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Aims The early repolarization syndrome (ERS) can cause ventricular fibrillation (VF) and sudden death in young, other-
wise healthy individuals. There are limited data suggesting that ERS might be heritable. The aim of this study was to
characterize the clinical phenotype and to identify a causal variant in an affected family using an exome-sequencing
approach.

...................................................................................................................................................................................................
Methods
and results

Early repolarization syndrome was diagnosed according to the recently proposed Shanghai ERS Score. After se-
quencing of known ERS candidate genes, whole-exome sequencing (WES) was performed. The index patient
(23 years, female) showed a dynamic inferolateral early repolarization (ER) pattern and electrical storm with intrac-
table VF. Isoproterenol enabled successful termination of electrical storm with no recurrence on hydroquinidine
therapy during 33 months of follow-up. The index patient’s brother (25 years) had a persistent inferior ER pattern
with malignant features and a history of syncope. Both parents were asymptomatic and showed no ER pattern.
While there was no pathogenic variant in candidate genes, WES detected a novel missense variant affecting a highly
conserved residue (p. H2245R) in the ANK3 gene encoding Ankyrin-G in the two siblings and the father.

...................................................................................................................................................................................................
Conclusion We identified two siblings with a malignant ERS phenotype sharing a novel ANK3 variant. A potentially pathogenic

role of the novel ANK3 variant is suggested by the direct interaction of Ankyrin-G with the cardiac sodium channel,
however, more patients with ANK3 variants and ERS would be required to establish ANK3 as novel ERS susceptibil-
ity gene. Our study provides additional evidence that ERS might be a heritable condition.
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Introduction

The early repolarization (ER) pattern has been defined as J-point ele-
vation of >_0.1 mV in two continuous inferolateral leads on a standard
12-lead electrocardiogram (ECG) with either a distinct or partly bur-
ied J-wave.1 The malignant ER syndrome (ERS) is occurring in patients
with an ER pattern that experience syncope , ventricular fibrillation
(VF), or sudden cardiac death (SCD).2–5

About 15% of patients with ERS have a family history of sudden
death and, conversely, relatives of sudden arrhythmic death victims
are significantly more likely to display an ER pattern (31–23% of rela-
tives vs. 13–11% of controls) indicating that ERS might be herita-
ble.2,6–8 However, ERS-associated variants have been described only
in unrelated individuals with ERS4,9 and there are no co-segregation
data of genetic variants and ERS in affected families.6 We have identi-
fied two siblings with symptomatic ERS. This study aims to character-
ize the clinical phenotype and to identify a potentially causal variant in
the affected family using a whole-exome sequencing (WES)
approach.

Methods

The study was approved by the Institutional Ethics Committee on
Human Research at the authors’ institution. All patients have given writ-
ten informed consent for study participation, blood sampling, isolation of
DNA, molecular genetic testing, and provision of their clinical data.

Clinical data analysis
Clinical characterization included medical history, analysis of 12-lead-,
Holter-, and monitor ECGs, transthoracic echocardiography, coronary
angiography, Ajmaline challenge (when deemed appropriate), exercise
stress test, and Valsalva manoeuver. The peak of an end-QRS notch and/
or onset of an end-QRS slur, J peak (Jp) was measured in standard 12-
lead ECGs.1 A Shanghai ERS score of >_5 points was required for a diag-
nosis of definitive ERS.10

Candidate gene analysis
DNA was extracted from peripheral blood lymphocytes of the two sib-
lings and their parents and analysed by next-generation sequencing
(NGS) using a customized (SureDesign, based on an Agilent
SureSelectQXT) solution-capture enrichment strategy (Agilent, Santa
Clara, CA, USA). Targeted sequencing of ERS- and Brugada syndrome
(BrS)-related genes (GPD1L, SCN1B, KCNE3, SCN3B, KCNH2, RANGRF,
KCNE1L, KCND3, HCN4, SLMAP, TRPM4, SCN2B, SCN10A, KCNJ8,
CACNA1C, CACNB2, CACNA2D1, SCN5A, and ABCC9) was performed in
the index patient. Target regions included coding exons (padding:
±25 bp). Sequencing was carried out on a MiSeqTM- or a NextSeqTM 500-
System (Illumina, San Diego, CA, USA). Bioinformatic analyses were per-
formed using CLC Genomics Workbench (Qiagen, Venlo, the
Netherlands) and variants were verified by conventional Sanger
sequencing.

Whole-exome sequencing
Whole-exome sequencing was initially carried out on the proband, her
affected brother and the father as we did not have enough high-quality
DNA of the mother for WES. The coding exons were captured using the
Agilent SureSelect Human All Exon v.5. The captured fragments were se-
quenced on the Hiseq2000 sequencer (Illumina San Diego, CA, USA) to
an average depth of >50 reads per target base. The sequence reads were
aligned to the human reference genome (UCSC NCBI37.1/hg19) using
SOAPaligner (version 2.21), and functional annotation of high-quality var-
iants was performed using SOAPsnp software for the single nucleotide
variation. For insertion/deletion detection, sequence reads were aligned
by BWA and annotated by GATK for break-point identification. Variants
were annotated using ANNOVAR. Data analysis was performed in the
statistical programming environment R version 3.2.1. Synonymous varia-
tions not located at splice sites and variants with a frequency >0.1% in the
following publically available databases were excluded from further analy-
sis: (i) the ExAC Browser, (ii) the National Heart, Lung, and Blood
Institute (NHLBI) Exome Sequencing Project (ESP), (iii), Phase 1 version
3 of the 1000 Genomes project (data release October 2012), (iv) the 69
genomes from Complete Genomics, and (v) the Genome Aggregation
Database (gnomAD). Sequential analysis steps focused on (i) Candidate
gene analysis: known genes associated with ERS- and BrS (BrS, cardiac
arrhythmias and cardiomyopathies, see Supplementary material online,
S3 for the gene lists); (ii) recessive inheritance: shared homozygous variants
in both siblings, heterozygous in the father and the mother; (iii) reduced
penetrance: novel variants (i.e. ultra-rare variants shared by both affected
siblings and inherited from an unaffected parent but not found in any of
the databases).

Results

Clinical phenotype
The index patient, individual II-2 in the pedigree (Figure 1A), experi-
enced out-of-hospital-cardiac arrest at age 23 years in the early
morning at home while sleeping. Basic life support was provided by
her mother. Upon arrival of the emergency physician, the initially
recorded rhythm was VF. After transfer to University Hospital
Freiburg ischaemic and structural heart disease were ruled out by
transthoracic echocardiography and coronary angiography. Due to
recurrent VF, the patient underwent early percutaneous venoarterial
extracorporeal membrane oxygenation (VA-ECMO) implantation.

What’s new?

• The early repolarization syndrome (ERS) is an extremely rare
and malignant primary arrhythmia syndrome. Early repolariza-
tion syndrome might be heritable, however, there are no co-
segregation data of genetic variants and ERS in affected
families.

• We identified two siblings with symptomatic ERS and tried to
identify a causal variant in the affected family by using a whole-
exome sequencing (WES) approach.

• Whole-exome sequencing detected a novel, ultra-rare mis-
sense variant affecting a highly conserved residue in the ANK3
gene encoding Ankyrin-G in three out of four family members.

• There are clinical data supporting delayed depolarization as
underlying mechanism in ERS and a potentially pathogenic role
of the novel ANK3 variant in ERS is suggested by the direct in-
teraction of Ankyrin-G with the cardiac sodium channel.
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The initial 12-lead ECG showed normal sinus rhythm with a QTc of
421 ms, and an inferolateral ER pattern with Jp amplitudes >_0.1 mV
(Figure 1C). The telemetry monitor revealed a bradycardia-
dependent inferior ER pattern with frequent premature ventricular
complexes triggering polymorphic ventricular tachycardia (pVT) and
recurrent VF (Figure 2). Conventional anti-arrhythmic drugs failed
and the patient was eventually rescued from intractable VF with iso-
proterenol which enabled successful defibrillation and suppression of
ER and VF—after more than 1 h of ongoing VF (Figure 3). During iso-
proterenol weaning, monomorphic couplets recurred and isoproter-
enol was replaced with hydroquinidine 300 mg bid, which again
suppressed couplets and ER (Supplementary material online, S1).
The patient recovered completely without any sequelae and was
implanted with a dual-chamber implantable cardioverter-defibrillator
(ICD) with atrial pacing set at 70 b.p.m. There has been no VF recur-
rence on hydroquinidine therapy during 33 months of follow-up.
Ajmaline challenge including high precordial leads placed in 3rd and
2nd intercostal space in (para-)sternal positions was negative. The
Shanghai ERS score of the index patient was consistent with a defini-
tive diagnosis of ERS (cardiac arrest/documented VF: 3 points; ER >_

0.2 mV in >_2 lateral ECG leads with horizontal ST-segment: 2
points).

The index patient’s brother (25 years) demonstrated a persistent
inferior ER pattern with high inferior Jp amplitudes >_0.35 mV and
horizontal ST-segments (Figure 1B). Ajmaline challenge with precor-
dial leads placed as in the index was negative. The past medical his-
tory was significant for a witnessed arrhythmic syncope at rest
without any prodrome or trigger at age 14 years. The Shanghai ERS
score was calculated to be 6 points (suspected arrhythmic syncope: 2
points; ER >_0.2 mV in >_2 inferior ECG leads with horizontal ST-
segment: 2 points; relative with definitive ERS: 2 points) consistent
with a definitive diagnosis of ERS. In addition, the ER pattern showed
a dynamic augmentation during Valsalva (Supplementary material on-
line, S2). Based on a malignant ER pattern, a strong family history of
ERS, and a history of arrhythmic syncope at rest the patient was
deemed at increased risk of pVT/VF and a subcutaneous ICD was
implanted. The patient has not received any shocks during follow-up.

Both parents were asymptomatic, they had a negative (extended)
family history for unexplained syncope or SCD and showed no ER
pattern on several 12-lead ECGs at baseline and during Valsalva

Figure 1 Pedigree and 12-lead electrocardiograms of the two siblings with early repolarization syndrome. (A) The index patient is marked with an
arrow. Men are denoted by squares and women by circles. Solid symbols indicate individuals with early repolarization syndrome. Plus symbols next
to each individual indicate carrier of the novel ANK3 H2245R variant; minus symbol indicates wild type. (B) Diagnostic inferior early repolarization
pattern with high Jp amplitudes of >_0.35 mV, slurred QRS and horizontal ST-segments in the index patient’s brother. (C) Diagnostic inferolaterlal
early repolarization pattern in the index patient with maximal J peak (Jp) amplitudes of 0.20–0.25 mV and slurred QRS in lateral leads.

Two siblings with early repolarization syndrome 777
D

ow
nloaded from

 https://academ
ic.oup.com

/europace/article/23/5/775/6038926 by U
niversitaetsbibliothek Bern user on 19 January 2022

https://academic.oup.com/europace/article-lookup/doi/10.1093/europace/euaa357#supplementary-data
https://academic.oup.com/europace/article-lookup/doi/10.1093/europace/euaa357#supplementary-data
https://academic.oup.com/europace/article-lookup/doi/10.1093/europace/euaa357#supplementary-data


(‘non-diagnostic’ ERS score of 2 points). We did not perform
Ajmaline challenges in the parents due to the negative Ajmaline test
results in both siblings.

Genetic analysis
A diagnostic screening by NGS showed no potentially causal variant
in GPD1L, SCN1B, KCNE3, SCN3B, KCNH2, RANGRF, KCNE1L, KCND3,
HCN4, SLMAP, TRPM4, SCN2B, SCN10A, KCNJ8, CACNA1C, CACNB2,
CACNA2D1, SCN5A, and ABCC9 in the proband.

Whole-exome sequencing was performed in both affected sib-
lings and the unaffected father. The analysis strategy for the WES

data consisted of three steps (i) analysis of candidate gene panels,
(ii) analysis for potential recessive inheritance; (iii) analysis of po-
tentially dominant inheritance with reduced penetrance. No rare
variants shared by both affected siblings were identified in genes
associated with ERS in the literature, nor in genes associated
with cardiac arrhythmias or cardiomyopathy (Supplementary ma-
terial online, S3). Both siblings shared 1 rare homozygous variant
in the gene FADS6 which was shared homozygously by the unaf-
fected father as well and therefore did not fit a putative reces-
sive pattern of inheritance with complete penetrance. No shared
compound heterozygous variants were identified. We next inves-
tigated whether any ultra-rare variants (not present in all refer-
ence databases) were shared by both siblings. Thirteen variants
fitted these criteria (Supplementary material online, S3). Among
these was a novel variant in the gene ANK3 (NM_020987;

Figure 2 Electrical storm with dynamic early repolarization.
Continuous electrocardiographic tracings from the telemetry
monitor in the index patient: lead II demonstrates a distinct in-
ferior J-wave with pause-dependent augmentation (red circles)
and a monomorphic short-coupled premature ventricular com-
plex triggering polymorphic ventricular tachycardia that rapidly
degenerates into ventricular fibrillation. A further increase of
the J-wave amplitude (red circles) precedes recurrent ventricu-
lar fibrillation. Following each defibrillation there is instantaneous
ventricular fibrillation recurrence after four, respectively, two
normal beats triggered by the very first monomorphic prema-
ture ventricular complex, resulting in three ventricular fibrillation
episodes within 30 s. After this last defibrillation, the patient
remained in ongoing VF for >1 h due to intractable ventricular
fibrillation while being protected by venoarterial extracorporeal
membrane oxygenation (VA-ECMO).

Figure 3 Termination of electrical storm and suppression of early
repolarization. (A) Continuous electrocardiographic tracings from
the telemetry monitor in the index patient: prior to the external
shock shown isoproterenol was given for 2 min during ongoing ven-
tricular fibrillation. Isoproterenol resulted in successful defibrillation,
suppression of the early repolarization pattern (red circle) and of
the ventricular fibrillation trigger (note absence of short-coupled
premature beats). (B) Synopsis of electrical storm in the index pa-
tient: Conventional anti-arrhythmic drugs failed and, by slowing
heart rate, retrospectively even increased the number of ventricular
fibrillation episodes. Isoproterenol led to sinus tachycardia and sup-
pression of any further ventricular fibrillation episode. VA-ECMO,
venoarterial extracorporeal membrane oxygenation.
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exon37; c. A6734G; p. H2245R), shared by both siblings and
inherited from the unaffected father which was absent in the
mother. Histidine 2245 of ANK3 is located in a highly conserved
domain of the protein, it is unchanged from Xenopus to fish,
birds, and mammals (Figure 4) and the CADD-phred score of
this variant is 14.77 indicating a strong conservation and large
predicted effect on the protein. None of the other variants were
in genes expressed in the heart (GTEX tpm >5), with a CADD-
phred score >10, in genes with a significant constraint based on
gnomAD pLoF (<_0.05).

Discussion

In this study, we made an attempt to investigate the genetic back-
ground of ERS in a small affected family by candidate gene analysis
and a WES approach. The clinical presentation and dynamic ER pat-
tern—aggravated by pauses, bradycardia, and changes in vagal tone
(Valsalva) and resolved with sympathetic activation by isoprotere-
nol—support the diagnosis of ERS in the two siblings, which is
reflected by high ERS scores. Thus, our study provides additional evi-
dence that ERS could be a heritable condition.

The underlying mechanism of ER is a matter of debate and cur-
rently, it is not clear whether ERS involves disturbed depolarization,
repolarization, or both.11,12 The results of genetic and functional
studies and pharmacological interventions with isoproterenol and
hydroquinidine are compatible with the cellular model of ER, i.e. an
imbalance between depolarizing currents (sodium and L-type calcium
currents, INa and ICa, L) and repolarizing transient outward potassium
current (Ito) during the early phase of the epicardial action potential.
However, the magnitude of these currents and the resulting action
potential morphology (i.e. the voltage-time integral ‘area under the
curve’) also determine the safety of conduction and hence conduc-
tion velocity.13 As isoproterenol and hydroquinidine increase the
area under the curve, such pharmacological interventions will also
improve conduction which is compatible with disturbed depolariza-
tion in ERS similar to BrS.13 Indeed, high-density mapping and histo-
logical data obtained in patients with ERS have also demonstrated
electrophysiological abnormalities (high-frequency electrograms with
low amplitude and long duration) and structural abnormalities (inter-
stitial fibrosis) in the inferolateral epicardium supporting delayed de-
polarization as the predominant underlying mechanism in ERS similar

to BrS.11,12,14 Interestingly, the index patient’s brother showed a frag-
mented QRS in precordial and lateral leads compatible with abnor-
mal depolarization (Supplementary material online, S4).

While we did not find any pathogenic variant in ERS candidate
genes, WES detected a novel ultra-rare missense variant affecting a
highly conserved residue (p. H2245R) in the ANK3 gene encoding
Ankyrin-G in the two symptomatic siblings and the unaffected father.
A potentially pathogenic role of the novel ANK3 variant is suggested
by the direct interaction of Ankyrin-G with the cardiac sodium chan-
nel: ANK3 encodes Ankyrin-G which is required for targeting Nav1.5
to the intercalated disc.15–17 In animals, ankyrin-G expression is re-
quired for the targeting of Nav1.5 and CaMKII to the intercalated
disc16 and Nav1.5 expression and INa are reduced in myocytes de-
rived from mice with selective loss of cardiomyocyte ankyrin-G
(cKO).16 Priori et al. identified an individual with BrS harbouring an
SCN5A variant in the Nav1.5 motif that interacts with ankyrin-G. In vi-
tro binding assays show that the p. E1053K variant disrupts the inter-
action between Nav1.5 and ankyrin-G resulting in abnormal targeting
in myocytes.18 Interestingly, Ankyrin variants have also been found in
two young, unrelated individuals with VF storm due to possible ERS,
one of them with a family history of SCD.19 In summary, as Ankyrins
are a critical part of the sodium channel complex, the novel ANK3
variant could impair conduction via loss-of-sodium channel function20

which may contribute to disturbed depolarization in ERS. However,
more patients with variants in ANK3 and (familial) ERS would be re-
quired to establish ANK3 as a novel ERS susceptibility gene. In addi-
tion, the presence of the novel ANK3 variant in the unaffected father
may support a more complex genetic architecture of ERS (e.g. addi-
tional genetic variants/modifiers), may be due to the fact that the
novel variant is not disease causing but may also point to incomplete
disease penetrance or variable disease expression which has been de-
scribed in families with ERS.6

Limitations
The small number of affected individuals in our study does not allow
to conclude a causal role of the novel variant in this family and in ERS
in general. Functional studies, e.g. iPS cells, would be required to as-
sess the effect on ionic currents, e.g. a reduction in INa. and could be
of additional value to support the pathogenicity of the novel ANK3
variant.

Figure 4 Alignment with ClustalW of the ANK3 protein in the region of the variant p. H2245R. The histidine at this position is conserved in fish,
birds, mammals, marsupials and human.
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Conclusion

Our study provides additional evidence that ERS could be a heritable
condition with variable penetrance. This study is, however, limited by
the small number of affected individuals which does not allow a con-
clusion regarding a pathogenic role of the novel ANK3 variant in this
family and in ERS in general. Additional patients with variants in ANK3
and ERS as well as functional studies are required to establish a
disease-modifying or pathogenic role of ANK3 in ERS.

Supplementary material

Supplementary material is available at Europace online.
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