hum.
Genet.</f></ZZ_JournalStdAbbrev><ZZ_WorkformID>1</ZZ_WorkformID></MDL></
Cite></Refman> and subsequently found to be associated with this parameter at 
genome-wide statistical significance by Newton-Cheh and co-workers in a large GWAS 
meta-analysis in subjects from the general population 13. Heterologous expression studies 
demonstrated that KCNE1-D85N causes loss-of-function effects on the IKr 

21, 22.  Impairment 
of the Iks current has also been reported in some 21, 23 but not all studies 22. A decreased IKr 
and/or IKs current would be in line with the longer QTc-interval associated with this allele. 
The association between this SNP and the QTc-interval was however not replicated in a 
large set of individuals of European descent from Iceland studied by Holm and co-workers. 
24 This SNP has been proposed to modulate the variable penetrance of the congenital long 
QT syndrome 21 and to be related to drug-induced QTc-interval prolongation and torsade 
de pointes arrhythmia 25, 26. It was however not associated with QTc-interval in our study. 
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Mutation type and location
Our findings on the effect of mutation type and location on the QTc-interval in our LQT2 
paient set differ somewhat from those of Shimizu et al. In the latter study missense 
mutations in the pore-region were associated with a more severe phenotype as compared 
to missense mutations in the other (S1-S4, C-terminus, N-terminus) channel regions. 
Thre were 555 carriers of missense mutations in that study, of which 33 carried one of 
5 different missense mutations in the S1-S4 region. Our LQT2 set included 74 patients 
with missense mutations, of which 15 carried one of 5 different missense mutations in 
S1-S4. In our study patients carrying a missense mutation in the transmembrane S1-S4 
region displayed the longest QTc-iterval. When these 15 patients were excluded from 
the analysis, patients with a missense mutation in the pore region had the longest QTc-
interval compared to patients with missense mutations in the C- and N-terminal region. 
While our findings provide additional evidence that missense mutations in the pore-
region are associated with a a severe clinical phenotype, they call for a re-evaluation 
of the impact of S1-S4 region mutations in future, larger studies, which may allow the 
distiction between the sub-domains within this region (transmembrane vs. extra/intra-
cellular loops and different transmembrane sub-regions). Nevertheless, the mutation 
type × location interaction observed across the studies provides a very strong rationale for 
correcting for these effects when searching for effects of genetic modifiers of phenotypic 
expression of the disease.

Conclusion
We confirm and extend previous observations that common genetic variants in NOS1AP 
modulate disease severity in the Long QT Syndrome and provide the first evidence 
that common genetic variants at the KCNH2 locus also modulate severity of clinical 
manifestations in this disorder.
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