
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Understanding cardiac electrical phenotypes in the genomic era

Milano, A.

Publication date
2015
Document Version
Final published version

Link to publication

Citation for published version (APA):
Milano, A. (2015). Understanding cardiac electrical phenotypes in the genomic era. [Thesis,
fully internal, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/understanding-cardiac-electrical-phenotypes-in-the-genomic-era(76982399-9d5b-4409-bb80-89ff783df407).html


75

 Chapter  5
HCN4 mutations in multiple families 
with bradycardia and left ventricular 

noncompaction cardiomyopathy

Journal of the American College of Cardiology 2014; 64 
(8):745-756

A. Milano†, A.M.C Vermeer†, E.M. Lodder1, J. Barc,  
A.O. Verkerk, A.V.Postma, I.A.C. van der Bilt, M.J.H. Baars,  

P.L. van Haelst, K. Caliskan, Y.M. Hoedemaekers,  
S. Le Scouarnec, Richard Redon, Y. Pinto, I. Christiaans,  

A.A. Wilde, C.R. Bezzina

† These authors contributed equally



Chapter 5

76

ABSTRACT 

Objectives

The aim of this study was to identify the genetic defect underlying the combined 
clinical presentation of bradycardia and left ventricular noncompaction 
cardiomyopathy (LVNC), hypothesizing that these two clinical abnormalities 
have a common genetic cause.

Background

Familial forms of primary sinus bradycardia have in some cases been attributed 
to mutations in HCN4, SCN5A and ANK2. In these studies no structural cardiac 
alterations were reported in mutation carriers. However a cluster of reports in the 
literature describe patients presenting with sinus bradycardia in association with 
LVNC pointing to a shared genetic cause. 

Methods

Exome sequencing was carried out in two cousins from the index family that 
were affected by the combined bradycardia-LVNC phenotype; shared variants 
thus identified were subsequently overlaid with the chromosomal regions shared 
among five affected family members that were identified using SNP-array analysis. 

Results

The combined linkage analysis and exome sequencing in the index family identified 
11 novel variants shared among the two affected cousins. One of these, p.G482R 
in HCN4, segregated with the combined bradycardia and LVNC phenotype in 
the entire family. Subsequent screening of HCN4 in three additional families, 
with the same clinical combination of bradycardia and LVNC, identified HCN4 
mutations in all three. In electrophysiological studies, all found HCN4 mutations 
showed a more negative voltage-dependency of activation, consistent with the 
observed bradycardia.

Conclusions

While mutations in HCN4 have been previously linked to bradycardia, our study 
provides the first evidence that mutations in this ion channel gene may also 
associate with structural abnormalities of the myocardium.
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ABBREVIATIONS AND ACRONYMS

AF = atrial fibrillation
BPM = beats per minute
ECG =electrocardiogram
HCN4 = hyperpolarization-activated cyclic nucleotide-gated channel 4
HR = heart rate
ICD = implantable cardioverter defibrillator
LVNC = left ventricular noncompaction cardiomyopathy
OHCA =out-of-hospital cardiac arrest
SAN = sinoatrial node
VT = ventricular tachycardia
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HCN4 Mutations in Patients with Bradycardia & LVNC



Chapter 5

78

INTRODUCTION

Sinus bradycardia, arbitrarily defined as heart rate lower than 60 beats per minute (BPM), 
can occur at any age and in a variety of cardiac diseases (1). Familial forms of primary 
sinus bradycardia have been recognized. These have in some cases been attributed to 
mutations in HCN4 (2–6), SCN5A (7, 8) and ANK2 (9). In these studies no structural 
cardiac alterations were reported in mutation carriers. However, a cluster of reports in 
the literature describe patients presenting with sinus bradycardia in association with left 
ventricular noncompaction cardiomyopathy (LVNC) (10–15), raising the possibility 
that these two defects could have a common cause.

LVNC is an increasingly recognized cardiomyopathy characterized by a noncompacted 
left ventricular myocardial layer with numerous trabeculations and deep intertrabecular 
recesses (16)(17). These clinical manifestations may be highly variable. LVNC may occur 
in isolation; however, besides sinus bradycardia, it may present together with structural 
congenital heart defects, neuromuscular disorders or mitral valve abnormalities (17, 
18). LVNC may be associated with heart failure, (potentially) lethal arrhythmias and 
systemic embolic events. It may be sporadic or familial, and thus far, has mainly been 
associated with mutations in genes encoding sarcomere proteins (TMP1, MYH7, 
ACTC1, TNNT2, MYBPC3) (14, 19–21), although mutations in other genes have also 
been reported (TAZ (22),  DTNA (23), LDB3 (24), TNNI3, PLN (25) and LMNA (26). 
Most recently, mutations were identified in MIB1 (27) and RYR2 (28).

In this study we characterized a large Dutch family presenting with sinus bradycardia in 
combination with other cardiac abnormalities including LVNC. In an effort to identify 
the causal genetic defect underlying this combined phenotypic manifestation in this 
family, we integrated exome sequencing with linkage analysis, and identified a novel 
mutation in HCN4. HCN4 encodes the hyperpolarization-activated cyclic nucleotide-
gated channel 4, which conducts the hyperpolarization-activated “funny” current 
(I

f
), in the sino-atrial node (SAN) (29, 30). In line with the role of this current in 

SAN pacemaker activity, mutations in HCN4 have been reported as a cause of sinus 
bradycardia (2–6). However, the association between HCN4 mutations and structural 
cardiac alterations has never been described before. In order to confirm our results, 
we subsequently screened HCN4 in three additional families with the same clinical 
combination of bradycardia and LVNC and identified HCN4 mutations in all three.
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METHODS

Family A

In the index family, seven individuals within two generations were affected with 
bradycardia in combination with LVNC (Figure 1). Available data on medical history, 
physical examination, 12-lead electrocardiogram (ECG), echocardiography, Holter 
monitoring and exercise testing data was collected. Genomic DNA was extracted from 
peripheral blood according to standard procedures. Written informed consent was 
obtained from all participating family members.

Echocardiography

Echocardiographic images were analyzed by two well-trained cardiologist blinded to the 
described phenotype and to the HCN4 mutation status. LVNC was called as present or 
absent by criteria described previously (31, 32). Ejection fractions (EF) were calculated 
using the Teichholz M-mode method (supplementary Table IV).

Linkage analysis

Genome-wide SNP genotyping was carried out in five individuals (II:1, II:3, II:9, 
III:2, III:4) from Family A presenting with bradycardia and LVNC using the Illumina 
HumanOmni2.5 array. Genotypic data was used for linkage analysis to identify 
chromosomal regions shared among affected individuals. Patient II:6 was excluded from 
the linkage analysis because at the time of our study he had persistent atrial fibrillation 
and his sinus rhythm could therefore not be assessed (33). Patient II:7 joined the study at 
a later stage. Linkage analysis was performed using the interface easyLinkage V5.08 (34) 
running Merlin 1.1.2(35), with the assumption of an autosomal-dominant inheritance 
pattern, a disease-allele frequency of 0.001 and a disease penetrance of 0.9. Mendelian 
inheritance was checked using PedCheck 1.1(36). Gene frequency was assumed to be 
equal between males and females.

Exome sequencing

Exome sequencing was carried out on two genetically distant family members (cousins 
III:2 and III:4) at the Beijing Genomics Institute (BGI, Beijing China). The coding 
region of the genome was captured using the Agilent SureSelect Target enrichment 
system followed by sequencing on the Illumina Hiseq2000 platform. The SOAPsnp 
(for single nucleotide variants, SNVs) and the GATK (for copy number variants, 
CNVs) genome analysis algorithms were used for genotype calling (37, 38). Variants 
were compared to publicly available variant databases namely i) dbSNP132, ii) NHLBI 
GO Exome Sequencing Project (ESP, Seattle, WA, http://evs.gs.washington.edu/EVS; 
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accessed 02/2013), iii) Phase 1v3 of the 1000 Genomes project (data release 10/2012), 
iv) GoNL (39) in addition to 15 in-house exome datasets, using KNIME open-
source software version 2.1 with the Knime4Bio plugin (40). Genetic variants found 
in any of these databases were excluded from further analysis. The two exomes were 
subsequently compared and genetic variations found in both patients were retained. 
Variants that remained after filtering were validated by Sanger sequencing and were 
tested for segregation with the combined (bradycardia-LVNC) phenotype in the family 
(i.e. testing for presence in all affected and absence in all unaffected family members).

Sequencing of HCN4 in additional families

The HCN4 gene (ENSG00000138622) was screened for coding region mutations in 
three additional families by PCR amplification of the coding regions followed by Sanger 
sequencing. Primer sequences are available upon request. Segregation analysis of HCN4 
mutations in the families was carried out by Sanger sequencing with the exception of the 
c.C1241G in family C, which was done by restriction fragment length polymorphism 
analysis using HaeII (New England Biolabs).

Mutation analysis of genes previously associated with LVNC 

The following genes previously associated with LVNC were screened for mutations in 
the four probands (families A-D): TMP1, MYBPC3, ACTC1, MYH7, LDB3, DTNA, 
TNNT2, TNNI3, PLN, TAZ, LMNA, RYR2 and MIB1. The coding region and splice 
sites of these genes were screened for the presence of novel or rare variants. The MIB1 
gene was screened by PCR-Sanger sequencing. Primers and conditions are available upon 
request. All other genes were screened by next-generation sequencing (NGS). For NGS, 
coding exons were captured from 200 ng genomic DNA using the Agilent Haloplex 
target enrichment system (Agilent Technologies, Santa Clara, California) following the 
manufacturer’s protocol. Sequencing was carried out on a MiSeq sequencer (Illumina, 
San Diego, California) for 150-bp paired-end read sequencing. Sequence reads were 
aligned to the human reference genome (standard 1000 Genomes fasta GRCh37: 
http://www.broadinstitute.org/, accessed September 2013) using BWA (version 0.6.2) 
(41) and called using GATK (version 2.6) (38) and Samtools (version 0.1.19) (42). The 
mean depth was 171 and 97.8% of the targeted regions were covered at least ten times. 
The Knime4Bio tool was used to manage and filter variants (40). Synonymous variations 
that were not located at splice sites were excluded from further analysis. Heterozygote 
and homozygote coding and splice site variations of each sequenced patient were 
compared with publicly available variant databases, namely (i) dbSNP137, common 
variant, (ii) Phase 1v3 of the 1000 Genomes project (data release 10/2012), (iii) NHLBI 
GO Exome Sequencing Project (ESP, Seattle, WA, http://evs.gs.washington.edu/EVS; 
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accessed 02/2013), (iv) GoNL (http://www.genoomvannederland.nl (39)) and (v) the 
69 genomes from Complete Genomics.

Haplotype analysis in family B and D

We carried out haplotype analysis in order to check whether the HCN4 c.T1441C 
mutation in families B and E had a common origin. Ten microsatellite markers 
flanking HCN4 were selected (D15S967, D15S981, D15S1050, D15S980, D15S204, 
D15S211, D15S1041, D15S206, D15S115, D15S154) and typed in individuals 
from these families. Primer sequences of all markers were obtained from the UniSTS. 
Genomic DNA was amplified in the presence of FAM, and fragments were separated on 
an ABI3500 genetic analyzer (Applied Biosystems, Foster City, CA, USA). Results were 
processed with Genemapper software 4.1 (Applied Biosystems, Foster City, CA, USA).

cDNA Constructs, mutagenesis, and heterologous expression

The construct (pcDNA3.1) containing wild-type hHCN4 cDNA was described before 
(43). The c.C1241G (p.A414G) point mutation was introduced into the wild-type 
hHCN4 cDNA by site-directed mutagenesis (QuickChange kit, Stratagene). The hHCN4 
cDNAs containing the mutants c.T1441C (p.Y481H) and c.G1444C (p.G482R) were 
synthesized at Life Technologies and subsequently cloned into pcDNA3.1.
 Chinese hamster ovary (CHO; Sigma) cells were cultured in HAMS F12 with 2 
mM glutamine, 10% FBS (Lonza), 1% P/S (Lonza; 5000 U/mL penicillin and 5000 U/
mL streptomycin sulfate) in 5% CO

2
 at 37°C. CHO cells were transiently transfected 

with 2 μg of WT-HCN4 cDNA or, to recapitulate the heterozygous state, 1 μg WT and 
1 μg of mutant HCN4 construct, using lipofectamine (Gibco BRL, Life Technologies). 
Successfully transfected cells were visualized by coexpressed GFP  (0.5 μg cDNA).

Whole cell-patch electrophysiological recordings and analysis

HCN4 currents were recorded 2 days after transfection at 37±0.2°C using the 
amphotericin-perforated patch-clamp technique (Axopatch 200B amplifier; Molecular 
Devices, Sunnyvale, CA, USA). Signals were low-pass filtered (cut-off frequency: 5 kHz) 
and digitized at 5 kHz. Series resistance was compensated by 70-80%, and potentials were 
corrected for the estimated liquid junction potential. Voltage control, data acquisition, 
and analysis were accomplished using custom software. Superfusion solution contained 
(mM): NaCl 140, KCl 5.4, CaCl

2
 1.8, MgCl

2
 1.0, glucose 5.5, HEPES 5.0; pH 7.4 

(NaOH). Pipettes (borosilicate glass; resistance 2–2.5 MW) were filled with solution 
containing (mM): K-gluc 125, KCl 20, NaCl 10, amphotericin-B 0.88, HEPES 10; 
pH 7.2 (KOH). Cell membrane capacitance (7.6±0.6 pF (average± SEM, n=35)) was 
estimated by dividing the decay time constant of the capacitive transient in response to 
5 mV hyperpolarizing voltage clamp steps from –20 mV by the series resistance.
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 HCN4 currents were evoked by hyperpolarizing steps (range –20 to –160 mV, 
increment of 10 mV) from a holding potential of 0 mV (for protocol, see Figure 7A, top 
panel).  To prevent membrane instability and cell death at very negative potentials, the 
duration of the voltage steps was progressively reduced from 12 s (at –20 mV) to 1.5 s 
(at –160 mV). The voltage step durations were sufficient to reach steady-state activation 
at all voltages (Figure 7A, bottom), as activation kinetics of HCN4 channels become 
faster at more negative potentials (44). Tail currents (at 0 mV; Figure 7A, bottom inset), 
plotted against test voltage, provided the activation-voltage relationship; the latter was 
normalized by maximum amplitude and fitted with the Boltzmann function: I/I

max
=A/

{1.0+exp[(V–V
1/2

)/k]} to determine the half-maximum activation voltage (V
1/2

) and 
slope factor (k).

Statistics

Data are mean±SEM. Groups were compared using 1-way ANOVA followed by Tukey’s 
test or Two-Way Repeated Measures ANOVA followed by pairwise comparison using 
the Student-Newman-Keuls test. P<0.05 defined statistical significance.
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RESULTS 

Family A

The pedigree of the index family is shown in Figure 1. The proband (II:1) visited our 
cardiogenetics outpatient clinic because of an out-of-hospital cardiac arrest (OHCA) 
due to ventricular fibrillation at the age of 57 and a positive family history for 
cardiomyopathy. A previously made Holter recording showed episodes of bradycardia 
for 7% of the 24 hours with a minimum heart rate of 31 BPM. Further cardiological 
evaluation initially did not reveal any abnormalities, and an implantable cardioverter 
defibrillator (ICD with a pacing capacity) was implanted for secondary prevention of 
sudden cardiac death. LVNC of the myocardium was detected after evaluation of her 
echocardiographs.
 Three siblings (II:3, II:7 and II:9) and two nephews (III:2, III:4) of the proband 
presented with the same combination of bradycardia and LVNC. Anamnestically, the 
sinus bradycardia of III:2 was first detected in utero during Doppler-echocardiographic 
evaluation. A pacemaker was implanted in II:7, II:9 and III:2, due to bradycardia-related 
symptoms. Clinical data of Family A are presented in Table 1. 
 Two individuals (II: 6 and II:7) had mitral valve reconstruction due to a mitral 
valve prolapse. Postoperative atrial fibrillation occurred in II:6 and he was unsuccessfully 
treated by a surgical MAZE procedure; consequently we could not determine the 
occurrence of bradycardia in this individual (33). His echocardiogram showed LVNC. 
In 2013, II:7 collapsed during breakfast, he regained consciousness after 1-2 min and 
was admitted to the hospital. The ECG record showed atrial fibrillation. Later a sinus 

Figure 1 Pedigree of Family A. Squares/circles indicate male/female family members respectively; 
open symbols represent unaffected persons; symbols with slash represent deceased persons; black 
left half: affected with bradycardia, black right half: LVNC, grey: undetermined. The proband (II:1) is 
indicated by the arrow. HCN4 p.G482R mutation carriers are indicated by +. The numbers below the 
subject symbol denote the identification of the family members used in the text.
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rhythm with a total AV block, without an adequate escape rhythm, was observed. Given 
his LVNC, worsening systolic function with signs of progressive conduction disorders 
and the expectation of frequent pacing his pacemaker was replaced by a biventricular 
ICD. Cardiac evaluation of II:4 and II:10 did not reveal any abnormalities.
 The youngest sister of the proband (II:11) had an OHCA at the age of 39 due to 
ventricular fibrillation. During her hospital admission she was repeatedly defibrillated 
because of sustained polymorphic VT’s, initiated by short-coupled ventricular 
extrasystole. After an electrophysiology study, where a right bundle branch block 
morphology with extreme axis focus was ablated, no further arrhythmias were observed. 
Echocardiographic investigation did not reveal signs of cardiomyopathy. The parents of 
the proband, who were distantly related (seventh degree relatives), are deceased and no 
clinical information was available. Representative ECG trace are presented in Figure 2 
(III:4). Representative echocardiographic findings of an affected family member (III:4) 
are presented in Figure 3 and Online Videos 1,2 and 3.

Genome-wide linkage analysis of family A

We set out to identify the genetic defect underlying the combined phenotype of 
bradycardia and LVNC. Although the parents are distantly related, the pedigree 
of Family A is suggestive of an autosomal dominant pattern of inheritance. Linkage 
analysis in five relatives with the combined bradycardia and LVNC was performed. All 
loci with suggestive linkage were checked for sharing in all five individuals by haplotype 

Figure 2 Typical ECG showing the bradycardia in the Family A (From a Holter recording of III:2, family A)
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analysis, we thus uncovered 30 loci that were shared amongst all the affected individuals 
(supplementary Figure 1). In total, these shared regions span ~492Mb and contain > 
2000 coding genes.

Exome sequencing results of the cousins in family A and variant filtering

Exome sequencing was carried out on cousins III:2 and III:4. Coverage and quality 
scores of the exome sequencing experiment are shown in supplementary Table 1. The 
number of exonic variants identified per sequenced individual is shown in supplementary 
Table 2. We identified 72 novel shared variants not previously reported in public variant 
databases, including the ethnically-match Genome of the Netherlands Study, GoNL(39). 
We overlaid these variants with the 30 linkage regions, thus narrowing the list down to 
11 novel shared variants (supplementary Table 3). Of these, only one variant in HCN4 
(c.G1444C, p.G482R) co-segregated with the combined phenotype in the remaining 
affected family members and was absent in all unaffected family members. Subject II-6, 

Figure 3 Echocardiographic image of an affected individual (III:4) with LVNC and bradycardia; end-
systolic apical four-chamber view showing LVNC (Figure 3A), apical four-chamber view with color 
Doppler image showing deep recesses filled with blood from the left ventricular cavity at the end-
diastole (Figure 3B), apical two-chamber view (Figure 3C) and short axis view (Figure 3D). Note the 
widespread prominent left ventricular trabeculations and deep intertrabecular recesses extending 
into the mid ventricular portion of the inferior wall in the affected patient
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who had LVNC but in whom the presence of sinus bradycardia could not be evaluated 
carried the mutation. 

Additional families: pedigrees

To further explore the possible link between mutations in HCN4 and the combined 
phenotype of bradycardia and LVNC we screened HCN4 in three additional families 
with this combined clinical presentation. The pedigree of families B, C and D are shown 
in Figure 4.

Family B

The proband of Family B (individual II:5) was referred to the cardiologist after she 
collapsed while she was taking a shower. Cardiological examination revealed bradycardia, 
LVNC and a myxoid degeneration of the mitral valve. Moreover, polymorphic 
ventricular extrasystoles occurred during exercise. A few months later she presented 

Figure 4 Additional families with sinus 
bradycardia and LVNC. HCN4 mutation 
carriers are indicated by + in family B and 
C, p.Y481H, and in family D, p.A414G. 
Index as in Figure 1
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with atrial fibrillation at the age of 53. A loop recorder showed over 800 episodes of 
bradycardia in 64 days (heart rate <30 BPM). Because of the syncope and the frequent 
episodes of bradycardia a pacemaker was implanted. Her son also presented with the 
combined phenotype. Both were carriers of a mutation in HCN4 mutation (c.T1441C, 
p.Y481H).

Family C

The proband of Family C (individual II:4) is a 74-year-old male who presented with 
atrial fibrillation; echocardiographic evaluation revealed LVNC. His two sons, presented 
with the combined phenotype of LVNC and bradycardia. On Holter monitoring, one 
of them displayed severe sinus bradycardia involving twelve episodes of standstill with 
a maximum duration of 2.88 seconds, most of the time occurring during episodes of 
bradyarrhythmia. All 3 carried a mutation in HCN4 (c.C1241G, p.A414G).

Family D

The proband of family D (individual III:2) has been previously described in a case 
report (10). It is a 36-year-old man who was referred because of progressive fatigue. 
Cardiological examination revealed a severe sinus bradycardia (40 BPM), LVNC and 
moderate aortic valve regurgitation. His mother (D:II:4) has a pacemaker because of 
bradyarrhythmias. Echocardiographic reports of the mother were not available. The 
HCN4 mutation (c.T1441C, p.Y481H) that was found in family B was also identified 
in the proband and his mother.
 To determine whether the c.T1441C mutation of families B and D had a common 
origin, we investigated the haplotype harboring this mutation in the two families. This 
provided evidence of a common ancestral haplotype (Figure 5).

None of the mutations identified in this study were found in large sets of the general 
population including 6,503 individuals from the Exome Variation Database NHLBI 
GO Exome Sequencing Project (ESP, Seattle, WA; accessed 02/2013) and 500 ethnically-
matched (Dutch) controls from the GoNL project. The three HCN4 mutations 
identified in this study are presented in Figure 6. They affect residues fully conserved 
among 98 species from lamprey to human (www.genome.ucsc.edu, data not shown).

Additional genetic analysis

To ensure that the LVNC phenotype in families A-D was not due to mutations in any of 
the known LVNC genes, the probands from these families were screened for mutations 
in these genes.  No novel or rare (minor allele frequency <1%) mutations in the known 
LVNC genes were found. 
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Figure 5

 

Figure 5 Haplotype analysis of ten 
microsatellite markers at the HCN4 locus in 
family B and D, with the p.Y481H mutation in 
HCN4. The haplotype containing the HCN4 
mutation is colored red. Markers D15S206 
and D15S115 flanking the recombination 
event telomeric of the mutation are 200 kB 
apart

Figure 6 A) Schematic diagram of 
the HCN4 mutation location with 
respect with the channel domains B) 
Structural model of HCN4 channel 
obtained from ribbon swissprot model 
of aminoacid 264-520. Positions of the 
mutated amino acid are indicated by 
hydrogen bonds. (http://www.expasy.
org. Arrows show the locations of the 
novel HCN4 mutations identified in 
this study C) A14G, Y481 and G482R 
are evolutionary conserved amino acid 
residues 
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Mutant HCN4 channels activate at more negative potentials 

Wild-type and mutant HCN4 channels were transiently expressed in CHO cells and 
the biophysical properties were examined using the voltage clamp protocol as depicted 
in Figure 7A, top panel. Tail currents (Figure 7A, bottom, inset) were used to analyze 
the voltage-dependency of activation (Figure 7B left panel). Half-maximal activation 
voltages (V

1/2
) in all mutant HCN4 channels were significantly more negative as 

compared to WT channels, whereas no differences in slope factor (k) were observed 
(Figure 7B, right panels). The current density at -160 mV, the potential where in all 
groups all channels are activated (Figure 7B, left panel), did not differ significantly 
although there is a tendency to smaller densities (Figure 7C, left panel; -184±35 pA/
pF (WT, n=11), -120±30 pA/pF (WT+A414G, n=9), -100±18 pA/pF (WT+Y481H, 
n=8), and -97±21 pA/pF (WT+G482R, n=7)). However, as a consequence of the shifts 
in voltage-dependency of activation, the current density of all mutant HCN4 channels 
was significantly lower at –60 mV and –50 mV (Figure 7C, right panels), i.e., in the 
voltage range of diastolic depolarization of human SAN pacemaker cells (Figure 7, B 
and C, grey area; (29)). The lower current densities of the mutant HCN4 channels 
in the voltage range of human SAN diastolic depolarization are consistent with the 
bradycardia observed in the patients.

Table 2 Overview of known human HCN4 mutations

Residue 
Change

HCN4 domain 
position Patients clinical characteristics

HCN4 
domain

p.A195V cytoplasmic sinus bradycardia in sudden infant death 
syndrome

(56)

p.G482R pore Family A This study
P.Y481H pore Family B and D This study
p.A414G S4-S5 linker Family C This study
p.I404fs extracellular S5-pore ST-elevation and complete right bundle branch 

block
(57)

p.G480R Pore sinus bradycardia (4)
p.A485V Pore sinus bradycardia (3)
p.K530N C-linker tachycardia-bradycardia syndrome and AF (58)
p.D553N C-linker sinus bradycardia with Torsade de pointes 

ventricular tachycardia
(5)(59)

p.573X C-linker sinus bradycardia (6)
p.S672R cAMP binding domain sinus bradycardia (60)(61)
p.695X cAMP binding domain sinus bradycardia with premature beats linked to 

adrenergic stress
(62)

p.V759I cytoplasmic sinus bradycardia in sudden infant death 
syndrome

(56)
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Figure 7 HCN4 mutations shift the voltage dependency of activation towards more negative 
potentials. A, Voltage clamp protocol (top panel) and typical WT HCN4 current (bottom panel). Inset, 
Superimposed tail currents. B, Voltage dependency of activation (left panel). The dashed curves are the 
Boltzmann fits to the data and the grey area represents the voltage range of diastolic depolarization of 
human SAN pacemaker cells. Average half-maximum activation voltage (V1/2) and slope factor (k) (right 
panels). Note that the mutant channels activate at more negative potentials (–68.4±2.8, –92.3±5.3, 
–112.3±3.5, and –107.1±6.1 for WT (n=11), WT+A414G (n=9) WT+Y481H (n=8), and WT+G482R (n=7), 
respectively). C, Current-voltage relationships of WT and mutant HCN4 channels (left panel). The grey 
area represents the voltage range of diastolic depolarization of human SAN pacemaker cells. Average 
current density at –60 and –50 mV (right panels). Note that current densities in mutant channels are 
significantly smaller compared to WT HCN4.Figure 7
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DISCUSSION

We here for the first time provide strong evidence linking mutations in HCN4 to the 
combined clinical presentation of bradycardia and LVNC. Using a strategy entailing 
linkage analysis and exome sequencing, we first identified the causal HCN4 mutation 
in a large pedigree with individuals affected by the combined phenotype. Follow-on 
screening of HCN4 in three other families with the same combined clinical presentation 
uncovered two additional HCN4 mutations in the three families. While mutations in 
HCN4 have been previously linked to bradycardia, our study provides the first evidence 
that mutations in this ion channel gene may also associate with structural abnormalities 
of the myocardium.

HCN4 encodes the fourth isoform of the hyperpolarization-activated cyclic nucleotide-
gated channel 4, which conducts the hyperpolarization-activated “funny” current, 
among others in the sino-atrial node (SAN) (29, 30). In line with the role of this current 
in SAN pacemaker activity, the HCN4 locus has been identified as a modulator of heart-
rate in a recent genome-wide association study (45) and mutations in HCN4 have been 
reported as a cause of sinus bradycardia (2–6). None of these studies, however, describe 
structural cardiac alterations, although it is unclear whether the patients involved were 
actively screened for this.

The HCN4 channel is composed of six transmembrane domains and a pore-forming 
loop - the P domain - located between transmembrane domains S5 and S6 acting as 
the ion conducting pore and selectivity filter (44). Two of the mutations we identified, 
p.Y481H and p.G482R, affect highly conserved residues within this channel domain 
(Figure 6). Our heterologous expression studies of wild-type HCN4 with mutant 
HCN4 carrying respectively the p.Y481H and the p.G482R mutations (reflecting the 
heterozygous situation in mutation carriers), uncovered a large negative shift of the 
voltage-dependency of activation compared to expression of only wild-type channels. 
This finding is in agreement with previous observations for two other pore-region HCN4 
mutations, namely G480R (4) and A485V (3), both located close to p.Y481H and 
p.G482R, indicating the importance of the pore region of the channel for the voltage-
dependency of activation. The other mutation we identified, Y4141H, which is also 
evolutionarily highly conserved, is the first mutation described in the S4-S5 linker. The 
cytoplasmic S4-S5 linker of HCN channels is thought to play a role in voltage-activated 
gating (46). Consistent with this hypothesis, p.Y4141H resulted in a negative shift of 
the voltage-dependency of activation. The shifts of the activation voltage-dependency 
toward more negative potentials observed for the 3 mutations result in a significantly 
lower HCN4 current density in the potential range of the diastolic depolarization, i.e., 
the action potential phase responsible for the spontaneous activity of SAN cells. The 
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very small inward current that drives the diastolic depolarization is the net result of 
a complex interaction of a large number of inward and outward currents, including 
the inwardly directed HCN4-mediated current underlying I

f
 (for review, see (44). The 

reduced I
f
 observed for the 3 mutations is thus compatible with the clinically observed 

bradycardia.

While the involvement of HCN4 mutations in bradycardia is in line with the established 
role of HCN4 in cardiac pacing, the mechanism underlying the LVNC observed in 
the described families is unclear. We speculate on two possible hypotheses which will 
require further testing: (I) LVNC may be congenital and the direct result of the HCN4 
mutations in these families. In humans the trabecular myocardium compacts around 8 
weeks of gestation, following ventricular septation (47). In mice, at this developmental 
stage Hcn4 is expressed within the SAN (48) and in human is also detectable in the 
trabecular (sub-endocardial) layer, although at low level in comparison to that of the 
SAN (49). Furthermore, a recent study demonstrated that Hcn4 is expressed in an early 
progenitor pool of cells that ultimately gives rise to the left ventricle (both compact and 
trabecular) (50). The presence of HCN4 in precursors of the ventricular wall myocardium 
would allow for a signaling function of HCN4 in the process of normal compaction of 
the human fetal ventricles. (II) A second hypothesis may be that the observed LVNC 
is an acquired feature in response to sinus bradycardia, as an adaptative remodeling to 
enable increased stroke volume and improved cardiac oxygen uptake. This hypothesis 
is supported by the fact that mild trabeculations are a physiological response to exercise 
(51). Possible future studies could entail longitudinal studies in patients taking the I

f
-

blocker ivabradine – a common angina pectoris medication for which bradycardia is a 
common side effect – to check the possible development of LVNC. 

The possibility that LVNC may be an incidental finding seems unlikely, given the very 
low frequency in the population (0.05%, (52)) and the consistent observation of this 
feature in all the HCN4 mutation carriers across all families, while it was absent in 
the non-carriers. This study will further aid the diagnostic challenges associated with 
LVNC. Other cardiac complications besides the bradycardia and LVNC are present 
in the families including myxoid mitral valve, atrial fibrillation, LV hypertrophy and 
sudden cardiac arrest. The latter occurred in two individuals from family A, one with 
and the other without the familial HCN4 mutation. The occurrence of OHCA in 
the individual who tested negative for the familial HCN4 mutation could point to an 
additional genetic defect in the family. Screening of a large panel of genes associated 
with primary electrical disease or cardiomyopathy in this individual however did not 
identify any putative mutation (data not shown). 
 Cardiac ion channel mutations thus far have been mainly identified in association 
with arrhythmic disorders of the heart, attributed to primary arrhythmia syndromes 
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without myocardial abnormalities. However, in line with the findings presented in this 
study, evidence is now accumulating that primary channelopathies can also be associated 
with the development of myocardial structural abnormalities (53–55).

Limitations of the study

In this study, while the genetic evidence for the involvement of the HCN4 mutations in 
the combined bradycardia-LVNC phenotype is very strong and the electrophysiological 
data provide strong evidence for causality of the HCN4 mutations in the pathogenesis 
of the observed bradycardia, the mechanism whereby HCN4 mutations lead to LVNC 
remains to be uncovered.

Conclusion

We here for the first time, link mutations in HCN4 to a combined phenotype of 
bradycardia and LVNC. Our findings implicate mutations in this ion channel gene in 
cardiac structural abnormalities in addition to sinus bradycardia.
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Supplementary data

Online Video data

Movie 1. Representative echocardiographic findings of affected family member III:4. 
Apical two-chamber view. Note the prominent trabeculation of the left ventricular apex 
extending to the midventricular portion of the anterior wall 

Movie 2. Representative echocardiographic findings of affected family member 
III:4. Apical five-chamber view showing a normal left ventricular function. Note the 
noncompaction of the apex

Movie 3. Representative echocardiographic findings of affected family member III:4. 
Parasternal short axis on a midpapillary level. Note the circumferential non compaction

Supplementary Figure 1 Linkage analysis in the index family. Autosomes on X-axis and 
Y-axis corresponds to Genome wide Non-parametric linkage (NPL, Zmean). A) The 
30 chromosomal regions with a Z-score above 2.5 (blue horizontal line) were further 
investigated by haplotype analysis for sharing. B) Linkage analysis at HCN4 locus

Supplementary Figure 1Supplementary Figure 1
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Supplementary Table 1 Exome data summary

III:4 III:2
Number of sequenced reads (x106) 78 78

Number of mapped reads(x106) 75 76
Reads mapped to target region (106) 51 51
Bases mapped to target region (Gb) 3 2.9

% targets with ≥ 10x coverage 87 87
% targets with ≥ 20x coverage 77 77

Mean depth of target region (fold) 59 57

Supplementary Table 2 Exonic variant filtering results

III:4 III:2 Shared 
Heterozygote Coding variants (missense, nonsense and 
splice site variants) 

6,098 6,272 2,726

Novel Variants 221 241 72
Linkage regions 27 33 11
Segregation in all family members na na 1

Supplementary Table 3 Results of the Sanger validation and segregation test

Gene AAChange Sanger validation
OR5P2 NM_153444:c.104_105insTATGCATCTACCTGGTAACCA;

p.L35delinsLCIYLVTI
Not segregating

IFI27 NM_001130080:c.124_125insCATGGCGGC;
p.L42delinsPWRL

Not segregating

KRTAP4-8 NM_031960:c.1_2insA;
p.M1fs

Not segregating

CNOT6L NM_144571:c.A1616C;
p.H539P

False positive

COPB1 NM_001144061:c.A184G;
p.I62V

Not segregating

EIF2AK4 NM_001013703:c.2213_2214insCGACGA;
p.E738delinsDDE

Not segregating

DMXL2 NM_001174117:c.G5206T;
p.A1736S

False positive

HCN4 NM_005477:c.G1444C:
p.G482R

Segregating

DSG4 NM_001134453:c.2120_2121insTGGTGGCACCGCAGACGG;
p.G707delinsGGGTADG

Not segregating

KANK3 NM_198471:c.2017_2019del;
p.673_673del

Not segregating

NWD1 NM_001007525:c.C1027T;
p.P343S

Not segregating
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EDITORIAL COMMENT

Ion Channel Dysfunction Associated With
Arrhythmia, Ventricular Noncompaction,
and Mitral Valve Prolapse
A New Overlapping Phenotype*

Jeffrey A. Towbin, MD

I n this issue of the Journal, 2 elegant papers
report the association of arrhythmia, primarily
sinus bradycardia, left ventricular noncompac-

tion (LVNC), and mitral valve prolapse (MVP) (1,2),
demonstrating that the underlying cause is muta-
tion and dysfunction of the hyperpolarization-
activated cyclic nucleotide channel 4 (HCN4), a
major constituent of the pacemaker current (If) in
the sinoatrial node (SAN) (3). The investigators

demonstrate abnormalities in channel function
consistent with the arrhythmia phenotype and spec-
ulate as to the underlying pathogenesis that leads to
LVNC, a heterogeneous myocardial phenotype asso-
ciated with abnormal trabeculation of the LV (4).
Uncertainty, however, belies the question of how
do mutations in this ion channel cause the com-
bined phenotype. To develop a plausible hypo-
thesis, understanding the data reported by these 2
studies, as well as a review of prior studies, is
required.

Schweizer et al. (1) identify HCN4 mutations in 2
unrelated families and an additional unrelated pro-
band with sinus node dysfunction (SND)/brady-
cardia, LVNC, and MVP. Using a candidate gene
approach, they identified a novel HCN4-G482R loss-

of-function mutation, located within the highly
conserved GYG motif of the channel pore domain
that segregated with all affected members in the
4-generation index family (5). The common W4R
variant in the cysteine and glycine-rich protein 3
(CSRP3) gene encoding a Z-disk protein, previously
reported in patients with dilated cardiomyopathy
(DCM) and hypertrophic cardiomyopathy, and healthy
subjects also was identified (6,7). In addition to
the index family, a second unrelated family and the
unrelated proband were shown to have truncation
(HCN-695X) and missense (HCN-P883R) HCN4 muta-
tions with no mutations identified in CSRP3. Family
members and probands of all 3 families had severe
SND with or without atrial or ventricular arrhythmias,
syncope, or sudden death and a normal QTc interval.
Noninvasive imaging demonstrated biventricular
hypertrabeculation/LVNC and MVP. Patch-clamp
studies demonstrated no hyperpolarization-activated
inward currents in mutant HCN4-G482R subunits,
consistent with loss of function. Homozygous HCN4-
G482R channels were nonfunctional, and hetero-
meric mutant and wild-type HCN4 channel subunits
had 65% current reduction, consistent with a
dominant-negative mechanism, resulting in If current
reduction in heterozygotes and lower current
densities.

Milano et al. (2) report on 4 families with SND
with or without syncope/cardiac arrest, ventricular
arrhythmias, and atrial arrhythmias, with echocar-
diography demonstrating LVNC with or without
MVP. HCN4 mutations were identified in all fam-
ilies (Tyr481His in 2 families, Gly482Arg and
Ala414Gly in 1 family each). All mutations affected
conserved residues with 2 mutations (Tyr481His,
Gly482Arg) affecting highly conserved residues
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within the pore domain of HCN4 and the other
(Ala414Gly) affecting the cytoplasmic S4–S5 linker
of HCN4. Heterologous expression studies with the
Tyr481His and Gly482Arg mutations demonstrated a
large negative shift of the voltage dependence of
activation compared with expression of wild-type
channels, indicating the importance of the pore
region for the voltage dependence of activation. All
mutations resulted in significantly lower HCN4
current density.

Together, these studies demonstrate that HCN4
mutations result in loss of function and significantly
reduced If current density associated with brady-
cardia, arrhythmias, and LVNC with or without MVP.
Conceptually, these findings are consistent with the
“final common pathway” hypothesis proposed nearly
15 years ago, which suggested that mutations in
genes encoding proteins within the same path-
way (or secondary disturbance of protein function
as a result of binding partner abnormalities, drugs,
and so on) leads to a common phenotype (8). This
hypothesis enabled successful targeted candidate
gene screening for arrhythmias, cardiomyopathies,
and congenital heart disease (CHD), leading to the
current understanding that arrhythmias are caused
by disturbed ion channel function (“ion channelo-
pathies”), hypertrophic cardiomyopathy by disturbed
sarcomere function, DCM by disturbed sarcomere
and cytoskeleton function, and arrhythmogenic right
ventricular cardiomyopathy by disturbed desmo-
some function (9). For LVNC, the picture is less clear;
mutations most commonly occur in sarcomere-
encoding genes, but animal and human data sug-
gest a central role of signaling pathways. In the
cardiomyopathies, ion channel gene mutations also
have been implicated, but the causative mecha-
nism(s) remain unclear.

HCN channels, found in SAN cells and neurons,
are responsible for hyperpolarization-activated cur-
rents, called If in the heart (3,5). The HCN channel
characteristic distinguishing them from other cur-
rents is its unique ion selectivity and gating prop-
erties. The HCN channel family has 4 distinct
members, with HCN4 being the prominent cardiac
form. Native If current, as well as the currents
induced by heterologously expressed HCN channels,
have 4 hallmark properties: 1) channel activation by
membrane hyperpolarization; 2) channel activation
by direct interaction with cAMP; 3) Naþ and Kþ

permeability; and 4) a specific pharmacological
profile. HCN channels consist of 4 subunits arranged
around the centrally located, pore-forming 4
different homotetramers with distinct biophysical
properties. Each channel subunit consists of: 1)

the transmembrane core harboring the gating
machinery and ion-conducting pore; 2) the cytosolic
NH2-terminal domain; and 3) the COOH-terminal
domain with the cyclic nucleotide binding domain
and the peptide connecting the CNBD with the
transmembrane core (the “C-linker”) that confers
modulation by cyclic nucleotides. The If current is
important in the initiation and regulation of the
heartbeat, which is therefore called the “pacemaker
current.” Mutation in the HCN4 gene, located on
chromosome 15q24.1, was first reported by Schulze-
Bahr et al. (10) in a patient with SND, atrial fibril-
lation, and chronotropic incompetence. The 1-bp
deletion mutation (HCN4-573X) resulted in a pre-
mature stop codon and a C-terminus lacking the
CNBD domain. In vitro heterologous expression
revealed a dominant-negative loss of cAMP modu-
lation. Several other publications demonstrating
SND with severe bradycardia, with or without atrial
fibrillation or ventricular arrhythmias, have now
been reported. These findings with HCN4 mutations
would be predicted by the “final common pathway”
hypothesis: ion channels cause rhythm disturbance.
However, Schweizer et al. (1) and Milano et al. (2)
report the additional phenotypes of LVNC and MVP
that would not be predicted to result solely from an
ion channel mutation. Schweizer et al. (1) reported
1 family with a CSRP3 variant that is more in line
with the causes of myocardial disease, but this was
not seen in other gene-positive families. So, how
does LVNC occur?

Neither publication presents mechanistic data,
but the investigators speculate on how LVNC and
MVP develop. Schweizer et al. (1) noted that HCN4 is
involved in early embryonic heart development,
helping to form myocardium and the conduction
system. During later development, HCN4 is down-
regulated in the myocardium, with abundant
expression restricted to the SAN and conduction
system. They hypothesize that HCN4 loss of func-
tion interferes with molecular mechanisms required
during cardiac development, resulting in LVNC.
Samsa et al. (11) previously suggested that Notch
pathway disturbance causes LVNC with CHD,
whereas sarcomere, cytoskeletal, and Z-disk muta-
tions cause myocardial disease-only phenotypes.
Based on this, Schweizer et al. (1) suggested
signaling pathway involvement in ventricular wall
maturation and compaction (e.g., Notch, Neuregulin,
Ephrin, or Bone morphogenic protein), could be
involved. Milano et al. (2), on the other hand, sug-
gested that because primary channelopathies are
associated with myocardial structural abnormalities
such as DCM, this also occurs with HCN4. Their
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second hypothesis was that LVNC is an acquired
adaptive remodeling feature in response to sinus
bradycardia.

One feature of the final common pathway hy-
pothesis that may be at play here is the concept of
secondary disruption of the pathway via binding
partner abnormalities or other secondary causes.
Examples exist where a mutation in a non–ion
channel-encoding gene, such as caveolin-3 (Cav3) or
a-syntrophin 1 (SNTA1), disturbs the function of an
ion channel binding partner protein such as the
cardiac sodium channel gene, SCN5A, resulting
in an SCN5A form of long QT syndrome (LQT3)
(12,13). We termed these non-ion channel proteins
as ChIPs or channel interacting proteins. Many
similar examples exist. Using this example, we
could hypothesize that HCN4 mutations cause the
arrhythmia phenotype and also disturb downstream
binding partners that cause LVNC (sarcomere,
Z-disk, cytoskeletal proteins, or signaling path-
ways). There is a relative paucity of information
regarding HCN4 binding partners, but they include
Cav3, MiRP1 (encoded by the gene KCNE2 and
shown to be an auxiliary subunit of the HERG
channel), KCR1 (plasma membrane-associated pro-
tein that associates with HERG), SAP97 (membrane-
associated guanylate kinase scaffold protein), and
cyclic AMP. Several of these binding partners are
interesting as potential channel interacting protein-
like proteins. For instance, mutated Cav3 disrupts
SCN5A function causing LQT3 and arrhythmias (12).
In some patients with SCN5A disruption, an
arrhythmogenic DCM phenotype develops. Cav3,
SNTA1, and SCN5A also bind to dystrophin, the
protein that causes Duchenne and Becker muscular
dystrophy with DCM or LVNC, as does SAP97 (4,14).
Could a mutation in HCN4 disrupt the binding of
Cav3, SNTA1, or SAP97 and dystrophin, and be the
cause of LVNC in these patients? Another possibility

is disturbance of signaling pathways leading to an
overlapping phenotype. Notch signaling promotes
expression of conduction system-specific genes in
neonatal cardiomyocytes, reprogramming them into
cells with conduction system characteristics (15).
Human and animal studies suggest the Notch
pathway is involved in the development of LVNC
with or without CHD. Kuratomi et al. (16) demon-
strated that HCN4 enhancer function is depen-
dent on myocyte enhancer factor-2 (MEF2) binding
sequences, located in the regulatory region of
HCN4. Overexpression of a dominant-negative
MEF2 mutant inhibits enhancer activity, decreases
HCN4 mRNA expression, and decreases If current
amplitude, suggesting MEF2 may play a critical role
in HCN4 transcription. MEF2 signaling pathway
molecules interact with Notch pathway molecules,
including Hey2 and Tbx20, which are important in
the development of the myocardial compact and
noncompact layers, and are directly affected in
some forms of LVNC (17). It is possible that the
relationship of mutant HCN4 and MEF2 triggers a
downstream spiral that disturbs Notch pathway
function and results in LVNC with or without MVP,
whereas bradycardia occurs as a result of the pri-
mary HCN4 mutation.

In any case, these findings are intriguing and
potentially paradigm-shifting. If the investigators or
others can determine the pathogenic mechanism(s)
responsible for this overlapping phenotype, it would
enhance our knowledge and enable targeted treat-
ment development, especially because LVNC is
commonly associated with arrhythmias (18).
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Jeffrey A. Towbin, The Heart Institute, Division of
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