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Abstract

Introduction: Clinical variability within families harbouring disease-causing genetic
variants hampers clinical care and risk stratification. We studied a multigenerational
family presenting with sinus bradycardia and long QT syndrome type 2 (LQTS2). The
family harboured a pathogenic variant in KCNH2, which co-segregated with the observed
LQTS2. We studied the genetic cause of the high occurrence of sinus bradycardia in this
family. Methods: Clinical data was collected, including heart rate, QT-interval, symptomes,
and echocardiographic parameters. QTc was calculated using the Bazett and the Fridericia
formula. Sanger sequencing of HCN4 was performed, followed by segregation analysis of
the identified variant with sinus bradycardia. The biophysiological consequences of two
variants, KCNH2-p.L69P (c.206T>C) and HCN4-p.R666W (c.1996C>T), were assessed by
patch-clamp experiments. Therefore, a heterologous model was generated by transfection
of HEK293A or CHO-k1 cells, respectively. Results: Sanger sequencing of HCN4 identified
HCN4-p.R666W (c.1996C>T), which has a stronger segregation with the observed sinus
bradycardia than KCNH2-p.L69P. Patch-clamp experiments revealed that KCNH2-p.L69P
and HCN4-p.R666W lead to a decrease in the corresponding current densities, which
explains the LQTS and sinus bradycardia observed in the patients. Carriers of both genetic
variants have a more severe LQTS2 phenotype, reflected in longer QT and higher incidence
of syncope. Conclusions: We identified two (likely) pathogenic variants, KCNH2-p.L69P
and HCN4-p.R666W, co-segregating with LQTS2 and sinus bradycardia, respectively.
Patients carrying both variants showed a more severe phenotype. These findings highlight
the importance of additional genetic testing when discordant features are present, thereby
enabling more accurate diagnosis, risk prediction, and management.
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1. Introduction

Long QT syndrome (LQTS) is a cardiac disorder characterized by prolongation of
the QT-interval on the electrocardiogram (ECG) and increased risk of sudden cardiac
death. QT-interval prolongation reflects delayed ventricular repolarization, which can
lead to Torsades de Pointes (TdP) arrhythmia [1] and ventricular fibrillation (VF). LQTS
affects approximately 1 in 2000 individuals [2] and can be inherited, typically due to
rare pathogenic variants in distinct ion channel genes (KCNQ1, KCNH2, SCN5A) [34].
LQTS type 2 (LQTS2) is caused by loss-of-function variants in KCNH2, which encodes
the pore-forming subunit of the rapid delayed rectifier K* channel (Ky11.1). This channel
carries the rapid delayed rectifier potassium current (Ik;), a key component of ventricular
repolarization [5]. Impaired Ik, due to pathogenic variants in KCNH2 delays the ventricular
action potential and predisposes to life-threatening arrhythmias such as TdP and VF [6].

Because the ion channels involved in LQTS are also expressed in the sinoatrial node,
LQTS-related pathogenic variants may also influence heart rate (HR) [7,8]. While sinus
bradycardia has been reported in some LQTS subtypes, its association with LQTS2 has been
limited to a few sporadic cases [9]. In contrast, rare pathogenic variants in HCN4, which
encode the main contributor to the pacemaker (funny) current (I¢), are a well-established
cause of sinus bradycardia [10-13].

HCN4 is activated at hyperpolarized voltages and plays a critical role in diastolic
depolarization of pacemaker cells [14]. I is primarily present in the sinoatrial node, but
also in the atrioventricular node, His bundle, and bundle branches [15]. Its function is
modulated by intracellular cAMP, and depends on the coordinated interaction between
the HCN domain, the voltage-sensing domain, and the cyclic nucleotide-binding domain
(CNBD) [16,17].

Autosomal dominant arrhythmia syndromes, e.g., catecholaminergic polymorphic
tachycardia (CPVT), Brugada syndrome, and LQTS, often exhibit reduced penetrance and
variable expressivity [18]. Accordingly, the clinical presentation of LQTS may vary widely
and be influenced by multiple factors, including electrolyte imbalance, drugs, sex, age, and
heart rate [1,19,20]. Lower heart rates may increase the likelihood of arrhythmic events in
LQTS2, and patients with coexisting bradycardia may have a more severe clinical pheno-
type [21]. In addition, genotype-phenotype correlations play a major role in determining
clinical manifestations and risk. For example, LQT1 is typically triggered by exercise or
emotional stress, LQT2 by sudden auditory stimuli, and LQT3 by rest or sleep. These
genotype-specific triggers, together with differences in QT dynamics and arrhythmic risk,
are important for individual risk stratification and therapeutic management [1].

In this study, we describe a large multigenerational family with variable severity of
LQTS2. Reassessment of the clinical data revealed the presence of an additional, distinct
phenotype, sinus bradycardia, in a subset of individuals, which made treatment with
beta-blockers particularly challenging. Although a pathogenic KCNH2 variant (p.L69P)
co-segregated with the LQTS2 phenotype, it did not explain the bradycardia. This obser-
vation prompted further genetic testing, which revealed an additional variant in HCN4
(p-R666W) that segregated with sinus bradycardia.

We describe the clinical and electrophysiological effects of these two variants, including
their cumulative impact on disease severity. Our study illustrates the importance of critical
evaluation of the concordance between the expected phenotype based on the found genetic
variant and the phenotype found in patients. When the clinical presentation deviates from
what is expected based on the known variant, further genetic testing can uncover additional
genetic variants with direct implications for diagnosis, prognosis, and management.
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2. Materials and Methods
2.1. Clinical Assessment

This study was approved by the Medical Ethics Review Committee of the Amsterdam
UMC and is in compliance with the 1975 Declaration of Helsinki. All medical data and
DNA samples were analyzed after receiving informed consent of the patients, according
to research protocols (VUmc_2020_4231 and W20_226 #20.260). All patients genetically
related to the index patient are included; no exclusion criteria were applied.

2.2. ECG Analysis

ECG tracings were enlarged to facilitate manual analysis. QT duration (lead II or V5)
was corrected for heart rate using Bazett’s formula (QTc = QT/+/RR) or Fridericia’s formula
(QTc = QT/RR"33), where RR is the interval (in seconds), measured from the onset of a QRS
complex to the onset of the following QRS complex. End of the T-wave was determined
using the tangent method, defined as the intersection of a tangent to the steepest slope of
the last limb of the T-wave and the isoelectric baseline (defined as the voltage at QRS onset).
U-waves were excluded, and biphasic T-waves were included.

2.3. Genetic Analysis KCNH2

The KCNH2-p.L69P (c.206T>C) variant was identified during clinical genetic testing at
Amsterdam UMC and is classified as pathogenic according to ACMG guidelines [22]. The
variant was initially detected in the index patient following next-generation sequencing
of a comprehensive LQTS gene panel. This was followed by cascade screening of family
members, who underwent genetic testing for the KCNH2-p.L69P variant after clinical and
genetic counselling.

2.4. Genetic Analysis HCN4

All HCN4 exons were sequenced in family member IV-14. In total, two variants were
identified: one synonymous variant (c.3600A>G, p.P1200=) and one missense variant
(c.1996C>T; p.R666W), located in exon 7. Based on ACMG guidelines, the p.R666W variant
was classified as likely pathogenic and potentially responsible for sinus bradycardia in
the family [22]. Segregation analysis of this variant was subsequently performed in the
family. Genotyping for the HCN4-p.R666W (c.1996C>T) variant was carried out using PCR
followed by Sanger Sequencing. Primer sequences are provided in the Supplementary
Table S1. Both forward and reverse strands were sequenced using the BDT sequencing kit,
and data were analyzed with CodonCode Aligner v6.0.

2.5. Calculation of eLOD Scores

We calculated estimated LOD scores (eLODs) according to the established framework
provided by the ClinGen Gene Curation working group, version 11 [23]. For the calculation,
affected patients were identified according to the following criteria: QT prolongation was
defined as a QTc of >450 ms in males and >460 ms in females, or a QTc of >420 ms in males
and >430 ms in females, combined with an abnormal T wave morphology. Bradycardia
was defined as a HR of <50 bpm. Detailed prescription of the calculations are available in
the Supplementary Materials.

2.6. Plasmid Acquisition and Cell Culture
2.6.1. KCNH2-p.L69P
The KCNH2-¢.206T>C (p.L69P) variant was introduced into a wild-type pCGI-KCNH2-

GFP-ires plasmid. Cell transfection with this plasmid results in the bicistronic expression
of the KCNH2 channel and the GFP reporter. The KCNH2-L69P-GFP-ires construct was
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created by mutagenesis using the Quickchange-XL-site-directed Mutagenesis Kit (Agilent,
Cat. #200517). Successful insertion of the variant was assessed by fragment sequencing. The
primers used for mutagenesis and sequencing are available in the Supplementary Table S2.

Human embryonic kidney (HEK-293A) cells were transfected with the wild-type
KCNH2-GFP-ires (WT) and / or KCNH2-L69P-GFP-ires (L69P) construct. Transfection with
the variant was performed to mimic a homozygous (L69P-Hm) or heterozygous (L69P-Hz)
expression. For heterozygous expression, the cells were transfected with WT- and L69P-
plasmid in a 1:1 ratio. For all transfections, a total of 2 ug plasmid was used. As a control,
cells were transfected with the empty GFP-IRES construct.

Transfection was performed in 6-well plates with a 70-80% cell confluency. The
Lipofectamine 2000 Transfection Reagent kit (ThermoFisher, Waltham, MA, USA) was used
according to the manufacturer’s guidelines.

2.6.2. HCN4-p.R666W

The sequence containing the c.1996C>T (p.R666W) variant was synthesized by Gen-
script (Piscataway, NJ, USA) and subcloned into the wild-type HCN4-GFP-ires plasmid
(WT). Correct insertion of the variant was confirmed by sequencing. Prior to transfection,
CHO-K1 cells were cultured to a 70-80% confluency, in a 6-wells plate. Cells were trans-
fected with a total of 2 pg DNA of the WT or HCN4-R666W-GFP-IRES (R666W) mutant
plasmid. Transfection was performed with the Lipofectamine 3000 transfection reagent
(ThermokFisher) according to manufacturer’s guidelines.

CHO-K1 cells were used since they can sustain the hyperpolarizing voltages applied
during the electrophysiological studies. These protocols have been optimized and pub-
lished before [11].

2.7. Electrophysiological Measurements

Electrophysiological measurements were performed 36—48 h post-transfection on cells
exhibiting green fluorescence. A small amount of cell suspension was placed in a cell
chamber on an inverted microscope (Nikon, Eclipse Ti and Diaphot (Amsterdam, The
Netherlands)) and cells were super fused with modified Tyrode solution (36 & 1 °C) con-
taining (mmol/L): 140 NaCl, 5.4 KCl, 1.8 CaCl,, 1.0 MgCl,, 5.5 glucose, and 5.0 HEPES;
pH 7.4 (adjusted with NaOH). KCNH2 and HCN4 currents were recorded using an Ax-
opatch 200B amplifier (Molecular Devices, Sunnyvale, CA, USA). Patch pipettes were pulled
from boroscilicate glass (TW100F-3, World Precision Instruments Germany Gmb, Friedberg,
Germany) using a custom-made pipette puller. Voltage control, data acquisition, and analy-
sis were realized with custom software [24]. Signals were low-pass filtered with a cutoff
of 2 kHz and digitized at 5 kHz. Cell membrane capacitance (Crn) was determined [24].
Cm and series resistance were compensated for >80%. Data was collected from at least
3 transfections. The output is corrected for liquid junction potential.

Electrophysiological properties of KCNH2 and HCN4 were measured using patch-
clamp, according to previously published methods which are described in the Supplemen-
tary Materials [11,25-27].

2.8. Statistics

All data are presented as mean + SEM. Statistical analysis was carried out with
Graphpad Prism v.10. Normality and equal variance assumptions were tested with the
D’agostino Pearson and the Levene median test, respectively. Significance between current
voltage (I-V) curves was tested using the two-way repeated measures (RM) ANOVA,
followed by the Bonferonni post hoc test. Other parameters were tested using the unpaired
t-test or, if normality and/or equal variance tests failed, the Mann-Whitney rank-sum test
was performed. p < 0.05 was considered statistically significant.
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3. Results
3.1. Clinical Analysis

This study describes a large multigenerational family with a clear LQTS2 phenotype,
in which several members were additionally found to have significant sinus bradycardia
upon further clinical evaluation. Among 14 adults who tested positive for the KCNH2-
p-L69P variant, 11 were diagnosed with LQTS2. One individual had a normal QTc, and two
family members declined clinical evaluation. In addition, four children (aged 4-10 years)
carried the KCNH2-p.L69P variant; one of them had a normal QTc, while the others showed
QTc prolongation. The KCNH2-p.L69P variant and LQTS2 co-segregated throughout the
family (Figure 1, Table S3).

Eight out of nine adults carrying the HCN4-p.R666W variant exhibited (borderline)
bradycardia. Two children (aged 4-10 years) also tested positive for the variant but had
normal heart rates. In total, seven adults and two children were double heterozygous
for both KCNH2-p.L69P and HCN4-p.R666W. Notably, the HCN4-p.R666W variant and
associated bradycardia segregated only among the direct relatives and descendants of the
index patient (III-10). There was a trend toward a higher incidence of syncope in individ-
uals carrying both variants compared to those with the KCNH2 variant alone (Figure 1,
Table S3).

Statistical analysis showed that adult carriers of both KCNH2 and HCN4 variants had
significantly longer QT intervals (uncorrected) and lower heart rates than carriers of the
KCNH?2 variant alone. In addition, the patients have a higher syncope incidence. The
patients carrying only the KCNH2 variant did not experience syncope. In contrast, four
out of nine patients carrying both the KCNH2 and HCN4 variants did experience syncope
(Figure 2A,B, Table 54). One patient (IV-16) received a pacemaker after recurrent syncope.

Although Bazett’s formula is most commonly used in clinical practice, multiple studies
suggest that Fridericia’s formula provides a more accurate QT correction in patients with
sinus bradycardia. To reflect both clinical practice and physiological accuracy, we report QTc
using both Bazett’s and Fridericia’s formulas (Figure 2C,D, Table S4). The difference in QTc
using Fridericia showed a tendency of longer QTc in double carriers (p = 0.07) (Figure 2D,
Table S4). The difference in QTc between double and single variant carriers was more
pronounced with Fridericia’s correction than Bazett’s, consistent with the known better
performance of Fridericia’s formula at lower heart rates. The use of Bazett’s correction in
this setting may lead to QTc underestimation.

Beyond sinus bradycardia, (likely)pathogenic HCN4 variants have been associated
with structural cardiac abnormalities. Echocardiography was performed in eight HCN4-
p-R666W carriers, none of whom showed overt structural changes.
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Figure 1. Pedigree and ECGs. (A) Pedigree, (B) ECG of patient carrying only KCNH2-p.L69P, (C) ECG of patient carrying only HCN4-p.R666W, (D) ECG of patient
carrying both KCNH2-p.L69P and HCN4-p.R666W, (E) ECG of healthy family member. “?” indicates a patient with unknown phenotype
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Figure 2. ECG parameters of adult family members. (A) QT in ms, (B) heart rate in beats per minute
(bpm), (C) QT corrected with Bazett’s formula, (D) QT corrected according to Fridericia’s method.
Statistics by t-test. Data are presented as mean + SEM.

3.2. Genetic Testing

The index patient (I1I-10) presented with QTc prolongation and sinus bradycardia. Ge-
netic evaluation using a comprehensive LQTS gene panel revealed a heterozygous KCNH2
variant at coding position 206 concerning a thymine to cysteine substitution (c.206T>C,
15199473665, MAF unknown) and resulting in a leucine to proline substitution at residue 69
(p.L69P). According to AMCG guidelines, this variant is classified as likely pathogenic [22].
Following the genetic diagnosis, family members were referred for clinical evaluation,
genetic counselling, and if desired, genetic testing for the KCNH2-p.L69P variant. In total,
26 family members were tested, of whom 18 were found to carry the variant. The KCNH2-
p-L69P variant co-segregated with LQTS phenotype (eLOD-score; 3.9). Although there was
a suggestive trend toward co-segregation with sinus bradycardia, the eLOD score did not
reach significance (eLOD-score;1.2).

Given the presence of sinus bradycardia in several family members and the limited
association with KCNH2, sequencing of HCN4, a gene strongly linked to sinus bradycardia,
was performed in the second son of the index patient (IV-14). This analysis identified a
heterozygous nucleotide substitution at coding position ¢.1996C>T, resulting in an arginine
to tryptophan change at residue 666 (p.R666W; rs199943122, MAF < 0.01). This residue
lies within the cyclic nucleotide-binding domain (CNBD) and is highly conserved across
species. Based on ACMG guidelines, the variant is classified as likely pathogenic [22]. A
total of 22 family members were tested for the HCN4-p.R666W variant, and 11 were found
to carry it. Although causality could not be conclusively established, the segregation with
sinus bradycardia was suggestive (eLOD score: 1.8). In total, nine family members were
double heterozygous for both KCNH2-p.L69P and HCN4-p.R666W.

3.3. Functional Studies KCNH2-p.L69P

Ixy was measured in HEK-293A cells transfected with wild-type KCNH2 (WT),
KCNH2-p.L69P mimicking a homozygous (L69P-Hm) or heterozygous (L69P-Hz) ex-
pression, or an empty vector leading to expression of only GFP (GFP). This enabled the
assessment of the biophysical properties of the KCNH2-encoded channels, including current
density, activation, deactivation, and inactivation.
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Figure 3A shows representative examples of the currents measured in the different
groups elicited by a two-step voltage clamp protocol (inset). Typical steady-state and tail
of Iy, were activated in WT and L69P-Hz, with a significantly lower current density in
L69P-Hz compared to WT cells (Figure 3B,C). For example, there was a 53% reduction in
steady-state current (WT: 144 & 32 pA/pF vs. L69P-Hz: 68 &= 11 pA /pF) after a depolarizing
step to —20 mV. Typical Ik, was virtually absent in L69P-Hm and GFP cells, suggesting
that no functional channels are generated. Furthermore, there were no significant changes
in V1, and k of activation, deactivation, or inactivation characteristics (Figure 3D-F). A
detailed description is available in the Supplementary Materials.
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Figure 3. Characteristics of WT and L69P KCNH2 currents. (A) Representative examples of currents
elicited by a two-step voltage clamp protocol (inset). P1 activated steady-state KCNH2 current in WT
and L69P-Hz but not in L69P-Hm and GFP. IN WT and L69P-Hz, the current magnitude progressively
increased and then decreased with voltage according to voltage-dependent inactivation. P2 elicited
KCNH2 tail currents in WT and L69P-Hz; their peak is due to fast recovery from inactivation
secondary to repolarization. The subsequent current decline is due to deactivation. (B,C) The
average current densities of steady-state (B) and tail (C) currents. (D) The voltage-dependency of
(in)activation in WT and L69P-Hz. The inset shows the 3-step protocol to determine the voltage
dependency of inactivation. Vj,, and k did not differ significantly between WT and L69P-Hz.
(E) Deactivation characteristics were determined using a two-step protocol. P1 activated steady-state
KCNH2 current. P2 served to elicit KCNH2 tail currents at various potentials. At the more positive
repolarizing voltages, KCNH2 currents showed inward rectification, and the current amplitude was
relatively constant. With repolarizing steps to more negative voltages, the KCNH2 currents recovered
from inactivation to reach a peak value around —40 mV. KCNH2 currents reversed in sign close to the
equilibrium potential of K*, EK. The deactivation current-voltage (I-V) relationship was determined
from the peak of the deactivating tail current during P2 and was not significantly different between
WT and L69P-Hz. (F) Average (de)activation time constant of WT and L69P-Hz. * WT vs. L69P-Hz
p < 0.05, # WT vs. L69P-Hm p < 0.05. Data are presented as mean + SEM.

Thus, this functional study shows that when homozygous expression is mimicked, the
mutation KCNH2-p.L69P leads to a complete loss of functional channels at the membrane.
Co-expression of the mutated channel with the wild-type channel, mimicking heterozygous
expression, leads to a significant reduction of Ik, current density compared to wild-type.

In summary, the p.L69P variant led to a reduction in Ix; current density without
markedly altering the I}, gating properties. This confirms that KCNH2-p.L69P is a loss-of-
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function variant, resulting in decreased Ix;. As a result, the expected delay in ventricular
repolarization is reflected as QTc prolongation on the ECG, consistent with the clinical
observations in carriers of this variant described in our study.

3.4. Functional Studies HCN4-p.R666W

HCN4 currents were measured in CHO-k1 cells transfected with wild-type HNC4 (WT)
or HCN4-p.R666W. This enabled the assessment of biophysical properties of the HCN4
channels, consisting of current density, activation, deactivation, and reversal potential.

Figure 4A shows representative examples of WT and R666W HCN4 currents activated
by hyperpolarizing voltage clamp steps (inset). Current density was significantly lower
in cells expressing the mutant compared to WT HCN4 (p = 0.005, RM-ANOVA). For
example, at —160 mV, current density of HCN4-R666W was —64 + 16 pA/pF compared
to HCN4-WT of —172 + 24 pA/pF (Figure 4B), a reduction of 63%. Furthermore, there
were no significant changes in V;,; and k of activation, reversal potential, and speed of
deactivation and inactivation (Figure 4C-E). A detailed description is available in the
Supplementary Materials.
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Figure 4. Characteristics of WT and R666W HCN4 currents. (A) Typical HCN4 currents upon
hyperpolarization voltage clamp steps (inset) in WT and R666W transfected cells. (B) The average
HCN4 current density in R666W was significantly smaller compared to WT. (C) The voltage depen-
dency of activation in WT and R666W was overlapping. Solid lines show the Boltzmann fit through
the average data. (D) Reversal potential and deactivation characteristics were determined using a
two-step protocol (inset). The first pulse activated the HCN4 current. The second pulse served to
elicit HCN4 tail currents at various potentials. The I-V relationship was determined from the peak of
the deactivating tail current during P2 and was not significantly different between normalized WT
and R666W. (E) Average (de)activation time constants of WT and R666W. The solid lines are fits to
the data according to T = 1/[A1l x exp(—=Vm/B1) + A2 x exp(Vm/B2)], where 7 is the time constant
of (de)activation, Vm is the membrane potential, and A1, A2, B, and B2 are fitting parameters [28].
Data are presented as mean + SEM.

In summary, the R666W variant led to a reduced HCN4 current density without
significantly altering gating properties. This indicates that HCN4-p.R666W is a loss-of-
function variant, resulting in decreased I;. The consequent slowing of action potential
generation in pacemaker cells may lead to reduced heart rates, consistent with the sinus
bradycardia observed in carriers of this variant in our study.
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4. Discussion

We here describe a family with double heterozygosity for likely pathogenic variants
in KCNH2 and HCN4, presenting with LQTS2 and sinus bradycardia. Carriers of both
variants had longer QT intervals and a higher risk of syncope than carriers of only KCNH2-
p-L69P. Patch-clamp analysis revealed reduced current densities of Iy, and If due to the
KCNH2-p.L69P and HCN4-p.R666W variants, respectively, with limited changes in gating
properties, which explains both the LQTS2 and sinus bradycardia observed in the patients.

4.1. Treatment

Patients with LQTS2 are commonly treated with 3-blockers, although their efficacy
varies between agents [29,30]. In this family, treatment required individual tailoring
due to the coexisting HCN4-p.R666W variant. In carriers with a low baseline heart rate,
[-blockers caused marked sinus bradycardia with symptoms such as dizziness, syncope,
and fatigue. The benefit of anti-adrenergic therapy in LQTS patients with sinus bradycardia
remains uncertain compared with the broader LQTS population. While 3-blockers are
highly effective in preventing cardiac events in LQTS1 [31], their protective effect appears
less consistent in LQTS2 and may depend on the specific agent used.

4.2. The Impact of Double Heterozygosity for HNC4-R666W and KCNH2-L69P

Pathogenic variants in HCN4 are linked to rhythm disorders and structural changes in
the heart. The clinical spectrum of HCN4 variants includes sinus bradycardia, sinus node
dysfunction with tachycardia-bradycardia syndrome, and ventricular arrhythmias [32-35].
More recently, multiple reports demonstrated a link between HCN4 variants and mor-
phological abnormalities, including left ventricular non-compaction and dilatation of the
ascending aorta [11,12]. Non-compaction cardiomyopathy has also been reported in a
family with LQTS2 [36]. However, in the family reported here, no structural abnormalities
were observed.

In this study it was not possible to compare carriers to non-carriers, due to the limited
data of non-carriers. Nonetheless, this study does present important data on single and
double carriers. The co-occurrence of the HCN4 and KCNH2 variant in patients has clinical
implications, as double carriers tended to have a more prolonged QTc and seemed to be
more symptomatic.

The more severe LQT2 phenotype in the double mutation carriers is likely related
to the lower heart rates in this group. Additionally, I; affects ventricular repolarization
slightly, with a longer action potential duration by decreased I; current [33]. Since HCN4 is
predominantly expressed in the cardiac conduction system, the effect of a reduction in I
current density on ventricular repolarization, and thus QTc, might be limited. However,
it may be more pronounced in KCNH2 variant carriers due to the reduced repolarization
reserve [37].

QTc duration prolongation is a well-recognized risk factor for the occurrence of cardiac
events in patients with LQTS [38,39]. Risk of cardiac events increases with increasing QTc
duration [38]. Genotype-positive LQTS patients with higher QTc values have a higher risk
of cardiac events compared to those with QTc intervals within the normal range [40]. This
relation is especially remarkable in patients with LQTS2 [40]. Therefore, a more stringent
clinical follow-up of double carriers (in KCNH2 and HCN4) is warranted. In patients
with LQTS2 and concomitant sinus bradycardia, management and follow-up should be
individualized, as bradycardia-related symptoms may overlap with those of ventricular
tachyarrhythmias, complicating clinical assessment. Closer surveillance, including frequent
ambulatory ECG monitoring, is essential to a timely initiate or adjust 3-blocker therapy
and to evaluate the need for pacemaker implantation. In addition, the identification of
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two likely pathogenic variants within one family warrants accurate genetic counselling
and cascade testing, as well as tailored cardiological screening recommendations, such as
regular Holter monitoring to detect brady and/or tachyarrhythmias and exercise testing to
assess chronotropic competence.

4.3. Previous Report of KCNH2-L69P and Other Variants in the PAS-Domain

Functional studies on the KCNH2-p.L69P variant have been previously described by
Jenewein et al. [41]. Our results are in line with those in this previous report. However,
Jenewein et al. did not present data on cells transfected with the mutated and WT channel
in a 1:1 ratio to reflect the heterozygous state that occurs in patients. We chose to also reflect
this in our experiments by transfecting the mutated and WT channel in a 1:1 ratio and
showed a significant loss-of-function in a model mimicking heterozygous expression.

The KCNH2-p.L69P variant is located in the PAS domain of the channel. Variants in
this domain often result in trafficking defects, thereby causing reduced currents. This is
established by an impaired thermostability of the PAS-domain and its interaction with other
channel domains [42]. A recent study performed a high throughput assay for trafficking
defects. This showed that the L69P variant results in a complete loss of trafficking [43]).
In addition, automated patch-clamp studies confirmed that the variant causes a loss-of-
function. However, the effect size observed for the heterozygous expression model in this
study was larger than that observed by us [43].

The KCNH2-p.L69P variant has only been previously described in one patient, namely
a 35-year-old woman who presented with dizziness and syncope. The ECG showed a
QTc of 478 ms, as well as TdP. Unfortunately, information about other family members is
lacking, thereby limiting the evidence for causality of the variant.

Reports of other variants in the PAS domain show a wide range of clinical presenta-
tions, from mild QTc prolongation with occasional syncope to markedly prolonged QTc and
multiple cases of sudden cardiac death within a single family. The underlying pathogenic
variants in KCNH2 either impair channel trafficking (reducing current density) or alter
channel kinetics [44-46].

4.4. Previous Reports of Variants in HCN4 CNBD-Domain

The HCN4-p.R666W variant has not been assessed before. Based on carriers having
mild bradycardia and an incomplete penetrance of the phenotype, we predict the variant
to not be dominant negative. Therefore, we performed the patch-clamp measurements on
cells only expressing mutant or wild-type channel. With this method, we do collect the
data required to conclude on the variants’ pathogenicity.

Another amino acid change affecting the same codon has been described, namely
p-R666Q [47]. This variant led to a reduction in current density and channel conduc-
tance. Furthermore, the variant was not found to affect the cAMP sensitivity. Follow-up
experiments showed that the variant leads to increased degradation of the channel [47].

Other pathogenic variants in HCN4 have been reviewed before [13,48]. Some of
these studies have assessed the cAMP sensitivity of channels with variants in the CNBD
(p-L573X, p.E695X, p.S672R), resulting in contradicting outcomes due to differences in
applied models [32,49,50]. One study also performed in vivo experiments. The p.L573X
variant results in a truncated c-terminus and a deletion of the CNBD. Patch-clamp exper-
iments on transfected COS-7 cells showed an insensitivity of the channel to cAMP [34].
The complementary mice exhibited a reduced heart rate, but the capability of heart rate
adaptation was preserved [51,52].

Despite possible differences in disease mechanism, the p.L573X, p.E695X, and p.S5672R
variants are all linked to sinus bradycardia [32,34,49]. This is in line with the association
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we found between the HCN4-p.R666W variant and sinus bradycardia in our family. In ad-
dition to reports of sinus bradycardia, there have been reports of cardiac structural changes
reported in several families with other variants in HCN4, including non-compaction car-
diomyopathy, mitral valve prolapse (myxoid), and aortic dilatation [11,12,53]. Eight carriers
of HCN4-p.R666W within our family had an echocardiography; structural changes were
not observed in these patients.

4.5. Limitations and Future Perspectives

In our study we functionally assessed the effects of KCNH2-p.L69P and HCN4-
p-R666W. Hereby, we could determine their effect on the Ix, and I, respectively. While
this enabled us to determine their pathogenicity, these experimental models are not fit to
assess the effect of combined expression of KCNH2-p.L69P and HCN4-p.R666W on cellular
electrophysiology. However, our results could be used in follow-up experiments, such as in
silico modelling, to predict the effect of KCNH2-p.L69P and HCN4-p.R666W co-expression
on the action potential.

4.6. Conclusions

We presented a family with double heterozygosity for KCNH2-p.L69P and HCN4-
p-R666W, leading to LQTS2 and bradycardia, respectively. The coexistence of these two
genetic variants contributes significantly to the observed clinical variability. Our data
indicate that patients carrying both variants have a more severe LQTS2 phenotype. The
presence of the HCN4 variant and associated sinus bradycardia should be carefully consid-
ered when selecting appropriate therapy. This highlights the importance of comprehensive
phenotyping and coordinated clinical genetic testing within families. Functional studies of
both variants support their pathogenic role.
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