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Abstract

The resting QT interval, an electrocardiographic (ECG) measure of ventricular myocardial repolarization, is a heritable risk
marker of cardiovascular mortality, but the mechanisms remain incompletely understood. Previously reported candidate
genes have provided insights into the regulatory mechanisms of the QT interval. However, there are still important
knowledge gaps. We aimed to gain new insights by (i) providing new candidate genes, (ii) identifying pleiotropic associations
with other cardiovascular traits, and (iii) scanning for sexually dimorphic genetic effects. We conducted a genome-wide
association analysis for resting QT interval with ∼9.8 million variants in 52 107 individuals of European ancestry without
known cardiovascular disease from the UK Biobank. We identified 40 loci, 13 of which were novel, including 2 potential
sex-specific loci, explaining ∼11% of the trait variance. Candidate genes at novel loci were involved in myocardial structure
and arrhythmogenic cardiomyopathy. Investigation of pleiotropic effects of QT interval variants using phenome-wide
association analyses in 302 000 unrelated individuals from the UK Biobank and pairwise genome-wide comparisons with
other ECG and cardiac imaging traits revealed genetic overlap with atrial electrical pathology. These findings provide novel
insights into how abnormal myocardial repolarization and increased cardiovascular mortality may be linked.

Introduction
The electrocardiogram (ECG) is a non-invasive, widely available
and inexpensive tool to identify individuals at increased risk of

†Stefan van Duijvenboden, http://orcid.org/0000-0001-8897-558X
‡Joint contributions.
§Joint supervisors.
Received: February 8, 2021. Revised: May 26, 2021. Accepted: June 17, 2021

© The Author(s) 2020. Published by Oxford University Press.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/),
which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

cardiovascular (CV) disease. The QT interval, a marker of ven-
tricular depolarization and repolarization, is a key measurement
taken from the ECG and has considerable medical relevance as
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both prolongation and shortening are associated with increased
CV risk in individuals with and without known CV disease (1–5).
For example, each 10 ms increase in resting QT interval is asso-
ciated with a 15% increased risk of CV events in the general pop-
ulation (5). It is also well recognized that marked prolongation
and shortening of the QT interval can be caused by mutations
of ion channel genes affecting depolarization or repolarization
processes as observed in rare monogenic long and short QT
syndromes (LQTS and SQTS) (6). While these mutations can
directly affect the electrical stability of the heart and promote
malignant cardiac arrhythmia (7), they only account for a very
small proportion of subjects with an abnormal QT interval. The
mechanisms by which an altered QT interval modulates CV risk
in the absence of mutations remain incompletely understood.

The resting QT interval is a heritable trait with an estimated
heritability of ∼50% in twin-studies (8) and ∼ 30% using common
single nucleotide variants (SNVs) captured on contemporary
genome-wide genotyping arrays (9). Consequently, studies have
focused on identifying genetic pathways modulating the QT
interval to elucidate the mechanisms by which an altered QT
interval may contribute to CV risk. At present, 48 loci have
been discovered for resting QT interval from genetic association
studies in the general population. The genes and pathways
identified from these analyses indicate roles for calcium sig-
naling, myocyte internal structure and interconnections as well
as autonomic control as key mechanisms (10,11). Combined,
these loci explain ∼10% of the trait variability in studies using
common SNVs, suggesting more undiscovered loci are likely to
be involved (10). Furthermore, it is recognized that women have
longer intervals compared with men (12), which may suggest
sexually dimorphic genetic effects, but at present no systematic
searches have been conducted.

The aim of this work was to (i) provide new candidate genes,
(ii) identify pleiotropic associations with other cardiovascular
traits and (iii) scan for sexually dimorphic genetic effects.

Results
Identification of novel loci

We tested association between ∼9.8 million genetic variants
(minor allele frequency (MAF) > 0.01) and resting QT interval
in 52 107 individuals of European ancestry from UK Biobank.
An overview of the study design is presented in Figure 1. We
randomly divided our dataset into a discovery (N ∼ 30 000) and
replication (N ∼ 22 000) cohort (Supplementary Material, Table
S1). In the discovery phase, 21 loci (considering one lead SNV per
1 Mb region) reached genome-wide significance (P < 5 × 10−8).
There were variants at 14 potential novel loci with suggestive sig-
nificance (P < 1 × 10−6) (Supplementary Material, Table S2), and
these were taken forward for replication in ∼22 000 independent
samples from UK Biobank. Eight out of fourteen novel SNVs
formally replicated (P ≤ 0.05/14 = 0.0036) and all had concordant
directions of effect (Table 1, Supplementary Material, Table S3).
Given the limited sample size of the discovery cohort, we also
performed a full dataset GWAS (Fig. 1). In total, 39 loci were
genome-wide significant and 12 were potentially novel. The QQ
plots for the discovery phase and full dataset GWAS (Supple-
mentary Material, Fig. S2) did not show evidence of population
stratification or inflation. To seek external validation of the 12
potentially novel loci, we performed a meta-analysis of results
from the QT Interval-International GWAS Consortium (QT-IGC)
summary statistics (N up to ∼76 000) (10). Four lead variants
and their proxies were not available for lookup (KCNQ4, ZFPM2,

ARID2 and NUFIP2). For the remaining eight loci, seven were
genome-wide significant (P < 5 × 10−8) with concordant direc-
tion of effects (TMEM44, SLC27A6, NKX2–5, PREP, ATP2A1, YPEL2
and LINC00189). In total, we report 11 novel loci, of which 7
were externally validated (Table 1, Fig. 2, Supplementary Mate-
rial, Table S4). Regional plots of the novel loci are shown in
Supplementary Material, Figure S3A.

To identify independent variants, approximate stepwise
conditional analysis using genome-wide complex trait analysis
(GCTA) was performed (Materials and Methods). Six secondary
variants were identified as being independent of the lead
signal (r2 < 0.1) (Table 1, Supplementary Material, Table S5,
Supplementary Material, Fig. S4). One independent signal was
found at the novel PREP locus (rs144483936, Supplementary
Material, Fig. S4A), approximately 126 Kb upstream of the lead
SNV at this locus (rs2793409). The heritability of resting QT
interval using the total genome-wide genetic variation captured
in this study was 28.9% (h2g SNV heritability). The combination
of 11 novel SNVs improved the % variance explained of QT from
∼10% (obtained when considering previously reported SNVs
only) to 11%.

We also performed a lookup of previously reported variants
for QT interval. The lead variant or proxy was available for
47/48 loci; 42 (88%) had at least one variant with a nominal
significant association (P < 0.05) in the full cohort, and all but
one had concordant direction of effects. Thirty-four loci (73%)
passed the formal replication Bonferroni threshold (P < 0.001
(=0.05/47; Supplementary Material, Table S6), all with concordant
directions of effect. Of the remaining five loci without significant
association, the direction of effect was concordant for two loci.

Sex-stratified analyses

A sex-stratified GWAS in the full cohort including 24 495
males and 27 612 females identified two novel loci meeting
the genome-wide significance threshold (P < 5 × 10−8, Table 1,
Supplementary Material, Table S7, Supplementary Material, Fig.
S3B and C). The RASGRF2 locus with index variant rs10063881
was significantly associated with resting QT interval in men
(P = 3.4 × 10−8), but not in women (P = 6.2 × 10−1). Conversely,
the PKP2 locus with index variant rs11052242 showed a
significant association in women (P = 2.5 × 10−9), but not in men
(P = 6.8 × 10−1). Neither locus was genome-wide significant in
the full cohort. The effect estimates at the two sex-specific loci
were significantly different across both sexes (P = 2.1 × 10−4 and
P = 7.9 × 10−5 for RASGRF2 and PKP2, respectively, Supplementary
Material, Table S7).

Bioinformatics: key pathways, variant annotation and
candidate genes

We performed Data-driven Expression Prioritized Integration for
Complex Traits (DEPICT) (13) analysis including all genome-wide
significant SNVs (P < 5 × 10−8) in the full dataset GWAS summary
statistics to detect gene sets that are enriched for genes at QT
interval loci. Of the 14 461 gene sets tested, 93 were enriched
(false discovery rate (FDR) < 5%). To decrease redundancy, we
clustered the enriched gene sets based on pairwise Pearson
correlation (Materials and Methods) into 17 gene set clusters
(Fig. 3, Supplementary Material, Table S8). Pathways and biologi-
cal processes in which these gene sets are enriched included
those involved in cardiomyocyte contraction, cardiac atrial
development and structural remodeling of the myocardium.
DEPICT also detected significant enrichment in 10 tissue
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Figure 1. Overview of the study design. From the full UK Biobank cohort, we selected all individuals from the exercise cohort who had measured their QT interval at

resting period (pre-exercise) and applied genotypic and phenotypic quality control. Three separate GWASes were conducted: discovery, replication and a combined full-

cohort analysis. First- and second-degree–related individuals to the discovery cohort were not included in the replication cohort. Novel lead variants were externally

validated in a meta-analysis.

types (FDR < 0.05). The top four tissues (FDR < 0.01) were all
cardiac:heart atria (P = 9.83 × 10−6), heart (P = 1.24 × 10−5), atrial
appendage (P = 1.72 × 10−5) and heart ventricles (P = 1.82 × 10−5)
(Supplementary Material, Table S9). In addition, we also found
significant enrichment in gastrointestinal and musculoskeletal
tissues.

Using Functional element Overlap analysis of the Results
of GWAS Experiments (FORGE), we identified significant
(FDR < 0.05) cell type–specific enrichment within DNase I–
hypersensitive sites that are transcriptionally active in fetal
heart samples (Supplementary Material, Fig. S5). These data
suggest that resting QT variants are involved in transcriptional
regulation in the development of the fetal heart.

We observed non-synonymous variants only at four previ-
ously reported loci. At two loci, these were the index variant
(Supplementary Material, Table S10). As the majority of resting
QT variants are non-coding, we also identified regulatory
variants, which might affect gene expression levels of their
target genes. We interrogated publicly available expression
quantitative trait loci (eQTL) datasets of heart, adrenal and brain
tissues through Genotype-Tissue Expression (GTEx) (14) to high-
light potential genes influencing the resting QT interval through
expression at each of the discovered loci, including novel
and previously reported loci (Materials and Methods). In total,

10 different transcripts colocalized with 9 loci for resting QT
interval (Supplementary Material, Table S9). Three of these
transcripts colocalized with genes at novel loci. NKX2–5 (brain
cerebellum) and YPEL2 (heart left ventricle) and the index variant
rs1706003 near TMEM44 colocalized with expression levels
of ATP13A3 in both heart atrial appendage and left ventricle
tissues (Supplementary Material, Table S11). The remaining
seven transcripts colocalized with six previously reported loci
for QT interval. The locus with lead variant rs12143842 near
NOS1AP colocalized with expression levels of both C1orf226
(heart left ventricle and atrial appendage) and NOS1AP (heart left
ventricle). At the remaining five loci, we found one colocalization
per locus with the expression levels from the nearest gene:
TCEA3 (heart left ventricle), SGIP1 (heart left ventricle), LITAF
(heart left ventricle), RFFL (heart left ventricle) and PRKCA (heart
left ventricle, Supplementary Material, Table S9).

Genetic variants may also have a causal effect through long-
range target genes of non-coding variants because of regulatory
chromatin interactions. To identify distal candidate genes, we
explored chromatin interaction (promotor capture Hi-C) data for
all lead and secondary variants with regulatory potential. We
identified several genes whose promoter regions form signifi-
cant chromatin interactions in brain, heart and adrenal tissue at
9 novel and 17 previously reported loci (Supplementary Material,
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Figure 2. Manhattan plot showing known (red) and novel (orange) loci associated with resting QT interval in the full dataset. Eleven novel loci were discovered by testing

∼9.8 million genetic variants (each represented by a dot) in 52 107 individuals from UK Biobank. The x-axis represents the genome in physical order, and the y-axis

represents P-values (−log10(P-value)) of association. The black horizontal dotted line represents the genome-wide significance threshold (P < 5 × 10–8). One potentially

novel locus did not pass external validation: (ZNF592, rs8023658, chr15:85323220).

Figure 3. Reconstituted gene sets implicated in resting QT interval. Clustered reconstituted gene sets (out of 93 with FDR < 0.05) found by DEPICT to be significantly

enriched for genes in QT-associated loci. Each node, colored according to the permutation P-value, represents a gene set and the gray connecting lines represent

pairwise overlap of genes within the gene sets. Abbreviations: PPI: protein–protein interaction, DAG1: Dystroglycan 1, TNNC1: Troponin C1, UTRN: Utrophin, TNNT2:

Troponin T2.
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Figure 4. PheWAS results for resting QT interval variants. All primary and secondary variants discovered for resting QT interval were tested in ∼302 000 individuals for

1238 phenotypes. Significant associations were found for the 11 variants displayed. The color corresponds to the risk estimate [odd ratio (OR)] for each phenotype with

respect to the QT interval prolonging risk allele, where blue indicates a reduced risk and red an increased risk.

Table S12). An overview of all candidate genes per locus is
provided in Supplementary Material, Table S13 (novel loci) and
Supplementary Material, Table S14 (previously reported loci).
The bioinformatics analyses, coupled with literature review and
information on knock-out mouse models were used to select
‘final’ candidate gene(s) at a locus. If no gene had strong support,
we indicate the nearest gene as the ‘final’ candidate gene.

Pleiotropy of genetic variants associated with resting
QT interval

To explore shared mechanisms of disease, we first queried
PhenoScanner (13) and National Human Genome Research
Institute–European Bioinformatics Institute (NHGRI-EBI) GWAS
Catalog (14) for genome-wide phenotype–genotype association
of all novel lead and secondary variants (including two sex-
specific loci) and their proxies (r2 > 0.8). Trait associations were
found for five loci: the SNV at TMEM44 was associated with
diastolic blood pressure, SLC27A6 with red cell distribution,
NKX2–5 with heart rate and atrial fibrillation, and finally
NUFIP2 with mean platelet volume (Supplementary Material,
Table S15). To facilitate the identification of novel associations
between QT interval variants and other phenotypes, we also
performed a phenome-wide association study on 302 331
unrelated individuals from UK Biobank not included in the
GWAS (Supplementary Material, Fig. S1). In this analysis, we
tested for associations between the 44 index and secondary
SNVs discovered and 1238 phenotypes derived from the hospital
episodes statistics (Methods). Significant associations were
found for 11 index variants, of which 6 were associated
with atrial pathology including atrioventricular block, atrial
fibrillation or paroxysmal supraventricular tachycardia (Fig. 4).
Interestingly, QT-prolonging alleles were associated with a
decreased risk for four of these traits. The existence of shared
genetic influences between resting QT interval and atrial and

ventricular phenotypes was further assessed using a Bayesian
bivariate analysis as implemented in GWAS-PW (15) using
GWAS summary statistics of ECG markers (PR, QRS, Tpeak-
Tend interval, QT interval dynamics during exercise and atrial
fibrillation) (16–19) and several left ventricular–derived imaging
phenotypes (20,21). Substantial overlap was observed with other
ECG markers of ventricular depolarization and repolarization:
from the 38 resting QT interval loci discovered in the main
analysis, 27 (71%), 30 (79%) and 22 (58%) loci shared a genetic
effect (posterior probability >90%) with QRS duration, QT
dynamics and Tpeak-Tend, respectively. Shared genetic effects
were also observed at 15 (39%) and 12 (32%) of the QT loci
for atrial fibrillation risk and PR interval, respectively, but
with no consistent effect for direction. Finally, three loci (8%)
overlapped with imaging-derived phenotypes from the heart
(Supplementary Material, Table S16). Figure 5 shows examples
of the shared genetic influence at NKX2–5 between resting
QT interval and atrial fibrillation (A) and left ventricular
mass–volume ratio (B).

Discussion
Using a robust framework of independent discovery and val-
idation samples, we discovered 13 novel loci (including two
sex-specific loci) for resting QT interval. Bioinformatics and
pleiotropic analyses highlighted new pathways in regulating QT
interval related to myocardial structure and implicated genes
important in atrial pathology.

Implication in myocardial structure

Gene set enrichment of QT interval loci highlights novel
candidate genes involved in myocardial structure and atrial
phenotypes including atrium morphogenesis and development

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab197#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab197#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab197#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab197#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab197#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab197#supplementary-data
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Figure 5. Cardiac pleiotropy near NKX2–5. Shared genetic influences between QT interval and atrial fibrillation risk (A) and imaging-derived LV mass–volume ratio (B).

and abnormal heart atrium morphology. DEPICT identified
significant enrichment for hypertrophic cardiomyopathy
phenotypes with support from Kyoto Encyclopedia of Genes and
Genomes (KEGG) and mouse phenotypes. Within this gene set is
novel candidate gene NKX2–5, a cardiac homeobox transcription
factor expressed in a broad range of cardiac sublineages
(22). Multiple lines of evidence document that the loss of
NKX2-5-derived cues leads to defects in the morphogenesis,
maturation and specification of the AV nodal and working
myocyte cell lineages (22,23). Clinical manifestations include
dilated cardiomyopathy and sudden cardiac death (24), possibly
due to disarray of myocytes affecting both depolarization and
repolarization (25). Interestingly, we observed colocalization of
the index variant with expression levels of NKX2-5 in brain
cerebellum, but not in cardiac tissues, although pairwise GWAS
analysis results did indicate shared genetic effects with cardiac
phenotypes derived from cardiac imaging. Although the exact
mechanisms of NKX2-5 in regulating the QT interval remain
unclear, we observed shared genetic influences with ECG
QRS duration, Tpeak-Tend interval and imaging-derived left
ventricular phenotypes (Fig. 5, Supplementary Material, Table
S16). We did not find significant overlap with PR interval,
but a recent study (16) reported a secondary variant at this
locus (rs954635, lead variant = rs29795), which is a close proxy
(r2 = 0.82) of the lead variant for QT interval in our analysis.
These observations indicate significant pleiotropic effects at
NKX2–5 between the QT interval and other ECG traits.

Genetic factors underlying resting QT interval are
implicated in atrial pathology

Our PheWAS analysis showed that several QT interval variants
exhibit pleiotropic effects with supraventricular arrhythmias,
including atrial fibrillation. In addition, pairwise GWAS analyses
showed that approximately a third of the resting QT interval
loci are shared with the ECG PR interval and atrial fibrilla-
tion risk. These results suggest potentially important overlap
in the genetic architecture between resting QT interval and
atrial pathologies. Indeed, it is well recognized that individuals
with a prolonged or shortened QT interval are at increased risk
of atrial fibrillation (26,27). The exact mechanisms underlying
this association remain to be investigated, but abnormal atrial
electrical activity is a risk factor for atrial fibrillation and the
corresponding ion channel complexes involved are similar in
atrial and ventricular tissues (28), which may explain shared
biology between atrial fibrillation and ventricular repolarization.
Our results from the pairwise GWAS support this hypothesis,
suggesting shared genetic effects between QT interval and atrial
fibrillation risk (Supplementary Material, Table S16).

Sex-specific loci for resting QT interval

Preliminary exploration of sexually dimorphic genetic effects of
resting QT interval suggested two sex-specific loci. The locus at
PKP2 was only associated with resting QT interval in women. A

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab197#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab197#supplementary-data
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candidate at this locus, PKP2 encodes Plakophilin 2, which plays
an important role in the gap junction formation and mainte-
nance at cell–cell contact sites in the ventricular myocardium
(29). Mutations in PKP2 are an important cause of arrhythmo-
genic ventricular cardiomyopathy, which is characterized by
loss of cell–cell communication disrupting gap junction cou-
pling and Na+channel trafficking affecting the activation of the
myocardium (29). In males, we identified a sex-specific locus
near Ras protein-specific guanine nucleotide-releasing factor 2
(RASGRF2). This protein helps to regulate neuronal excitability,
neuronal survival in response to ischemia, learning and memory
formation (30,31). It may be possible that this protein affects QT
interval by modulating autonomic cardiac function (32). Future
studies with larger sample sizes may permit replication of these
findings and allow more detailed investigation of the genetic
basis of sex-specific QT interval values.

Our study has some limitations. Six loci require formal repli-
cation in an independent dataset, and this includes the four
loci that were not available for lookup in the QT-IGC GWAS and
two sex-specific loci. Furthermore, our results are limited to
individuals from European ancestry. Finally, validation will be
required for the results from the PheWAS, where characteristics
of the validation cohort are similar to the cohort described here
(33).

In summary, we identified 13 novel loci for resting QT
interval. Bioinformatics analyses implicated several new
candidate genes for future functional studies. By studying the
shared biological mechanisms between resting QT interval and
atrial pathology, we further enhance our understanding of the
mechanisms modulating the QT interval. Finally, preliminary
analysis suggests there may be some sex-specific loci for QT
interval.

Materials and Methods
UK Biobank

Phenotypic and genetic data were obtained from the UK Biobank.
UK Biobank is a prospective study of ∼500 000 volunteers,
comprising even numbers of men and women aged 40–69 years
on recruitment, with extensive baseline and follow-up clinical,
biochemical, genetic and outcome measures (34). The UK
Biobank study has approval from the North West Multi-Centre
Research Ethics Committee, and all participants provided
informed consent. Genotyping was performed centrally by UK
Biobank using the Applied Biosystems UK BiLEVE Axiom Array
or the UK Biobank AxiomTM Array and SNVs were imputed
using the Haplotype Reference Consortium (HRC) and the
1000 genomes (1000G) reference panels (34). Data used in this
study were part of UK Biobank application number 8256 and
anonymized data and materials generated in this work have
been returned to UK Biobank and can be accessed per request.

Quality control

Genetic quality control (QC) was performed on the set of
individuals who were invited to an exercise stress test ECG
recording (N = 79 772, Fig. 1). Individuals with bad genotype
quality, provided by UK Biobank, i.e. high missingness or
heterozygosity and discordance between the self-reported
sex and the sex inferred from the genotypes were excluded
(N = 2655). We then restricted our dataset to individuals of Euro-
pean ancestry by applying k-means clustering to the principal
component analysis (PCA) data resulting in N = 71 713 individuals

for phenotypic QC (Supplementary Material, Supplemental
Methods). We then applied phenotypic quality control and
excluded individuals with a known history of cardiovascular
disease, including atrial fibrillation, history of myocardial
infarction or heart failure, (supra)-ventricular tachycardia,
atrioventricular nodal re-entrant tachycardia, second- or third-
degree atrioventricular block, bundle branch block and use of a
pacemaker. Furthermore, we excluded individuals on heart rate–
altering medications (non-dihydropyridine calcium antagonists
(Anatomic Therapeutic Chemical (ATC) code C08D, digoxin (ATC
code C01AA5) and amiodarone (ATC code C01BD01)) as these
could affect QT interval. We also excluded individuals with an
extreme heart rate during (<40 or >120 bpm) and individuals
with poor-quality ECG recording by manually reviewing ECGs
with a low signal-to-noise ratio, resulting in 52 107 individuals
for analysis.

Phenotypic data

The exercise stress test included an initial 15 s phase at rest,
which was used in this study to estimate the average resting
QT for each individual. Details on ECG pre-processing have been
published previously (17,18). Briefly, we constructed an averaged
ECG waveform by aligning and averaging all heart beats within
the 15 s window and then measuring automatically the interval
between the QRS onset and end of the T-wave using the tangent
method (35).

Genetic analyses and percent variance explained

Inverse-normal transformation was applied before genetic
analyses corrected for skewed distributions of the resting
QT interval (Supplementary Material, Fig. S6). GWASs were
performed to discover SNVs associated with resting QT interval
using a linear mixed model method (BOLT-LMM, Supplementary
Material, Supplemental Methods) (36). We included sex, diabetes,
age, body mass index, genotyping array (binary indicator:
UK Biobank versus UK BiLEVE) and resting RR interval as
covariates. Since we did not have access to an independent
study that could serve as a replication study, we randomly
divided our dataset into discovery (N ∼ 30 000) and replication
(N ∼ 22 000) datasets and removed related individuals (kinship
coefficient > 0.088) (34). We also performed a GWAS in the
full dataset, as well as sex-stratified GWASs (27 612 females,
24 495 males) to identify additional loci. Differences between
men-specific and women-specific beta estimates were tested
for significance using the t statistic (Supplementary Material,
Supplemental Methods) (37). To compute the percent of variance
explained, we first generated the residuals from the regression
of the trait against the covariates included in the GWAS
analysis. We then fit a second linear model for the trait
residuals with all the sentinel variants and the first 10 principal
components.

Conditional analyses

We examined the existence of SNVs independent to lead SNVs
but tagging the same loci by applying genome-wide complex
trait analysis (GCTA) (45) for all validated and genome-wide
significant loci from the full dataset GWAS. We used a stringent
approach to declare a secondary signal based on three criteria:
(i) the newly identified SNV original P-value was lower than
1 × 10−6; (ii) there was less than a 1.5-fold difference between
the lead SNP and secondary association P-values on a −log10

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab197#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab197#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab197#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab197#supplementary-data
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scale, i.e. if −log10(Plead)/−log10(Psec) < 1.5; and (iii) if there was
less than a 1.5-fold difference between the main association
and conditional association P-values on a −log10 scale, i.e. if
−log10(Psec)/−log10(Pcond) < 1.5. The 1.5-fold threshold was cho-
sen to offer a good compromise between reducing the risk of
picking up false positives and remaining sensitive to detect true
secondary signals (38,39).

Criteria for claiming novel loci

We defined loci based on a 1 MB (±500 kb) window around
each sentinel variant. To determine whether a discovered locus
was novel or known, we downloaded all reported SNVs for
resting QT from the PhenoScanner (13) and NHGRI GWAS cat-
alog (14) (URLs). At the time of writing, the catalogues had not
been updated with the latest results from Bihlmeyer et al. (11),
who identified additional six and three novel loci, respectively,
which we added to the list. Variants were filtered for genome-
or exome-wide significance (P = 5 × 10−8 or P = 2 × 10−7, respec-
tively). We then calculated the pairwise linkage disequilibrium
(LD) within a 4 Mb region (±2 Mb) around each variant using
PLINK v2 (40). Next, variants in LD (r2 > 0.1) were ordered accord-
ing to their positions on the chromosome and we defined a
window with the start position of the first variant and the end
position of the last variant. The start and end of the window was
extended by 50 kb on either side. This LD defined window or a
window of ±500 kb, which ever was the larger, was considered
as the previously reported locus. If the sentinel SNV or its proxy
(r2 > 0.8) was not in UK Biobank, then a locus was defined by
window of ±500 kb around the variant using its chromosome
and base pair position.

Bioinformatics analyses

We performed comprehensive bioinformatics analyses to
annotate loci at both variant (all SNVs in linkage disequilibrium
(LD), r2 ≥ 0.8, were considered) and gene level. For each lead
SNV, we annotated the nearest genes and genes in which SNVs
in LD (r2 > 0.4) with the lead SNV are located using University
of California, Santa Cruz (UCSC) known genes. Variant effect
predictor (VEP) analyses determined the effect of the variants,
including the impact of amino acid substitutions (41). We also
investigated whether any of the discovered GWAS signals co-
localized with genetic variants that regulate expression in
adrenal, heart and brain tissues using expression quantitative
trait locus (eQTL) signals from the Genotype-Tissue Expression
(GTEx) dataset version 7 (42) using COLOC R-package (43). We
analyzed the following eQTL tissues as they were hypothesized
to potentially host key biological mechanisms in regulating
QT interval, including autonomic nervous activity (44): brain
amygdala, brain anterior cingulate cortex BA24, brain caudate
basal ganglia, brain cerebellar hemisphere, brain cerebellum,
brain cortex, brain frontal cortex BA9, brain hippocampus,
brain hypothalamus, brain nucleus accumbens basal ganglia,
Brain putamen basal ganglia, brain spinal cord cervical c-
1, brain substantia nigra, heart atrial appendage, heart left
ventricle and adrenal gland. Potential target genes of regulatory
SNVs in high LD (r2 ≥ 0.8) with lead and secondary variants
were identified using long-range chromatin interaction (Hi–
C) data (45). In addition, DEPICT analyses prioritized likely
causal genes and tissues (46). Enrichments with FDR < 0.05
were deemed significant. The Affinity Propagation tool (47)
was used for clustering based on pairwise Pearson correlation
between significant gene sets and clusters were named

by their ‘representative’ gene set, which was automatically
chosen by the clustering method. The gene set enrichment
analysis was visualized in Cytoscape (48). A literature review
examined all identified genes at a locus. We also queried gene-
specific animal models using International Mouse Phenotyping
Consortium and the Mouse Genome Informatics database (49).
The bioinformatics analysis, coupled with literature review
and information on knock-out mouse models, was used to
select ‘final’ candidate gene(s) at a locus. If no gene had
strong support, we indicate the nearest gene as the ‘final’
candidate gene.

We performed PheWAS analysis in 310 000 unrelated
European ancestry individuals from UK Biobank who were not
included in the GWAS. Ancestry definition and sample QC
exclusions were performed in the same manner as for the
GWAS. Next, we extracted all ICD-9 and ICD-10 codes from
the hospital episode statistics of the included individuals and
mapped them to phecodes using the latest phecode definitions
downloaded from PheWAS resources (URLs) (50). We then run a
PheWAS for the 47 lead and secondary variants discovered for
resting QT interval using the PheWAS package in R (51) with
covariate adjustment for sex. We also investigated whether loci
associated with resting QT interval exert a shared effect on
other ECG and cardiac imaging traits. We downloaded GWAS
summary statistics for ECG conduction and repolarization
traits (PR-interval, Tpe interval and QT dynamics) (16–18), atrial
fibrillation (19) and cardiac imaging traits (20,21), including left
ventricular ejection fraction, mass, end systolic volume, end
diastolic volume, mass–volume ratio and trabecular morphology.
We also analyzed the overlap with ECG QRS duration. As we had
no access to suitable summary statistics, we first performed a
GWAS for QRS duration in ∼51 000 QCed samples from the same
UK Biobank cohort in which we have analyzed QT interval. We
adjusted for the following covariates: sex, age, body mass index,
height and genotyping array. The GWAS was performed using
BOLT-LMM software (36), similar to QT interval.

The genome was divided into approximately independent
blocks based on previously reported coordinates identified using
patterns of linkage disequilibrium in the European populations
in the 1000 Genomes Project (52). For each trait, we then per-
formed pairwise GWAS (15) to scan for overlapping associa-
tion signals with a posterior probability greater than 0.9 that
there is one causal SNP in the region that influences both
traits (15).
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Supplementary Data Supplementary Material is available at
HMGJ online.
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