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Aims We investigated the role of Lgi3-4 proteins in cardiac electrophysiology, with a specific focus on IKur, and their poten
tial contribution to the pathophysiology of atrial fibrillation (AF).

Methods 
and results

In human atrial tissue and heterologous cells, Lgi3 and Lgi4 interacted with KV1.5 channels. In a mouse model of 
AAV9-mediated cardiac-specific Lgi4 expression, sinoatrial and atrioventricular conduction were impaired, resulting 
in a prolonged QRS interval. Action potential repolarisation was delayed in atrial and ventricular cardiomyocytes from 
Lgi4 mice. In HEK293 cells, Lgi3-4 impaired KV1.5/KVβ association, partially reversing the KVβ-induced inactivation 
and reducing IKur amplitude. These results correlated with the reduced KV1.5 membrane expression and IKur density 
observed in Lgi4 cardiomyocytes and HEK293 cells. Notably, Lgi4 protein expression was lower in atrial tissue from 
patients with AF than in sinus rhythm patients. The reduced Lgi4 protein levels in AF were also associated with an 
altered colocalisation with KV1.5 channels, suggesting potential disruption in their functional interactions.

Conclusion We conclude that Lgi3-4 proteins are new components of the cardiac KV1.5 channelosome. They modulate IKur by 
interfering with the KV1.5-KVβ interaction. Significantly, Lgi4 is dysregulated differently in paroxysmal vs. permanent 
AF. The results identify Lgi3-4 proteins as novel regulators of the KV1.5 channelosome, opening new pathways for 
investigating the role of IKur dysfunction in the mechanism of atrial fibrillation.
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1. Introduction
Atrial fibrillation (AF) is the most common sustained arrhythmia and 
a leading cause of stroke.1–3 KV1.5 channels, coded by KCNA5, 
generate the ultrarapid outward potassium current (IKur), an atrial- 
selective K+ current crucial for the initial phase of human atrial 
repolarisation.3–5 IKur is altered in AF patients and is a potential 
therapeutic target due to its atrial selectivity. Both gain- and 
loss-of-function mutations in KCNA5 have been associated with 
AF susceptibility.6,7 Furthermore, KV1.5 expression is reduced in 
the atria of AF patients compared with those in sinus rhythm 
(SR).5,8,9 Anti-arrhythmic drugs are the first treatment option, but 
their effects are suboptimal, lacking sufficient efficacy and safety 
due to cardiac and extracardiac side effects.3,10,11 Even though sev
eral promising selective KV1.5 blockers have been developed in the 
last few years, no clinical trials have demonstrated a reduction of 
AF burden by KV1.5 inhibition. Therefore, whether the IKur block 
is effective in the pharmacological AF conversion to SR, or in 
reducing AF burden, remains unanswered. Thus, new therapeutic 
approaches are urgently needed and may be developed, for 
example, by deciphering the molecular basis of IKur and its regula
tion in AF.

In human cardiomyocytes, KV1.5 channels assemble and form 
macromolecular complexes (channelosomes) with several KVβ 

subunits (KVβ1.2, KVβ1.3 and KVβ2.1) that induce: 1) fast and partial 
N-type IKur inactivation (only in the case of KVβ1.x); 2) a greater de
gree of C-type inactivation, 3) slower deactivation, and 4) a nega
tive shift of the activation curve.12–14 Also, unlike heterologous 
systems,15 in mouse ventricular cardiomyocytes,16 KVβ2.1 acts 
as a chaperone for KV1.5, increasing IKur. However, the exact 
composition of these channelosomes remains undeciphered. 
Numerous interactors have been described recently, such as the 
membrane-associated guanylate kinase (MAGUK) family (i.e. 
SAP97),17,18 KChIP219 or four-and-a-half Lim protein (FHL-1).20

Changes in the myocardial ion channels or their interactors may 
produce dramatic alterations in action potential waveforms, syn
chronisation, propagation and rhythmicity, thereby predisposing 
the heart to life-threatening arrhythmias.3,21

The Lgi protein family includes four members (Lgi1-4) encoded 
by four genes (LGI1-4). These proteins consist of a leucine-rich re
peat (LRR) domain in the N-terminal and an epilepsy-associated or 
epitempin (EPTP) domain in the C-terminal.22,23 Recent studies de
monstrated that Lgis have complementary roles in different parts of 
the nervous system and cannot be replaced by another member of 
the Lgi family.24,25 Lgi1-4 proteins play critical regulatory functions 
by interacting with different members of the ADAM (A Disintegrin 
And Metalloproteinase) family, ADAM23, ADAM22 and 
ADAM11.26 Lgi1 modulates synaptic transmission as the 
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extracellular binding partner of ADAM22/23. Also, Lgi1 assembles 
with KV1.1, KVβ1 and KV1.4 in neurons, selectively removing the 
N-type inactivation induced by the KVβ1 subunit,27 and modulates 
the trafficking of KV1.1, KV1.2 and KV4.2 channels, tuning the ac
tion potential firing.(28–30) Numerous mutations and deletions in 
the LGI1 gene have been linked to autosomal dominant lateral tem
poral (lobe) epilepsy (ADLTE).22,28,30–33 Additionally, antibodies 
against Lgi1 have been associated with autoimmune encephal
itis,28,34–36 which can produce bradyarrhythmia even though Lgi1 
is not expressed in cardiomyocytes.37 Lgi3 modulates the KV1 
channel complex localisation at the juxtaparanodes (JXP) in myelin
ated axons in the central nervous system (CNS). This effect is 
mediated by ADAM23.24,38 A cohort of patients carrying mutations 
in Lgi3 that display facial myokymia and developmental delay has 
been recently described.38 Lgi4 is a vital regulator of myelination 
in the peripheral nervous system via its interaction with 
ADAM22, and its dysfunction results in peripheral hypomyelina
tion.25,39–42 Mutations in Lgi4 have been linked to arthrogryposis 
multiplex congenita, with a very early mortality rate.42,43

However, the role of these proteins in the heart remains 
undeciphered.

Here, we explored the role of Lgi3-4 proteins in cardiac electro
physiology, specifically looking at their impact on IKur and how they 
might contribute to AF development. Using three different bio
logical systems and a multidisciplinary approach, we demonstrate 
for the first time that Lgi3-4 proteins are new components of the 
KV1.5 channelosome. We discovered that Lgi3-4 modulate IKur by 
interfering with the interaction between KV1.5 and the KVβ subu
nits. Additionally, we found strong evidence that Lgi4 is dysregu
lated differently in paroxysmal vs. permanent AF, shedding new 
light on the mechanisms underlying this most common type of car
diac arrhythmia.

2. Methods
2.1 Sex as a biological variable
Human cardiac samples from patients in SR, paroxysmal (PX) and 
permanent (PM) AF were included from both sexes, but we did 
not include sex as a variable in the analysis because we could not 
assure an equal distribution due to the small number of samples 
in each group. Regarding mouse models, our study examined 
male mice because male animals exhibited less variability in 
phenotype.

2.2 Human samples
The Cardiac Surgery Service of the Health Research Institute of La 
Paz University Hospital (IdiPAZ) and Puerta de Hierro University 
Hospital provided human right atrial appendages. Ventricular tissue 
was kindly provided by the Departamento de Anatomía, Histología 
y Neurociencias of the Universidad Autónoma de Madrid (UAM).

2.3 Mice
C57BL/6J mice (5–6-weeks-old) were obtained from Charles River 
Laboratories. Mice were reared and housed following CNIC institu
tional guidelines and regulations. The mice had free access to food 
and water.

2.4 Adeno-associated virus vector production, 
purification, and mouse model generation
AAV vectors were generated encoding Lgi4 (NM_139284.3), fol
lowed by tdTomato reporter, or only tdTomato for the Control, un
der the control of the cardiomyocyte-specific cTnT (cardiac 
troponin T) proximal promoter. Vectors were packaged into AAV 
serotype 9 and produced by the triple-transfection method, using 

HEK293T cells as described previously.44,45 Mice were anaesthe
tized with ketamine (60 mg/kg) and xylazine (20 mg/kg) with a sin
gle administration via the intraperitoneal route. Thereafter, 3.5 ×  
1010 virus particles were inoculated through the femoral vein in a 
final volume of 50 μL as previously described.46 All experiments 
were performed 8 to 10 weeks after infection.

2.5 Cardiomyocyte isolation
Mouse atrial and ventricular cardiomyocytes (CMs) were isolated as 
previously described.47 Mice were euthanized in a CO2 chamber.

2.6 Cell culture
All cell lines were obtained from the American Type Culture 
Collection (Rockville, MD, USA). They were grown in their corre
sponding supplemented medium at 37°C in a 5% CO2 humidified 
atmosphere.

2.7 Patch clamp
The whole-cell patch-clamp technique, internal and external solu
tions, ion currents, action potential acquisition, and data analysis 
were similar to those previously described for cell lines14,48 and 
mouse cardiomyocytes.47,49

2.8 Protein extraction, immunoprecipitation 
and immunoblotting
HEK293 cells were homogenized with Lysis Buffer 1. Human 
atria tissue was mechanically homogenized with a Polytron 
(ULTRA-TURRAX® T10 Basic Disperser, IKA® Works) with Lysis 
Buffer 2. Protein content was determined by using a BCA Pierce 
Kit. We used Protein A or G Sepharose® beads incubated with 
the corresponding antibodies for coimmunoprecipitation assays. 
Protein extracts were separated by SDS-PAGE (8% acrylamide/bi
sacrylamide) gels, transferred to 0.45 μm PVDF membranes and in
cubated with different antibodies (See Supplementary material).

2.9 Immunofluorescence
Different immunofluorescence protocols were used in COS-7 
cells,14 cardiomyocytes47 and human atria slices, as detailed in 
the Supplementary material.

2.10 Surface ECG recordings
Mice were anaesthetized using isoflurane inhalation (0.8%–1.0% 
volume in oxygen) and maintained at 37°C on a heating plate. 
Four-lead surface ECGs were recorded for 5 min using subcutane
ous limb electrodes connected to an MP36R amplifier (BIOPAC 
Systems). Data acquisition and analysis were performed using the 
AcqKnowledge software.

2.11 In vivo intracardiac recording and 
stimulation
Mice were anesthetized with a single administration of ketamine 
(60 mg/kg) and xylazine (20 mg/kg) via the intraperitoneal route. 
An octopolar catheter (Science) was inserted through the jugular 
vein and advanced into the right atrium and right ventricle as pre
viously described.50 Atrial and ventricular arrhythmia inducibility 
was assessed by applying consecutive S1 and S2 pulse trains at 
10 and 25 Hz, respectively.

2.12 Statistical analyses
Data are expressed as mean ± SEM of n experiments, where N re
presents the number of patients or animals, and n represents the 
number of individual cells, IF images, or cell lysates. Comparisons 
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were performed between different experimental groups by an un
paired two-tailed Student’s t-test or using multiple comparison 
Mann–Whitney’s test. When more than two experimental groups 
were compared, one-way or two-way ANOVA with Tukey’s or 
Šídák’s multiple comparison test, respectively, were used. 
Contingency analysis was performed with a chi-square test. 
Differences were considered significant when P < 0.05.

2.13 Study approval and ethics statement
The investigation conforms to the World Medical Association 
Declaration of Helsinki principles of medical research involving hu
man subjects. All human samples were obtained with the appropri
ate informed consent, and their use was approved by the Ethics 
Committee of the La Paz University Hospital (PI-2550). Approval 
was also obtained from the Ethics Committee of the Puerta de 
Hierro University Hospital (PI-158-22), the Ethics Committee in 
Human and Animal Experimentation CEEHA and the Biosecurity 
Committee of the CSIC (PI-2550 and 046/2023). All procedures 
were done under the 1527/2010 (15 November 2010) and the 
1716/2011 (18 November 2011) Royal Decrees, as well as the 9/ 
2014 (4 July 2014) Royal Decree-Law. All animal procedures con
formed to Directive 2010/63/EU guidelines of the European 
Parliament on the protection of animals used for scientific purposes 
and to Recommendation 2007/526/EC, enforced in Spanish law 
under Real Decreto 53/2013. Animal protocols followed the 
Spanish National Center for Cardiovascular Research (CNIC) 
Institutional Ethics Committee recommendations and were ap
proved by the Animal Experimentation Committee (Scientific 
Procedures) of Comunidad de Madrid (PROEX 111.4/20 and 
PROEX 226.5/23).

2.14 Data availability
The data that support the findings of this study are available from 
the corresponding author upon reasonable request.

3. Results
3.1 Lgi protein expression and co-localisation 
with KV1.5 channels in the human heart
To determine the expression pattern of Lgi proteins in human myo
cardium, we performed immunofluorescence analysis in samples 
from the right atrium and right ventricle. Only Lgi3 and Lgi4 were 
expressed in human atrial and ventricular cardiomyocytes; Lgi1 
and Lgi2 were nearly absent (Figure 1A). Positive controls of 
Lgi1-4 antibodies in brain slices demonstrated that the absence 
of Lgi1-2 in cardiac samples was not due to a lack of antibody 
efficiency (see Supplementary material online, Figure S1). Double 
staining of Lgi3-4 and KV1.5 revealed the colocalisation of Lgi3 
(upper panels) and Lgi4 (lower panels) with KV1.5 in the human at
rium (Figure 1B) and COS-7 cells (Figure 1C) with Pearson’s 
correlation coefficients (PCC) of about 0.5 and 0.8, respectively. 
For this analysis, the cardiomyocytes were selected within a region 
of interest. Lgi3-4 were expressed mainly in the endoplasmic 
reticulum (ER) and plasma membrane (Figure 1C, Supplementary 
material online, Figure S2), as previously reported.39

Coimmunoprecipitation studies confirmed the interaction between 
Lgi3-4 and KV1.5 (Figure 1D).

3.2 Cardiac-specific Lgi4 mice have abnormal 
ECGs and cardiac conduction
We investigated the in vivo contribution of Lgi proteins to cardiac 
electrical function. We first analysed the expression pattern of Lgi3 
and Lgi4 in mouse atrial and ventricular tissues (see Supplementary 

material online, Figure S3A) and isolated ventricular CMs (see 
Supplementary material online, Figure S3B). Lgi3, but not Lgi4, 
was detected and widely distributed in both atria and ventricles. 
To study the modulation of IKur by Lgi4 in a physiological context, 
we used adeno-associated virus (AAV) technology46 to generate 
a mouse model with cardiac-specific expression of Lgi4 under 
the control of the cTnT promoter (see Supplemental Methods 
for details). We demonstrated Lgi4 expression in Lgi4-transduced 
CMs (Figure 2A). Cardiac Lgi3 expression was unaltered in the 
Lgi4-expressing mice (see Supplementary material online, 
Figure S4).

We first investigated the effects of cardiac-specific Lgi4 expression 
on surface-ECG lead II parameters (Figure 2B). Lgi4 expression did not 
modify the P wave, PR, and QTc intervals. However, the QRS interval 
was significantly longer in Lgi4 than in control mice (Figure 2C). In add
ition, RR variability was increased in the Lgi4 model, as shown by the 
increased RR standard deviation (SDRR) (Figure 2D), without changing 
the mean RR interval duration (Figure 2C).

To determine whether cardiac Lgi4 expression is arrhythmo
genic in anesthetized mice, we used transvenous intracardiac pro
grammed electrical stimulation (PES) in Lgi4 and control mice 
(Figure 2E). No atrial or ventricular arrhythmias were detected in 
either group. However, the PR interval was progressively pro
longed after atrial and ventricular PES in Lgi4 compared with con
trol mice (Figure 2F), which may indicate that atrioventricular (AV) 
node or Purkinje fiber conduction was altered. In addition, the si
nus node recovery time (SNRT) after high-frequency PES stimula
tion of the atria was prolonged in Lgi4 mice compared to control 
mice (Figure 2G), revealing an alteration in sinoatrial conduction or 
prolongation of the atrial refractory period. Additionally, in con
trast to the control, ventricular PES led to AV prolongation and 
block in Lgi4 mice (Figure 2H), again suggesting that Lgi4 affects 
AV or Purkinje fiber conduction. These results, together 
with the substantially increased RR variability, indicate that car
diac expression of Lgi4 is detrimental to the cardiac conduction 
system.

3.3 Lgi4 modulates action potential properties 
in mouse cardiomyocytes
We next studied the effects of Lgi4 on action potential (AP) de
polarisation and repolarisation in CMs from the atria and the ven
tricles.51 As shown in Figure 3, Lgi4 expression did not modify the 
resting membrane potential (RMP), AP amplitude and maximal up
stroke velocity (dV/dtmax) in atrial (Figure 3B) and ventricular 
(Figure 3C) CMs. Conversely, the plateau potential, measured as 
the shifting point during repolarisation, was more depolarized in 
Lgi4-expressing CMs, especially in the atria (Figure 3B). 
Additionally, APD (measured at 20 to 90% repolarisation) was sig
nificantly more prolonged in Lgi4 than in control atrial CMs 
(Figure 3B). In contrast, it was only mildly prolonged in ventricular 
CMs (from 20 to 70% repolarisation), consistent with a slower early 
repolarisation. However, APD90, which accounts for the total dur
ation of repolarisation, was not modified in ventricular CMs 
(Figure 3C). Changes in the AP waveform in Lgi4-transduced CMs 
can have different functional consequences.52 As illustrated by 
the representative recordings in Figure 3D, unlike control (top), dur
ing the application of a train of pulses at 5 Hz, Lgi4 CMs showed 
progressive APD prolongation, the effect being greater in atrial 
than ventricular CMs (Figure 3E). In addition, as shown by the lower 
panels of Figure 3D and F, during the 5-Hz train, some Lgi4 CMs ex
hibited excessive APD prolongation and early afterdepolarisations 
(EADs) that interfered with the stimulation. In Figure 3F, the per
centage of control and Lgi4 CMs exhibiting excessive APD pro
longation plus EADs increased substantially when stimulated at 
10 Hz compared to 5 Hz. In Figure 3G, the first pulse with such fea
tures occurred earlier in Lgi4 than in control CMs. The APD was 
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Figure 1 Lgi3-4 are expressed in human myocardium and interact with KV1.5. A) Confocal images of the immunodetection of Lgi1-4 in human 
atrium and ventricle slices obtained from healthy patients. Right graph: quantification of the Lgis expression in atrium (A) and ventricle (V). The 
intensity mean was measured as the integrated density. Values represent mean ± SEM of N = 2–3 donors, n = 9. Scale bar: 25 µm. 
B) Representative confocal images of the immunodetection of KV1.5 along with Lgi3 (upper panels) and Lgi4 (lower panels) in human atrium 
from patients in SR (N = 4–5, n = 20–25). Pearson’s correlation coefficient (PCC) between either Lgi3-4 and KV1.5 is shown in the right graph. 
Values represent mean ± SEM. Scale bar: 20 µm. C ) Representative confocal images of COS7 cells cotransfected with KV1.5 and Lgi3 (upper 
panels) or Lgi4 (lower panels), with the PCC shown in the right bar graph. Data represent mean ± SEM of n = 22–23. Scale bar: 20 µm. 
D) Coimmunoprecipitation of KV1.5 with Lgi3 (left) or Lgi4 (right) coexpressed in HEK293 cells, using the anti-KV1.5 antibody (IP: KV1.5) 
and immunoblotting (IB) KV1.5 and FLAG (Lgi3-4) (n = 3). SM, Starting Material; IP, Immunoprecipitated; Sn, Supernatant; IB, 
Immunoblotting. In all experimental conditions, at least three independent experiments were performed. Note that the lanes were run on 
the same gel but were noncontiguous.
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Figure 2 Lgi4 mice have abnormal ECGs and cardiac conduction. A) Representative examples of the immunodetection of Lgi4 in permeabilized 
mice ventricular CMs infected with Control (upper panels) or with Lgi4 expressing (lower panels) AAV9 (N = 3, n = 30). The corresponding bright 
field images are shown next to each immunostaining. Scale bar: 20 µm. B) Representative ECG traces of Control (black) and Lgi4 (blue) mice. 
C ) P wave, RR, PR, QRS and QTc intervals in control (black) and Lgi4 (blue) mice. Note that the QRS is prolonged in the ECG from Lgi4 mice. 
Scale bar: 40 ms. D) Beat-to-beat variability is represented as the standard deviation of the RR (SDRR). Data are represented as mean ± SEM of 
N = 7 (Non-paired t-test ***P < 0.001). E) Original lead-II ECG recordings during and after atrial (A) and ventricular (V) PES in Control (above) and 
Lgi4 (below) mice. The Sinus node recovery time (SNRT) is shown in re,d and AV blocks are indicated with arrows. Scale bar: 200 ms. F ) PR 
duration after atrial (left) and ventricular (right) stimulation in Control (black) and Lgi4 (blue) mice. G) SNRT after atrial (A) and ventricular 
(V) stimulation in Control (black) and Lgi4 (blue) mice. Each point represents the mean of approximately 10 PES in each mouse. 
H ) Percentage of atrial-ventricular block following ventricular PES in Control (Black) and Lgi4 (blue) mice. Data are represented as mean ±  
SEM (N = 5–7). Non-paired t-test *P < 0.05, ***P < 0.001.
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progressively more prolonged as stimulation frequencies increased 
from 1 to 10 Hz in atrial and ventricular CMs are shown in 
Supplementary material online, Figure S5

3.4 Lgi4 reduces IKur and KV1.5 membrane 
expression in ventricular CMs
We hypothesized that the prolonged repolarisation in Lgi4 CMs is 
due to a decrease in IKur. Thus, we measured the repolarising K+ 

currents in our AAV-mediated mouse models. Voltage-clamp ex
periments showed a significant IKur reduction in Lgi4 compared to 
control CMs (Figure 4A), IKur being more dramatically reduced in at
rial than ventricular CMs (Figure 4B). Ito, generated after the activa
tion of KV4.3/KV4.2,53 was not modified in Lgi4 CMs. To study a 
possible differential Lgi4 modulation on each KV4 channel subtype, 
we transfected CHO-K1 cells with KV4.3/Lgi3-4 or KV4.2/Lgi3-4 
(see Supplementary material online, Figure S6A–D). The experi
ments revealed that Lgi3-4 increased the current amplitude of 
KV4.3 channels, but not KV4.2 channels, without altering their volt
age dependence. In additional experiments, both Lgi3 and Lgi4 co
localized with KV4.3 with a PCC ∼0.4 in human atrium (see 
Supplementary material online, Figure S6E) and PCC ∼ 0.6 in 
COS-7 cells (see Supplementary material online, Figure S6F). Next, 
we showed that Lgi4 failed to modify KV4.3 expression and cellular 
distribution (see Supplementary material online, Figure S7A), des
pite their colocalisation with KV4.3 (see Supplementary material 
online, Figure S7B and C). Iss, generated by the activation of 
KV2.1, and the inward current, mainly driven by Kir2.1 activation, 
were not modified in Lgi4 compared to control CMs (Figure 4C 
and D). Immunofluorescence assays demonstrated reduced sarco
lemmal KV1.5 expression in non-permeabilized Lgi4 CMs 
(Figure 4E), which explains the reduction of IKur. While Lgi4 did 
not modify total KV1.5 expression, it did shift its cellular distribution 
from the plasmalemma to intracellular compartments (see 
Supplementary material online, Figure S8).

Previous reports demonstrated that adrenergic stimulation mod
ulates IKur in human atria.54–57 Therefore, we compared the effects 
of isoprenaline on APs and IKur of Lgi4 vs. control ventricular CMs. 
Supplementary material online, Figure S9A shows representative 
AP traces recorded at 2 Hz before and after 1 μM isoprenaline per
fusion for 5–10 min (discontinuous lines), as previously de
scribed.54 Isoprenaline did not change the RMP, maximal AP 
amplitude, or upstroke velocity (upper panels). Conversely, early 
AP repolarisation (APD50 to APD70) became longer in the presence 
of isoprenaline in control CMs, but not in Lgi4 CMs (lower panels). 
At the same time, isoprenaline shifted the plateau potential to
wards more negative levels in Lgi4 CMs but not in control CMs. 
Slower repolarisation could be due to an increase in ICaL or a de
crease in IKur. Isoprenaline increases both current amplitudes in hu
man atrial myocytes.54,58 However, isoprenaline did not change the 
IKur amplitude in control CMs, whereas it increased it in Lgi4 CMs 
(see Supplementary material online, Figure S9C), thus explaining 
the hyperpolarisation of its plateau potential. Since Lgi4 CMs ex
hibit less KV1.5 in plasmalemma, perhaps isoprenaline induces 
plasmalemmal expression of KV1.5, similarly to other ion chan
nels.59 These changes in IKur amplitude explain the similarity of iso
prenaline effects on APs in control and Lgi4 CMs, as well as the 
occurrence of EADs (see Supplementary material online, 
Figure S9B and C).

3.5 Lgi3-4 decrease the amplitude of 
KV1.5/KVβ current, but not KV1.5 alone
To investigate the molecular mechanism by which Lgi3-4 proteins 
modulate IKur, we conducted experiments in the simplified 
HEK293 cell model, expressing Lgi3-4 and co-transfected with 
KV1.5 alone or in the presence of different cardiac KVβ subunits 

(KVβ2.1, KVβ1.3, and KVβ1.2). Lgi3 and Lgi4 had no significant ef
fect on the KV1.5 current amplitude (Figure 5A and B). However, 
when KV1.5 channels were assembled with KVβ2.1, KVβ1.2 or 
KVβ1.3 subunits, Lgi3-4 exerted two striking effects on KV1.5 cur
rents: 1) the effects of KVβ2.1 on C-type inactivation and those of 
KVβ1 on N-type inactivation were almost abolished in the presence 
of Lgi3-4 (see Supplementary material online, Table S1, Figure 5C, E 
and G), resembling the current elicited by KV1.5 channels alone; and 
2) the current amplitude of KV1.5 coexpressed with KVβ2.1, KVβ1.3 
and KVβ1.2 was reduced when Lgi3-4 were expressed, both at the 
end of the depolarising pulse and at the peak amplitude (Figure 5D, 
F and H ). The effects on current amplitude could be due to changes 
in the trafficking of KV1.5 channels. Flow cytometry experiments 
showed that Lgi3-4 decreases the membrane expression of KV1.5 
in the presence of KVβ2.1, KVβ1.2, or KVβ1.3 (Figure 5I), but not 
in the absence of KVβ subunits. To explore the underlying mechan
ism, we studied the colocalisation of KV1.5 with different trafficking 
markers in the presence of KVβ1.2, with or without Lgi3-4. KV1.5 
colocalisation with DsRed (ER) (see Supplementary material 
online, Figure S10A) and Rab8 (see Supplementary material 
online, Figure S10B) were not modified by Lgi3-4, indicating that 
the ER retention and forward trafficking, respectively, remain un
affected.60 In contrast, Lgi3-4 increased the colocalisation of 
KV1.5 and the early endocytosis marker Rab560 (Figure 6A), thus 
suggesting that Lgi3-4 prompted endocytosis of KV1.5 channels. 
Notably, colocalisation of KV1.5 with the recycling endosome 
marker Rab1160 was unaltered (see Supplementary material 
online, Figure S10C), indicating that the recycling efficiency was 
not impaired by Lgi3-4. Consequently, the ratio of endocytosis to 
recycling increased in the presence of Lgi3-4, consistent with en
hanced internalisation of KV1.5 channels. These results could par
tially explain the reduction in the current amplitude. Another 
possibility could be a shift in the voltage dependence of activation 
towards more positive potentials. Lgi4, but not Lgi3, shifted KV1.5 
V1/2 of activation towards more negative potentials. For KV1.5/ 
KVβ2.1 currents, either Lgi3-4 shifted the V1/2 towards more posi
tive potentials, which is in agreement with a reduction in the cur
rent amplitude. Neither Lgi3 nor Lgi4 changed the V1/2 of KV1.5/ 
KVβ1.3 and KV1.5/KVβ1.2 currents (see Supplementary material 
online, Table S2).

3.6 Lgi3-4 reduce KVβ-induced inactivation 
through competitive binding
As stated above, Lgi3-4 reduce the effects of KVβ subunits on the 
inactivation of KV1.5 channels. To better understand, we employed 
various electrophysiological protocols, taking into account that 
N-type inactivation is highly voltage-dependent.14,61 First, we ap
plied depolarising pulses at +60 and at +140 mV (Figure 6B). The 
traces elicited at +140 mV enabled us to analyse the kinetics of in
activation, obtaining the time constants (τfast and τslow, for the fast 
or N-type and slow or C-type inactivation, respectively), and the 
relative contribution of the slow component of inactivation 
(Aslow), which corresponds to the Aslow/(Aslow + Afast).

We tested whether Lgi3 and Lgi4 decrease the contribution of 
the N-type inactivation either by: 1) slowing τfast or 2) increasing 
the Aslow contribution. Neither Lgi3 nor Lgi4 modified the τslow va
lues in any experimental condition (Figure 6C). Lgi3-4 clearly re
duced the degree of inactivation of KV1.5/KVβ1.3 and KV1.5/ 
KVβ1.2 currents at either membrane potential (Figure 6D). These ef
fects can be explained if: 1) Lgi3-4 shift the voltage dependence of 
N-type inactivation to more positive potentials, or 2) Lgi3-4 hinder 
the interaction of KV1.5 with Kvβ1. To test the first hypothesis, we 
analysed the effects of Lgi3-4 on the voltage-dependence of 
N-type inactivation induced by KVβ1.3 or KVβ1.2, which was only 
slightly modified (see Supplementary material online, Table S3, 
Supplementary material online, Figure S11). The degree of 
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Figure 3 Lgi4 modulates early repolarisation and induces APD prolongation and EADs at high stimulation frequencies. A) Representative nor
malized recordings of APs registered at 1 Hz of stimulation in Control (black) and Lgi4 (blue) mice atrial (left) and ventricular (right) CMs. Black 
and blue arrows indicate the plateau potential in each condition. Scale bar: 20 ms. B) The resting membrane potential (RMP), maximal amplitude 
of the AP (Amplitude), maximum upstroke velocity (dV/dtmax), plateau potential, and the APD measured at the 20, 50, 70 and 90% of repolar
isation in atrial CMs stimulated at 1 Hz are represented. Note that APD20 to APD90 are far longer in CMs from Lgi4 mice than in Control ones.                                                                                                                                                                                                            
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inactivation accumulated during the 10-ms prepulse decreased 
strongly in the presence of Lgi3 or Lgi4, which was consistent 
with the above-mentioned reduced degree of N-type inactivation. 
Next, we conducted co-immunoprecipitation experiments to ex
plore whether the effects of Lgi3-4 on KV1.5/KVβ1 currents were 
due to competition between these distinct proteins. As shown in 
Figure 6E and F, KV1.5 coimmunoprecipitation with KVβ1.2 was dra
matically reduced in the presence of Lgi3-4. Additionally, Lgi3-4 in
teracted with KVβ1,.2 and the presence or absence of KV1.5 did not 
alter this interaction (Figure 6E and G). Finally, the presence of 
KVβ1.2 did not modify the degree of co-immunoprecipitation be
tween KV1.5 and Lgi3-4 FLAG-tagged (see Supplementary 
material online, Figure S11C and D). The above results suggest 
that Lgi3-4 compete with KVβ1.2 for its binding to KV1.5 channels; 
and also, that Lgi3-4 bind to both KV1.5 and KVβ1.2.

Additionally, as Lgi’s effects in neurons are mainly mediated by 
ADAM receptors, we studied the effects of Lgi3-4 on KV1.5/ 
KVβ1.3 currents in the presence of ADAM23, which is expressed 
in cardiomyocytes. We obtained similar effects to those in the ab
sence of ADAM23, thus suggesting that the effects of Lgi3-4 in car
diac KV1.5 channelosome are independent of ADAM23 (see 
Supplementary material online, Figure S12).

3.7 The KV1.5 channelosome is altered in atrial 
samples from patients with atrial fibrillation
To study if the KV1.5 channelosome was dysregulated in AF, human 
samples from the right atrial appendage were collected from pa
tients in SR (control) and patients with PX and PM AF. 
Supplementary material online, Table S4 shows the information 
on the patients included in the study. KCNA5 mRNA levels were de
creased in both groups of AF patients (see Supplementary material 
online, Figure S14A), but the reduction was greater in PX than PM 
AF patients (Figure 7A). Compared with SR, LGI3 mRNA levels 
were low in PX and PM AF patients, but LGI4 mRNA showed 
only a tendency to reduction in both AF groups (Figure 7A). A posi
tive correlation between LGI3/KCNA5, LGI4/KCNA5 and LGI3/LGI4 
mRNA expressions was observed (see Supplementary material 
online, Figure S14D). Either the total protein expression of KV1.5, 
Lgi3 and Lgi4 in atrial homogenates from patients in SR or AF 
(Figure 7B, Supplementary material online, Figure S13B) or the ex
pression of these proteins in cardiomyocytes (Figure 7C left, 7D, 
Supplementary material online, Figure S13C) followed the same 
trend. KV1.5 and Lgi4 protein expression was reduced in atrial 
homogenates from patients in PM AF, but not or only slightly in 
PX AF; whereas Lgi3 protein expression was not modified in any 
case (Figure 7B). Both Lgi3 and Lgi4 protein expression exhibited 
a correlation trend with KV1.5 protein expression (see 
Supplementary material online, Figure S13E). Unexpectedly, Lgi3 
and Lgi4 had a positive correlation (see Supplementary material 
online, Figure S13E). More surprisingly, compared to control, the co
localisation between KV1.5 and Lgi4 was reduced in atrial samples 
from PX but not PM AF patients, which might contribute to fine- 
tune the mechanisms involved in the AF electrical remodelling 
(Figure 7C right, 7E).

4. Discussion
This is the first study to examine Lgi protein expression and function 
in the cardiovascular system. We identified Lgi3-4 as new KV1.5 
channelosome members that modulate its trafficking and biophysic
al properties, influencing cardiac electrophysiology. These findings 
expand our understanding of the physiological roles of these pro
teins and the macromolecular complexes that regulate IKur, a key at
rial repolarising current involved in diseases such as atrial fibrillation.

The association of Lgi proteins with KV1 and KV4 channels in 
neurons is well established, and it has been shown that Lgi3 is 
linked to the trafficking of KV1 channels in these cells.24,27–29,38

We demonstrate that Lgi3 and Lgi4 are the only members of the 
Lgi family that are significantly expressed in human right atrial 
and ventricular CMs. This finding follows a previous proteomic ana
lysis that identified Lgi1, Lgi2, and Lgi4 among the 75% most abun
dant proteins in the human heart.62 However, in that study, Lgi1 
and Lgi2 were detected only in the left atrium, but not in the right 
atrium or ventricles. Additionally, despite proteomics being a sensi
tive technique, it can lead to false positives; thus, findings from 
proteomic studies often require further validation with techniques 
that use specific antibodies. Furthermore, we found that Lgi3 and 
Lgi4 interact with KV1.5 and KV4.3 channels in both human atria 
and mouse ventricles, as well as in heterologous systems. These in
teractions result in a reduction of KV1.5 current amplitude and 
membrane expression when KVβ subunits are present, observed 
in both atrial and ventricular mouse CMs and in HEK293 cells.

Analysis of lead-II ECGs in anaesthetized Lgi4 mice revealed a 
lengthening of the QRS complex while other parameters (P wave, 
RR, PR, and QTc duration) were unaltered when compared to 
WT. In humans, the QRS complex duration depends on the rate 
of intraventricular conduction, primarily determined by the up
stroke velocity of the AP (mainly due to the INa density). 
However, in mice with much shorter APDs, the QRS interval en
compasses membrane depolarisation (INa) and part of the early re
polarisation (IKur and Ito) of the ventricle.51 Therefore, the slower 
early repolarisation observed in isolated Lgi4 CMs may, at least in 
part, explain the longer QRS interval on the surface ECG.

Although the average RR interval was unaltered at baseline, it was 
more variable in Lgi4 mice than in control mice, suggesting a possible 
alteration at the level of the SAN. In addition, the increased SNRT that 
followed right atrial PES suggested that SAN function was modified by 
Lgi4 expression, or that the atrial refractory period was prolonged, po
tentially due to the prolongation of the atrial APD. Moreover, PR inter
val prolongation and concurrent intermittent AV block after 
high-frequency ventricular stimulation revealed a conduction alter
ation either at the AV node and/or the His-Purkinje system that was 
not present at baseline. SAN and AVN cells express KV1.5,63–65 and 
a reduction in IKur in SAN and AVN decreases the firing frequency of 
these structures,63 which explains, at least in part, why Lgi4-induced 
IKur reduction may have an impact on sinoatrial and AV nodal conduc
tion, while no atrial or ventricular tachyarrhythmias were reported 
when expressing Lgi4.

AP repolarisation in atrial Lgi4 cardiomyocytes (CMs) was signifi
cantly slower than in controls. In ventricular CMs, Lgi4 expression 

Figure 3 Continued 
C ) Quantification of the resting membrane potential (RMP), maximal amplitude of the AP (Amplitude), maximum upstroke velocity (dV/dtmax), plateau 
potential, and the APD measured at the 20, 50, 70 and 90% of repolarisation in ventricular CMs stimulated at 1 Hz. APD20 to APD70 are longer in CMs 
from Lgi4 mice than in Control ones. D) Original recordings of APs generated when stimulated at 5 Hz in Control (black) and Lgi4 (blue) ventricular 
CMs. Note the EADs in Lgi4 CMs. Scale bar: 1 s in the x-axis and 20 mV in the y-axis. E) APD90 variability in Control (black) and Lgi4 (blue) when atrial 
(left) and ventricular (right) CMs are stimulated at 5 Hz. F ) Percentage of cells exhibiting EADs when stimulated at 5 and 10 Hz, and G) Number of the 
pulse in which the first EADs appear at 10 Hz, respectively, in control (black) and Lgi4 (blue) atrial (A) and ventricular (V) CMs. Values are represented 
as mean ± SEM (N = 3–6, n = 9–15). (Two-tailed t-tests (A–C), mixed effects analysis and chi-square test (E, F ). *P < 0.05).
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Figure 4 Lgi4 decreases IKur current amplitude and KV1.5 plasmalemmal expression in mice CMs. Original current traces of the outward po
tassium currents IKur (A), Ito (B) and Iss (C ) and the inward K+ current (D) recorded in Control (left) and Lgi4 (right) mice CMs, together with the 
current-amplitude (I-V) relationship for each current measured at the maximum peak amplitude in IKur (A), Ito (B), and Iss (C ) or at the end of the 
pulse in the inward K+ current (D) in mice atrial (left) and ventricular (right) CMs Control (black) and Lgi4 (blue). The voltage protocols used to                                                                                                                                                                                                            
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only mildly slowed early repolarisation. In both cell types, the slowing 
increased progressively with higher stimulation frequencies, resulting 
in gradual action potential (AP) prolongation when pulse trains above 
4 Hz were applied. In many CMs, this excessive AP prolongation led to 
the formation of early afterdepolarisations (EADs) in both the atria and 
ventricles. In mouse cardiomyocytes, AP repolarisation depends on 
the balance of outward and inward currents, primarily established 
by Ito, IKur, and ICa, L at each phase.66,67 In our experiments, Ito, which 
is conducted by KV4.3/KV4.2 heterotetramers, was not significantly 
altered in Lgi4 CMs. This may be due to the predominance of KV4.2 
channels in mouse CMs, which, unlike KV4.3, are not regulated by 
Lgi3-4. Other modulatory subunits of KV4.3/KV4.2, such as KChIP2, 
DPP6, KVβ2.1, and/or KCNE2,68,69 which are expressed in CMs but 
absent in CHO cells, might also contribute. The differential modulation 
of KV4.3 and KV4.2 by Lgi3-4 may involve distinct mechanisms: (1) dir
ect modulation of the ion channels, or (2) alternative regulatory path
ways, such as CaMKII, which modulates KV4.3 but not KV4.2.70

However, these possibilities are beyond the scope of this study.
The slower repolarisation and depolarized AP plateau potential in 

Lgi4 CMs can be attributed to the reduction in IKur, which is more 
pronounced in atrial than ventricular CMs, consistent with the 
greater atrial APD prolongations. These results align with the heter
ologous expression experiments, as mouse CMs express the KVβ2.1 
and KVβ1.2 subunits.16,71 The depolarized plateau potential can be 
exacerbated by a predominance of depolarising ICa, L secondary to 
IKur block, as previously described by Wettwer et al. (2004) for 
KV1.5 blockers, which do not directly affect ICa, L.67

Isoprenaline activates β-adrenergic receptors, boosting systolic cal
cium and K+ currents to strengthen heart contractions while limiting 
the duration of the Aps.59 In human atria, isoprenaline increases 
IKur,54–57 similarly to when KV1.5 is coexpressed with KVβ1.3. Mouse 
cardiomyocytes, however, lack KVβ1.3, which may explain why iso
prenaline does not affect IKur in WT cells.72 In ventricular Lgi4 CMs, iso
prenaline increased IKur, likely by moving KV1.5 channels to the plasma 
membrane. This is similar to the rapid translocation of KV7.1 seen with 
isoprenaline in human induced-pluripotent CMs.59 This mechanism 
may explain why isoprenaline reverses Lgi4-induced reduction in 
KV1.5 current, restoring IKur and balancing the isoprenaline-driven in
crease in ICaL.59 As a result, total AP duration (APD) does not change, 
but the AP plateau potential becomes more negative. In control 
CMs, isoprenaline does not increase IKur, so ICaL effects are unopposed, 
and AP duration is prolonged. Thus, AP morphology is similar between 
control and Lgi4 CMs only when isoprenaline is present.

Lgis reduce KV1.5 membrane expression in both cardiomyocytes 
and HEK293 cells. Ion channel trafficking is tightly modulated to en
sure proper channel function. KV1 channels are folded, glycosylated 
and assembled in the ER, and then translocated to the Golgi apparatus, 
where they mature before being transported to the sarco
lemma.60,73,74 This process represents the primary limiting step for 
trafficking/expression of most membrane proteins, and it is enhanced 
by KVβ subunits for some KV1 channels.15,75,76 Recent research de
monstrated that KVβ2 subunits increase IKur and KV1.5 membrane 

expression in native cardiomyocytes,16 similarly to KVβ1.2 in coronary 
arterial myocytes.77 However, Lgi3-4 did not produce changes in the 
forward trafficking of KV1.5 channels in the presence of KVβ1.2 sub
units. Also, the membrane expression of KV1 channels is modulated 
by internalisation and intracellular retention.74,78 On this basis, 
Lgi3-4 enhanced the endocytosis of plasmalemmal KV1.5 channels, 
decreasing their membrane expression and current amplitude. 
These channels were probably accumulated in early endosomes, as 
their recycling was not increased, nor was their degradation, as the to
tal KV1.5 expression was not altered. Nevertheless, further research is 
needed to decipher how Lgi3-4 influences these processes.

Additionally, the reduced KV1.5/KVβ interaction produced by 
Lgi3-4 also explains the abolishment of the N-type inactivation in
duced by KVβ1 subunits on KV1.5, as previously reported for 
KV1.1/KVβ1.27 However, Lgi3-4 does not alter the KVβ1-induced 
changes in the voltage dependence of KV1.5 activation and deacti
vation kinetics. This indicates that the interaction between KV1.5/ 
KVβ1 is sufficient to produce those effects exerted through the 
C-terminus of the KVβ1, but not those induced through the KVβ1 
N-terminus. Similar patterns were observed with KVβ1.3 
N-terminus mutants and mutants in the S6 of KV1.5. Those variants 
retained their ability to cause negative shifts in KV1.5 activation and 
inactivation, even when the degree of inactivation was modified, 
suggesting that these gating effects were mediated by interactions 
other than those affecting N-type inactivation.79,80 Perhaps, in 
addition to a decreased interaction between KV1.5 and KVβ subu
nits, the interaction of Lgi proteins with KV1.5 and/or KVβ subunits 
hinders the introduction of the KVβ1 N-terminus into its binding 
site in the KV1.5 pore. Similarly, in the presence of Lgi3-4, KV1.5/ 
KVβ2.1 currents are closer to those of KV1.5 alone, decreasing 
the C-type inactivation and shifting the midpoint of the voltage- 
dependence of activation towards more positive potentials. This 
reverses part of the effects induced by KVβ2.1, but not those on 
the deactivation kinetics or the voltage dependence of inactivation.

As previously discussed, Lgi3-4 interact with cytoplasmic KVβ 
subunits, modulating their effects on KV1.5 channels intracellularly. 
This is similar to findings by Schulte et al., who demonstrated that 
Lgi1 abolishes the N-type inactivation induced by the KVβ1 subunit 
on KV1.1, but not the intrinsic inactivation of KV1.4.27 In contrast to 
many studies in the nervous system, in which secreted Lgis mediate 
their effects primarily via interaction with members of the ADAM 
family (ADAM11, 22 and 23),23,24,28,34,81,82 we found no evidence 
that cardiac Lgi3-4 modulation of KV1.5/KVβ currents involved 
ADAM23 despite its cardiac expression. Interestingly, ADAM23 
and KVβ proteins share some structural hallmarks, both being 
globular proteins with α-helical structures. This may explain the 
interaction of Lgi proteins with KVβ subunits, presumably through 
the EPTP domain of Lgi similar to ADAM23. It also explains why 
ADAM23 does not induce changes in KV1.5/KVβ currents pro
duced by intracellular Lgi protein binding to KV1.5 and KVβ.

Numerous ion channels and modulatory subunits are dysregulated 
in AF, contributing to the electrical remodelling of the atria, which 

Figure 4 Continued  
record each current are represented above their corresponding current traces. Briefly, Ito was measured as the difference of the current ob

tained by subtracting records with an inactivating pre-pulse voltage-clamp protocol (black) from those without the inactivating pre-pulse (red). 
IKur is calculated by subtracting the currents recorded with the inactivating pre-pulse in the presence of 200 μM 4-aminopyridine (4-AP) from 
those recorded in its absence, and the remaining 4-AP-resistant current is Iss. Note that only IKur is reduced in Lgi4 CMs, and that such reduction 
is greater in atrial than in ventricular CMs. Data are represented as mean ± SEM (N = 3, n = 11–14). A non-paired t-test was performed com
paring each condition with its corresponding control. *P < 0.05. Scale bar: 100 ms at x axis and the pA/pF indicated in each y axis. (E) 
Representative confocal images of the immunodetection of extracellular KV1.5 (plasmalemmal) in non-permeabilized mice ventricular CMs, 
Control and Lgi4. The corresponding bright field images are shown next to each immunostaining. Scale bar: 20 µm. Images clearly show 
that KV1.5 is less expressed in the plasmalemma in Lgi4 CMs than in Control ones. The quantification of the CMs area (left), the integrated 
density of KV1.5ext. Both analyses show that KV1.5 membrane expression is decreased in Lgi4 CMs. Data are represented as mean ± SEM 
(N = 4, n = 33–53). Non-paired t-test ***P < 0.001.
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includes shortening of the APD and effective refractory period, and a 
lack of adaptation of APD to fast heart rates.1,3,5,11,83–85 We studied 
the expression of members of the KV1.5 channelosome in right atrial 

appendages of patients in SR (control) and two stages of AF progres
sion (PX and PM). KCNA5 mRNA and KV1.5 protein levels were re
duced in atrial appendages from AF vs. SR patients,8,86 with a more 

Figure 5 Electrophysiological effects of Lgi3-4 on KV1.5 currents. Left panels: Representative current traces elicited after the application of the 
I-V protocol shown in the upper panel in HEK293 cells transfected with KV1.5 with or without Lgi3 or Lgi4 (A) and in the presence of KVβ2.1 (C ), 
KVβ1.3 (E) or KVβ1.2 (G) subunits. Note that KV1.5/KVβ currents are more similar to KV1.5 currents alone when Lgi3 or Lgi4 are expressed. Scale 
bar: 50 ms in the x-axis and the indicated nA or pA in each y-axis. Right panels: I-V relationships measured at the end of the 250 ms depolarising- 
pulse and current amplitude at +60 mV measured at the peak in KV1.5 with or without Lgi3 (red) or Lgi4 (blue) (n = 11–14) (B), and in the pres
ence of: KVβ2.1 (n = 10) (D), KVβ1.3 (n = 14–24) (F ) or KVβ1.2 (n = 10–13) (H ) subunits. (I ) Membrane expression of KV1.5 in HEK293 cells trans
fected with KV1.5-HA with or without Lgi3 (red) or Lgi4 (blue) and in the presence of KVβ2.1, KVβ1.3 or KVβ1.2 subunits (n = 6–7). Values 
represent mean ± SEM of the indicated n. (Non-paired t-test *P < 0.05).
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Figure 6 Lgi3-4 increases KV1.5 internalisation, decreases the N-type inactivation induced by KVβ1 and hinders the association between 
KV1.5 and KVβ. A) Representative confocal images of HEK293 cells cotransfected with KV1.5 and KVβ1.2 in the absence (upper panels) or 
the presence of Lgi4 (lower panels), and stained against Rab5, KV1.5 and Lgi4, with the PCC between KV1.5 and Rab5 shown in the right 
bar graph. Data represent mean ± SEM of n = 15–21. Scale bar: 20 µm. B) Representative normalized current traces recorded after application 
of 250 ms depolarising pulses to +60 (black) or +140 mV (grey) in HEK293 cells transfected with KV1.5/KVβ1.3 (upper panel) or KV1.5/KVβ1.2 
(lower panel) in the absence and in the presence of Lgi3 or Lgi4. Scale bar: 50 ms. C ) A double exponential was fitted to the data to obtain the 
inactivation kinetics measured at +140 mV. The left graphs show the time constant of inactivation, and the right graphs show the contribution 
of the slow inactivation to the whole inactivation process (n = 8–18). D) Degree of inactivation of KV1.5 with (+) or without (−) KVβ1.3, KVβ1.2, 
Lgi3 and/or Lgi4 currents at +60 mV (left graph, n = 12–23) and +140 mV (right graph, n = 8–18). Values represent mean ± SEM. A non-paired 
t-test was performed comparing each condition with its corresponding control. *P < 0.05. E) HEK293 cells were cotransfected with (+) or with
out (−) KV1.5, KVβ1.2, Lgi3 and Lgi4. Total lysates were immunoprecipitated (IP) against KVβ1.2 and immunoblotted (IB) against KV1.5, FLAG 
(Lgi3-4) and KVβ1.2 (n = 3). F ) Quantification of KV1.5 coimmunoprecipitation with KVβ1.2 measured as KV1.5 expression in the IP+ divided by 
its corresponding SM expression. Note that KV1.5 colocalisation with KVβ1.2 decreases when Lgi3-4 are coexpressed. G) Quantification of 
Lgi3-4 (FLAG) coimmunoprecipitation with KVβ1.2 measured as FLAG expression in the IP + divided by its corresponding SM expression. 
Values represent mean ± SEM of the n indicated above. Non-paired t-tewasere performed comparing each condition with its corresponding 
control (*P < 0.05). SM: starting material, IP+: IP in the presence of antibody, IP-: IP in the absence of antibody.
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Figure 7 Changes in the expression of the KV1.5 channelosome in samples from patients in atrial fibrillation (AF) compared to those in sinus 
rhythm (SR). A) Relative mRNA expression of KCNA5, LGI3 and LGI4 in right atrial tissue from patients in SR and with AF determined with qPCR. 
AF patients are segregated on account of the progression of AF into paroxysmal (PX) and permanent (PM) AF. B) Relative protein expression of 
KV1.5, Lgi3 and Lgi4 in right atrial tissue from patients in SR and with PX or PM AF probed in western-blot with anti-KV1.5, anti-Lgi3 or anti-Lgi4 
antibodies and normalized by vinculin expression. Representative immunoblots using anti-KV1.5, anti-Lgi3, anti-Lgi4 or anti-Vinculin are shown                                                                                                                                                                                                            

(continued) 
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pronounced decrease in PM than PX AF, as previously reported.5,8,87

This follows the same trend as the reported reduction in IKur in human 
atrial CMs from patients in chronic AF.9 LGI3 mRNA expression is de
creased in AF in comparison to SR, but Lgi3 protein levels are not 
modified at any AF stage. LGI4 mRNA is reduced in AF, and this down
regulation translated into decreased Lgi4 protein levels in PM -but 
not in PX- AF. This discrepancy between mRNA and protein contents, 
especially in the case of Lgi3, may reflect post-transcriptional regula
tory mechanisms. Protein levels are usually more conserved than 
mRNA amount, and changes in transcription can be associated with 
translational changes with opposite effects, producing a buffering ef
fect.88 Moreover, the positive correlation between Lgi3 and Lgi4 may 
suggest that they do not compensate for each other when one of 
them is downregulated. In addition, we observed a reduced 
Lgi4-KV1.5 colocalisation in PX AF, but not in PM AF. This might re
flect either a reduction in their interaction or changes in the abun
dance of one of these proteins. It is notable that despite reduced 
KV1.5 protein expression in PX AF, there is no electrical remodelling 
at early stages of the disease.89 This could be explained by a reduction 
in Lgi4-KV1.5 interaction, which would lead to more KV1.5 available 
at the membrane not interacting with Lgi4, partially compensating 
for the lower total KV1.5 expression. In contrast, in PM AF, both 
KV1.5 and Lgi4 are reduced, but their interaction remains similar to 
that in SR, leading to a net reduction in IKur.

AF is a complex and multifactorial disease in which several genes 
and signalling pathways are altered; therefore, it is challenging to de
termine whether the regulation of KV1.5 and Lgi4 is a cause, a conse
quence, a compensatory mechanism, or even unrelated to AF. We can 
analyse the results and speculate. Our data show that Lgi4 decreases 
IKur without affecting total KV1.5 expression. Thus, a reduction of Lgi4 
could theoretically increase IKur as a compensatory mechanism in AF 
to counter the downregulation of KV1.5. However, this compensatory 
response appears insufficient, as IKur is decreased in chronic AF.9
Moreover, this compensation might ultimately be maladaptive, con
tributing further to APD shortening and atrial arrhythmogenicity.

From a therapeutic standpoint, enhancing Lgi4 expression or 
function may represent a novel strategy to selectively further re
duce IKur and prolong atrial APD. Given that Lgi4 has greater effects 
on atrial than ventricular repolarisation in mice, and that human 
ventricle lacks IKur, such an approach could provide atrium-specific 
modulation. We expect that increasing Lgi4 expression or function 
mimics KV1.5 channel blockade. In remodelled (PM) atria, it would 

increase the APD90; whereas in non-remodelled (PX) atria, it would 
prolong the AP at higher rates (4 Hz and higher), thus suppressing 
APs and reducing the heart rate.11,89,90 However, this is speculative 
and would require demonstration.

Taken together, our findings identify Lgi3-4 as novel modulatory 
subunits of the KV1.5 channelosome, with key roles in shaping cardiac 
repolarisation. Their differential expression and interaction with KV1.5 
in AF suggest a potential for atrial-selective therapeutic targeting. The 
modulation of KV1.5 by Lgi proteins opens up new pharmacological 
avenues that warrant further investigation, both for understanding at
rial remodelling and for developing more precise treatments for atrial 
fibrillation.

5. Limitations
While our study provides novel insights into the electrophysiologic
al role of Lgi4 in the heart, several potential limitations should be 
considered. First, we studied Lgi4 function in mouse cardiomyo
cytes. Mouse AP characteristics are different from those in humans, 
and they exhibit a large IKur.91,92 In addition, the role of Lgi4 may vary 
between mammalian species. Thus, our results may not accurately 
reflect the physiological interactions of Lgi4 in human. Regarding 
the use of human samples, we only had samples from the right at
rium and ventricle, and we did not have access to fresh human tissue 
to characterize the electrophysiological properties of isolated cardi
omyocytes. Additionally, further experiments will be necessary to 
determine whether the Lgi4-induced increase in KV1.5 at the 
plasmalemma was due to a rise in forward trafficking or a decrease 
in the recycling of the channels. This study is well beyond the scope 
of this study. Lastly, the isoprenaline experiments were performed 
only in ventricular cardiomyocytes because they exhibit IKur and 
are easier to obtain than atrial cardiomyocytes. Although no extra
polations would be possible, it would be more rigorous to perform 
the experiments in atrial cardiomyocytes, as human IKur is present 
only in the atria. However, the effects of Lgi4 on IKur in atria and ven
tricles go in the same direction, even though they are greater in the 
atria. Despite the above limitations, our findings establish that Lgi 
proteins interact with cardiac KV1.5 and alter IKur properties, which 
might have important clinical implications for the physiopathology 
cardiac arrhythmias like AF and may have therapeutic implications.

Translational perspective
Our findings identify Lgi3-4 as previously unrecognized modulatory subunits of the KV1.5 channelosome, suggesting a potential as 
atrial-selective therapeutic targets. Lgi3-4 decreases IKur by prompting endocytosis of KV1.5, and modulates its inactivation by hinder
ing KV1.5/KVβ interaction, shaping atrial repolarisation—an electrophysiological substrate central to AF. The altered expression of Lgi4 
in AF suggests that targeting this protein could enable the modulation of atrial electrophysiology, while minimising ventricular effects, 
addressing a major limitation of current antiarrhythmic therapies. These results open up novel strategies that warrant further investi
gation, both for understanding atrial remodelling and for developing more precise treatments for AF.

Figure 7 Continued 
on the right. Note that the lanes were run on the same gel but were noncontiguous. C ) Left- Representative confocal images of the immuno
detection of KV1.5, Lgi3 and Lgi4 in the right atria of patients in SR (upper panels) and with AF (lower panels). Scale bar: 100 µm. Right- 
Representative double immunofluorescence images of KV1.5 and Lgi4 in SR and PX AF samples. Scale bar: 20 µm. D) Relative protein expres
sion of KV1.5, Lgi3 and Lgi4 in atrial myocytes from patients in SR and with AF measured in individual cardiomyocytes from confocal images 
obtained at 40X. Each point represents the mean of 50–100 CMs from two independent IF for each patient. E) Colocalisation of KV1.5 and Lgi3 
(left) or Lgi4 (right) in atrial myocytes from patients in SR, PX AF or PM AF measured in individual cardiomyocytes from confocal images ob
tained at 63X. One-way ANOVA with Tukey test was performed when comparing more than two groups. *P < 0.05.
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Supplementary material is available at Cardiovascular Research
online.

Authors’ contributions
P.G.S. and C.V. co-designed the work; P.G.S. performed most of the 
experiments; P.G.S, A.M. and M.R.M carried out cellular electro
physiology experiments; P.G.S, A.B.B. and M.R.M. performed mo
lecular biology experiments; F.M.C. generated the mouse models 
and in-vivo characterisation; M.J.C, E.R and L.A.D performed ex
periments with human samples, E.R.R, J.A.B.G and A.F.G provided 
human samples and clinical data; M.G.R provided technical support, 
discussions and revisions; P.G.S, C.V. and J.J. co-wrote the manu
script and conceived the study; C.V. and J.J. provided supervision, 
funding and revisions; All authors discussed the results and com
mented on and approved the manuscript.

Acknowledgements
The authors would like to thank Drs. A. Felipe for providing the 
plasmids KV1.5 pCDNA3.1 and DsRed, and revisions on the manu
script, Dr. Snyders for supplying KV1.5-GFP pBK, Dr. D. Fedida for 
providing KV1. 5-HA pcDNA3. 1, Dr. M.M. Tamkun for providing 
KVβ1.3 IRES KV1.5 pBK, KVβ1.2 pBK, KVβ2.1 pBK, Dr. E. Delpón 
for providing KV4.2 GFP, Dr. F. Faivre-Sarrailh for supplying 
ADAM23 mCherry. We want to acknowledge the services of mi
croscopy, SIDI-UAM and thank the CNIC Viral Vectors Unit for pro
ducing the AAV9. Thanks to Dr. Marta Cortés’ lab for kindly 
providing us with the brain slices. Most important, we thank all 
the patients who graciously agreed to be a part of this study.

Conflict of interest: none declared.

Funding
Supported by Grants PID2019-104366RB-C21 (to C.V.), 
PID2019-104366RB-C22 (to M.G-R.), PID2022-137214OB-C21 
(to C.V.); PID2022-137214OB-C22 (to M.G-R.) funded by MCIN/ 
AEI/10.13039/501100011033; Grant CB/11/00222 funded by 
Centro de Investigación Biomédica en Red Enfermedades 
Cardiovasculares (to C.V.); Grant S2022/BMD-7223 by 
Comunidad Autónoma de Madrid (CAM) (to C.V.); Grant FPU17/ 
02731 (to P.G.S.); Grant BES-2017-080184 (to A.d.B.-B.); funded 
by Ministerio de Ciencia e Innovación. Supported also by National 
Heart, Lung and Blood Institute, NIH, grant number 
R01HL163943; La Caixa Banking Foundation project code 
HR18-00304 (LCF/PR/HR19/52160013); grants PI-FIS-2020 # 
PI20/01220 and PI-FIS-2023 # PI23/01039 from Instituto de 
Salud Carlos III (ISCIII) and co-funded by Fondo Europeo de 
Desarrollo Regional (FEDER), and by The European Union, respect
ively; grant PID2020-116935RB-I00 and BFU2016-75144-R 
funded by MCIN/AEI/10.13039/501100011033; Fundación La 
Marató de TV3 (736/C/2020) ‘amb el suport de la Fundació La 
Marató de TV3’; CIBERCV (CB16/11/00458; CB/11/00222 to 
CV); European Union’s Horizon 2020 grant agreement 
GA-965286; and Program S2022/BMD7229-CM ARCADIA-CM 
funded by Comunidad de Madrid (to JJ).

References
1. Elliott AD, Middeldorp ME, Van Gelder IC, Albert CM, Sanders P. Epidemiology and 

modifiable risk factors for atrial fibrillation. Nat Rev Cardiol 2023;20:404–417.
2. Hindricks G, Potpara T, Dagres N, Arbelo E, Bax JJ, Blomström-Lundqvist C, 

Boriani G, Castella M, Dan G-A, Dilaveris PE, Fauchier L, Filippatos G, Kalman 
JM, La Meir M, Lane DA, Lebeau J-P, Lettino M, Lip GYH, Pinto FJ, Thomas GN, 
Valgimigli M, Van Gelder IC, Van Putte BP, Watkins CL, Kirchhof P, Kühne M, 
Aboyans V, Ahlsson A, Balsam P, Bauersachs J, Benussi S, Brandes A, 

Braunschweig F, Camm AJ, Capodanno D, Casadei B, Conen D, Crijns HJGM, 
Delgado V, Dobrev D, Drexel H, Eckardt L, Fitzsimons D, Folliguet T, Gale CP, 
Gorenek B, Haeusler KG, Heidbuchel H, Iung B, Katus HA, Kotecha D, 
Landmesser U, Leclercq C, Lewis BS, Mascherbauer J, Merino JL, Merkely B, 
Mont L, Mueller C, Nagy KV, Oldgren J, Pavlović N, Pedretti RFE, Petersen SE, 
Piccini JP, Popescu BA, Pürerfellner H, Richter DJ, Roffi M, Rubboli A, Scherr D, 
Schnabel RB, Simpson IA, Shlyakhto E, Sinner MF, Steffel J, Sousa-Uva M, 
Suwalski P, Svetlosak M, Touyz RM, Dagres N, Arbelo E, Bax JJ, 
Blomström-Lundqvist C, Boriani G, Castella M, Dan G-A, Dilaveris PE, Fauchier 
L, Filippatos G, Kalman JM, La Meir M, Lane DA, Lebeau J-P, Lettino M, Lip 
GYH, Pinto FJ, Neil Thomas G, Valgimigli M, Van Gelder IC, Watkins CL, Delassi 
T, Sisakian HS, Scherr D, Chasnoits A, Pauw MD, Smajić E, Shalganov T, 
Avraamides P, Kautzner J, Gerdes C, Alaziz AA, Kampus P, Raatikainen P, 
Boveda S, Papiashvili G, Eckardt L, Vassilikos V, Csanádi Z, Arnar DO, Galvin J, 
Barsheshet A, Caldarola P, Rakisheva A, Bytyçi I, Kerimkulova A, Kalejs O, Njeim 
M, Puodziukynas A, Groben L, Sammut MA, Grosu A, Boskovic A, Moustaghfir 
A, de Groot N, Poposka L, Anfinsen O-G, Mitkowski PP, Cavaco DM, Siliste C, 
Mikhaylov EN, Bertelli L, Kojic D, Hatala R, Fras Z, Arribas F, Juhlin T, Sticherling 
C, Abid L, Atar I, Sychov O, Bates MG, Zakirov NU. 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.

3. Tamargo J, Caballero R, Gómez R, Delpón E. I Kur/Kv1.5 channel blockers for the 
treatment of atrial fibrillation. Expert Opin Investig Drugs 2009;18:399–416.

4. Fedida D, Wible B, Wang Z, Fermini B, Faust F, Nattel S, Brown AM. Identity of a 
novel delayed rectifier current from human heart with a cloned K+ channel current. 
Circ Res 1993;73:210–216.

5. Van Wagoner DR, Pond AL, McCarthy PM, Trimmer JS, Nerbonne JM. Outward Kv 
current densities and Kv1.5 expression are reduced in chronic human atrial fibril
lation. Circ Res 1997;80:772–781.

6. Christophersen IE, Olesen MS, Liang B, Andersen MN, Larsen AP, Nielsen JB, 
Haunsø S, Olesen S-P, Tveit A, Svendsen JH, Schmitt N. Genetic variation in 
KCNA5: impact on the atrial-specific potassium current IKur in patients with 
lone atrial fibrillation. Eur Heart J 2013;34:1517–1525.

7. Hayashi K, Konno T, Tada H, Tani S, Liu L, Fujino N, Nohara A, Hodatsu A, Tsuda T, 
Tanaka Y, Kawashiri M, Ino H, Makita N, Yamagishi M. Functional characterization 
of rare variants implicated in susceptibility to lone atrial fibrillation. Circ Arrhythm 
Electrophysiol 2015;8:1095–1104.

8. Brundel BJJM, Van Gelder IC, Henning RH, Tuinenburg AE, Wietses M, Grandjean 
JG, Wilde AAM, Van Gilst WH, Crijns HJGM. Alterations in potassium channel 
gene expression in atria of patients with persistent and paroxysmal atrial fibrilla
tion: differential regulation of protein and mRNA levels for K+ channels. J Am 
Coll Cardiol 2001;37:926–932.

9. Caballero R, De La Fuente MG, Gómez R, Barana A, Amorós I, Dolz-Gaitón P, 
Osuna L, Almendral J, Atienza F, Fernández-Avilés F, Pita A, Rodríguez-Roda J, 
Pinto Á, Tamargo J, Delpón E. In humans, chronic atrial fibrillation decreases the 
transient outward current and ultrarapid component of the delayed rectifier cur
rent differentially on each atria and increases the slow component of the delayed 
rectifier current in both. J Am Coll Cardiol 2010;55:2346–2354.

10. Calvo D, Filgueiras-Rama D, Jalife J. Mechanisms and drug development in atrial 
fibrillation. Pharmacol Rev 2018;70:505–525.

11. Ravens U. Atrial-selective K + channel blockers: potential antiarrhythmic drugs in 
atrial fibrillation? Can J Physiol Pharmacol 2017;95:1313–1318.

12. Uebele VN, England SK, Chaudhary A, Tamkun MM, Snyders DJ. Functional differ
ences in Kv1.5 currents expressed in mammalian cell lines are due to the presence 
of endogenous Kvβ2.1 subunits. J Biol Chem 1996;271:2406–2412.

13. Uebele VN, England SK, Gallagher DJ, Snyders DJ, Bennett PB, Tamkun MM. 
Distinct domains of the voltage-gated K+ channel Kvβ1.3 β-subunit affect voltage- 
dependent gating. Am J Physiol Cell Physiol 1998;274:C1485–C1495.

14. David M, Macías Á, Moreno C, Prieto Á, Martínez-Mármol R, Vicente R, González 
T, Felipe A, Tamkun MM, Valenzuela C. Protein kinase C (PKC) activity regulates 
functional effects of Kvβ1.3 subunit on KV1.5 channels. J Biol Chem 2012;287: 
21416–21428.

15. Accili EA, Kiehn J, Yang Q, Wang Z, Brown AM, Wible BA. Separable Kvβ subunit 
domains Alter expression and gating of potassium channels. J Biol Chem 1997;272: 
25824–25831.

16. Kilfoil PJ, Chapalamadugu KC, Hu X, Zhang D, Raucci FJ, Tur J, Brittian KR, Jones 
SP, Bhatnagar A, Tipparaju SM, Nystoriak MA. Metabolic regulation of Kv channels 
and cardiac repolarization by Kvβ2 subunits. J Mol Cell Cardiol 2019;137:93–106.

17. Abi-Char J, El-Haou S, Balse E, Neyroud N, Vranckx R, Coulombe A, Hatem SN. 
The anchoring protein SAP97 retains Kv1.5 channels in the plasma membrane 
of cardiac myocytes. Am J Physiol Heart Circ Physiol 2008;294:H1851–H1861.

18. Gillet L, Rougier JS, Shy D, Sonntag S, Mougenot N, Essers M, Shmerling D, Balse E, 
Hatem SN, Abriel H. Cardiac-specific ablation of synapse-associated protein 
SAP97 in mice decreases potassium currents but not sodium current. Heart 
Rhythm 2015;12:181–192.

19. Li H, Guo W, Mellor R, Nerbonne J. KChIP2 modulates the cell surface expression 
of Kv1.5-encoded K channels. J Mol Cell Cardiol 2005;39:121–132.

Lgi3-4 proteins modulate the KV1.5 channelosome and are potential therapeutic targets for atrial fibrillation                                                  889
D

ow
nloaded from

 https://academ
ic.oup.com

/cardiovascres/article/122/7/874/8528998 by ew
halib - (IN

AC
TIVE) user on 30 July 2026

http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvag049#supplementary-data


20. Yang Z, Browning CF, Hallaq H, Yermalitskaya L, Esker J, Hall MR, Link AJ, Ham 
AJL, McGrath MJ, Mitchell CA, Murray KT. Four and a half LIM protein 1: a partner 
for KCNA5 in human atrium. Cardiovasc Res 2008;78:449–457.

21. Nerbonne JM, Kass RS. Molecular physiology of cardiac repolarization. Physiol Rev 
2005;85:1205–1253.

22. Gu W, Wevers A, Schröder H, Grzeschik K-H, Derst C, Brodtkorb E, de Vos R, 
Steinlein OK. The LGI1 gene involved in lateral temporal lobe epilepsy belongs 
to a new subfamily of leucine-rich repeat proteins. FEBS Lett 2002;519:71–76.

23. Kegel L, Aunin E, Meijer D, Bermingham JR. LGI proteins in the nervous system. 
ASN Neuro 2013;5:167–181.

24. Kozar-Gillan N, Velichkova A, Kanatouris G, Eshed-Eisenbach Y, Steel G, Jaegle M, 
Aunin E, Peles E, Torsney C, Meijer DN. LGI3/2–ADAM23 interactions cluster Kv1 
channels in myelinated axons to regulate refractory period. J Cell Biol 2023;222: 
e202211031.

25. Fukata Y, Lovero KL, Iwanaga T, Watanabe A, Yokoi N, Tabuchi K, Shigemoto R, 
Nicoll RA, Fukata M. Disruption of LGI1–linked synaptic complex causes abnormal 
synaptic transmission and epilepsy. Proc Natl Acad Sci U S A 2010;107:3799–3804.

26. Long J, Li M, Ren Q, Zhang C, Fan J, Duan Y, Chen J, Li B, Deng L. Phylogenetic and 
molecular evolution of the ADAM (A Disintegrin And Metalloprotease) gene family 
from Xenopus tropicalis, to Mus musculus, Rattus norvegicus, and Homo sapiens. 
Gene 2012;507:36–43.

27. Schulte U, Thumfart JO, Klöcker N, Sailer CA, Bildl W, Biniossek M, Dehn D, Deller 
T, Eble S, Abbass K, Wangler T, Knaus H-G, Fakler B. The epilepsy-linked Lgi1 pro
tein assembles into presynaptic Kv1 channels and inhibits inactivation by Kvβ1. 
Neuron 2006;49:697–706.

28. Seagar M, Russier M, Caillard O, Maulet Y, Fronzaroli-Molinieres L, De San 
Feliciano M, Boumedine-Guignon N, Rodriguez L, Zbili M, Usseglio F, 
Formisano-Tréziny C, Youssouf F, Sangiardi M, Boillot M, Baulac S, Benitez MJ, 
Garrido J-J, Debanne D, El Far O. LGI1 tunes intrinsic excitability by regulating 
the density of axonal Kv1 channels. Proc Natl Acad Sci U S A 2017;114:7719–7724.

29. Smith SEP, Xu L, Kasten MR, Anderson MP. Mutant LGI1 inhibits seizure-induced 
trafficking of Kv4.2 potassium channels. J Neurochem 2012;120:611–621.

30. Zhou L, Wang K, Xu Y, Dong B-B, Wu D-C, Wang Z-X, Wang X-T, Cai X-Y, Yang 
J-T, Zheng R, Chen W, Shen Y, Wei J-S. A patient-derived mutation of epilepsy- 
linked LGI1 increases seizure susceptibility through regulating Kv1.1. Cell Biosci 
2023;13:34.

31. Ho YY, Ionita-Laza I, Ottman R. Domain-dependent clustering and genotype- 
phenotype analysis of LGI1 mutations in ADPEAF. Neurology 2012;78:563–568.

32. Kalachikov S, Evgrafov O, Ross B, Winawer M, Barker-Cummings C, Boneschi FM, 
Choi C, Morozov P, Das K, Teplitskaya E, Yu A, Cayanis E, Penchaszadeh G, 
Kottmann AH, Pedley TA, Hauser WA, Ottman R, Gilliam TC. Mutations in LGI1 
cause autosomal-dominant partial epilepsy with auditory features. Nat Genet 
2002;30:335–341.

33. Morante-Redolat JM, Gorostidi-Pagola A, Piquer-Sirerol S, Sáenz A, Poza JJ, Galán 
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