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Abstract: Atrial fibrillation (AFib) is characterized by a complex genetic component. We aimed to
investigate the association between variations in genes related to cardiac ion handling and AFib
in a cohort of Romanian patients with hypertrophic cardiomyopathy (HCM). Forty-five unrelated
probands with HCM were genotyped by targeted next-generation sequencing (NGS) for 24 genes
associated with cardiac ion homeostasis. Subsequently, the study cohort was divided into two groups
based on the presence (AFib+) or absence (AFiB−) of AFib detected during ECG monitoring. We
identified two polymorphisms (rs1805127 located in KCNE1 and rs55742440 located in SCN1B) linked
to AFib susceptibility. In AFib+, rs1805127 was associated with increased indexed left atrial (LA)
maximal volume (LAVmax) (58.42 ± 21 mL/m2 vs. 32.54 ± 6.47 mL/m2, p < 0.001) and impaired LA
strain reservoir (LASr) (13.3 ± 7.5% vs. 24.4 ± 6.8%, p < 0.05) compared to those without respective
variants. The rs55742440 allele was less frequent in patients with AFib+ (12 out of 25, 48%) compared
to those without arrhythmia (15 out of 20, 75%, p = 0.05). Also, AFib+ rs55742440 carriers had
significantly lower LAVmax compared to those who were genotype negative. Among patients with
HCM and AFib+, the rs1805127 variant was accompanied by pronounced LA remodeling, whereas
rs55742440’s presence was related to a milder LA enlargement.

Keywords: atrial fibrillation; genetic polymorphism; variant; next generation sequencing; hypertrophic
cardiomyopathy

1. Introduction

AFib is the most common cardiac arrhythmia in adults, imposing a considerable
burden on both patients and healthcare providers due to substantial morbidity and
mortality [1]. Globally, its prevalence is estimated to be approximately 60 million cases,
resulting in over 8 million disability-adjusted life years. The estimated lifetime risk of de-
veloping AFib is around 33%, although it may vary based on patient-specific factors such as
age, sex, race, and comorbidities [2]. Recently, there has been a growing recognition of AFib
as a multifaceted and dynamic condition, which is characterized by a substantial genetic
foundation and complex epigenetic mechanisms [3–6]. Existing evidence suggests that both
common and rare genetic variants contribute to increased susceptibility to AFib especially
when combined with ethnic-specific risk factors [7]. These findings carry significant clinical
implications, including the potential to guide the antiarrhythmic treatments and to identify
appropriate candidates for ablation therapy based on genetic background. Moreover, the
incorporation of common genetic variants into AFib risk scores has demonstrated enhanced
predictive accuracy and improved risk stratification [8,9]. Structural and functional alter-
ations in atrial tissue, involving electrical, mechanical, and structural remodeling processes,
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contribute to AFib appearance and persistence. Electrical remodeling leads to changes
in ion channel function, affecting the cardiac action potential duration and refractoriness,
thereby facilitating AFib perpetuation. Mechanical remodeling, encompassing atrial di-
lation, fibrosis, and hypertrophy, is also crucial. Atrial dilation occurs due to increased
pressure or volume overload, stretching the atrial walls. Fibrosis, characterized by excessive
collagen deposition, disrupts electrical conduction pathways, and hypertrophy increases
electrical and mechanical disturbances. Additionally, neurohormonal and inflammatory
factors can promote atrial electrical instability and remodeling by modulating ion channel
function, calcium handling, and fibrotic processes, exacerbating the arrhythmia [3,10,11].
Many of these abnormalities are also hallmark features of HCM [12]; hence, AFib is four
to six times more common in HCM individuals than in the general population [13]. The
presence of HCM does not necessarily entail the occurrence of AFib; nevertheless, genetic
variants have the potential to modulate AFib vulnerability by modifying the structure of
proteins involved in the aforesaid cellular processes. Lee et al. reported that in patients
with MYH7 mutations, there was a higher incidence of AFib independently of other clini-
cal and echocardiographic factors compared with other sarcomeric genes mutations [14].
Candidate genome-wide association studies have identified many genes possibly involved
in the development of atrial fibrillation, but the genotype dependency of AFib in HCM is
less studied; for example, in the case of cardiac Troponin T gene mutations, the association
with AFib is dependent on the pathophysiological mechanism induced by the variant [15].
Consequently, different mutations in the same gene have different impacts on the atrial
arrhythmia appearance. In this study, we focused on the association between variations in
genes related to cardiac ion handling and AFib in a cohort of adult patients with HCM.

2. Results
2.1. Study Population and Echocardiography Parameters

The study cohort consisted of 25 patients who had both HCM and AFib (AFib+ group),
as identified through previous ECG monitoring. None of these individuals were experi-
encing permanent atrial fibrillation. Additionally, there were 20 HCM subjects without
detected arrhythmia (AFib− group). Table 1 provides a summary of the demographic
and conventional echocardiographic data for these two clusters. All included subjects
were Caucasians. The mean age of AFib+ group was 51.67 ± 14.55 years old and 80%
were males, while the mean age of AFib− was 46.35 ± 15 years with 75% males. There
were no significant differences in age, gender, history of sudden cardiac death (SCD), or
implantable cardiac defibrillator (ICD) presence between the two groups. There was an
important difference in the risk of SCD at 5 years, patients with HCM and AFib+ displaying
a higher risk (5.49 ± 3.92%) compared with those with HCM and AFib− (2.83 ± 1.37%),
p = 0.044. The two groups did not differ significantly in terms of LV maximal wall thickness,
LVEF, LVEDD, LVESD, LVEDV and LVESV (Table 1). Patients with AFib+ had increased
LAVmax and LAVpre-A compared with those without AFib. LATEF was decreased in
the AFib+ group (54 ± 10.3%) in contrast with the AFib− group (60 ± 8.8%) (p = 0.041).
The dysfunction of LA reservoir function was also confirmed by LA deformation analysis
depicting reduced LASr (21 ± 5.6%) and pLASRr (0.8 ± 0.4 s−1) in subjects with AFib+
compared with AFib− (LASr = 25 ± 4%, p = 0.008 and pLASRr = 1.2 ± 0.67 s−1, p = 0.025).

Table 1. General and echocardiographic characteristics of study cohort illustrated comparatively for
AFib+ and AFib− subjects.

Variable AFib+ (N = 25) AFib– (N = 20) p-Value

Age at inclusion, years 51.67 ± 14.55 46.35 ± 15 0.27

Male gender, N (%) 20 (80%) 15 (75%) 0.73

History of SCD, N (%) 10 (40%) 4 (20%) 0.27

ICD, N (%) 3 (12%) 4 (20%) 0.43
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Table 1. Cont.

Variable AFib+ (N = 25) AFib– (N = 20) p-Value

5-years SCD risk score 5.49 ± 3.92% 2.83 ± 1.37% 0.044

Echocardiography

Maron 1 3 (12%) 4 (20%)

Maron 2 3 (12%) 2 (10%) 0.43

Maron 3 19 (76%) 13 (65%)

Maron 4 0 1 (5%)

LV maximal wall thickness, mm 20.19 ± 3.45 20.9 ± 6.33 0.65

LV mass indexed, g/m2 142.5 ± 44.11 119.52 ± 41.37 0.15

LVEDD, cm 41 ± 7.33 41 ± 9.2 0.99

LVESD, cm 25.7 ± 9.2 24.8 ± 10.79 0.79

LVEDV, ml 106.4 ± 35.21 119.15 ± 45.96 0.37

LVESV, ml 56 ± 31.81 61.84 ± 38.81 0.64

LVEF, (%) 51.6 ± 13.96 52.53 ± 12.18 0.83

LAD, mm 41.61 ± 6.2 39.4 ± 7.62 0.34

Volumetric variables

LAVmax (mL/m2) 38.47 ± 13.7 28.67 ± 9.27 0.007

LAVmin (mL/m2) 19 ± 6.8 17 ±4.6 0.247

LAVpre-A (mL/m2) 24 ± 2.3 20 ± 7.4 0.029

LATEF (%) 54 ± 10.3 60 ± 8.8 0.041

LAEI (%) 167 ± 60.3 172 ± 50.4 0.763

LAPEF (%) 26 ± 6 25 ± 3.9 0.504

LAAEF (%) 41 ± 12.6 46 ± 14.5 0.231

LAEF (kdyne) 10 ± 5.7 11.6 ± 8 0.456

Deformation variables

LASr (%) 21 ± 5.6 25 ± 4 0.008

pLASRr (s−1) 0.8 ± 0.4 1.2 ± 0.67 0.025

LASI 1.8 ± 0.4 1.4 ± 0.8 0.036

LAScd (%) 17 ± 3.5 18 ± 9.5 0.659

pLASRcd (s−1) −0.4 ± 0.2 −0.6 ± 1.1 0.432

LASct (%) 10 ± 1.2 10.5 ± 4.5 0.634

pLASRct (s−1) −1.3 ± 0.6 −1.4 ± 0.4 0.508
ICD, implantable cardiac defibrillator; LAD, left atrial diameter; LAAEF, left-atrial active ejection fraction; LAEF,
left-atrial ejection force; LAEI, left-atrial ejection index; LAPEF, left-atrial passive ejection fraction; LAScd, left-
atrial strain during conduit phase; LASct, left-atrial strain during contractile phase; LASI, left-atrial stiffness
index; LASr, left-atrial strain during reservoir phase; pLASRr, peak strain rate during reservoir phase; pLASRcd,
peak strain rate during conduit phase; pLASRct, peak strain rate during contractile phase; LATEF, left-atrial
total ejection fraction; LAVmax, left-atrial volume during systole; LAVmin, left-atrial volume during diastole;
LAVpre-A, left-atrial volume before P-wave; LV, left ventricle; LVEDD, left ventricle end-diastolic diameter;
LVEDV, left ventricle end-diastolic volume; LVEF, left ventricle ejection fraction; LVESD, left ventricle end-systolic
diameter; LVESV, left ventricle end-systolic volume; SCD sudden cardiac death.

2.2. Genes and Variants

Of the 174 genes covered by the TruSight Cardio Sequencing Kit, only 24 genes were
considered in this analysis, specifically those related to cardiac ion homeostasis. The mean
depth of sequence coverage across target regions was 177×. The complete list of analyzed
genes and encoded proteins is depicted in Table 2. Table 3 details the pathogenic or likely
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pathogenic variants in sarcomeric genes identified in the cohort. Also, comprehensive data
regarding all the variants identified is provided, detailing information such as genotype, rs
ID, allele frequency in the gnomAD v4 database, published association with AFib, and in
how many AFib+ patients these variants were found (Supplementary Table S1).

Table 2. List of the 24 genes analyzed in our study, encoding proteins and references that relate these
with atrial fibrillation.

Potassium Channel-Related Genes Encoding Protein (UniProt ID) References

ABCC9 ATP-binding cassette subfamily C member 9 (O60706) [7]

HCN4 Potassium/sodium hyperpolarization-activated cyclic nucleotide gated
potassium channel 4 (Q9Y3Q4) [16]

KCNA5 Potassium voltage-gated channel subfamily A member 5 (P22460) [17]

KCND3 Potassium voltage-gated channel subfamily D member 3 (Q9UK17) [18]

KCNE1 Potassium voltage-gated channel subfamily E member 1 (P15382) [19]

KCNE2 Potassium voltage-gated channel subfamily E member 2 (Q9Y6J6) [20]

KCNE3 Potassium voltage-gated channel subfamily E member 3 (Q9Y6H6) [21]

KCNH2 Potassium voltage-gated channel subfamily H member 2 (Q12809) [22]

KCNJ2 Inward rectifier potassium channel 2 (P63252) [23]

KCNJ5 G protein-activated inward rectifier potassium channel 4 (P48544) [24]

KCNJ8 ATP-sensitive inward rectifier potassium channel 8 (Q15842) [25]

KCNQ1 Potassium voltage-gated channel subfamily KQT member 1 (P51787) [26]

Sodium channel-related genes Encoding Protein

SCN1B Sodium channel subunit beta-1 (Q07699) [27]

SCN2B Sodium channel subunit beta-2 (O60939) [27]

SCN3B Sodium channel subunit beta-3 (Q9NY72) [28]

SCN4B Sodium channel subunit beta-4 (Q8IWT1) [29]

SCN5A Sodium channel protein type 5 subunit alpha (Q14524) [30]

Calcium channel-/calcium
homeostasis-related genes Encoding Protein

CACNA1C Voltage-dependent L-type calcium channel subunit alpha-1C (Q13936) [31]

CACNA2D1 Voltage-dependent calcium channel subunit alpha-2/delta-1 (P54289) [32]

CACNB2 Voltage-dependent L-type calcium channel subunit beta-2 (Q08289) [33]

CALM1 Calmodulin-1 (P0DP23)

CASQ2 Calsequestrin-2 (O14958) [34]

JPH2 Junctophilin-2 (Q9BR39) [35]

RYR2 Ryanodine receptor 2 (Q92736) [36]

Table 3. List of pathogenic or likely pathogenic variants in sarcomeric genes identified in the cohort.

Gene HGVSc HGVSp dbSNP ID ClinVar ID Carrier
Patient

MYBPC3 c.3294G>A p.Trp1098Ter rs767039057 520341 AFib+
MYBPC3 c.772G>A p.Glu258Lys rs397516074 42792 AFib+

MYH7 c.2389G>A p.Ala797Thr rs3218716 42901 AFib+
MYH7 c.715G>A p.Asp239Asn rs397516264 43100 AFib+
TNNI3 c.557G>A p.Arg186Gln rs397516357 43395 AFib+
TPM1 c.574G>A p.Glu192Lys rs199476315 31882 AFib−
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2.2.1. Analysis of LA Traits and Potassium Channel Variants

There were no statistically significant differences in the number of potassium channel
variants identified between the two groups with a mean of 2.56 ± 0.76 variants in AFib+
and 2.8 ± 0.89 variants in AFib− (p = 0.604) (Table 4).

Table 4. The number of nonsynonymous variants identified in potassium channel-coding genes in
the two groups.

Gene AFib+ (N = 25) AFib− (N = 20)

ABCC9 0 1

HCN4 1 3

KCNA5 3 1

KCND3 0 1

KCNE1 20 20

KCNE2 0 0

KCNE3 0 0

KCNH2 14 8

KCNJ2 0 0

KCNJ5 25 19

KCNJ8 0 1

KCNQ1 1 2
AFib, atrial fibrillation.

There was no correlation observed between the number of variants in potassium
channels and the size or function of the LA within AFib+ patients. We did not observe any
differences between the two groups regarding c.112A>G polymorphism (reference SNP ID:
rs1805127); the variant was detected in 80% of AFib+ cases (20 out 25) and in all AFib−
individuals (N = 20). But subjects with AFib+ and the c.112A>G polymorphism of KCNE1
had significantly larger LAVmax (58.42± 21 mL/m2) compared to those without respective
polymorphism (32.54 ± 6.47 mL/m2, p < 0.001). Moreover, those with AFib+ and c.112A>G
polymorphism had an impaired reservoir function (LASr = 13.3 ± 7.5%) compared to those
with AFib+ but without the variant (LASr = 24.4 ± 6.8%, p < 0.05), conduit and pump
function being similar regardless of the presence of genetic variants in KCNE1 gene. No
additional correlations were found between other potassium channel-coding genes variants
and LA traits.

2.2.2. Analysis of LA Traits and Sodium Channel Variants

There were no statistically significant differences in the number of sodium channel
variants between the two subgroups: AFib+ (1.92 ± 1.41) or AFib− (2 ± 1.62 variants,
p = 0.078) (Table 5).

Table 5. The number of nonsynonymous variants identified in sodium channel-coding genes in the
two groups.

Gene AFib+ (N = 25) AFib− (N = 20)

SCN1B 31 26

SCN2B 0 2

SCN3B 0 0

SCN4B 0 1

SCN5A 15 9
AFib, atrial fibrillation.
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Patients with AFib+ and two or more sodium channel variants (n = 14) had significantly
larger LAVmax (86.4 ± 23.9 mL/m2) compared to those with one or no variants (n = 11)
(65.34 ± 10.7 mL/m2, p = 0.023). The same observation remains valid after excluding Na
channel variants with MAF < 1%; subjects with AFib+ and two or more variants in sodium
channels (n = 13) had significantly higher LAVmax (62.9 ± 8.4 mL/m2) compared with
those having one or no variant (n = 10) (54.32 ± 9 mL/m2), p = 0.024.

The SCN1B c.629T>C polymorphism (reference SNP ID: rs55742440, protein sequence:
p.Leu210Pro) was found less frequently amid patients with AFib+ (N = 12/25, 48%) com-
pared to AFib− (N = 15/20, 75%, p = 0.05). Moreover, AFib+ subjects harboring the
c.629T>C variant had significantly lower LAVmax (24.7 ± 5.4 mL/m2) compared to those
without this polymorphism (64.67 ± 9.29 mL/m2, p < 0.001). There were no additional
significant correlations between other sodium channel-coding gene variants and other
LA traits.

2.2.3. Analysis of LA Traits and Calcium Channel Variants

There were no statistically significant differences concerning the number of calcium
channel variants between the two subgroups: AFib+ (a mean number of 5± 1.67) or AFib−
(a mean number of 4.45 ± 1.19), p = 0.318 (Table 6). Within AFib+, no correlation was
identified between the number of Ca channel variants or specific variants and LA volumes
and/or LA mechanics.

Table 6. The number of nonsynonymous variants identified in calcium channel-coding genes in the
two groups.

Gene AFib+ (N = 25) AFib− (N = 20)

CACNA1C 77 53

CACNA2D1 0 1

CACNB2 16 10

CALM1 0 0

CASQ2 14 12

JPH2 6 3

RYR2 9 13
AFib, atrial fibrillation.

3. Discussion

In this study, we investigated the influence of low-frequency and common variants
within specific genes on the occurrence of AFib in a cohort of adult patients with HCM. For
our analysis, we selected a list of 24 genes (Table 2) involved in ion homeostasis within
cardiac cells, for which literature data have shown an association with AFib [3,5,7].

The overall demographic profile of our study group was previously documented [37];
the average age at enrollment was approximately in the fifth decade of life, with a higher
proportion of male participants, analogous to findings obtained from the Romanian Reg-
istry of Hypertrophic Cardiomyopathy [38]. As showed in Table 1, there were no significant
differences between the AFib+ (N = 25) and AFib− (N = 20) groups in terms of age, gender
distribution, history of sudden cardiac death (SCD), presence of implantable cardiac defib-
rillators (ICD), and LV size and function. Predictably, we noticed a significant difference in
the risk of SCD at 5 years between the two groups. Patients with HCM and AFib+ displayed
an almost twofold higher risk of SCD compared to AFib− (5.49 ± 3.92% vs. 2.83 ± 1.37%).
Comparable statistics were detected in a nationwide study conducted in Taiwan; after
adjustment for various confounders (such as age, sex, comorbidities and medications), the
presence of AFib was linked to a threefold increase in the risk of SCD, demonstrating its
substantial impact on adverse cardiac events in HCM patients [39].
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LA enlargement has been commonly recognized as a marker of increased risk for
cardiovascular events and adverse outcomes in various cardiac conditions, including
HCM [40,41]. Our data showed a notable difference between groups regarding both LA
size and its function. Similar to evidence from large cohorts [42–45], AFib+ was associ-
ated with augmented LA volumes and reduced atrial performance. Specifically, patients
with AFib exhibited increased LAVmax and LAVpre-A compared to AFib−. Furthermore,
LATEF was found to be decreased in the AFib+ group (54 ± 10.3%) compared to the AFib−
group (60 ± 8.8%, p = 0.041). Additionally, the dysfunction of LA’s reservoir function
was confirmed through analysis of LA deformation. The findings revealed reduced LASr
(21 ± 5.6%) and pLASRr (0.8 ± 0.4 s−1) in subjects with AFib+ compared to AFib−. Ex-
plicitly, LASr was 25 ± 4% in the AFib− group (p = 0.008) and pLASRr was 1.2 ± 0.67 s−1

(p = 0.025). The reduction in reservoir function was most likely due to the reduction in LA
compliance, which was indirectly evaluated by measuring LASI. LASI showed a significant
increase in the AFib+ group (1.8 ± 0.4) compared to the AFib− group (1.4 ± 0.8).

3.1. Analysis of LA Traits and Potassium Channel Variants

Potassium channels play a crucial role in cardiac electrical activity, and genetic vari-
ants in potassium channel genes can impact atrial repolarization and electrical stability,
potentially increasing the risk of AFib [16,22,46]. In our study, there were no statistically
significant differences found in the number of K channel variants identified between the
two groups. The mean number of variants was 2.56 ± 0.76 in AFib+ and 2.8 ± 0.89 in
AFib− (p = 0.604). Also, there was no correlation observed between the number of variants
in potassium channels and the size or function of the LA within AFib+ patients.

Upon analyzing each detected potassium channel variant individually in relation
to AFib, only a single one showed a potential relationship with the condition, namely
c.112A>G polymorphism in the KCNE1 gene. The KCNE1 gene encodes the β-subunit of
voltage-gated potassium channel Kv7.1, producing the slow delayed rectifier potassium
current (IKs). The c.112A>G polymorphism results in the substitution of serine to glycine
at position 38 (p.Ser38Gly) in the encoded protein.

Within the AFib+ group, we observed that c.112A>G positive subjects exhibited
greater LA enlargement (LAVmax 58.42 ± 21 mL/m2) compared to those without respec-
tive polymorphism (LAVmax 32.54 ± 6.47 mL/m2, p < 0.001). Moreover, the presence of
the aforesaid SNP was associated with impaired reservoir function (LASr = 13.3 ± 7.5%)
compared to those lacking the variant (LASr = 24.4± 6.8%, p < 0.05). However, conduit and
pump function remained similar regardless of the presence of genetic variants in the KCNE1
gene. Existing evidence advocate that AFib causally increases LA size and decreases its
function [47–49]; at the same time, atrial remodeling enhances the vulnerability to AFib oc-
currence and persistence [42,50–52], thus perpetuating the cycle. So, we could hypothesize
that patients harboring rs1805127 might carry increased AFib burden compared with those
lacking it, and they also are more prone to recidivate. Higher AFib burden is associated
with higher cardiovascular morbidity and mortality [53,54], so an early identification of
high-risk patients is of paramount importance.

Several studies have investigated the relationship between the c.112A>G polymor-
phism and AFib susceptibility, but the results have been conflicting. While certain find-
ings indicate a potential correlation between this particular genetic variation and an ele-
vated risk of AFib [55–57], other studies have not found supporting evidence for such an
association [58,59]. It is important to note that the exact contribution of rs1805127 to AFib
risk may vary depending on the population studied and other genetic and environmental
modifiers. This variability has been demonstrated by Liang et al. in their meta-analysis,
which encompassed ten case-control studies involving 2099 cases and 2252 controls [60].
The overall analysis exposed that the rs1805127 polymorphism was linked to an elevated
risk of AFib across all four comparisons: homozygote comparison (GG vs. AA), heterozy-
gote comparison (GA vs. AA), dominant model (GA/GG vs. AA), and recessive model (GG
vs. GA/AA). Further subgroup analyses based on ethnicity revealed that the risk remained
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consistent in all four comparisons among the Asian population. However, among the
Caucasian population, the heightened risk of AFib was observed in the heterozygote com-
parison and dominant model, while no significant association was found in the homozygote
comparison and recessive model.

We did not observe any differences between the groups regarding the presence of
c.112A>G. Although no significant difference was found concerning the distribution of
c.112A>G, the association between this polymorphism and more pronounced LA remod-
eling may be due to the fact that the mentioned variant is a modifier variant that only
contributes to the atrial phenotype in conjunction with other genetic variants. Our sample
size was too small to enable specific analysis depending on the presence of the allele in a
homozygous or heterozygous state.

3.2. Analysis of LA Traits and Sodium Channel Variants

The association between sodium channel variants and AFib has been extensively inves-
tigated; findings revealed various alleles that are linked either to an increased susceptibility
to AFib [61–63] or to potential protection against it [64].

In our research, the analysis of sodium channel variants did not reveal significant differ-
ences concerning the number of mutations between patients AFib+ and AFib− (1.92 ± 1.41
vs. 2 ± 1.62 variants, p = 0.078).

In the cohort AFib+, those who possessed two or more sodium channel variants
(n = 14) demonstrated a statistically significant increase in LAVmax compared to subjects
with either one or no variants (n = 11) (86.4 ± 23.9 mL/m2 vs. 65.34 ± 10.7 mL/m2,
p = 0.023). This finding remained consistent even after excluding sodium channel variants
with AF below 1% (62.9 ± 8.4 mL/m2 vs. 54.32 ± 9 mL/m2, p = 0.024), suggesting that
the number of mutations harbored by an individual may play a role not only in specific
mutations but also in the pathogenesis of AFib and LA remodeling. Indeed, prior evidence
suggests that the effect is dose-dependent [64].

We observed a negative relationship between SCN1B c.629T>C polymorphism and
AFib+. The SCN1B gene encodes the β-subunit of voltage-gated sodium channel Nav1.5.
The respective SNP exhibited a lower prevalence among patients AFib+ (N = 12/25, 48%)
in contrast to AFib− (N = 15/20, 75%, p = 0.05). Furthermore, within the AFib+ group,
subjects possessing the aforesaid variant demonstrated markedly reduced LA volumes
(24.7 ± 5.4 mL/m2) compared to individuals lacking it (64.67 ± 9.29 mL/m2, p < 0.001).
Accordingly, one can postulate that rs55742440 genotype-positive subjects may exhibit a
reduced AFib burden compared with those genotype-negative and/or might be less likely
to experience AFib recurrence.

3.3. Strength and Limitations

To our knowledge, this study is the first of its kind to investigate the association
between genetic variants and AFib in a Romanian cohort. By exploring this link in a specific
population, it provides valuable insights into the genetic basis of AFib within that popula-
tion. This contributes to the understanding of AFib’s genetic heterogeneity and may have
implications for personalized medicine and targeted therapies in the Romanian population.

We are aware of some limitations that should be taken into consideration. Firstly, the
cohort size is small, and the study was monocentric, which may affect the generalizability
of the findings to larger populations, from this deriving the need for a replication study
based on a larger population. Secondly, the two studied SNPs were not confirmed by
Sanger sequencing. Thirdly, the lack of follow-up for AFib limits the ability to assess the
long-term implications of rs1805127 and rs55742440 polymorphism. Fourthly, the analysis
was exploratory in nature and did not consider the possibility that an association may be
caused by multiple hypothesis testing. Furthermore, the analysis was focused solely on
exonic variants, potentially overlooking other non-exonic genetic variations that could
contribute to AFib. Therefore, further studies with larger cohorts, longitudinal follow-



Int. J. Mol. Sci. 2023, 24, 17244 9 of 14

up, and broader genetic analyses would be valuable in confirming and expanding upon
these findings.

4. Materials and Methods
4.1. Study Population

We have analyzed retrospectively 45 Caucasians subjects diagnosed with HCM accord-
ing to the criteria of the European Society of Cardiology [65]. The diagnosis was established
after a comprehensive evaluation based on clinical, imaging and genetic criteria. The
study was approved by the ethical committee of Emergency Clinical Hospital, Bucharest,
Romania, and inclusion in the study was preceded by the signature of a written informed
consent. The cohort was further on divided into two subgroups depending on the detection
or absence of AFib at the time of inclusion or at previous 24 h ECG monitoring.

4.2. Genetic Testing

The genetic testing methodology has been previously described in detail [37,66]. In
summary, patients’ DNA was extracted from blood using a MagCore Genomic DNA Whole
Blood Kit (RBC Bioscience, Taipei, Taiwan) and subsequently quantified using a Qubit
dsDNA HS assay kit (Life Technologies, Carlsbad, CA, USA). Targeted next-generation
sequencing (NGS) was performed on a MiSeq platform with the 150 bp paired-end protocol
(Illumina, San Diego, CA, USA) with a TruSight Cardio Sequencing Kit (Illumina, San
Diego, CA, USA). An initial amount of 50 ng of genomic DNA was used for optimal
gene enrichment.

4.3. Variant Assessment

Sequencing data were analyzed using the MiSeq Reporter software v2.4 (Illumina,
San Diego, CA, USA), adopting hg19/GRCh37 as a genome reference. To interrogate
genomic variants, we used VariantStudio v3.0 software (Illumina, San Diego, CA, USA).
Candidate variants were selected based on a user-defined filtering approach including
24 genes associated with cardiac ion channels and ion homeostasis (Table 2) and high-
quality calling (PASS filter). Sequence variants passing the aforementioned filters were
analyzed individually, the synonymous ones being discarded. Allele frequency (AF)
was obtained from the 1000 genomes project (GRCh37 reference assembly) and Genome
Aggregation Database (gnomAD v2.1.1 dataset aligned against the GRCh37 reference)
(accessed on 1 April 2023). The following thresholds were considered to define variants
in terms of population prevalence: AF above 5% for common variants, AF between 1 and
5% for low-frequency variants, while variants having AF below 1% were categorized as
rare variants.

4.4. Echocardiographic Image Acquisition and Analysis

All subjects underwent a comprehensive 2D-transthoracic echocardiography study
as previously reported in detail [67]. Echocardiography examinations were performed
on VIVID E9 (GE Healthcare, Chicago, IL, USA) with a 3.5 MHz array probe, and images
were analyzed offline on EchoPac, version BT13. Dedicated acquisitions in apical two and
four-chamber views were acquired for left atrium (LA) measurement with a frame rate
between 50 and 70 frames/s and at least three heartbeats. Conventional echocardiographic
measurements were achieved according to current guidelines [68]. Left ventricular ejection
fraction (LVEF) was quantified employing Simpson’s biplane method. The LA diameter was
evaluated in parasternal long-axis view in the end systole, while for the two-dimensional
LA volumetric analysis, LA volumes were calculated as the average from measurement
in apical two and four chamber views using the disk summation algorithm. The maximal
volume (LAVmax) was measured just before mitral valve opening, LA minimum volume
(LAVmin) at mitral valve closure, and LA pre-A-wave volume (LAVpre-A), just one frame
before atrial contraction in accordance with the American Society of Echocardiography and
European Association of Cardiovascular Imaging guidelines for chamber quantification [69].
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Using the above volumes, LA total (LATEV), passive (LAPEV) and active emptying volumes
(LAAEV) as well as fractions (LATEF, LAPEF, LAEI and LAAEF) were calculated as shown
in a previous paper [67]. All obtained volumes were indexed to the body surface area. The
LA stiffness index (LASI) was defined as E/e′m divided by LASr [70], where E is the mitral
E wave velocity and e’m is the average between early-diastolic septal (e’s) and lateral (e’l)
mitral annular velocities using tissue Doppler imaging (e’m = e’l + e’s)/2).

The analysis of LA function via speckle tracking was performed in accordance with the
guidelines provided by the European Association of Cardiovascular Imaging [71]. LA S and
SR were calculated as the average value of apical 4- and 2-C views. The endocardial border
of LA was manually tracked so that the region of interest followed the LA endocardial
border throughout the cardiac cycle in apical four and two-chamber views. Time-strain and
time-strain rate plots were automatically created by the system. On the time-strain plot,
we measured the LA strain reservoir (LASr) representing the difference between the strain
value at the mitral valve opening and left-ventricular end-diastole (LVED), LA conduit
strain (LAScd) as the difference between the strain at onset of atrial contraction and mitral
valve opening, and LA contractile strain (LASct) representing the difference between the
strain value at LVED and onset of atrial contraction. The zero-strain reference was set
at LVED. On the time-strain rate plot, we measured the following: LA reservoir SR as
peak systolic positive value (pLASRr), LA conduit SR as the early diastolic negative peak
(pLASRcd) and LA contractile SR (pLASRct) as the late diastolic negative peak.

4.5. Statistical Analysis

All analyses were completed using the statistical software program SPSS version 23.
Data were presented as mean± SD for continuous variables and as number and percentage
for categorical counterparts. Differences between groups if normally distributed were
compared with Student’s t-test or chi-square, while for non-parametric variables, a Mann–
Whitney U test was used. p-values were two-tailed, and a cut-off of less than 0.05 was
considered statistically significant.

5. Conclusions

In patients with HCM and AFib, comparative to genotype-negative subjects, the
rs1805127 variant was linked to increased LA remodeling, while the occurrence of the
rs55742440 allele was accompanied by a smaller increase in LA size, suggesting that the
variation in ion channel genes may exert either a harmful or a protective effect.

Supplementary Materials: The supporting information can be downloaded at https://www.mdpi.
com/article/10.3390/ijms242417244/s1. References [55–78] are cited in the Supplementary Materials.

Author Contributions: Conceptualization, M.M.M.; methodology, N.-M.P.-F. and M.M.M.; formal
analysis, N.-M.P.-F., N.O., A.S.-U. and M.M.M.; data curation, M.M.M.; writing—original draft
preparation, N.-M.P.-F., N.O., A.S.-U. and M.M.M.; writing—review and editing, A.S.-U. and M.M.M.;
supervision, M.M.M. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki and approved by the Ethics Committee of Emergency Clinical Hospital,
Bucharest, Romania (approval number 2067, 26 February 2017).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The datasets used and analyzed during the current study are available
from the corresponding author upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/article/10.3390/ijms242417244/s1
https://www.mdpi.com/article/10.3390/ijms242417244/s1


Int. J. Mol. Sci. 2023, 24, 17244 11 of 14

References
1. Hindricks, G.; Potpara, T.; Dagres, N.; Bax, J.J.; Boriani, G.; Dan, G.A.; Fauchier, L.; Kalman, J.M.; Watkins, C.L.; Dilaveris, P.E.;

et al. 2020 ESC Guidelines for the diagnosis and management of atrial fibrillation developed in collaboration with the European
Association for Cardio-Thoracic Surgery (EACTS). Eur. Heart J. 2021, 42, 373–498. [CrossRef]

2. Elliott, A.D.; Middeldorp, M.E.; Van Gelder, I.C.; Albert, C.M.; Sanders, P. Epidemiology and modifiable risk factors for atrial
fibrillation. Nat. Rev. Cardiol. 2023, 20, 404–417. [CrossRef]

3. Lozano-Velasco, E.; Franco, D.; Aranega, A.; Daimi, H. Genetics and Epigenetics of Atrial Fibrillation. Int. J. Mol. Sci. 2020, 21,
5717. [CrossRef]

4. Roselli, C.; Rienstra, M.; Ellinor, P.T. Genetics of Atrial Fibrillation in 2020: GWAS, Genome Sequencing, Polygenic Risk, and
beyond. Circ. Res. 2020, 127, 21–33. [CrossRef]

5. Andersen, J.H.; Andreasen, L.; Olesen, M.S. Atrial fibrillation—A complex polygenetic disease. Eur. J. Hum. Genet. 2021, 29,
1051–1060. [CrossRef] [PubMed]

6. Assum, I.; Krause, J.; Scheinhardt, M.O.; Müller, C.; Hammer, E.; Börschel, C.S.; Völker, U.; Conradi, L.; Geelhoed, B.;
Zeller, T.; et al. Tissue-specific multi-omics analysis of atrial fibrillation. Nat. Commun. 2022, 13, 441. [CrossRef] [PubMed]

7. Feghaly, J.; Zakka, P.; London, B.; MacRae, C.A.; Refaat, M.M. Genetics of Atrial Fibrillation. J. Am. Heart Assoc. 2018, 7, e009884.
[CrossRef] [PubMed]

8. Okubo, Y.; Nakano, Y.; Ochi, H.; Onohara, Y.; Tokuyama, T.; Motoda, C.; Amioka, M.; Hironobe, N.; Okamura, S.; Ikeuchi, Y.; et al.
Predicting atrial fibrillation using a combination of genetic risk score and clinical risk factors. Heart Rhythm. 2020, 17, 699–705.
[CrossRef] [PubMed]

9. O’Sullivan, J.W.; Raghavan, S.; Marquez-Luna, C.; Luzum, J.A.; Damrauer, S.M.; Ashley, E.A.; O’Donnell, C.J.; Willer, C.J.;
Natarajan, P. Polygenic Risk Scores for Cardiovascular Disease: A Scientific Statement from the American Heart Association.
Circulation 2022, 146, e93–e118. [CrossRef] [PubMed]

10. Creemers, E.E.; Wilde, A.A.; Pinto, Y.M. Heart failure: Advances through genomics. Nat. Rev. Genet. 2011, 12, 357–362. [CrossRef]
11. Roka, A.; Burright, I. Remodeling in Persistent Atrial Fibrillation: Pathophysiology and Therapeutic Targets—A Systematic

Review. Physiologia 2023, 3, 43–72. [CrossRef]
12. Popa-Fotea, N.M.; Micheu, M.M.; Bataila, V.; Scafa-Udriste, A.; Dorobantu, L.; Scarlatescu, A.I.; Zamfir, D.; Stoian, M.; Onciul, S.;

Dorobantu, M. Exploring the continuum of hypertrophic cardiomyopathy—From DNA to clinical expression. Medicina 2019,
55, 299. [CrossRef] [PubMed]

13. Kirchhof, P.; Benussi, S.; Kotecha, D.; Ahlsson, A.; Atar, D.; Casadei, B.; Castella, M.; Diener, H.C.; Heidbuchel, H.;
Hendriks, J.; et al. 2016 ESC Guidelines for the management of atrial fibrillation developed in collaboration with EACTS. Europace
2016, 18, 2893–2962. [CrossRef] [PubMed]

14. Lee, S.-P.; Ashley, E.A.; Homburger, J.; Caleshu, C.; Green, E.M.; Jacoby, D.; Colan, S.D.; Arteaga-Fernández, E.; Day, S.M.;
Girolami, F.; et al. Incident Atrial Fibrillation Is Associated with MYH7 Sarcomeric Gene Variation in Hypertrophic Cardiomy-
opathy. Circ. Heart Fail. 2018, 11, e005191. [CrossRef] [PubMed]

15. Pioner, J.M.; Vitale, G.; Gentile, F.; Scellini, B.; Piroddi, N.; Cerbai, E.; Olivotto, I.; Tardiff, J.; Coppini, R.; Tesi, C.; et al. Genotype-
Driven Pathogenesis of Atrial Fibrillation in Hypertrophic Cardiomyopathy: The Case of Different TNNT2 Mutations. Front.
Physiol. 2022, 13, 864547. [CrossRef]

16. Macri, V.; Mahida, S.N.; Zhang, M.L.; Sinner, M.F.; Dolmatova, E.V.; Tucker, N.R.; McLellan, M.; Shea, M.A.; Milan, D.J.;
Lunetta, K.L.; et al. A novel trafficking-defective HCN4 mutation is associated with early-onset atrial fibrillation. Heart Rhythm.
2014, 11, 1055–1062. [CrossRef]

17. Olson, T.M.; Alekseev, A.E.; Liu, X.K.; Park, S.; Zingman, L.V.; Bienengraeber, M.; Sattiraju, S.; Ballew, J.D.; Jahangir, A.; Terzic, A.
Kv1.5 channelopathy due to KCNA5 loss-of-function mutation causes human atrial fibrillation. Hum. Mol. Genet. 2006, 15,
2185–2191. [CrossRef]

18. Olesen, M.S.; Refsgaard, L.; Holst, A.G.; Larsen, A.P.; Grubb, S.; Haunsø, S.; Svendsen, J.H.; Olesen, S.-P.; Schmitt, N.; Calloe, K. A
novel KCND3 gain-of-function mutation associated with early-onset of persistent lone atrial fibrillation. Cardiovasc. Res. 2013, 98,
488–495. [CrossRef]

19. Olesen, M.S.; Bentzen, B.H.; Nielsen, J.B.; Steffensen, A.B.; David, J.-P.; Jabbari, J.; Jensen, H.K.; Haunsø, S.; Svendsen, J.H.;
Schmitt, N. Mutations in the potassium channel subunit KCNE1 are associated with early-onset familial atrial fibrillation. BMC
Med. Genet. 2012, 13, 24. [CrossRef]

20. Nielsen, J.B.; Bentzen, B.H.; Olesen, M.S.; David, J.-P.; Olesen, S.-P.; Haunsø, S.; Svendsen, J.H.; Schmitt, N. Gain-of-function
mutations in potassium channel subunit KCNE2 associated with early-onset lone atrial fibrillation. Biomark. Med. 2014, 8, 557–570.
[CrossRef]

21. Lundby, A.; Ravn, L.S.; Svendsen, J.H.; Haunsø, S.; Olesen, S.-P.; Schmitt, N. KCNE3 Mutation V17M Identified in a Patient with
Lone Atrial Fibrillation. Cell. Physiol. Biochem. 2008, 21, 47–54. [CrossRef]

22. Sinner, M.F.; Pfeufer, A.; Akyol, M.; Beckmann, B.M.; Hinterseer, M.; Wacker, A.; Perz, S.; Sauter, W.; Illig, T.; Näbauer, M.; et al.
The non-synonymous coding IKr-channel variant KCNH2-K897T is associated with atrial fibrillation: Results from a systematic
candidate gene-based analysis of KCNH2 (HERG). Eur. Heart J. 2008, 29, 907–914. [CrossRef] [PubMed]

https://doi.org/10.1093/eurheartj/ehaa612
https://doi.org/10.1038/s41569-022-00820-8
https://doi.org/10.3390/ijms21165717
https://doi.org/10.1161/CIRCRESAHA.120.316575
https://doi.org/10.1038/s41431-020-00784-8
https://www.ncbi.nlm.nih.gov/pubmed/33279945
https://doi.org/10.1038/s41467-022-27953-1
https://www.ncbi.nlm.nih.gov/pubmed/35064145
https://doi.org/10.1161/JAHA.118.009884
https://www.ncbi.nlm.nih.gov/pubmed/30371258
https://doi.org/10.1016/j.hrthm.2020.01.006
https://www.ncbi.nlm.nih.gov/pubmed/31931171
https://doi.org/10.1161/CIR.0000000000001077
https://www.ncbi.nlm.nih.gov/pubmed/35862132
https://doi.org/10.1038/nrg2983
https://doi.org/10.3390/physiologia3010004
https://doi.org/10.3390/medicina55060299
https://www.ncbi.nlm.nih.gov/pubmed/31234582
https://doi.org/10.1093/europace/euw295
https://www.ncbi.nlm.nih.gov/pubmed/27567465
https://doi.org/10.1161/CIRCHEARTFAILURE.118.005191
https://www.ncbi.nlm.nih.gov/pubmed/30354366
https://doi.org/10.3389/fphys.2022.864547
https://doi.org/10.1016/j.hrthm.2014.03.002
https://doi.org/10.1093/hmg/ddl143
https://doi.org/10.1093/cvr/cvt028
https://doi.org/10.1186/1471-2350-13-24
https://doi.org/10.2217/bmm.13.137
https://doi.org/10.1159/000113746
https://doi.org/10.1093/eurheartj/ehm619
https://www.ncbi.nlm.nih.gov/pubmed/18222980


Int. J. Mol. Sci. 2023, 24, 17244 12 of 14

23. Deo, M.; Ruan, Y.; Pandit, S.V.; Shah, K.; Berenfeld, O.; Blaufox, A.; Cerrone, M.; Noujaim, S.F.; Denegri, M.; Jalife, J.; et al. KCNJ2
mutation in short QT syndrome 3 results in atrial fibrillation and ventricular proarrhythmia. Proc. Natl. Acad. Sci. USA 2013, 110,
4291–4296. [CrossRef]

24. Calloe, K.; Ravn, L.S.; Schmitt, N.; Sui, J.L.; Duno, M.; Haunso, S.; Grunnet, M.; Svendsen, J.H.; Olesen, S.-P. Characterizations of a
loss-of-function mutation in the Kir3.4 channel subunit. Biochem. Biophys. Res. Commun. 2007, 364, 889–895. [CrossRef] [PubMed]

25. Delaney, J.T.; Muhammad, R.; Blair, M.A.; Kor, K.; Fish, F.A.; Roden, D.M.; Darbar, D. A KCNJ8 mutation associated with early
repolarization and atrial fibrillation. Europace 2012, 14, 1428–1432. [CrossRef] [PubMed]

26. Steffensen, A.B.; Refsgaard, L.; Andersen, M.N.; Vallet, C.; Mujezinovic, A.; Haunsø, S.; Svendsen, J.H.; Olesen, S.-P.; Olesen, M.S.;
Schmitt, N. IKs Gain- and Loss-of-Function in Early-Onset Lone Atrial Fibrillation. J. Cardiovasc. Electrophysiol. 2015, 26, 715–723.
[CrossRef]

27. Watanabe, H.; Darbar, D.; Kaiser, D.W.; Jiramongkolchai, K.; Chopra, S.; Donahue, B.S.; Kannankeril, P.J.; Roden, D.M. Mutations
in Sodium Channel β1- and β2-Subunits Associated With Atrial Fibrillation. Circ. Arrhythmia Electrophysiol. 2009, 2, 268–275.
[CrossRef] [PubMed]

28. Olesen, M.S.; Jespersen, T.; Nielsen, J.B.; Liang, B.; Møller, D.V.; Hedley, P.; Christiansen, M.; Varró, A.; Olesen, S.-P.;
Haunsø, S.; et al. Mutations in sodium channel β-subunit SCN3B are associated with early-onset lone atrial fibrillation. Cardiovasc.
Res. 2011, 89, 786–793. [CrossRef]

29. Li, R.-G.; Wang, Q.; Xu, Y.-J.; Zhang, M.; Qu, X.-K.; Liu, X.; Fang, W.-Y.; Yang, Y.-Q. Mutations of the SCN4B-encoded sodium
channel β4 subunit in familial atrial fibrillation. Int. J. Mol. Med. 2013, 32, 144–150. [CrossRef]

30. Ziyadeh-Isleem, A.; Clatot, J.; Duchatelet, S.; Gandjbakhch, E.; Denjoy, I.; Hidden-Lucet, F.; Hatem, S.; Deschênes, I.; Coulombe, A.;
Neyroud, N.; et al. A truncating SCN5A mutation combined with genetic variability causes sick sinus syndrome and early atrial
fibrillation. Heart Rhythm. 2014, 11, 1015–1023. [CrossRef]

31. Gakenheimer-Smith, L.; Meyers, L.; Lundahl, D.; Menon, S.C.; Bunch, T.J.; Sawyer, B.L.; Tristani-Firouzi, M.; Etheridge, S.P.
Expanding the phenotype of CACNA1C mutation disorders. Mol. Genet. Genom. Med. 2021, 9, e1673. [CrossRef] [PubMed]

32. Templin, C.; Ghadri, J.-R.; Rougier, J.-S.; Baumer, A.; Kaplan, V.; Albesa, M.; Sticht, H.; Rauch, A.; Puleo, C.; Hu, D.; et al.
Identification of a novel loss-of-function calcium channel gene mutation in short QT syndrome (SQTS6). Eur. Heart J. 2011, 32,
1077–1088. [CrossRef] [PubMed]

33. Ling, T.-Y.; Wang, X.-L.; Chai, Q.; Lu, T.; Stulak, J.M.; Joyce, L.D.; Daly, R.C.; Greason, K.L.; Wu, L.-Q.; Shen, W.-K.; et al. Regulation
of cardiac CACNB2 by microRNA-499: Potential role in atrial fibrillation. BBA Clin. 2017, 7, 78–84. [CrossRef] [PubMed]

34. Zhang, J.; Wu, H.; Chen, Q.; Xie, X.; Zou, T.; Zhu, C.; Dong, Y.; Xiang, G.; Ye, L.; Li, Y.; et al. Calcium-Mediated Oscillation in
Membrane Potentials and Atrial-Triggered Activity in Atrial Cells of Casq2R33Q/R33Q Mutation Mice. Front. Physiol. 2018,
9, 392298. [CrossRef] [PubMed]

35. Beavers, D.L.; Wang, W.; Ather, S.; Voigt, N.; Garbino, A.; Dixit, S.S.; Landstrom, A.P.; Li, N.; Wang, Q.; Olivotto, I.; et al. Mutation
E169K in junctophilin-2 causes atrial fibrillation due to impaired RyR2 stabilization. J. Am. Coll. Cardiol. 2013, 62, 2010–2019.
[CrossRef]

36. Zhabyeyev, P.; Hiess, F.; Wang, R.; Liu, Y.; Wayne Chen, S.R.; Oudit, G.Y. S4153R is a gain-of-function mutation in the cardiac Ca2+

release channel ryanodine receptor associated with catecholaminergic polymorphic ventricular tachycardia and paroxysmal atrial
fibrillation. Can. J. Cardiol. 2013, 29, 993–996. [CrossRef]

37. Micheu, M.M.; Popa-Fotea, N.-M.; Oprescu, N.; Bogdan, S.; Dan, M.; Deaconu, A.; Dorobantu, L.; Gheorghe-Fronea, O.;
Greavu, M.; Iorgulescu, C.; et al. Yield of Rare Variants Detected by Targeted Next-Generation Sequencing in a Cohort of
Romanian Index Patients with Hypertrophic Cardiomyopathy. Diagnostics 2020, 10, 1061. [CrossRef]
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