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Aims KCNQ1 mutations cause QTc prolongation increasing life-threatening arrhythmias risks. Heterozygous mutations [type 1 
long QT syndrome (LQT1)] are common. Homozygous KCNQ1 mutations cause type 1 Jervell and Lange–Nielsen syn-
drome (JLNS) with deafness and higher sudden cardiac death risk. KCNQ1 variants causing JLNS or LQT1 might have distinct 
phenotypic expressions in heterozygous patients. The aim of this study is to evaluate QTc duration and incidence of long QT 
syndrome–related cardiac events according to genetic presentation.

Methods 
and results

We enrolled LQT1 or JLNS patients with class IV/V KCNQ1 variants from our inherited arrhythmia clinic (September 1993 
to January 2023). Medical history, ECG, and follow-up were collected. Additionally, we conducted a thorough literature re-
view for JLNS variants. Survival curves were compared between groups, and multivariate Cox regression models identified 
genetic and clinical risk factors. Among the 789 KCNQ1 variant carriers, 3 groups were identified: 30 JLNS, 161 heterozygous 
carriers of JLNS variants (HTZ-JLNS), and 550 LQT1 heterozygous carriers of non-JLNS variants (HTZ-Non-JLNS). At diag-
nosis, mean age was 3.4 ± 4.7 years for JLNS, 26.7 ± 21 years for HTZ-JLNS, and 26 ± 21 years for HTZ-non-JLNS; 55.3% 
were female; and the mean QTc was 551 ± 54 ms for JLNS, 441 ± 32 ms for HTZ-JLNS, and 467 ± 36 ms for HTZ-Non- 
JLNS. Patients with heterozygous JLNS mutations (HTZ-JLNS) represented 22% of heterozygous KCNQ1 variant carriers 
and had a lower risk of cardiac events than heterozygous non-JLNS variant carriers (HTZ-Non-JLNS) [hazard ratio 
(HR) = 0.34 (0.22–0.54); P < 0.01]. After multivariate analysis, four genetic parameters were independently associated 
with events: haploinsufficiency [HR = 0.60 (0.37–0.97); P = 0.04], pore localization [HR = 1.61 (1.14–1.2.26); P < 0.01], 
C-terminal localization [HR = 0.67 (0.46–0.98); P = 0.04], and group [HR = 0.43 (0.27–0.69); P < 0.01].

Conclusion Heterozygous carriers of JLNS variants have a lower risk of cardiac arrhythmic events than other LQT1 patients.

* Corresponding author. Tel: +33140257126. E-mail address: charles.morgat@aphp.fr
© The Author(s) 2024. Published by Oxford University Press on behalf of the European Society of Cardiology. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (https://creativecommons.org/licenses/by-nc/4.0/), which permits 
non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact reprints@oup.com for reprints and 
translation rights for reprints. All other permissions can be obtained through our RightsLink service via the Permissions link on the article page on our site—for further information please contact 
journals.permissions@oup.com.

Europace (2024) 26, euae136 
https://doi.org/10.1093/europace/euae136

CLINICAL RESEARCH

https://orcid.org/0009-0001-5185-8563
https://orcid.org/0000-0003-4749-1428
https://orcid.org/0000-0001-7950-8090
https://orcid.org/0000-0001-5971-1235
https://orcid.org/0000-0003-0362-6351
https://orcid.org/0000-0001-7368-4528
https://orcid.org/0000-0002-1786-9461
https://orcid.org/0000-0001-8123-4842
mailto:charles.morgat@aphp.fr
https://creativecommons.org/licenses/by-nc/4.0/


. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Graphical Abstract

KNCQ1 variant carriers

Homozygous Heterozygous

Group JLN S
JLNS patients carrying

homozygous or compound
heterozygous KCNQ1 variants

N = 30

Group  HTZ-JLNS
Patients carrying heterozygous

KCNQ1 JLNS variants
N = 161

Group  HTZ-non-JLNS
Patients carrying heterozygous

KCNQ1 non-JLNS variants
N = 550

Group  HTZ-relative-
JLNS

heterozygous JLNS
family members

N = 73

Group HTZ-non-
relative-JLNS

heterozygous JLNS
variant carriers

N = 88

JLNS patients
N = 35

JLNS family members
N = 73

LQT1 patients
N = 681

600

500

400

JLNS

Q
Tc

 (
m

s)

HTZ-JLNS HTZ-Non-JLNS

Study population JLNS HTZ-JLNS HTZ-Non-JLNS

0 10 20 30

Years

S
u

rv
iv

al
 w

it
h

o
u

t 
ar

rh
yt

h
m

ic
ev

en
ts

BA

P < 0.0001

100

75

50

25

0

Keywords Type 1 long QT syndrome • Jervell and Lange–Nielsen syndrome • KCNQ1 • Heterozygous carriers • Risk stratification

What’s new?

• Key question 
What is the prevalence of heterozygous Jervell and Lange–Nielsen 
syndrome variants in type 1 long QT syndrome patients, are the clin-
ical courses different compared with other type 1 long QT syndrome 
variants, and can phenotypic and genotypic predictors of arrhythmic 
events be identified in heterozygous KCNQ1 variant carriers?

• Key finding 
Heterozygous Jervell and Lange–Nielsen syndrome variant carriers repre-
sented 22% of heterozygous KCNQ1 variant carriers and had a lower risk 
of cardiac events than other type 1 long QT syndrome (hazard ratio =  
0.34 [0.22–0.54]; P < 0.01). Four genetic parameters were independently 
associated with events: QTc, Jervell and Lange–Nielsen syndrome-related 
variants, haploinsufficiency, and pore/C-terminal localization.

• Take-home message 
Clinicians should be aware that about one-fourth to one-third of 
type 1 long QT syndrome patients may indeed carry a heterozygous 
Jervell and Lange–Nielsen syndrome-related variant and that such 
genotype is associated to a risk reduction ranging from 30 to 70%, 
as compared with other type 1 long QT syndrome patients.

Introduction
In the last decades, significant advancements in molecular biology 
have paved the way for an increasingly solid understanding of the puzzling 
relation between genetic findings and related clinical expression.1

However, unravelling the complex interaction between genotype and 
phenotype remains particularly difficult for genes encoding proteins 
which act in multicomponent systems and have cell-specific functions, 
such as the potassium (K+) channel genes.2–4 Among them, the gene 
KCNQ1, located at 11p15.5, encodes the alpha subunit of the Kv7.1 chan-
nel, conducting the slow component of the delayed rectifier K+ current 
(IKs). The main human channel isoform is a tetrameric protein of 676 ami-
no acids, resulting from the co-assembly of 4 alpha subunits, each 1 con-
taining 6 transmembrane segments (S1 to S6) with an amino (n)- and 
carboxyl (C)-terminus.2–6 Kv7.1 is expressed in multiple tissues including, 
among others, the heart and the stria vascularis of the cochlear duct.7,8 In 
the heart, IKs plays a key role in the repolarization process of myocardial 
cells. In the inner ear, IKs is crucial to ensure endolymph K+ homeostasis.

In this context, loss-of-function mutations in KCNQ1 have been 
shown to result in IKs reduction, prolonged cardiac repolarization, 
and QT lengthening–related ventricular arrhythmias. Different clinical 
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phenotypes may however arise according to the degree of IKs impair-
ment.9 Homozygous or compound heterozygous KCNQ1 mutations, 
leading to the complete or nearly complete suppression of IKs, are as-
sociated to type 1 Jervell and Lange–Nielsen syndrome (JLNS).10 Jervell 
and Lange–Nielsen syndrome has a prevalence ranging from one to six 
cases per million births and is characterized by congenital bilateral 
neuro-sensorial deafness and a high cumulative risk of sudden cardiac 
death (estimated to be between 20 and 30%).11,12

Heterozygous KCNQ1 pathogenic variants are instead associated to 
type 1 long QT syndrome (LQT1). Type 1 1ong QT syndrome repre-
sents the most common form (45%) of genotyped long QT syndrome 
(LQTS) cases, following an autosomal dominant transmission pattern. 
The risk of sudden cardiac death is much lower, ranging from 1.3 to 
0.05% per year.13

Due to the extremely rare nature of the disease, only limited studies 
or anecdotal case series have explored the phenotypic expression and 
the clinical course of heterozygous carriers of JLNS pathogenic variants 
as compared with other LQT1 variant carriers.12,14,15 Previous evi-
dences seem to support the hypothesis that JLNS variants, at a hetero-
zygous state, are usually associated to a non-penetrant phenotype 
(patients are asymptomatic and with normal or borderline QTc).16,17

Few case reports, however, have recently pointed out that some 
KCNQ1 variants associated to JLNS at the homozygous state can cause 
LQT1 at the heterozygous state.6,18 Nevertheless, the prevalence and se-
verity of pathogenic variants causing both JLNS at the homozygous state 
and LQT1 at the heterozygous state still remain unknown and require 
additional studies.

On this basis, the aim of our study was to characterize and compare 
patients carrying KCNQ1 pathogenic variants in heterozygous and 
homozygous state. We had three specific objectives: (1) to evaluate 
the prevalence of JLNS variants causing LQT1 at the heterozygous 
state, (2) to assess the clinical course of heterozygous carriers of 
JLNS when compared with other LQT1 variant carriers,12–14 and (3) 
to evaluate phenotypic and genotypic predictors of arrhythmic events 
(AE) in KCNQ1 variant carriers.

Methods
Study population
We enrolled KCNQ1 variant carriers (in homozygous, compound heterozy-
gous, or heterozygous state) from a series of consecutive patients referred, 
from September 1993 till January 2023 to the Reference Center for 
Inherited Arrhythmia Syndromes of the Bichat-Claude-Bernard University 
Hospitals in Paris, France. Enrolled patients came from proband-identified 
families diagnosed with LQTS or JLNS. The diagnosis of JLNS and LQTS 
complied with the established diagnostic criteria for LQTS, associated 
with congenital bilateral deafness for JLNS.19–22

All patients or the authorized family members gave their written informed 
consent for the genetic testing and the use of their personal medical data for 
research purposes. The study protocol complied with the ethical guidelines of 
the 1975 Declaration of Helsinki and its subsequent amendments. In line with 
the French legislation on studies of routine clinical practice, the study proto-
col was approved by a hospital committee competent for studies not requir-
ing approval by an institutional review board. Furthermore, the study 
database was anonymized and registered with the French National Data 
Protection [Commission Nationale de l’Informatique et des Libertés (CNIL), 
Paris, France; reference: PI2022_843_0059].

Data collection
At the time of diagnosis, patients underwent a specialized consultation with 
retrospective collection of demographic information and personal/family 
medical history, as well as genetic testing. Prospective follow-up was 
initiated in our centre, involving annual consultations with clinical data col-
lection addressing personal medical history, medical treatment, and occur-
rence of events. Severe arrhythmic events (SAE) occurring before diagnosis 
or during follow-up included sudden cardiac death, resuscitated cardiac 

arrest, or appropriate shock from an implantable cardioverter defibrillator 
for ventricular fibrillation. Arrhythmic events included both SAE and syn-
cope episodes deemed of cardiac cause. During follow-up, patients under-
went periodic 12-lead ECG recording and Holter monitoring. Beta-blocker 
therapy was initiated or continued at treating physician discretion. Data on 
ICD therapy and on left cardiac sympathetic denervation were also 
retrieved.

Genotype evaluation
Genetic analyses were conducted via Sanger sequencing prior to 2014, fol-
lowed by the adoption of high-throughput sequencing techniques, in ac-
cordance with the standardized protocols established by our laboratory. 
Each identified variant was systematically confirmed on a second sample, 
using capillary sequencing or another appropriate technique based on vari-
ant nature. Once a genetic variant was identified within a family, cascade 
screening was performed using Sanger capillary sequencing.

The pathogenicity of identified genetic variants was evaluated according 
to the established criteria at the time of molecular diagnosis. Only patients 
with mutations considered pathogenic at the time of diagnosis (class IV or 
V) were selected. Of note, to ensure data update, all mutations listed in the 
study were re-evaluated based on our recent knowledge (June 2023) and 
graded according to the criteria from the 2015 consensus of the 
American College of Medical Genetics and Genomics (class I benign/class 
II likely benign/class III uncertain significance/class IV probably pathogenic/ 
class V pathogenic).23

According to genotype, the study population was divided into three 
groups: 

• Group JLNS: JLNS patients carrying KCNQ1 homozygous or compound 
heterozygous variants and congenital bilateral neuro-sensorial deafness

• Group HTZ-JLNS: heterozygous JLNS variant carriers, including either 
heterozygous relatives of JLNS index cases (group HTZ-Relative- 
JLNS) or patients diagnosed with LQT1 (HTZ-Non-Relative-JLNS) car-
rying, at the heterozygous state, JLNS variants detected in group JLNS

• Group HTZ-Non-JLNS: LQT1 patients carrying KCNQ1 variants not 
observed in the JLNS population

To facilitate result interpretation, patients in groups HTZ-JLNS and 
HTZ-Non-JLNS carrying mutations in both alleles (compound heterozy-
gous variants) were excluded from the analyses because, although they 
do not meet the criteria for JLN syndrome, they appear to have a higher 
rhythmic risk.24

For all variants, we determined the type of mutation and the affected 
protein region. The transmembrane domain of the KCNQ1-encoded chan-
nel was defined as the coding sequence spanning amino acid residues 120 to 
355 (pore region 283 to 327), with the n-terminus region preceding residue 
120 and the C-terminus region following residue 355.

Then, we classified variants according to the biophysical functional effect 
expected on the mutated protein. In particular, according to literature,6 we 
assumed haploinsufficiency (HI), with a ≤50% impairment of the channel 
function, for non-missense mutations including truncating mutations, 
frameshift mutations, and splicing mutations. Conversely, missense muta-
tions and in-frame deletions were a priori considered as inducing a domin-
ant negative (DN) effect characterized by a >50% impairment of the 
channel function.

Literature-based analysis
After a first analysis, we performed a detailed examination of the literature 
available for the totality of variants identified in our population. Since some 
variants, carried by patients included in our original group of LQT1 carriers 
of non-JLNS variants (group HTZ-Non-JLNS), were associated in literature 
to a JLNS phenotype, we performed a second analysis on new literature- 
based groups. We switched indeed the patients with literature-based 
JLNS variants from group HTZ-Non-JLNS, adding them to our original 
group of LQT1 patients carrying a heterozygous variant identified in the 
JLNS population (group HTZ-Non-Relative-JLNS), resulting in a new 
literature-based group HTZ-Non-Relative-JLNS and consequently in a new 
literature-based group HTZ-JLNS.

Similarly, since missense mutation effect may sometimes be unexpected, 
leading to HI instead of a DN effect, we performed a detailed examination 
of the literature for each missense mutation found in our study population. 
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As available in online supplementary materials, functional studies demon-
strated HI for several of our missense mutations. On this basis, we then re-
peated our analyses after shifting the new missense haploinsufficient 
literature-based variants from the group of likely DN mutations and adding 
them to HI variants (see online supplementary materials).

Statistical analysis
The distribution of continuous variables was evaluated with the Shapiro– 
Wilk test. In case of normal distribution, continuous variables were 
presented as means ± standard deviation while as p50 median value 
and interquartile ranges (p25; p75) in case of non-normal distribution. 
Categorical variables were expressed as frequency and percentage. The 
χ2 test or the Fisher’s exact test was used, as appropriate, to assess differ-
ences between categorical data. In case of inter-group χ2 tests, Bonferroni 
correction was applied. According to distribution type (normal or not), the 
one-way analysis of variance or the Kruskal–Wallis test was used to evaluate 
the differences between groups, supplemented with post hoc analysis when 
necessary. A P-value < 0.05 was considered statistically significant, and all 
tests were two-sided.

Event-free survival curves were generated using the Kaplan–Meier meth-
od and compared using the log-rank test based on lifelong follow-up. Of 
note, in the supplementary analyses, event collection was censored when 
the first event occurred before 41 years old and upon beta-blocker intro-
duction, to avoid potential interference from other cardiovascular diseases 
(e.g. coronary artery diseases) on the predefined cardiac endpoints. 
Similarly, we analysed time to first event for SAE and for AE. Moreover, 
we evaluated the prognostic contribution of clinical (gender and QTc) 
and genetic factors (location of the mutation, genetic group, and functional 
effect) to the occurrence of cardiac events by performing a univariate Cox 
modelling. We then included factors with a P-value < 0.1 in a multivariate 
Cox regression model, while extrapolating hazard ratios (HRs) with the 

related 95% confidence intervals (CIs). Furthermore, we created an algo-
rithm based on the 15-year event rate estimated from the Kaplan–Meier 
curves, considering different clinical and genetic factors.

All statistical analyses were conducted using R software (version 
1.3.1093, 2009–20 RStudio©, PBC).

Results
Study population
Between September 1993 and January 2023, a total of 789 patients 
underwent diagnostic evaluation and genetic testing for JLNS or 
LQT1. Patients were classified into three groups based on their diag-
nostic and genetic findings (Figure 1). 

• Group JLNS (KCNQ1 homozygous or compound heterozygous variant 
carriers)

Out of the 789 patients, 35 (4%) were diagnosed with JLNS. All of 
them were type 1 JLNS. Among these patients, 30 individuals (20 variants 
in 19 families) had genetic results that met the inclusion criteria, while 5 
were excluded due to missing or incomplete genetic data. Homozygous 
pathogenic variants were observed in 28 patients, while 2 patients had 
composite heterozygous variants on different KCNQ1 alleles (arranged 
in trans). The most common pathogenic variant identified in our cohort 
was a guanine to cytosine substitution at position 914 of exon 6, present 
in 23.3% of cases. Supplementary material online, Table S1, provides a de-
tailed overview of all JLNS variants found in our cohort.

• Group HTZ-JLNS (heterozygous JLNS variant carriers)

JLNS patients
N = 35

Group JLNS
JLNS patients carrying

homozygous or compound
heterozygous KCNQ1 variants

N = 30
(19 families, 20 variants)

Group HTZ-JLNS
Patients carrying heterozygous

KCNQ1 JLNS variants
N = 161

(42 families, 17 variants)

Group HTZ-non-JLNS
Patients carrying heterozygous

KCNQ1 non-JLNS variants
N = 550

(173 families, 100 variants)

Group HTZ-relative-
JLNS

heterozygous JLNS
family members

N = 73
(16 families, 15 variants)

Group HTZ-non-
relative-JLNS

heterozygous JLNS
variant carriers

N = 88
(29 families, 11 variants)

JLNS family members
N = 73

LQT1 patients
N = 681

5 patients excluded:

Missing data

Incomplete genetic data

43 patients excluded:

Unavailable FU, n = 24

Grade <4 variants, n = 10

Composite, n = 9

Figure 1 Flow chart. JLNS, Jervell and Lange–Nielsen syndrome; LQT1, long QT syndrome type 1; HTZ-JLNS, heterozygous carriers of variants 
found in the JLNS population; HTZ-Non-JLNS, heterozygous carriers of variants not found in the JLNS population.
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We identified 161 patients who were heterozygous carriers of JLNS 
mutations (17 JLNS variants in 42 families). Group HTZ-JLNS included 
the following:
• Seventy-three relatives of JLNS-affected patients, carrying a hetero-

zygous variant (group HTZ-Relative-JLNS)
• Eighty-eight LQT1 patients, carrying a heterozygous variant identi-

fied in the JLNS population (group HTZ-Relative-Non-JLNS)
• Group HTZ-Non-JLNS (LQT1 carriers of non-JLNS variants)

A total of 681 patients were diagnosed with LQT1 and followed up in 
our centre. Among them, 657 patients had available follow-up data and 
localization information. Finally, we focused the analysis on a global 
population of 638 LQT1 patients, while excluding from the study group 
9 patients with either composite heterozygous or homozygous muta-
tions without neuro-sensorial deafness as well as 10 patients carrying 
variants of uncertain significance. After variant analysis, we found that 
550 heterozygous patients (100 variants in 173 families) did not carry 
variants detected within the JLNS population of our study.

Groups are described and compared in Table 1.
The proportion of women did not differ between groups. Jervell and 

Lange–Nielsen syndrome patients had a younger age at diagnosis 
(group JLNS 3.4 ± 4.7 years vs. group HTZ-JLNS 26.7 ± 21 vs. HTZ- 
Non-JLNS 26 ± 21, P < 0.01). Jervell and Lange–Nielsen syndrome pa-
tients had a significantly higher Schwartz score (6 ± 1.6 vs. 2.4 ± 1.2 

vs. 3.2 ± 1.5, P < 0.01) and longer QTc interval (551 ± 54 ms vs. 451± 
31 vs. 467 ± 36; P = 0.01) compared with heterozygous patients 
(Figure 2). Jervell and Lange–Nielsen syndrome patients were more fre-
quently probands, and the diagnosis was more often established due to 
symptoms when compared with heterozygous patients, more fre-
quently diagnosed in the context of a pre-symptomatic family screen-
ing. Finally, beta-blocker treatment was less frequently prescribed 
among group HTZ-JLNS.

Focusing on heterozygous JLNS variant carriers, patients initially 
diagnosed with LQT1 (group HTZ-Non-Relative-JLNS) had higher 
Schwartz scores, longer QTc intervals, and a lower rate of HI variants 
(Table 2) when compared with heterozygous relatives of JLNS-affected pa-
tients (group HTZ-Relative-JNLS). Supplementary material online, Table S2, 
provides a detailed overview of all Non_JLNS variants found in our cohort.

Genetic characteristics
A total of 120 class IV or V variants (20 JLNS variants + 100 non-JLNS 
variants) were identified. Among them, 39 variants (5 CNV, 14 splice 
site, and 20 frameshift) were determined to likely result in HI, while 
81 variants were considered as potentially causing a DN effect (76 mis-
sense and 5 in-frame). Regarding missense and in-frame variants, 51 
(63%) were located in the transmembrane region, with 16 specifically 
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Table 1 Study population characteristics

Group Group Group P
JLNS HTZ-JLNS HTZ-Non-JLNS

(n = 30) (n = 161) (n = 550)

Females, n (%) 17 (56.7%) 86 (53%) 310 (55.6%) 0.9

Age at diagnosis (years) 3.4 ± 4.7 26.7 ± 21a 26 ± 21a <0.01

2 (3.75) 27 (36) 25 (33)

0 ; 21 0 ; 83 0 ; 88

Proband (%) 21 (70%) 19 (12%)b 146 (26%) <0.01

Diagnosis pathway

Secondary to symptoms 15 (50%) 13 (8%)b 107 (19%) <0.01

Family assessment 10 (30%) 139 (86%)b 395 (72%)

Fortuitous/non-cardiac symptoms 5 (16.6%) 9 (6%)b 48 (9%)

Schwartz score 6 ± 1.6 2.4 ± 1.2a,c 3.2 ± 1.5a <0.01
6 (2) 2.1 (2) 3 (2)

3 ; 9.5 1 ; 6 1 ; 7

QTc Bazett (ms) 551 ± 54 451 ± 32a,c 467 ± 36a 0.01

551 (75) 452 (37) 466 (43)

477 ; 665 350 ; 525 320 ; 635

Pore location, n (%) 7 (23%) 13 (8%)b 118 (21%) <0.01

HI, n (%) 15 (50%) 77 (48%)b 67 (12%) <0.01

DN effect, n (%) 15 (50%) 84 (52%)b 479 (87%) <0.01

Follow-up duration (years) 18 ± 14 33 ± 22 32 ± 20 0.04
14 (17) 33 (35) 30 (32)

0 ; 51 0 ; 93 0 ; 91

Arrhythmic events, n (%) 26 (87%) 21 (13%)b 183 (33%) <0.01

Severe arrhythmic events, n (%) 9 (30%) 1 (0.6%) 22 (4%) <0.01

Family history of SD < 35 years 6 (20%) 49 (30%) 154 (28%) 0.5

ß-blockers 24 (80%) 82 (51%)b 372 (68%) <0.01

Continuous variables are presented by their mean ± standard deviation followed by their median (IQR) and range (min/max). For the quantitative variables, comparison of the three 
groups by analysis of variance with “a” in case of significance of the post-test compared with JLNS group and “c” compared with HTZ-JLNS group. For qualitative variables, χ2 test 
with “b” in case of significant test compared with HTZ-JLNS group. HI, haploinsufficiency; DN, dominant negative; SD, sudden death.
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positioned inside the pore. In contrast, 30 (37%) DN variants were non- 
transmembrane, out of which 24 were situated in the C-terminal region.

Focusing on variant localization and on biophysical effect, HTZ-JLNS 
variant carriers had a lower rate of variants localized in the pore region 
in comparison with JLNS and HTZ-Non-JLNS (8% vs. 23% vs. 21%, P <  
0.01). Moreover, the proportion of variants potentially causing HI was 
lower among HTZ-Non-JLNS patients [12% vs. 48% vs. 50% (P < 0.01) 
among HTZ-Non-JLNS, HTZ-JLNS, and JLNS groups, respectively].

Arrhythmic outcomes
Patients were followed up, until a mean age of 31.6 ± 21 years, with a 
median of 29 years [interquartile range (IQR) 33].

For JLNS patients, 87% (n = 24) experienced at least one AE, all of them 
occurring before the age of 15, and 30% (n = 9) suffered from SAE during 
follow-up. These latter included one recovered cardiac arrest, seven sud-
den deaths, and one ICD therapy for ventricular fibrillation. Of note, 6 
(66.7%) out of the 9 patients experienced a SAE despite beta-blocker 
treatment. The median time before AE onset was 2 years (IQR 3.75), 
while the median time of survival before SAE was 14 years (IQR 19).

Conversely, concerning heterozygous patients, the rate of AE was 
significantly lower among HTZ-JLNS variant carriers when compared 
with HTZ-Non-JLNS variant carriers (13% vs. 33%, P < 0.01), with a 
median time of survival without AE of 10 (IQR 19 and 18.5, respective-
ly) years for both groups. Similarly, we observed a trend toward lower 
SAE among HTZ-JLNS variant carriers as compared with HTZ-Non- 
HLNS variant carriers (0.6% vs. 4%, P = 0.06) (Table 1).

The HTZ-JLNS patients had a lower risk of cardiac events compared 
with HTZ-Non-JLNS patients [HR 0.34 (0.22–0.54); P < 0.01] 
(Figure 3). Moreover, HTZ-Non-Relative-JLNS patients had significantly 
fewer events compared with HTZ-Non-JLNS patients [HR 0.68 
(0.52–0.88); P < 0.01]. Conversely, there was no significant difference 

observed between the subgroups HTZ-Relative-JLNS vs. HTZ-Non- 
Relative-JLNS [HR 0.46 (0.18–1.19); P = 0.11] (Figure 4).

Risk factors for arrhythmic events among 
heterozygous patients
Table 3 shows the results of univariate and multivariate Cox model.

After multivariate analysis, 5 factors were independently associated 
with the occurrence of AE: pore-located variant and QTc interval 
> 500 ms were associated with an increased risk of events while the 
presence of a JLNS variant, of a mutation leading to HI or located at 
the C-terminal region, was associated with a reduced risk of AE.

Figure 5 shows the 15-year event rates estimated from the Kaplan– 
Meier curves according to different QTc and genetic data (HI and pore 
involvement). We observe a 15-year event rates ranging from 11.8% for 
patients with a QTc < 500 ms and a variant inducing HI to 46.9% for 
patients with a QTc > 500 ms and a mutation located in the pore. 
Supplementary material online, Figure S1, shows another algorithm 
that takes groups into account.

After a detailed examination of the literature available for the 120 
variants identified in our population, 29 were previously reported as as-
sociated with a JLNS phenotype. Among them, 13 variants were carried 
by patients included in our JLNS group, accounting for 65% of the JLNS 
variants in our cohort. The remaining 16 variants were conversely de-
tected in 89 patients included in our original group of HTZ-Non-JLNS 
(see Supplementary material online, Table S3).

On this basis, we moved these 89 patients from HTZ-Non-JLNS 
group, adding them to our original group of 88 LQT1 patients carrying 
a heterozygous variant identified in the JLN population (HTZ-Non- 
Relative-JLNS), resulting in a new literature-based group HTZ-Non- 
Relative-JLNS, of 177 individuals.
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Figure 2 Box plot of the distribution of QTc according to the groups at diagnosis.
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We then re-calculated a new literature-based HTZ-JLNS (group 
HTZ-Relative-JLNS + HTZ-Non-Relative-JLNS) of 250 heterozygous 
JLNS variant carriers and a new literature-based group HTZ-Non-JLNS 
(original group HTZ-Non-JLNS—89) of 461 LQT1 carriers of non-JLNS 
variants (see Supplementary material online, Figure S2).

The new uni- and multivariate analyses on these literature-based 
groups showed a persistent lower risk of AE [HR 0.51 (0.37–0.70); 
P < 0.01] among patients carrying a heterozygous JLNS variant com-
pared with other LQT1 cases (HTZ-Non-JLNS) (see Supplementary 
material online, Table S4).

Discussion
The present study is a systematic analysis of KCNQ1 loss-of-function 
variants, based on a large cohort with a 30-year follow-up, which pro-
vides new insights concerning both homozygous and heterozygous 
JLNS variant carriers. We showed that between one-third and one- 
fourth of the LQT1 patients carry JLNS variants. These patients have 
less severe phenotypes, and this clinical difference could be partly ex-
plained by genetic characterization.

Epidemiological insight
Jervell and Lange–Nielsen syndrome is a rare disease, and determining 
its precise prevalence is challenging due to variations in calculation 

methods across studies, with estimates ranging from 1.6/million to 
1/200 000 children.25–27 Given the rarity of this pathology, our cohort 
of 30 patients seems therefore to represent a significant proportion of 
JLNS subjects in France.

Moreover, out of the 20 pathogenic variants detected in our JLNS 
population, 35% of them have never been described in the literature, 
thus making our study a major contribution to the attempt to repertory 
JLNS-related variants.

In addition, 22% of our population was represented by heterozygous 
carriers of JLNS-related variants, rising to 34% if we add additional 
JLNS-related variants described in literature and retrieved in our 
LQT1 population. This striking result may suggest that about one- 
fourth to one-third of patients diagnosed with LQT1 carry a 
JLNS-related variant in a heterozygous state. To our knowledge, this 
study provides for the first time the evidence of the relatively frequent 
detection of a heterozygous JLNS-related variant among patients diag-
nosed with LQT1.

Clinical insight
Corroborating the results of the previous studies,12,13 we clearly con-
firmed the severe natural history of JLNS. Indeed, 87% of patients be-
came symptomatic, experiencing at least one AE, and 30% experienced 
SAE during follow-up. Breakthrough events while on medical therapy 
were common: 67% of patients suffered from a SAE despite being 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 2 Characteristics of heterozygous JLNS variant carriers

Group Group P
HTZ-Relative-JLNS HTZ-Non-Relative-JLNS

(n = 73) (n = 88)

Females, n (%) 36 (49%) 50 (57%) 0.4

Age at diagnosis (years) 24 ± 21 28 ± 21 0.2

24 (34) 30 (35)

0 ; 72 0 ; 83

Proband 0 19 (22%) <0.01

Diagnosis pathway

Secondary to symptoms 2 (3%) 11 (13%) <0.01

Family assessment 71 (97%) 68 (77%)

Fortuitous/non-cardiac symptoms 0 9 (10%)

Schwartz score 2.1 ± 1 2.6 ± 1.3 0.02
2 (1.8) 3 (2)

1 ; 6 1 ; 6

QTc Bazett (ms) 444 (30) 456 (32) 0.03

446 (40) 460 (41)

370 ; 518 355 ; 555

Pore location, n (%) 7 (10%) 6 (7%) 1

HI, n (%) 48 (66%) 29 (33%) <0.01

DN effect, n (%) 25 (34%) 59 (67%) <0.01

Follow-up time (years) 34 ± 23 32 ± 20 0.6
35 (34) 32 (34)

0 ; 93 0 ; 83

Arrhythmic events, n (%) 5 (7%) 15 (17%) 0.05

Severe arrhythmic events, n (%) 0 1 (1.1) 1

Family history of SD < 35 years 35 (48%) 14 (16%) <0.01

ß-blockers 18 (25) 64 (73%) <0.01

Continuous variables are presented as mean ± standard deviation followed by their median (IQR) and range (min/max). HI, haploinsufficiency; DN, dominant negative; SD, sudden death.
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under beta-blocker treatment (nadolol in most cases). The failure of 
beta-blocker treatment was similarly described with 51% of patients re-
maining or becoming symptomatic despite beta-blockers treatment.13

The major and novel contribution of our study, however, is to shed 
light on the phenotype characterizing HTZ-JLNS variant carriers, in 
comparison with other LQT1 patients (HTZ-Non-JLNS). Our work 
pointed out that the rate of AE was significantly lower among 
HTZ-JLNS patients (13%) when compared with HTZ-Non-JLNS pa-
tients (33%) with a comparable average follow-up of 33 and 32 years 
respectively.

It is worth to note that we have corroborated the strength of this 
result with several additional analyses. Firstly, we confirmed our results 
after censoring follow-up upon beta-blocker introduction as well as at 
41 years of age [HR 0.37 (0.23–0.59); P < 0.01], to avoid interferences 

from other cardiovascular diseases (e.g. coronary artery diseases) 
which may potentially impact on the predefined cardiac endpoints 
(see Supplementary material online, Figure S3). Secondly, we showed 
that not only heterozygous JLNS family members but also unrelated 
heterozygous JLNS variant carriers initially diagnosed with LQT1 had 
significantly fewer events as compared with other LQT1 cases. 
Thirdly, we performed a detailed examination of the literature, allowing 
us to detect 16 additional JLNS-associated variants, according to litera-
ture, among the 89 patients previously included in our original 
HTZ-Non-JLNS group. On this basis, the comparison between the 
new literature-based groups HTZ-JLNS and HTZ-Non-JLNS demon-
strates a persistent lower risk of AE [HR 0.51 (0.37–0.70)] among 
patients carrying a heterozygous JLNS variant compared with other 
LQT1 cases.
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Thus, our results support the hypothesis of a true class effect asso-
ciating to any heterozygous JLNS variant carrier a better prognosis, bur-
dened by a lower risk of AE. Considering both our epidemiological and 
clinical insights, we do provide hereby a clinically relevant prognostic in-
formation for a significant subset of LQT1 population.

Mechanistic insight: toward refining risk 
stratification
Our analyses found four independent modulators of the arrhythmic 
risk among KCNQ1 heterozygous patients: QTc interval > 500 ms, HI, 
variant localization (C-terminal region vs. pore location), and JLNS- 
related variants.

To understand this genotype–phenotype correlation, a pathophysio-
logical reading of our results is necessary.

As expected, our work confirms the importance of QTc prolonga-
tion in arrhythmic risk stratification, as demonstrated by the team of 
Priori et al.28–30 doubling the risk of AE in the case of QTc > 500 ms. 
However, QT interval is an insufficient marker, as torsades de pointes 
can occur in patients with normal or slightly prolonged QTc interval.31

As previously described,6,9,17,32 we found a significant higher rate of 
non-missense mutations and thus of likely HI variants among JLNS vari-
ant carriers (homozygous and heterozygous) when compared with 
other LQT1 patients (50, 48, and, 12%, respectively). Considering the 
tetrameric structure of the functional IKs channel, such mutations 
lead indeed either to truncated proteins or RNA degradation, avoiding 
their co-assembly to form functional channels. This phenomenon ex-
plains why, at a homozygous state, the complete or near complete 
(<10%) absence of IKs is associated to a more severe phenotype, bur-
dened of bilateral neuro-sensorial deafness and high life-threatening 
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Table 3 Uni- and multivariate Cox model

Univariate Cox model Multivariate Cox model

HR (95% CI) P-value HR (95% CI) P-value

Female 1.10 (0.83–1.46) 0.5

Group HTZ-JLNS vs. HTZ-Non-JLNS 0.34 (0.22–0.54) <0.01 0.43 (0.27–0.69) <0.01

Haploinsufficiency 0.46 (0.30–0.71) <0.01 0.60 (0.37–0.97) 0.04

Pore location 2.26 (1.66–3.07) <0.01 1.61 (1.14–2.26) 0.01

C-terminal 0.72 (0.51–1.02) 0.06 0.67 (0.46–0.98) 0.04

QTc Bazett > 500 ms 1.98 (1.41–2.78) <0.01 1.71 (1.21–1.41) <0.01

HTZ-JLNS, heterozygous carriers of variants found in the JLNS population; HTZ-Non-JLNS, heterozygous carriers of variants not found in the JLNS population.
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arrhythmic risk. Heterozygous JLNS patients instead express a milder 
phenotype since IKs is ensured by the co-assembly of normal proteins, 
encoded by the wild-type allele. The more severe phenotype of HTZ- 
Non-JLNS variant carriers may thus be explained by the co-assembly of 
wild-type and mutated proteins, which produces non-functional chan-
nels and harshly alters IKs properties by capturing wild-type subunits. 
This aspect also contributes to explain why, in these cases, patients ex-
press an isolated cardiac phenotype without earing defects. As elegantly 
demonstrated by Bhuiyan et al,11 ‘the ear can do with less than the 
heart’, since an auditory phenotype seems to arise only in case of 
KCNQ1-encoded protein level < 10%. Paradoxically, however, if the 
complete absence of IKs proteins is not tolerated by the ear, as exem-
plified by the onset of bilateral deafness, it is borne by the heart and still 
compatible with life. Indeed, the ventricular repolarization process in-
volves several repolarizing currents, and according to the concept of 
the cardiac repolarization reserve,33 defects of single currents may be 
cushioned if other repolarization currents are intact.

In our work, similarly to the study from Moss et al,6 we assumed that 
HI (≤50% impairment of the channel function) was the functional effect 
resulting from non-missense mutations including truncating mutations, 
frameshift mutations, and splicing mutations. Since missense mutation 
effect may sometimes be unexpected, leading to HI instead of a DN ef-
fect, we also performed a detailed examination of the literature for 
each missense mutation retrieved in our study population and per-
formed new analyses based on literature-based variant classification. 
This approach confirmed the higher rate of likely HI variants among 
JLNS variant carriers (homozygous and heterozygous) as compared 
with other LQT1 patients (63% vs. 64% vs. 30%, P < 0.005). We also 
confirmed the reduced risk of AE associated to HI (see Supplementary 
material online, Table S5 and Figure S4).

Our results also corroborate the few previous studies which have 
explored the relation between variant location and clinical pheno-
type.34 Conversely, a pore-located variant (residues 283–327) was a 
significant predictor of a more severe phenotype at both univariate 
and multivariate analyses. Our results slightly differ from the study by 
Moss et al.6,35 which demonstrated a higher risk associated to trans-
membrane mutations (residues 120–355), without any significant 

difference in event rate between patients with pore region variants (re-
sidues 285–355) vs. non-pore mutations. We should however mention 
that such difference may be in part explained by a different definition of 
pore variant between the two studies, with the inclusion in the pore re-
gion of the S6 segment (residues 328–355) in the study by Moss et al.

In addition to the above discussed parameters, the presence of a 
JLNS-related variant remained independently and negatively associated 
with the occurrence of events. Hence, this factor could probably not be 
explained by QTc duration, HI, or variant localization.

Since the in vitro functional effects of the variant do not always reflect 
the in vivo effect, it is possible that functional studies, most of which date 
back to the early 2000s, have underestimated the HI effect of JLNS var-
iants. The localization of the variants was carried out on a linear protein 
model that could be held back by the complexities of 3D modelling36 of 
the channel structure, making it difficult to know the precise location of 
the impact of a mutation on the channel.

As recently described, patients carrying variants on their both 
KCNQ1 alleles (homozygous or composite heterozygous), whether 
deaf or not, appear to have a poor prognosis.24 It is conceivable that 
the non-JLNS variants in the homozygous state are too severe and 
are not life-sustaining.

Beyond mechanistic consideration, evaluating a 15-year event ac-
cording to QTc, HI, and variant location allows for refined more perso-
nalized risk–stratification scheme.

Limitations
Firstly, the current work is mainly based on retrospectively collected 
patient data. As all analyses are performed on retrospective registries, 
such approach might make difficult to ensure the rigorous collection of 
cardiac events, which might have been underestimated. Secondly, even 
if our homozygous and heterozygous JLNS population was quantita-
tively remarkable, considering the rarity of the disease, it could still 
have been underpowered to detect further significant differences, 
due to the small sample size. Thirdly, we could not exclude having em-
bedded in our group of LQT1 non-JLNS variant carriers, patients with 
heterozygous JLNS variants, which have not yet been known/described 

LQT1 heterozygous
genotyped patients

N = 711
21.6% (18–24)

QTc > 500 ms
N = 94

31.7% (21–41)

HI+
N = 11

12.5% (0–33)

HI–
N = 83

34.2% (22–44)

Pore +
N = 23

46.9% (19–65)

Pore –
N = 60

29.6% (16–41)

Pore +
N = 107

40.3% (29–50)

Pore –
N = 368

17.3% (21–13)
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20.1% (17–23)
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22.3% (18–26)
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11.8% (6–17)

Figure 5 Algorithm for the 15-year AE rate based on QTc, HI, and pore location. HI, haploinsufficiency.
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in the literature. However, patient misclassification (for symptomatic 
status and/or variant classification) would have potentially biased the re-
sults toward decreased differences between groups. Fourth, concern-
ing variant biophysical effect, functional studies were available in 
literature only for a limited number of missense variants. We could 
not therefore exclude having incorporated any missense HI variants 
among mutations with DN effect. Our results underline the need for 
improving characterization of biophysical variant effects. High output 
patch clamp biophysical characterization and artificial intelligence 
(AI)-based 3D structure–function studies are needed to improved 
risk stratification.

To conclude, our study provides, for the first time to our knowledge, 
the evidence that JLNS variants are far more frequent than previously 
estimated and that up to one-third of patients diagnosed with LQT1 
carry a JLNS-related variant at the heterozygous state. We confirm 
the severe natural history of JLNS in our cohort, and we demonstrated 
that heterozygous JLNS genotype is associated to a better prognosis 
when compared with other LQT1 non-JLNS variant carriers. Finally, be-
yond the classical and unanimous clinical predictor (QTc), we showed 
that the presence of JLNS-related variants, HI, and variant topography 
(C-terminal region vs. pore location) represent independent modula-
tors of arrhythmic risk among KCNQ1 heterozygous patients. Our 
study highlights the importance of integrating to clinical phenotyping, 
a detailed genetic variant characterization, encompassing their function-
al effect and location, to better refine risk stratification.
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