
  

ONLINE FIRST

This is a provisional PDF only. Copyedited and fully formatted version will be made available soon.

ISSN: 1897-5593

e-ISSN: 1898-018X

Analysis of variants in the HCN4 gene and in three single
nucleotide polymorphisms of the CYP3A4 gene for association
with ivabradine reduction in heart rate: A preliminary report

Authors:  Lucía Núñez, María G. Crespo-Leiro, Grecia M. Marrón-Liñares, Natalia
Suarez-Fuentetaja, Eduardo Barge-Caballero, María Jesús Paniagua-Martín, Raquel
Marzoa-Rivas, Zulaika Grille-Cancela, Javier Muñiz-García, Jose Manuel Vazquez-
Rodriguez, Manuel Hermida-Prieto

DOI: 10.5603/CJ.a2016.0050

Article type: Original articles - Heart failure and cardiac transplant

Submitted: 2016-05-23

Accepted: 2016-06-30

Published online: 2016-07-20

This article has been peer reviewed and published immediately upon acceptance.
It is an open access article, which means that it can be downloaded, printed, and distributed freely,

provided the work is properly cited.



Articles in "Cardiology Journal" are listed in PubMed. 

Powered by TCPDF (www.tcpdf.org)

http://www.tcpdf.org


1

Analysis of variants in the HCN4 gene and in three single nucleotide 

polymorphisms of the CYP3A4 gene for association with ivabradine reduction in 

heart rate: A preliminary report

Short title: HCN4 and CYP3A4 variants related to ivabradine

Lucía Núñez1, María G. Crespo-Leiro2, Grecia M. Marrón-Liñares1, Natalia Suarez-

Fuentetaja1, Eduardo Barge-Caballero2, María Jesús Paniagua-Martin2, Raquel Marzoa-

Rivas2, Zulaika Grille-Cancela2, Javier Muñiz-Garcia1, Jose Manuel Vázquez-

Rodríguez2, Manuel Hermida-Prieto1

1Grupo de investigación en Cardiología. Instituto de Investigación Biomédica de A 

Coruña (INIBIC), Complexo Hospitalario Universitario de A Coruña (CHUAC), Sergas.

Universidade da Coruña (UDC), Spain
2Servicio de Cardiología. Instituto de Investigación Biomédica de A Coruña (INIBIC), 

Complexo Hospitalario Universitario de A Coruña (CHUAC), Sergas, Universidade da 

Coruña (UDC), Spain

Address for correspondence: Manuel Hermida-Prieto, BSc, PhD, Instituto de 

Investigación Biomédica de la Universidad de A Coruña (INIBIC). Complexo 

Hospitalario Universitario de A Coruña (CHUAC)-Universidad de A Coruña, As Xubias

de Arriba 84, A Coruña, 15006, Spain, tel: 00 34 628 517 328, fax: 00 34 981 17 63 98, 

e-mail: manuelhermidaprieto@gmail.com

Abstract

Background: Ivabradine, a selective bradycardic drug, inhibits the If. In patients with 

heart failure (HF), ivabradine reduces the risk of rehospitalization and mortality. The 

average heart rate (HR) reduction is 8–10 beats, although clinical trials reveal 

interindividual variability. The aim of the study is to identify variants associated with 

HR reduction produced by ivabradine in genes involved in the drug metabolism 

(CYP3A4) or related to the drug target (HCN4).
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Methods: In an exploratory cohort (n = 11), patients started on ivabradine were 

genotyped and the HR reduction was studied.

Results: The mean HR reduction after the treatment was 18.10 ± 12.26 bpm. The HR 

reduction was ≥ 15 bpm in 3 patients and > 5 and < 15 bpm in 7 patients. Four 

synonymous variants, L12L, L520L, P852P, and P1200P, were detected in the HCN4 

gene (frequency = 0.045, 0.045, and 0.681, respectively). Moreover, the CYP3A4*1F 

and CYP3A4*1B were found in one patient each and CYP3A4*1G was presented in 3 

patients.

Conclusions: This is the first study using an exploratory pharmacogenetic approach that

attempts to explain interindividual variability in ivabradine HR reduction. However, 

more research must be undertaken in order to determine the role of variants in HCN4 

and CYP3A4 genes in response to ivabradine.

Key words: heart failure, ivabradine, HCN4, CYP3A4, pharmacogenetic

INTRODUCTION

Heart failure (HF) is defined as a syndrome in which patients show typical 

symptoms (e.g. breathlessness, ankle swelling, and fatigue) and signs (e.g. elevated 

jugular venous pressure, pulmonary crackles, and displaced apex beat) resulting from an

abnormal cardiac structure or function [1]. Approximately 1–2% of the adult population 

in developed countries has HF, with the prevalence rising to ≥ 10% among individuals 

aged 70 or over.

HF remains a disabling disorder that can severely affect patients’ quality of life. 

However, there is a crucial need for the development of innovative therapeutic 

approaches [2].

One strategy is the control of the heart rate (HR) in HF patients. Ivabradine, 

which slows the heart by selective If current inhibition with no other cardiovascular 

effects, has been approved by the European Medicines Agency for this purpose, 

following the BEAUTIFUL and SHIFT trials [3, 4]. The SHIFT trial showed that HR 

reduction with ivabradine significantly reduced adverse clinical outcomes in a 

population with symptomatic HF and HR ≥ 70 bpm [4]. However, the magnitude of HR 

reduction achieved with ivabradine displays considerable interindividual variability [4]. 

In fact, in a pre-specified subgroup of SHIFT, the reduction in HR at 28 days was ≤ 5 
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bpm in 21% of patients, > 5 and < 15 bpm in 34% of patients, and ≥ 15 bpm in 41% of 

patients [5]. The effect of ivabradine is known to be influenced by the HR at baseline. 

However, other factors, such as genetic variations, may play a role in the magnitude of 

HR reduction achieved with ivabradine, although to date this hypothesis has not been 

addressed.

On the basis of mechanism of action and pharmacokinetics of ivabradine, HCN4,

which encodes isoform 4 of hyperpolarization-activated cyclic Nnucleotide-gated 

channels, whose proteins are the α-subunits of the channel generating the If current [6], 

and CYP3A4, which encodes the isoform 3A4 of the cytochrome P450, the main 

enzyme responsible for the metabolism of ivabradine [7], could be candidate genes to 

present variants that could be associated with differential responses to ivabradine.

The ivabradine binding site has recently been located within the inner cavity of 

HCN4 channels (Y506, F509, and I510), where the bound ivabradine is stabilized by 

several Van der Waals and hydrophobic interactions [6]. Several HCN4 variants 

modifying the If current have been described [8–10]. Moreover, the importance of 

HCN4 variants has been recently described because a new locus near HCN4 gene has 

been associated with HR [11]. However, the effect of HCN4 variants as modifiers of the 

response to ivabradine has not been studied.

It is known that 80% of ivabradine metabolic clearance is done through the 

cytochrome P450 isoform 3A4 (CYP3A4) [7]. Nowadays, more than 40 single 

nucleotide polymorphisms (SNPs) in the CYP3A4 gene have been identified with 

varying functional effects [12]. The CYP3A4*1G SNP (rs2242480), also known as 

IVS10+12G>A, can increase the activity of the CYP3A4 enzyme [12, 13], whereas 

CYP3A4*22 (rs35599367) has been associated with reduced CYP3A4 activity [14, 15]. 

The functional effect of CYP3A4*1B (rs2740574) is controversial [14] because it has 

been associated with an enhanced CYP3A4 expression due to the reduced binding of a 

transcriptional repressor [16] as well as a reduction in CYP3A4 activity [17].

Therefore, it is important to determine the potential role of variants in the HCN4 

and CYP3A4 genes in response to treatment with ivabradine. Thus, the objective of this 

study was to screen for variants in the entire codified region of the HCN4 gene and in 

three particular SNPs in the CYP3A4 gene which could affect the interindividual 

variability found in the magnitude of HR reduction achieved with ivabradine.

METHODS
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Patients

The study was carried out on 11 patients from the Advanced Heart Failure and 

Transplant Unit of the Complejo Hospitalario Universitario de A Coruña (CHUAC) 

with HF, reduced ejection fraction (EF ≤ 35%), sinus rhythm, HR > 70 bpm and New 

York Heart Association (NYHA) class II–IV, and in whom ivabradine therapy had been 

initiated (Table 1). Blood samples for DNA analysis were taken concomitantly with 

blood tests for clinical monitoring. Two 24 h Holter electrocardiogram (ECG) 

recordings were taken, the first prior to ivabradine therapy and the second 15 days later. 

Mean HR reduction between the 2 Holter studies was calculated. The study was 

approved by the "Comité ético de investigación de Galicia" (Reference: 2012/323) and 

conforms to the ethical guidelines of the Declaration of Helsinki. Informed consent was 

obtained for both the samples and the genetic screening tests.

Genetic study

Genomic DNA was isolated from peripheral blood samples using IllustraTM DNA

Extraction Kit BACC3 (GE Healthcare), as previously described [18, 19]. The variant 

analysis was carried out by a polymerase chain reaction (PCR) followed by direct 

sequencing [18, 19]. The primers were designed using Primer3 software 

(http://bioinfo.ut.ee/primer3-0.4.0/) (Table 2). The entire codifying sequence and the 

flanking intronic regions of the HCN4 gene were amplified by PCR. Three CYP3A4 

SNPs, previously described with a functional effect (*1B,*1G,*22), were analyzed. A 

further SNP, *1F (rs11773597), was analyzed due to its inclusion in the amplicon design

for the screening of CYP3A4*1B. The sequences were compared with the reference 

genomic sequence of the genes using Variant Reporter 1.0 (Applied Biosystem).

In silico tools

Localization: the topological placement of the mutations was carried out using 

the Swiss-Prot database (http://ca.expasy.org/uniprot/).

Splice site score predictions

The NNSplice (http://www.fruitfly.org/seq_tools/splice.html [20]), NetGene2 

(http://www.cbs.dtu.dk/services/NetGene2/ [21]), and HSF (http://www.umd.be/HSF/ 

[22]) programs were used to predict whether the exon changes could affect splice-

enhancing sequences.
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RESULTS

Clinical characteristics of the patients and response to ivabradine

A summary of the patients’ clinical characteristics is given in Table 1. Two 

patients discontinued the treatment with ivabradine due to adverse drug-related events. 

One patient (No. 3) described gastrointestinal disorders, a stifling sensation, dyspnea 

and rubefaction on day eleven of the treatment. Another patient (No. 6) stopped the 

treatment after 2 months due to low HR-related asthenia.

The mean reduction of HR after treatment with ivabradine was 18.10 ± 12.26 

bpm. Using the subgroup classification applied to a sub-study of the SHIFT study, the 

HR reduction was shown to be ≥ 15 bpm in 3 patients and between 5–15 bpm in 7 

patients. None of our patients showed an HR reduction of ≤ 5 bpm.

Variants found in the HCN4 gene

As shown in Table 3, Figures 1A and 2A–D, 4 synonymous single nucleotide 

variants were found in the HCN4 gene. c.36C>G (L12L), c.1558C>T (L520L) and 

c.2256G>A (P852P) were each found in heterocygosity in one patient. Thus, the minor 

allele frequency (MAF) in our cohort of each variant is 0.045. The other variant found 

was c.3600A>G (P1200P), and it was present in 3 patients in heterocygosity and in 6 

patients in homocygosity. Thus, the P1200P MAF in our cohort is 0.682.

In silico analysis of the variants found in the HCN4 gene

Although 3 programs used failed to detect any impact on the corresponding 

natural splice site for the 4 variants studied, these variants could modify the exonic 

splicing enhancer and the silencer motifs (Table 4).

The variant c.36C>G (L12L) is predicted to create a new site as an exonic 

splicing enhancer (ESE) to link the Ser/Arg-rich (SR) protein SF2/ASF. Moreover, 

using the Sironi method, L12L is predicted to produce a ‘site broken’ of a silencer motif.

The ESE finder software predicted a ‘site broken’ when the variant c.1558C>T 

(L520L) was present for the Srp40 and SF2/ASF SR proteins. The putative exonic 

splicing enhancer (PESE) software predicted a new site and a ‘site broken’ in the 

presence of the L520L, but the motif values, in both cases, were low. Analysis of 

silencer motifs revealed a ‘site broken’ when the L520L was present.
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Two programs used in the in silico analysis detected a new site as ESE for the 

c.2256G>A (P852P)variant.

Moreover, two of the programs predicted that the variant c.3600A>G (P1200P) 

could create a new site for binding the SC35 and 9G8 proteins, whereas the RESCUE 

ESE predicted a ‘site broken’ of an exonic splicing enhancer.

The prediction for the variants L12L, L520L, and P1200P were the presence of 

several ‘sites broken’ in silencer motifs.

SNPs distribution in the CYP3A4 gene

Figure 1B shows the SNPs analyzed in our patients. Table 3 and Figure 2E–G 

show the genotypes of the 11 patients for the 4 variants analyzed. CYP3A4*1F SNP 

was found in 1 patient; CYP3A4*1B SNP in another; and the variant CYP3A4*1G in 3,

2 of them presented the variant in heterocygosity and one in homocygosity. The MAF in

our cohort for *1F, *1B, and *1G are 0.045, 0.045, and 0.182, respectively.

DISCUSSION

Knowledge regarding the genetic basis of differential therapeutic drug response 

has generated hope for individually tailored drug therapy. Interindividual differences in 

drug metabolism, distribution and excretion, and drug targets (receptors) are important 

considerations in assessing drug efficacy, safety, and dose [23]. Thus, in the case of 

ivabradine, it is important to study the variants in the CYP3A4 and HCN4 genes, as they

both codify the proteins involved in its metabolism and relate to the drug target. This 

study identifies four synonymous variants in the HCN4 gene (L12L, L520L, P852P, and

P1200P) and two SNPs in the CYP3A4 gene (CYP3A4*1F and CYP3A4*1G).

Clinical data

This exploratory analysis studies the effect of ivabradine in 11 patients. The 

distribution of no responders (n = 0), poor responders (n = 7), and high responders (n = 

3) is not homogeneous. In a number of studies [4, 5], the effects of ivabradine were 

found to be greater in patients with higher baseline HR due to the use-dependent block. 

Our results also showed that it is important to analyze the baseline HR in order to study 

the HR reduction produced by ivabradine. As shown in Table 1, in 5 out of 11 patients, 

the baseline HR was 70–80 bpm; in 4 out of 11, the baseline HR was 81–90 bpm; and in

2 out of 11, the baseline HR was higher than 91 bpm. In line with the above, the biggest 
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reduction was obtained in patients with the highest baseline HR; in our cohort, these 

were patients no. 7 and 11, in whom the HR reduction after ivabradine treatment was 23

and 53 bpm, respectively.

Two out of 11 patients (Table 1) were withdrawn from the treatment during the 

study; one prior to the second Holter recording and the second after 2 months due to 

low HR-related asthenia. In previous trials [3, 4, 24], withdrawal rates were between 4%

and 28%. If we focus on withdrawal rates due to an adverse event, the figures range 

between 1.7% and 13.2% [3, 4, 24, 25]. The percentage of withdrawals in our 

exploratory study was 18.2%, within the range given above, although it is higher than 

the adverse event withdrawal rate.

However, it is important to note that this is an exploratory prospective study on 

consecutive patients. A large-scale multicenter study would be required in order to 

analyze in greater depth the effects of polymorphism in ivabradine treatment and reach 

relevant conclusions about relation of variants in CYP3A4 and HCN4 genes on 

ivabradine HR.

Distribution of mutations in the cohort

The synonymous variants found in the HCN4 gene in our cohort are included in 

the Single Nucleotide Polymorphism Database (dbSNP) and the MAFs described in 

dbSNP were 0.011, 0.053, 0.023, and 0.131 for the variants L12L (rs201193660), L520L

(rs12909882), P852P (rs117819825), and P1200P (rs529004), respectively. In our 

cohort, the variants L12L, L520L, and P852P were found in one patient each. Thus, the 

MAFs for these variants were 0.045, similar to those previously described. However, 

the MAF in our cohort for the variant P1200P is 0.682, which is far higher than that 

described in dbSNP. In fact, in our cohort, the minor allele is c.3600A and not c.3600G, 

as is described in literature and in the sequence.

Point variants in the coding regions of genes were traditionally assumed to act 

by altering single amino acids in the encoded proteins. Consequently, the synonymous 

mutations detected in genetic screens are presumed to be neutral. However, 

translationally silent mutations can disrupt ESEs or exonic splicing silencers (ESSs) and

cause an alteration in the splicing machinery, with dramatic effects on the structure of 

the gene product [26–28]. ESEs represent binding sites for SR proteins, which are 

believed to play a role in the initial steps of spliceosome assembly, whilst ESSs have 

been shown to bind negative regulators belonging to the heterogeneous nuclear 
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ribonucleoprotein (hnRNP) family [27, 28]. The function of ESEs and ESSs appears to 

be especially important for the regulation of alternative splicing events, yet these 

sequences probably also play a relevant role in defining constitutive exons [27, 28]. 

Therefore, in this study, we performed an in silico analysis in order to detect the two 

major classes of cis-regulator of splicing, ESEs and ESSs.

Two variants found in this study, L12L and P852P, were predicted to produce an 

ESE creation, where predicted ESEs are present in the variant but not in the wild-type 

sequence. The other two variants, L520L and P1200P, were predicted to produce ESE 

creation and ESE disruptions, where one or more predicted ESEs present in the wild-

type sequence are disrupted by the variants. Moreover, the software used predicted a 

‘site broken’ for a silencer motif for the variants L12L, L520L, and P1200P. 

Consequently, and as addressed by the biocomputational approach, the four variants 

found in the HCN4 gene could alter the splicing machinery. However, the presence of a 

score motif in a sequence does not necessarily identify that sequence as a functional 

ESE or ESS, which indicates not a very strict quantitative correlation between 

numerical score and ESE or ESS activity [26]. Until stronger predictive algorithms are 

available, direct experimental evidence will remain necessary before drawing a safe 

conclusion that a particular sequence can act as an ESE or ESS in its natural context 

[26]. In addition, assessing the clinical impact of these variants is a complex task since 

each three of the variants are present in one patient only, whilst P1200P is presented in 9

of 11 patients studied. However, it has been shown that ivabradine reduced the HR by 

13 bpm in a patient carrying the L12L variant. A patient with L520L discontinued the 

treatment due to adverse events; and in the case of a patient carrying P852P variant the 

HR was reduced by 11 bpm. It is important to note that patients carrying the L12L and 

the P852P variants also carried the P1200P variant and the presence of more than one 

variant further complicates the interpretation of the data.

In the case of SNPs studied in the CYP3A4 gene, we found the CYP3A4*1F in 

one patient in heterocygosity (MAF = 0.045); CYP3A4*1B in one patient in 

heterocygosity (MAF = 0.045); and CYP3A4*1G in 2 patients in heterocygosity and in 

1 patient in homocygosity (MAF = 0.182). The frequencies of CYP3A4*1F are similar 

to those previously described in dbSNP (0.036). However, the frequencies found in our 

cohort for the variants CYP3A4*1B and CYP3A4*1G are lower than those previously 

described in dbSNP, being 0.201 and 0.334, respectively.
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In our cohort, CYP3A4*1F is present in 1 patient who experienced an 11 bpm 

reduction in HR after 15 days of treatment with ivabradine. CYP3A4*1F is a variant in 

the 5’ regulatory region of the gene and it leads to a new CpG island that can be 

methylated [29]. This potential methylation position could be significant for the 

function of this enzyme. To date, no particular phenotype has been associated with this 

allele [29, 30]. Further research is therefore necessary in order to assess the role of 

CYP3A4*1F in the function of the enzyme.

CYP3A4*1B was found in heterocygosity in one patient whose HR was reduced

by 11 bpm following treatment with ivabradine. The functional effect of this SNP has 

not been established because it has been associated not only with an enhanced CYP3A4 

expression due to reduced binding of a transcriptional repressor [16] but also with a 

reduced level of CYP3A4 activity [17]. Thus, further clinical and basic research is 

required in order to assess the role of the CYP3A4*1B.

CYP3A4*1G SNP has been described as a variant that can increase CYP3A4 

activity [12, 13]. In our cohort, 2 patients have this variant in heterocygosity and 1 in 

homocygosity. The reduction after treatment with ivabradine was 14 bpm in 1 patient 

with the variant in heterocygosity, and 23 bpm in a patient with the variant in 

homocygosity. The other patient with the variant discontinued the treatment due to 

adverse events. CYP3A4*1G therefore appears to have insufficient impact on the 

metabolism of ivabradine as the 2 patients analyzed are good responders.

The role of variants in the response to ivabradine

Inherited genetic differences may result in the identification of sub-groups of 

patients, including those who are good responders, poor responders and those likely to 

present adverse drug reactions [23]. In our exploratory cohort, no poor responders were 

detected. HR was ≥ 15 bpm in 3 patients and > 5 and < 15 bpm in 7 patients, and 2 

patients discontinued the treatment due to adverse events. Variant distribution in this 

small-size cohort of this exploratory study does not allow the variants to be correlated 

with these sub-groups. Consequently, further research is required in order to assess the 

role of variants in the CYP3A4 and HCN4 genes in ivabradine treatment.

CONCLUSIONS

This study has identified 4 synonymous variants in the HCN4 gene and 3 SNPs 

in the CYP3A4 gene. None of the variants appear to have a major effect on the reduction
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of HR produced by ivabradine. However, and due to the limited size of the cohort, 

further research must be carried out in order to determine the role of different variants in

HCN4 and CYP3A4 genes in response to ivabradine.

Moreover, the in silico analysis must be given due consideration, as when 

isolated from other experimental data, it fails to provide sufficient information in terms 

of genetic counselling.

Acknowledgments

This study received financial support from the Sección de Insuficiencia Cardiaca

y Trasplante of the Sociedad Española de Cardiología for the project entitled “Estudio 

farmacogenético de los polimorfismos de los genes HCN4 y CYP3A4 y su repercusión 

en la respuesta a la ivabradina en pacientes con insuficiencia cardíaca”. Moreover, the 

present study is a part of research activities of the “Red de enfermedades 

cardiovasculares del Instituto de Salud Carlos III (RD12/0042)”.

Conflict of interest: none declared

References

1. McMurray JJ, Adamopoulos S, Anker SD et al. ESC Guidelines for the diagnosis

and treatment of acute and chronic heart failure 2012: The Task Force for the Diagnosis 

and Treatment of Acute and Chronic Heart Failure 2012 of the European Society of 

Cardiology. Developed in collaboration with the Heart Failure Association (HFA) of the

ESC. Eur Heart J, 2012; 33: 1787–1847. doi: 10.1093/eurjhf/hfs105.

2. Jhund PS, Macintyre K, Simpson CR et al. Long-term trends in first 

hospitalization for heart failure and subsequent survival between 1986 and 2003: a 

population study of 5.1 million people. Circulation, 2009; 119: 515–523. doi: 

10.1161/CIRCULATIONAHA.108.812172.

3. Fox K, Ford I, Steg PG, Tendera M, Ferrari R; BEAUTIFUL Investigators. 

Ivabradine for patients with stable coronary artery disease and left-ventricular systolic 

dysfunction (BEAUTIFUL): a randomised, double-blind, placebo-controlled trial. 

Lancet, 2008; 372: 807–816. doi: 10.1016/S0140-6736(08)61170-8.



11

4. Swedberg K, Komajda M, Böhm M et al. Ivabradine and outcomes in chronic 

heart failure (SHIFT): a randomised placebo-controlled study. Lancet, 2010; 376: 875–

885. doi: 10.1016/S0140-6736(10)61198-1.

5. Böhm M, Borer J, Ford I et al. Heart rate at baseline influences the effect of 

ivabradine on cardiovascular outcomes in chronic heart failure: analysis from the 

SHIFT study. Clin Res Cardiol, 2013; 102: 11–22. doi: 10.1007/s00392-012-0467-8.

6. Bucchi A, Baruscotti M, Nardini M et al. Identification of the molecular site of 

ivabradine binding to HCN4 channels. PLoS One, 2013; 8: e53132. 

doi:10.1371/journal.pone.0053132.

7. Portolés A, Calvo A, Terleira A et al. Lack of pharmacokinetic interaction 

between omeprazole or lansoprazole and ivabradine in healthy volunteers: an open-

label, randomized, crossover, pharmacokinetic interaction clinical trial. J Clin 

Pharmacol, 2006; 46: 1195–1203. doi: 10.1177/0091270006291624.

8. Schulze-Bahr E, Neu A, Friederich P et al. Pacemaker channel dysfunction in a 

patient with sinus node disease. J Clin Invest, 2003; 111: 1537-1545. doi: 

10.1172/JCI200316387.

9. Milanesi R, Baruscotti M, Gnecchi-Ruscone T, DiFrancesco D. Familial sinus 

bradycardia associated with a mutation in the cardiac pacemaker channel. N Engl J 

Med, 2006; 354: 151–157. doi: 10.1056/NEJMoa052475

10. Nof E, Luria D, Brass D et al. Point mutation in the HCN4 cardiac ion channel 

pore affecting synthesis, trafficking, and functional expression is associated with 

familial asymptomatic sinus bradycardia. Circulation, 2007; 116: 463–470. doi: 

10.1161/CIRCULATIONAHA.107.706887.

11. den Hoed M1, Eijgelsheim M, Esko T et al. Identification of heart rate-

associated loci and their effects on cardiac conduction and rhythm disorders. Nat Genet,

2013; 45: 621–631. doi: 10.1038/ng.2610.

12. He BX, Shi L, Qiu J et al. A functional polymorphism in the CYP3A4 gene is 

associated with increased risk of coronary heart disease in the Chinese Han population. 

Basic Clin Pharmacol Toxicol, 2011; 108: 208–213. doi: 10.1111/j.1742-

7843.2010.00657.x.



12

13. He BX, Shi L, Qiu J, Zeng XH, Zhao SJ. The effect of CYP3A4*1G allele on 

the pharmacokinetics of atorvastatin in Chinese han patients with coronary heart 

disease. J Clin Pharmacol, 2014; 54: 462–467. doi: 10.1002/jcph.229.

14. Elens L, Becker ML, Haufroid V et al. Novel CYP3A4 intron 6 single nucleotide

polymorphism is associated with simvastatin-mediated cholesterol reduction in the 

Rotterdam Study. Pharmacogenet Gen, 2011; 21: 861–866. doi: 

10.1097/FPC.0b013e32834c6edb.

15. Elens L, Capron A, van Schaik RH et al. Impact of CYP3A4*22 allele on 

tacrolimus pharmacokinetics in early period after renal transplantation: toward updated 

genotype-based dosage guidelines. Ther Drug Monit, 2013; 35: 608–616. doi: 

10.1097/FTD.0b013e318296045b.

16. Amirimani B1, Ning B, Deitz AC, Weber BL, Kadlubar FF, Rebbeck TR. 

Increased transcriptional activity of the CYP3A4*1B promoter variant. Environ Mol 

Mutagen, 2003; 42: 299–305. doi: 10.1002/em.10199.

17. Wandel C, Witte JS, Hall JM, Stein CM, Wood AJ, Wilkinson GR. CYP3A 

activity in African American and European American men: population differences and 

functional effect of the CYP3A4*1B 5'-promoter region polymorphism. Clin Pharmacol

Ther, 2000; 68: 82–91. doi: 10.1067/mcp.2000.108506.

18. Rodríguez-García MI, Monserrat L, Ortiz M et al. Screening mutations in 

myosin binding protein C3 gene in a cohort of patients with Hypertrophic 

Cardiomyopathy. BMC Med Genet, 2010; 11: 67. doi: 10.1186/1471-2350-11-67.

19. Núñez L, Gimeno-Blanes JR, Rodríguez-García MI et al. Somatic MYH7, 

MYBPC3, TPM1, TNNT2 and TNNI3 mutations in sporadic hypertrophic 

cardiomyopathy. Circ J, 2013; 77: 2358–2365. doi.org/10.1253/circj.CJ-13-0294.

20. Reese MG, Eeckman FH, Kulp D, Haussler D. Improved Splice Site Detection 

in Genie. J Comp Bio, 1997; 4: 311–323. doi:10.1089/cmb.1997.4.311.

21. Hebsgaard SM, Korning PG, Tolstrup N, Engelbrecht J, Rouze P, Brunak S. 

Splice site prediction in Arabidopsis thaliana DNA by combining local and global 

sequence information. Nucleic Acids Research, 1996; 2: 3439–3452. doi: 

10.1093/nar/24.17.3439.



13

22. Desmet FO, Hamroun D, Lalande M, Collod-Beroud G, Claustres M, Beroud C. 

Human Splicing Finder: An online bioinformatics tool to predict splicing signals. 

Nucleic Acid Res, 2009; 37: e67. doi: 10.1093/nar/gkp215.

23. Dandara C, Lombard Z, Du Plooy I, McLellan T, Norris SA, Ramsay M. Genetic

variants in CYP (-1A2, -2C9, -2C19, -3A4 and -3A5), VKORC1 and ABCB1 genes in a

black South African population: a window into diversity. Pharmacogenomics, 2011; 12: 

1663–1670. doi: 10.2217/pgs.11.106.

24. Borer JS1, Fox K, Jaillon P, Lerebours G; Ivabradine Investigators Group. 

Antianginal and antiischemic effects of ivabradine, an I(f) inhibitor, in stable angina: a 

randomized, double-blind, multicentered, placebo-controlled trial. Circulation, 2003; 

107: 817–823. doi: 10.1161/01.CIR.0000048143.25023.87.

25. Fox K1, Ford I, Steg PG, Tardif JC, Tendera M, Ferrari R; SIGNIFY 

Investigators. Ivabradine in stable coronary artery disease without clinical heart failure. 

N Engl J Med, 2014; 371: 1091–1099. doi: 10.1056/NEJMoa1406430.

26. Cartegni L, Wang J, Zhu Z, Zhang MQ, Krainer AR. ESE finder: A web resource

to identify exonic splicing enhancers. Nucleic Acids Res, 2003; 31: 3568–3571. doi: 

10.1093/nar/gkg616.

27. Fairbrother WG, Yeo GW, Yeh R et al. RESCUE-ESE identifies candidate 

exonic splicing enhancers in vertebrate exons. Nucleic Acids Res, 2004; 32: W187–

W190. doi: 10.1093/nar/gkh393.

28. Sironi M, Menozzi G, Riva L et al. Silencer elements as possible inhibitors of 

pseudoexon splicing. Nucleic Acids Res, 2004; 32: 1783–1791. doi: 

10.1093/nar/gkh341.

29. Hamzeiy H, Vahdati-Mashhadian N, Edwards HJ, Goldfarb PS. Mutation 

analysis of the human CYP3A4 gene 5’ regulatory region: population screening using 

non-radioactive SSCP. Mutat Res, 2002; 500: 103–110. doi:10.1016/S0027-

5107(01)00305-0.

30. Eap CB, Buclin T, Hustert E et al. Pharmacokinetics of midazolam in CYP3A4- 

and CYP3A5-genotyped subjects. Eur J Clin Pharmacol, 2004; 60: 231–236. doi: 

10.1007/s00228-004-0767-7.



14

Tables:



15

Table 1. Clinical characteristics of patients included in the study.

Demographic 

characteristics

Cardiac parameters Medical history Treatment before the study (dosage in mg per day)

Pa

tie

nt 

no.

Age 

[years]

Sex Body 

mass 

index 

[kg/m2

]

SBP 

[mm 

Hg]

DBP 

[mm 

Hg]

LVEF

[%]

NYH

A 

class

HR-1 

[bpm]

HR 

reducti

on 

[bpm]

1 56 M 25.98 87 59 20 II 89/78 11 HT, dyslipidemia Atorvastatin (10), carvedilol (12.5), enalapril (10), 

furosemide (120)
2 60 M 27.36

101 68 30

II

73/61 12

HT, DM, MI, 

dyslipidemia

Aspirin (150), carvedilol (100), furosemide (40), 

enalapril (3.75), rosuvastatin (10), spironolactone (25).
3* 31 M 32.49

107 70 24

II

78/– – HT

Aspirin (100), bisoprolol (10), candesartan (8), 

furosemide (120), spironolactone (50)
4 59 M 40.26

140 90 30

II

89/75 14 HT, DM

Bisoprolol (10), enalapril  (20), eplerenone (25), 

torasemide (10)
5 72 M 28.23

170 106 32

II

89/76 13

HT, dyslipidemia, 

hypercholesterolemia

Aspirin (100), carvedilol (50), furosemide (80), ramipril

(10)
6* 54 M 37.42

134 78 20

II

76/65 11 COPD, HT

Atorvastatin (40), bisoprolol (5), enalapril (5), 

furosemide (40), spironolactone (25)
7 31 M 20.24

130 100 22

II

115/92 23 HT, MI, DM

Amlodipine (5), aspirin (100), atorvastatin (20), 

carvedilol (50), furosemide (240), losartan (100).
8 30 F 19.84

96 64 25

IV

80/60 20 HT

Bisoprolol (2.5), enalapril (2.5), eplerenone (25), 

furosemide (40)
9 45 M 23.72

  34

II

86/73 13

MI, dyslipidemia, 

hypercholesterolemia

Aspirin (100), bisoprolol (2.5), enalapril (5), eplerenone

(25), furosemide (120), rosuvastatin (10)
10 56 M 26.85

98 55 23

II

75/64 11 DM, dyslipidemia

Carvedilol (25), clopidogrel (75), ezetimibe (10), 

furosemide (80), simvastatin (40),spironolactone (12.5)
11 58 M 28.35

93 57 35

II

106/53 53

HT, DM, 

dyslipidemia

Aspirin (100), bisoprolol (2.5), enalapril (5), eplerenone

(25), furosemide (80), pravastatin (40)
COPD — chronic obstructive pulmonary disease; DBP — diastolic blood pressure; DM — diabetes mellitus; F — female; HR-1 — heart rate before/after ivabradine; HT — hypertension; LVEF

— left ventricular ejection fraction (%); M — male; MI — myocardial infarction; NYHA — New York Heart Association; SBP — systolic blood pressure; *Patients that discontinued the 

treatment
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Table 2. Primers used in the study.

Fragment Primer sequence (5’3’) Amplicon 

size
HCN4 Ex1 Fw GACTCGGAGCGGGACTAGGAT 1078 nt

HCN4 Ex1 Rv CCAGCGCAAGGCAGGAAAGTT

HCN4 Ex2_F CCAGATGCTGTCCCTCAGAT 576 nt

HCN4 Ex2_R CCAGTTCCTCACTCCCTCTG

HCN4 Ex3_F CAGAGTCCAGGCAGAGCAGT 377 nt

HCN4 Ex3_R GGTCCTACATGCTGGAACTCA

HCN4 Ex4_F CTTTCAGCCAACAGCAAGGT 496 nt

HCN4 Ex4_R TTCCCTCACACTGGGAGTTC

HCN4 Ex5+6_F GGAACCAAGTTTAGCCAGGA 695 nt

HCN4 Ex5+6_R GCCTCTGTCCCCTCGGTAT

HCN4 Ex7_F TTCTGTGCCAGGCAGTCA 361 nt

HCN4 Ex7_R GGAAGGAGATCAGGTGCAGA

HCN4 Ex8A Fw CTTTATGCCTAAGCCAGGTCT 847 nt

HCN4 Ex8A_R CTAGATGACGGGGATCTGGA

HCN4 Ex8B1_F AACAGCTGGCTGGATTCTCTGC 578 nt

HCN4 Ex8B1_Rv CAAGGATCCGTGGGAGCCAGA 

HCN4 Ex8C_F CTTCCCCTGTAGGCTTTACTC 724 nt

HCN4 Ex8C_Rv CCTGGTTATTTTCTGCTGTCTT

CYP3A4*1B_F CCAACAGAATCACAGAGGACCAGC 908 nt

CYP3A4*1B_R CTCTGAGTCTTCCTTTCAGCTCTGTGT

CYP3A4*22 Ex7_F CCCATCTTGTATCATCCACAA 466 nt

CYP3A4*22 Ex7_R TGAGAGAAAGAATGGATCCAAAA

CYP3A4*1G Ex10_F AGGGATTTGAGGGCTTCACT 399 nt

CYP3A4*1G Ex10_R TTTCTTTTCAGAGCCTTCCTACA

These primers were designed using the reference sequence from GenBank-GRCh37.p9 [HCN4: NC_000015.9 

(73612200..73661605); CYP3A4: NC_000007.13 (99354583…99382811)] and Primer3 software.
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Table 3. Variants found in the cohort in HCN4 gene and variants studied in CYP3A4 

gene.

Patient no. Variants found in HCN4 gene
1 g.46772A>G (p.P1200P)
2 g.46772G (p.P1200P)
3 g.39660C>T (p.L520L)
4 g.46772G (p.P1200P)
5 g.1030C>G (p.L12L), g.46772A>G (p.P1200P)
6 g.45728G>C (p.P852P), g.46772G (p.P1200P)
7 g.46772G (p.P1200P)
8 g.46772G (p.P1200P)
9 g.46772G (p.P1200P)
10 None
11 g.46772A>G (p.P1200P)

CYP3A4 1 2 3 4 5 6 7 8 9 10 11
CYP3A4*1F CC CC CC CC CC CG CC CC CC CC CC
CYP3A4*1B AA AA AA AA AA AA AG AA AA AA A

A
CYP3A4*22 CC CC CC CC CC CC CC CC CC CC CC
CYP3A4*1G GG GG GA GA GG GG AA GG GG GG G

G
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Table 4. In silico analysis of exonic splicing enhancer (ESE) and silencer motifs of the 

variants found in the HCN4 gene.

*ESE finder matrices for SRp40, SC35, SF2/ASF and SRp55
Variant Reference motif Mutant motif Variation

Linked SR 

protein

Reference 

motif (value 0–

100)

Linked SR 

protein

Reference motif 

(value 0–100)

p.L12L SF2/ASF

(IgM-BRCA1)

cggctgt (78.23) New site

SF2/ASF cggctgt (73.44) New site

p.L520L SRp40 tccctgg (84.13) Site broken

SF2/ASF

(IgM-BRCA1)

ccctgga (84.13) Site broken

p.P1200P SC35 aactgccg (76.21) New site

*RESCUE ESE hexamers

Variant Reference motif Mutant motif Variation
p.P852P atcttc New site

p.P1200P atccaa Site broken

*Predicted PESE Octamers from Zhang & Chasin

Variant Reference motif Mutant motif Variation

Reference motif Motif value (0–

100)

Reference motif Motif value (0–

100)
p.L520L ccagtcct 38.75 New site

tccctgga 42.96 Site broken

p.P852P acaccatc 29.64 New site

*ESE motifs from HSF
Variant Reference motif Mutant motif Variation

Linked ESE 

protein

Reference 

motif (value 0–

100)

Linked ESE 

protein

Reference motif 

(value 0–100)

p.P1200P 9G8 gccgtc (62,82) New site

*Silencer motifs from Sironi et al.
Variant Reference motif Mutant motif Variation

Sironi Motif 

Reference

Reference 

silencer (value 

0–100)

Sironi Mutant 

Motif 

Mutant silencer 

(value 0–100)

p.L12L Motif 1: 

CTAGAGGT

ctacagcc 

(67.64)

Site broken 

(13.49)
p.L520L Motif 3: 

TCTCCCAA

agtccctg 

(69.14)

Site broken (–

0.16)
p.P1200P Motif 3: 

TCTCCCAA

actgccat 

(72.52)

Site broken 

(11.26)

Figure 1. A. Schematic structure of the HCN4 channel showing the variants identified 

in the present study; B. Schematic structure of the human CYP3A4 gene showing the 
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four single nucleotide polymorphisms (SNPs) analyzed in the present study, which 

produce variations in normal functioning of cytochromes.

Figure 2. A–D. Electropherograms of the variants identified in the HCN4 gene; E, F. 

Electropherograms of two of the four single nucleotide polymorphisms (SNPs) analyzed

where minor alleles are presented.
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