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ABSTRACT

Rationale: Loss-of-function of the cardiac sodium channel NaV1.5 causes conduction 
slowing and arrhythmias. NaV1.5 is differentially distributed within subcellular domains 
of cardiomyocytes, with sodium current (INa) being enriched at the intercalated discs 
(ID). Various pathophysiological conditions associated with lethal arrhythmias display 
ID-specific INa reduction, but the mechanisms underlying microdomain-specific targeting 
of NaV1.5 remain largely unknown.

Objective: To investigate the role of the microtubule (MT) plus-end tracking proteins 
end binding protein 1 (EB1) and CLIP-associated protein 2 (CLASP2) in mediating NaV1.5 
trafficking and subcellular distribution in cardiomyocytes.

Methods and Results: EB1 overexpression in human induced pluripotent stem cell-
derived cardiomyocytes (hiPSC-CMs) resulted in enhanced whole-cell INa, increased 
action potential (AP) upstroke velocity (Vmax), and enhanced NaV1.5 localization at 
the plasma membrane as detected by multi-color stochastic optical reconstruction 
microscopy (STORM). Fluorescence recovery after photobleaching (FRAP) experiments 
in HEK293A cells demonstrated that EB1 overexpression promoted NaV1.5 forward 
trafficking. Knockout of MAPRE1 in hiPSC-CMs led to reduced whole-cell INa, decreased 
Vmax and AP duration (APD) prolongation. Similarly, acute knockout of the MAPRE1 
homolog in zebrafish (mapre1b) resulted in decreased ventricular conduction velocity 
and Vmax as well as increased APD. STORM imaging and macropatch INa measurements 
showed that subacute treatment (2-3 hours) with SB216763 (SB2), a GSK3β inhibitor 
known to modulate CLASP2-EB1 interaction, reduced GSK3β localization and 
increased NaV1.5 and INa preferentially at the ID region of wild type murine ventricular 
cardiomyocytes. By contrast, SB2 did not affect whole cell INa or NaV1.5 localization in 
cardiomyocytes from Clasp2-deficient mice, uncovering the crucial role of CLASP2 in 
SB2-mediated modulation of NaV1.5 at the ID.

Conclusions: Our findings demonstrate the modulatory effect of the MT plus-
end tracking protein EB1 on NaV1.5 trafficking and function, and identify the EB1-
CLASP2 complex as a target for preferential modulation of INa within the ID region of 
cardiomyocytes.

Key words: electrophysiology; microscopy; microtubule; myocyte, cardiac; zebrafish
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NON-STANDARD ABBREVIATIONS AND ACRONYMS

ACM  arrhythmogenic cardiomyopathy

AP  action potential

APA  action potential amplitude

APD  action potential duration

BrS  Brugada syndrome

CAR  coxsackie- and adenovirus receptor

CLASP2  CLIP-associated protein 2

CV  conduction velocity

Cx43  connexin-43

dpf  days post-fertilization

EB1  end binding protein 1

FRAP  fluorescence recovery after photobleaching

GFP  green fluorescent protein

gRNA  multi-guide RNA

GSK3β  glycogen synthase kinase 3β

hiPSC  human induced pluripotent stem cell

hiPSC-CM human induced pluripotent stem cell-derived cardiomyocytes

hpf  hours post-fertilization

ID  intercalated disc

IKr  rapid delayed rectifier potassium current
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IKs  slow delayed rectifier potassium current

INa  sodium current

Ioutward  total outward current

IRES  internal ribosome entry site

KO  knockout

MDP  maximal diastolic potential

MT  microtubule

PKP2  plakophilin-2

RMP  resting membrane potential

SB2  SB216763

STORM  stochastic optical reconstruction microscopy

Vmax  upstroke velocity

WT  wild type
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NOVELTY AND SIGNIFICANCE

What is known?

• Loss-of-function of the cardiac sodium channel NaV1.5 leads to conduction 
slowing, arrhythmias, and sudden cardiac death.

• NaV1.5 is distributed heterogeneously across subcellular domains of the 
cardiomyocyte, and is enriched at the intercalated disc (ID) region.

• NaV1.5 is trafficked to these subcellular regions of the cardiomyocyte through 
the microtubule network.

What new information does this article contribute?

• The microtubule plus-end tracking end binding protein 1 (EB1) and CLIP-
associated protein 2 (CLASP2) are enriched in the ID region of cardiomyocytes.

• EB1 modulates NaV1.5 trafficking, with loss of EB1 leading to reduced sodium 
current (INa) and conduction slowing.

• Modulation of the EB1-CLASP2 complex by the GSK3β inhibitor SB216763 
affects NaV1.5 and INa preferentially at the ID, and this effect is dependent 
on CLASP2.

Dysfunction of the sodium channel NaV1.5 causes cardiac conduction slowing and 
arrhythmias. NaV1.5 is heterogeneously distributed within distinct subcellular domains 
of cardiomyocytes, and is enriched at the ID region. NaV1.5 is trafficked through the 
microtubule complex, which is known to be regulated by microtubule plus-end tracking 
proteins such as EB1 and CLASP2. We here demonstrate a modulatory effect of these 
proteins on NaV1.5 trafficking, with loss of EB1 leading to reduced INa and conduction 
slowing. Furthermore, EB1 and CLASP2 are enriched at the ID, and enhancing their 
interaction using the GSK3β inhibitor SB216763 increased NaV1.5 and INa preferentially 
at the ID, and displaced GSK3β from this region. These observations demonstrate for 
the first time that trafficking of NaV1.5 to the ID can be modulated by targeting the EB1-
CLASP2 complex, both at the molecular and pharmacological level. Our findings provide 
novel fundamental insight into subcellular trafficking of NaV1.5, and are of potential 
relevance for arrhythmogenic cardiomyopathy which is associated with reduced INa and 
increased GSK3β at the ID. Results from this study may facilitate development of novel 
therapeutic strategies aimed at preventing life-threatening arrhythmias in (inherited) 
conditions associated with alterations in INa at the ID, including arrhythmogenic 
cardiomyopathy.

7
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INTRODUCTION

The cardiac voltage-gated sodium channel NaV1.5 mediates the fast upstroke of the 
cardiac action potential, driving cardiomyocyte excitability and enabling proper cardiac 
conduction. Loss of NaV1.5 function, either acquired or inherited, is associated with 
cardiac conduction slowing, a well-established risk factor for arrhythmias and sudden 
cardiac death.1,2 NaV1.5 displays differential distribution and functionality within 
cardiomyocyte microdomains, such as the lateral membrane and intercalated disc (ID), 
where it interacts with distinct sets of proteins.3,4 Moreover, NaV1.5 is differentially 
regulated in a microdomain-specific manner in the setting of acquired and inherited 
conditions such as heart failure and arrhythmogenic cardiomyopathy.5,6 However, the 
mechanisms underlying subcellular, microdomain-specific targeting of NaV1.5 remain 
largely unknown, which prevents the development of novel strategies aimed at restoring 
excitability.

The microtubule (MT) network is essential for targeting proteins to the plasma 
membrane.7 This process is tightly regulated by MT plus (+)-end tracking proteins, which 
attach to the growing end of MTs and thereby modulate MT dynamicity and function.8 In 
neurons, networks of MT (+)-end tracking proteins are responsible for the delivery of ion 
channels to specific subcellular domains. Among the MT (+)-end tracking proteins, end 
binding protein 1 (EB1) mediates the subcellular localization of sodium and potassium 
channels at the axon initial segment and Ranvier nodes.9–11 Furthermore, EB1 has been 
demonstrated to be essential for the targeted delivery of the gap junction protein 
connexin-43 (Cx43) to adherens junctions.12,13 During oxidative stress, EB1 is displaced 
from MT (+) ends, limiting both MT growth and forward trafficking of Cx43 to the plasma 
membrane.13 In cardiomyocytes, EB1 is mainly observed at the ID,13 where NaV1.5 and 
Cx43 are both enriched. EB1, Cx43, and NaV1.5 are jointly removed from the ID in adult 
sheep right ventricular cardiomyocytes following right ventricular pressure overload 
and in mice carrying a non-sense mutation in Cx43,14,15 suggesting a possible modulatory 
role for EB1 in subcellular distribution of NaV1.5.

MTs undergo dynamic physiological switching between growth and shrinkage states.7 
At the MT (+) end, EB1 enhances MT dynamicity and promotes MT elongation.16–18 
Additionally, EB1 facilitates tethering of MTs to specific cellular structures in several cell 
types,9,12 potentially enhancing ion channel trafficking and anchoring.14 The interaction 
of EB1 with cytoplasmic linker associated protein 2 (CLASP2) at the MT (+) end also 
facilitates MT polymerization and stabilization.19–21 This interaction is increased by 
inhibition of glycogen synthase kinase 3β (GSK3β)-mediated phosphorylation of 
CLASP2, as previously demonstrated in COS-7 cells using the compound SB216763 (SB2), 
a GSK3β-inhibitor.22–24 In a chemical screen of a zebrafish model of arrhythmogenic 
cardiomyopathy, where a human mutant plakoglobin was transgenically expressed, SB2 
was found to suppress the mutant phenotype . In particular, SB2 restored the global 
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loss of sodium current (INa) observed in this model without increasing available sodium 
channel protein; however, the underlying mechanism and potential microdomain-
specific effects on INa were not investigated.25

In this study we investigate the role of the MT (+)-end tracking EB1-CLASP2 protein 
complex on NaV1.5 trafficking, subcellular distribution and function in cardiomyocytes. 
We provide evidence that EB1 mediates INa and cardiac conduction, and demonstrate 
that SB2 modulates NaV1.5 and INa preferentially at the ID of cardiomyocytes in a CLASP2-
dependent manner. In addition to demonstrating a crucial role for MT (+)-end tracking 
proteins in modulating INa, our findings identify the EB1-CLASP2 protein complex as a 
target for preferential modulation of INa in cardiomyocyte subcellular domains.

METHODS

A description of all materials and methods is provided in the Online Data Supplement 
and are available from the corresponding author upon reasonable request.

RESULTS

EB1 overexpression increases INa density and AP upstroke velocity in hiPSC-CMs
The impact of EB1 overexpression on NaV1.5 plasma membrane localization, INa and 
upstroke velocity was investigated in human induced pluripotent stem cell-derived 
cardiomyocytes (hiPSC-CMs) transduced with lentiviral vectors containing either EB1-
IRES-GFP or GFP. As expected, increased mRNA levels of MAPRE1 encoding EB1 were 
observed in hiPSC-CMs transduced with EB1-IRES-GFP lentivirus as compared to cells 
transduced with the GFP empty vector and untransduced cells, without changes in mRNA 
expression of SCN5A encoding NaV1.5 (Online Fig. I). Expression of STAT1, encoding 
signal transducer and activator of transcription 1, also remained unchanged among the 
three groups, indicating absence of interferon response after virus transduction. Fig. 
1A-C depicts representative INa traces, current-voltage (I-V) relationships, and INa density 
at -20 mV measured in hiPSC-CMs transduced with EB1-IRES-GFP or GFP only (GFP-
control). We observed a significantly greater INa density in hiPSC-CMs overexpressing 
EB1 compared to GFP-control hiPSC-CMs and a slight hyperpolarizing shift of voltage-
dependence of activation, without changes in the voltage-dependence or time course 
of inactivation (Online Table I). We further explored the electrophysiological effects of 
EB1 overexpression through current clamp experiments in hiPSC-CMs employing inward 
rectifier potassium current (IK1) dynamic clamp injection (with Kir2.1 kinetics).26 In line 
with the observed increase in INa, maximum action potential (AP) upstroke velocity (Vmax) 
was significantly higher in hiPSC-CMs with EB1 overexpression compared to GFP-control 
hiPSC-CMs. EB1 overexpression did not significantly affect AP amplitude (APA), resting 
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membrane potential (RMP), or AP duration at 20, 50, or 90% repolarization (APD20, 

APD50, APD90 respectively) (Fig. 1D,E; Online Table II).

EB1 overexpression increases plasma membrane NaV1.5 cluster density in 
hiPSC-CMs and enhances NaV1.5 membrane trafficking in HEK293A cells
INa magnitude is determined by the density and size of NaV1.5 clusters at the cell 
membrane.27 To assess the impact of EB1 on NaV1.5 cluster properties, we applied 
multi-color stochastic optical reconstruction microscopy (STORM), a super-resolution 
approach,18 on fixed hiPSC-CMs. Fig. 1F displays STORM images with immunoreactive 
signals for NaV1.5 (green) and N-cadherin (red) in EB1-IRES-GFP or GFP transduced 
hiPSC-CMs. In total, 871 clusters from 55 images of GFP transduced cells and 2866 
clusters from 102 images of EB1-IRES-GFP cells were included in the analysis. As shown 
in Fig 1G, NaV1.5 cluster density in hiPSC-CMs upon EB1 overexpression was significantly 
increased compared to GFP-control hiPSC-CMs, whereas NaV1.5 cluster size was not 
significantly different between conditions. Neither N-cadherin cluster density nor 
N-cadherin cluster size were affected by EB1 overexpression (Fig. 1G; Online Table III). 
Moreover, the average distance between NaV1.5 and N-cadherin clusters as well as the 
distance distribution was similar in GFP-control and EB1-IRES-GFP hiPSC-CMs (Online 
Fig. II; Online Table III).

Similar to observations in hiPSC-CMs, co-expression of NaV1.5+NaVβ1 with EB1 in 
HEK293A cells (which express EB1 endogenously; Online Fig. IIIA) led to a significant 
increase in INa (Online Fig. IIIB-D), without affecting the voltage dependence of 
activation or inactivation (Online Table IV). To assess the impact of EB1 on NaV1.5 
trafficking, we performed fluorescence recovery after photobleaching (FRAP) in 
HEK293A cells transfected with N-terminally GFP-fused NaV1.5 (GFP-NaV1.5) with or 
without MAPRE1/EB1. Following bleaching, GFP-NaV1.5 fluorescence was continuously 
recorded at a frequency of 2 Hz for a 75-second period (Fig. 1H,I). The fluorescence 
signal was fitted using an exponential plateau fit  where 
YM represents the maximum fluorescence recovery signal, Y0 the lowest fluorescence 
intensity, and k the speed of recovery after photobleaching. Similar FRAP recordings 
were also performed after 2-hour incubation with paclitaxel (10 µmol/L), an anticancer 
drug known to suppress MT dynamics28 and decrease INa.

29 While k values remained 
unchanged between groups, paclitaxel significantly decreased the maximum GFP-NaV1.5 
fluorescence recovery signal following bleaching. In contrast, co-expression of EB1 with 
GFP-NaV1.5 resulted in a significantly higher maximum fluorescence recovery signal 
as compared to GFP-NaV1.5 alone (Fig. 1H,I; Online Table V). Taken together, these 
findings indicate that EB1 overexpression increases INa by enhancing NaV1.5 trafficking.
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Figure 1. EB1 overexpression leads to increased sodium current density, action potential up-
stroke velocity and NaV1.5 cluster density in hiPSC-CMs and enhanced NaV1.5 trafficking in 
HEK293A cells. (A) Representative manual whole-cell INa traces in hiPSC-CMs following lentiviral 
transduction with EB1-IRES-GFP or GFP-transduced hiPSC-CMs. (B) Average current-voltage (I-V) 
relationships of peak INa in EB1-IRES-GFP and GFP-transduced hiPSC-CMs. Inset shows voltage-clamp 
protocol. (C) Average peak INa density measured at -20 mV with or without EB1 overexpression. 
(D) Representative action potentials (APs) and maximum upstroke velocities (Vmax) measured in 
hiPSC-CMs with or without EB1 overexpression at the stimulation frequency of 1 Hz. (E) Average 
AP properties in hiPSC-CMs with or without EB1 overexpression. APA, AP amplitude, RMP, resting 
membrane potential, APD20, APD50, APD90, AP duration at 20, 50, and 90% of repolarization. (F) 
Representative multi-color stochastic optical reconstruction microscopy (STORM) images showing 
immunoreactive signals for NaV1.5 (green) and N-cadherin (red) in EB1-IRES-GFP and GFP-trans-
duced hiPSC-CMs (scale bars: 8 µm). (G) NaV1.5 and N-cadherin cluster characteristics (size and 
density) in cells with or without EB1 overexpression. All NaV1.5 clusters included in the analysis have 
a maximum distance of 1 μm to the approximated cell end membrane. (H) Representative images 
showing GFP-NaV1.5 fluorescence signal before, during and 15, 20, and 60 seconds post bleaching 
(PB) in HEK293A cells transfected with N-terminally GFP-fused SCN5A (GFP-NaV1.5) with or without 
EB1 (scale bars: 10 μm). (I) Curves demonstrating the relationship between relative fluorescence and 
time (speed of fluorescence recovery) which were obtained in FRAP experiments in cells transfected 
with GFP-NaV1.5 (YM: 0.560±0.004, k: 0.088±0.004) only or with GFP-NaV1.5+EB1 (YM: 0.763±0.004, 
k: 0.091±0.002), and in cells subjected to paclitaxel treatment (10 µmol/L, 2 hours; YM: 0.317±0.003, 
k: 0.077±0.003). *P < 0.05, **P < 0.01, #P < 0.0001 (two-way repeated measurements ANOVA (B), 
Mann-Whitney U (C,E,G). n indicates number of cells measured.

Knockout of EB1 leads to reduced INa and Vmax, APD prolongation, and ven-
tricular conduction slowing
To further establish the modulatory effects of EB1 on INa, we next generated MAPRE1/
EB1 knockout (EB1-KO) hiPSC. As expected, MAPRE1 transcripts were abolished in the 
EB1-knockout hiPSC-CMs without affecting SCN5A mRNA expression (Online Fig. IV). 
On patch clamp analysis, EB1-KO hiPSC-CMs showed a significant decrease in peak INa in 
addition to a hyperpolarizing shift in steady-state inactivation and a slower time course 
of inactivation, while activation kinetics were unaffected (Fig. 2A-C; Online Table VI). 
AP measurements, performed by setting the RMP to -80 mV with a holding current, 
revealed a decreased Vmax in EB1-KO hiPSC-CMs (Fig. 2D,E; Online Table VII), in line with 
the observed reduced INa. While the maximal diastolic potential (MDP; measured in 
the absence of the holding current) and APA remained unchanged, EB1-KO hiPSC-CMs 
showed prolonged APD30, APD50, and APD90 (Fig. 2D,E; Online Table VII). Accordingly, 
total outward current (Ioutward) was significantly lower in EB1-KO hiPSC-CMs, which was 
largely due to a reduction in E-4031-sensitive current (reflecting the rapid delayed 
rectifier potassium current, IKr) rather than a JNJ-303-sensitive current (reflecting the 
slow delayed rectifier potassium current, IKs) (Online Fig. V; Online Table VIII).
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Figure 2. EB1 knockout leads to reduced sodium current density in hiPSC-CMs, slowed con-
duction in zebrafish ventricles, and reduced action potential upstroke velocity and increased 
action potential duration in both. (A) Representative automated whole-cell INa traces in hiPSC-CMs 
in control conditions and following CRISPR/Cas9–mediated knockout of MAPRE1 encoding EB1 (EB1-
KO). (B) Average current-voltage (I-V) relationships of peak INa in control and EB1-KO hiPSC-CMs. 
Inset shows voltage-clamp protocol. (C) Average peak INa density measured at -20 mV in control and 
EB1-KO hiPSC-CMs. (D) Representative action potentials (APs) and maximum upstroke velocities 
(Vmax) measured in control and EB1-KO hiPSC-CMs at the stimulation frequency of 1 Hz. (E) Aver-
age AP properties in control and EB1-KO hiPSC-CMs. APA, AP amplitude, MDP, maximal diastolic 
potential, APD30, APD50, APD90, AP duration at 30, 50, and 90% of repolarization. (F) Representative 
cardiac activation map (isochrone at 5 ms), Vmax (maximal action potential upstroke velocity, dV/dt) 
map, and action potential duration (APD) at 80% repolarization map of hearts isolated from 3 dpf 
zebrafish embryos injected with tracrRNA/Cas9 and multiple gRNAs targeting mapre1b (EB1-KO) or 
tracrRNA/Cas9 without gRNA (control). The dotted squares reflect the ventricular region of interest 
from which parameters were measured (scale bar: 50 µm). APD measurement was performed on 
hearts that were paced at 80 bpm. (G) Average conduction velocity, Vmax, and APD80 measured in 
EB1-KO and control hearts. *P < 0.05, **P < 0.01, ***P < 0.001 (unpaired Student’s t-test (E: APA, 
Vmax; G), Mann-Whitney U (A; E: MDP), Mann-Whitney U with Holm-Bonferroni multiple testing 
correction (E: APD). n indicates number of cells or zebrafish hearts measured.

To assess the role of EB1 in vivo, we generated an EB1 loss-of-function model by 
knocking out EB1 using a multi-guide RNA (gRNA) CRISPR/Cas9 approach in zebrafish 
embryos. Of the two paralogous EB1-encoding genes mapre1a and mapre1b, the latter 
is the dominant paralog in embryonic zebrafish heart (Online Fig. VI).30 Therefore, we 
targeted mapre1b/EB1 with 3 different gRNAs and achieved ~50% knockout of mapre1b 
without changes in the mRNA levels of other genes in the same family (Online Fig. VIIA), 
or of major cardiac ion channel genes (Online Fig. VIIB). Acute knockout of mapre1b 
(EB1-KO) did not affect embryonic mortality at 24 hour post-fertilization (hpf, data not 
shown), heart rate and contractile function at 54 hpf, or cardiac dimensions and sizes 
at 3 day post-fertilization (dpf; Online Fig. VIII,IX; Online Tables IX,X). At 3 dpf, hearts 
were isolated and underwent optical mapping using a voltage-sensitive dye. Compared 
to control hearts, acute EB1-KO hearts exhibited a significantly reduced conduction 
velocity (CV) and AP Vmax in the ventricle (Fig. 2F,G; Online Table XI). Furthermore, there 
was a significant increase in the ventricular APD80 in the acute EB1-KO hearts when 
paced at 80 bpm (Fig. 2F,G).

Ventricular Mapre1/EB1 expression correlates with QRS duration in an F2 
murine progeny
To further explore the potential functional relevance of EB1 in vivo, we analysed existing 
microarray and ECG data from a conduction disease-sensitized F2 mouse population 
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(n = 109).31,32 These F2 mice were generated from an intercross of two separate mouse 
strains carrying the Scn5a-1798insD mutation, which we have previously shown to 
display variable conduction disease severity secondary to the mutation.33 Ventricular 
transcript levels of Mapre1 encoding EB1 were negatively correlated with QRS duration 
(P = 0.000118, rho = -0.34433; Spearman non-parametric correlation; Online Fig. X) and 
QT duration (P = 0.049, rho = -0.18; Spearman non-parametric correlation), but not with 
QT duration corrected for heart rate (QTc). Multiple regression analysis showed that only 
QRS-duration was independently correlated with Mapre1 transcript levels in ventricle.

Figure 3. SB21673 (SB2) enhances INa in wild type but not Clasp2-/- mice. (A,D) Representative 
manual whole-cell INa traces from adult murine wild type (WT, A) and Clasp2-/- (D) left ventricular 
cardiomyocytes after 2-3 hours incubation with vehicle or SB2. (B,E) Average current-voltage (I-V) 
relationships of INa in WT (B) and Clasp2-/- (E) after vehicle or SB2 treatment. Insets show volt-
age-clamp protocol. (C,F) Average peak INa density measured at -35 mV in WT (C) and Clasp2-/- (F) 
cardiomyocytes after vehicle or SB2 treatment. n represents the number of cells measured. Data 
was collected from 7 WT and 3 Clasp2-/- mice. *P < 0.05, **P < 0.01, #P < 0.0001 (two-way repeated 
measurements ANOVA, followed by a Holm-Sidak post-hoc test (B), unpaired Student’s t-test (C)).

Targeting the MT (+)-end protein complex by the GSK3β inhibitor SB216763 
modulates INa in a CLASP2-dependent manner
Having identified a clear modulatory effect of EB1 on NaV1.5 and INa, we next explored 
the potential of targeting MT (+)-end tracking proteins. The regulatory effects of EB1 
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on MT dynamics and consequent cargo delivery to the membrane are facilitated by 
its interaction with other (+)-end tracking proteins such as CLASP2. The compound 
SB216763 (SB2), annotated as a GSK3β inhibitor, has been previously shown to promote 
the interaction between EB1 and CLASP2, thereby stabilizing MTs and potentially 
promoting cargo transport across MTs.22,34 Therefore, we investigated the (sub)acute 
effects of SB2 on INa by incubating isolated wild type (WT) adult left ventricular murine 
cardiomyocytes for 2-3 hours with either SB2 (5 µmol/L) or DMSO (vehicle control). As 
shown in Fig. 3A-C, incubation with SB2 resulted in an approximately 30% increase in 
whole-cell peak INa compared to vehicle control, without affecting INa kinetics (Online 
Table XII). To investigate whether this effect of SB2 on INa depends on CLASP2, we 
repeated the experiment using Clasp2 knockout mice (Clasp2-/-). No significant baseline 
differences in INa were observed between WT and Clasp2-/- ventricular cardiomyocytes. 
However, SB2 had no effect on INa density (Fig. 3D-F) nor kinetics in Clasp2-/- 
cardiomyocytes (Online Table XIII). These observations indicate that modulation of 
the MT (+)-end tracking EB1-CLASP2 protein complex by SB2 enhances INa, and this 
process is crucially dependent on CLASP2.

SB2 reduces GSK3β and increases NaV1.5 and INa preferentially at the ID of 
cardiomyocytes
Since EB1 and CLASP2 are known to modulate MT dynamics at adherens junctions,12,35,36 
and are enriched at the ID of cardiomyocytes (Online Fig. XI),4 we hypothesized that 
modulation of the MT (+)-end tracking complex by SB2 would impact NaV1.5 and INa 
preferentially within the ID. To explore the impact of SB2 on the molecular organization 
of NaV1.5 at a subcellular level, we performed STORM microscopy in adult ventricular 
cardiomyocytes from WT and Clasp2-/-

 mice, assessing NaV1.5 cluster size and density 
in the lateral membrane and ID.10 In WT cardiomyocytes, SB2 increased NaV1.5 cluster 
size and density at the ID, but not at the lateral membrane (Fig. 4A,C; Online Table XIV). 
By contrast, SB2 did not affect NaV1.5 cluster size or density at the ID or at the lateral 
membrane in cardiomyocytes from Clasp2-/- mice (Fig. 4B,D; Online Table XV), in line with 
the absence of effect of SB2 on whole-cell INa observed in these cells. Since SB2 has been 
annotated as a GSK3β inhibitor, we performed STORM analysis of GSK3β in murine adult 
cardiomyocytes (47 untreated cells and 58 treated cells; from N = 4 mice) and found that 
SB2 significantly decreased GSK3β cluster size and density at the ID (Fig. 5A,B; Online 
Table XVI). This was accompanied by a larger fraction of detyrosinated MTs, as indicated 
by an increased labelling of glu-tubulin (representing detyrosinated tubulin) and decreased 
levels of alpha-tubulin (total tubulin) (Fig. 5C-F; Online Table XVII).

To confirm the subdomain-specific functional impact of SB2, we performed macropatch 
(cell attached voltage clamp) measurements to assess INa specifically at the lateral 
membrane and ID region. As shown in Fig. 6A-C and Online Table XVIII, SB2 did not 
affect INa density or kinetics at the lateral membrane. By contrast, SB2 treatment resulted 
in a substantial INa increase at the ID region (Fig. 6D-F) without significant alterations in 
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current kinetics (Online Table XIX). Hence, aside from the previously described GSK3β 
inhibition properties of SB2,37 these findings indicate that targeting the MT (+)-end 
tracking complex by SB2 reduces the presence of GSK3β at the ID, thereby increasing 
NaV1.5 and INa preferentially in this subcellular domain of the cardiomyocyte (Fig. 7).

Figure 4. SB21673 (SB2) treatment results in increased NaV1.5 localization at the intercalated 
discs (ID) in wild type but not Clasp2-/- mice. Representative multi-color STORM images showing 
immunofluorescently labelled NaV1.5 (green) and N-cadherin (red) after 2-3 hours of incubation 
with either vehicle or SB2 in wild type (WT) (A) and (B) Clasp2-/- cardiomyocytes (scale bars: 10 µm). 
Quantification of NaV1.5 cluster size and cluster density at the lateral membrane and ID of (C) WT 
and (D) Clasp2-/- cardiomyocytes after 2-3 hours of incubation with vehicle or SB2. n represents 
the number of cells measured. Data was collected from 3 WT and 3 Clasp2-/- mice. *P < 0.05, #P < 
0.0001 (unpaired Student’s t-test).
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Figure 5. SB21673 (SB2) affects GSK3β localization and microtubule characteristics. (A) Rep-
resentative multi-color STORM images of adult murine wild type (WT) showing labelled GSK3β 
(green) and N-cadherin (red) after 2-3 hours of incubation with either vehicle or SB2, and (B) average 
GSK3β cluster size and cluster. (C) Typical maximum intensity projections of stacked confocal images 
showing immunolabeled tubulin in adult WT murine cardiomyocytes after incubation with either 
vehicle of SB2, and (D) average total tubulin levels. (E) Typical maximum intensity projections of 
stacked confocal images showing immunolabeled detyrosinated tubulin (green) and N-cadherin 
(red) in adult WT murine cardiomyocytes after 2-3 hours of incubation with vehicle or SB2, (F) and 
average detyrosinated tubulin levels located near N-cadherin. Scale bars: 10 µm; n represents the 
number of cells measured. Data was collected from 4 (GSK3β dataset) and 2 (microtubule quanti-
fication) WT mice. #P < 0.0001 (Mann-Whitney U test (B,D,F)).
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Figure 6. SB21673 (SB2) enhances INa at the intercalated disc (ID) region of adult WT murine 
cardiomyocytes. (A,D) Schematic drawing of pipette placement (left), and representative mac-
ropatch traces (right) of INa measured at the lateral membrane (A) and ID region (D) at -40 mV 
after 2-3 hours of incubation with vehicle or SB2. (B,E) Average current-voltage (I-V) relationship 
of INa generated at the lateral membrane (B) and ID region (E) of cardiomyocytes upon vehicle 
or SB2 treatment. Insets show voltage-clamp protocol. (C,F) Peak INa generated at -40 mV at the 
lateral membrane (C) and ID region (F) of cardiomyocytes upon vehicle or SB2 treatment. Lateral 
membrane INa was measured in 8 WT mice, while ID region data was generated in 5 animals. n 
represents the number of cells measured. *P < 0.05, **P < 0.01, #P < 0.0001 (two-way repeated 
measurements ANOVA, followed by a Holm-Sidak post-hoc test (E), unpaired Student’s t-test (F)).

DISCUSSION

In this study, we demonstrate that the MT (+)-end tracking protein EB1 regulates 
NaV1.5 trafficking, INa and ventricular conduction. We show that modulation of the 
EB1-CLASP2 complex affects NaV1.5 and INa preferentially at the ID, and confirm 
that this modulatory effect is crucially dependent on CLASP2. Taken together, 
our findings identify MT (+)-end tracking proteins, in particular the EB1-CLASP2 
complex, as novel modulators of NaV1.5 and INa within distinct subcellular domains. 

In cardiomyocytes, NaV1.5 is distributed heterogeneously across subcellular 
domains and forms macromolecular complexes with microdomain-specific 
interacting proteins. At the lateral membrane, NaV1.5 interacts with the 
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Figure 7. Proposed mechanism of the modulatory effect of SB2 on NaV1.5 delivery to the inter-
calated disc (ID). The microtubule (+)-end tracking proteins EB1 and CLASP2 both prevent microtu-
bule breakdown and are able to interact with anchoring proteins located in the cell membrane. SB2 
prevents GSK3β-mediated CLASP2 phosphorylation, thereby enhancing EB1-CLASP2-microtubule 
interactions, resulting in increased NaV1.5 delivery at the ID of cardiomyocytes.

syntrophin-dystrophin complex, and both loss of dystrophin and disruption of the 
NaV1.5-syntrophin interaction have been shown to decrease INa in this subcellular domain 
and cause cardiac conduction slowing.38–40 Similarly, disruption of the ID-localized 
interacting proteins plakophilin-2 (PKP2) and coxsackie- and adenovirus receptor (CAR) 
reduces INa specifically at the ID.1,41 Because INa is larger at the ID than at the lateral 
membrane,42 loss of NaV1.5 at the ID results in a larger reduction of whole-cell INa and is 
consequently more detrimental to cardiac conduction. Additionally, NaV1.5 and the β1 
subunit are required for proper cell adhesion at the ID,27,43 which is important for normal 
and ephaptic conduction44,45 Hence, maintaining proper NaV1.5 localization and function 
at the ID is crucial for preventing cardiac conduction slowing and arrhythmogenesis. 
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The MT network is known to form “highways” along which the motor proteins kinesin 
and dynein move cargo to and from the cell membrane,7 including connexins and ion 
channels.9,12,14,29,46 The significance of the MT network for the targeting of ion channels 
to the plasma membrane has been demonstrated in studies using agents affecting 
MT structure.29,47–50 In particular, we previously demonstrated that treatment with 
paclitaxel, an anticancer drug known to suppress MT dynamics,28,51 reduced NaV1.5 
surface expression and INa, and modified NaV1.5 gating properties.29 In addition to a 
modulatory effect on MT dynamics, the observed reduction in INa may also be consequent 
to displacement of the MT (+)-end tracking protein EB1 from MT tips, an established 
consequence of paclitaxel treatment.16 EB1 participates in the dynamic stabilization of 
MTs by promoting their elongation, and furthermore establishes MT capture sites on 
the cell membrane by interacting with other proteins,17,18,52 thereby providing anchoring 
points for targeted delivery of NaV1.5.14 Accordingly, our current findings show that EB1 
regulates NaV1.5 membrane cluster density, INa, and AP upstroke velocity. Additionally, 
the FRAP data obtained in HEK293A cells indicate that EB1 enhances forward trafficking 
of NaV1.5. Although no effect on the speed of recovery after photobleaching was 
observed upon EB1 overexpression, the higher plateau level likely reflects an enhanced 
vesicular transport of NaV1.5. While HEK293A cells lack certain proteins and other ion 
channels modulating NaV1.5 function and trafficking,53,54 we observed a clear similarity 
in patch clamp data obtained from HEK293A cells and hiPSC-CMs overexpressing EB1. 
Additionally, our FRAP data in HEK293A cells are consistent with our STORM imaging 
and patch clamp findings in hiPSC-CMs showing increased NaV1.5 membrane localization 
and INa. Conversely, knockout of MAPRE1/EB1 in hiPSC-CMs greatly reduced INa density, 
underlining its crucial role in NaV1.5 trafficking. Interestingly, EB1 knockout also 
impacted INa inactivation properties, indicating this MT (+)-end tracking protein may also 
modulate channel kinetics, possibly by affecting the NaV1.5 macromolecular complex.

The in vivo functional relevance of EB1 and its impact on INa was demonstrated by our 
findings in zebrafish where acute EB1 knockout led to a decrease in ventricular Vmax and 
conduction velocity. The negative correlation between ventricular EB1 expression and 
QRS duration observed in Scn5a-1798insD F2 mice further underscores the role of EB1 
on ventricular conduction in adult hearts. Conversely, the APD prolongation observed 
in both the hiPSC-CMs and zebrafish EB1 knockout models suggest an additional impact 
on repolarization, which was confirmed by a reduction in the E-4031-sensitive outward 
current (representing IKr) following EB1 knockout in hiPSC-CMs. This is in line with 
previous observations that EB1 modulates the subcellular trafficking of both sodium 
and potassium channels in the axon initial segment of neurons.55 A recent study also 
demonstrated an essential role for the MT network in modulating the ultrarapid delayed 
rectifier potassium channel (KV1.5) trafficking in atrial cardiomyocytes, demonstrating 
that mobile KV1.5 channels were predominantly associated with EB1.56 Hence, the 
role of the MT network and the MT (+)-end binding complex in subcellular targeting 
of ion channels extends beyond effects on NaV1.5. Whether the impact on other ion 
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channels is consequent to a direct modulatory effect or through an indirect effect on 
co-trafficking of e.g. sodium and potassium channels,57 deserves future exploration.

In adult cardiomyocytes, EB1 was previously detected primarily at IDs.14,15 In HeLa cells, 
EB1 was shown to be directly involved in the targeting of Cx43 to the cell-cell border 
through MT interaction with adherens junctions.12 Moreover, decreased EB1 localization 
at the ID as a result of right ventricular pressure overload15 and in the setting of Cx43 
C-terminus truncation14 was associated with changes in NaV1.5 distribution and INa, 
suggesting a possible role for EB1 in targeting NaV1.5 to the ID.14,15 These findings are in 
line with studies in neurons, where the interaction between EB proteins and ankyrin-G 
is crucial for localization of both ankyrin-G and sodium channels at the neuronal axon 
initial segment.10,11 In addition to ankyrin-G, which has previously been shown to be 
essential for the anchoring of NaV1.5 at the ID of cardiomyocytes,58,59 EB1 associates with 
the ID proteins desmoplakin60 and p150 (Glued), as well as dynein intermediate chain 
and dynamitin35 which are part of the dynactin/dynein complex.61 Additionally, the MT 
(+)-end tracking protein CLASP2 has been shown to interact with the ID protein p120-
catenin, thereby governing MT dynamics at adherens junctions.36,62 These interactions of 
MT (+)-end tracking proteins with ID-specific proteins may be facilitating MT anchoring 
and subsequent NaV1.5 delivery to this specific subcellular domain.14

In our experiments, overexpression of EB1 in hiPSC-CMs induced a significant increase 
in NaV1.5 cluster size in regions of cell-to-cell contact, defined as areas with enrichment 
of N-cadherin. Although hiPSC-CMs do not possess a mature subcellular organization 
similar to adult cardiomyocytes, they do have intercellular junctions and NaV1.5 
preferentially localizes to these regions of cell-to-cell contact (although not exclusively). 
Accordingly, hiPSC-CMs have previously been successfully employed to investigate 
NaV1.5 (dys)function and model diseases associated with alterations in the ID region, 
including arrhythmogenic cardiomyopathy (ACM).25,41,63 While our findings in hiPSC-CMs 
indicate an effect of EB1 on NaV1.5 in the “ID-like” region, we cannot completely exclude 
an effect of EB1 on NaV1.5 in the lateral membrane because the relative immaturity 
of hiPSC-CMs precludes accurate assessment of this subcellular domain. However, our 
results in mouse cardiomyocytes show that SB2, which is known to modulate EB1-
CLASP2 interaction,22 does not affect NaV1.5 or INa at the lateral membrane.

Inherited disorders characterized by reduced INa and conduction disturbances such as 
Brugada syndrome (BrS) and ACM still lack effective therapeutic options. ACM is typically 
caused by mutations in desmosomal proteins, and studies in ACM murine models 
have shown that gap junction remodelling64,65 and INa reduction25,65–68 may precede 
the development of cardiac structural abnormalities and ventricular arrhythmias.64–66 
Decreased levels of NaV1.5 and Cx43 at the ID have been demonstrated in patients with 
ACM,5,64,69–71 and certain ACM mutations have been shown to lead to mis-localization 
of EB1 and impairment of MT dynamics.60 Heterozygous deletion of the desmosomal 
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protein PKP2 in cardiomyocytes caused both a reduction in INa and a separation of 
MT (+) ends (marked by EB1) from N-cadherin plaques at the ID, indicating that the 
latter may have impaired protein delivery to the cell membrane.41 Given the well-
established pro-arrhythmic consequences of decreased NaV1.5/INa, development of 
novel pharmacological interventions to restore their levels is crucial.

Recently, a chemical screen identified a novel compound which restored INa in both 
a zebrafish ACM model and neonatal rat ventricular cardiomyocytes expressing 
mutant desmosomal protein plakoglobin.25 This compound, SB216763 (SB2), has been 
annotated as a GSK3β inhibitor.37 In fibroblasts and epithelial cells, GSK3β-mediated 
phosphorylation of the MT (+)-end tracking protein CLASP2 was shown to inhibit CLASP2 
interactions with EB1 and MTs, while SB2 treatment re-established EB1 and CLASP2 
colocalization and CLASP2 accumulation on MTs.22,23 Additionally, previous research 
revealed that facilitation of GSK3β phosphorylation by agrin is crucial for CLASP2-
mediated neuromuscular junction formation.72 Hence, GSK3β significantly impacts the 
function of CLASP2, which is a selective MT stabilizer that reduces the rapid breakdown 
of MTs (i.e. MT catastrophe) in specific cellular domains.19,20,73 Additionally, CLASP2 is 
involved in the establishment of focal adhesions in various cell types and the formation 
of the neuromuscular junction.72,74 EB1 has been shown to be enriched at the ID by 
immunohistochemistry in cardiac tissue,13,15 and CLASP2 has recently been identified 
as putative ID-specific proteins by mass spectrometry studies in cardiomyocytes,75 
Additionally, CLASP2 is known to interact with p120-catenin which is specifically 
localized at the ID in cardiomyocytes.36 Based on these observations, we hypothesized 
that SB2 enhances EB1-CLASP2 and MT-CLASP2 interactions, and thereby facilitates the 
delivery of NaV1.5 to the ID. Indeed, our macropatch and super-resolution microscopy 
experiments revealed that SB2 increased the density and size of NaV1.5 clusters as 
well as INa at the ID of WT adult murine cardiomyocytes, while NaV1.5 clusters and INa at 
the lateral membrane remained unaffected. Interestingly, baseline INa densities were 
similar between WT and Clasp2-/-

 murine cardiomyocytes, which may be explained by a 
compensatory effect of the CLASP2 paralog CLASP1 in maintaining MT stabilization. In 
contrast, the SB2-induced increase in INa was only observed in WT cardiomyocytes and 
not in Clasp2-/-

 cells. CLASP1 was recently demonstrated to be less sensitive to GSK3β 
inhibition as compared to CLASP2,76 and hence would not be able to compensate for 
the lack of SB2 effect on INa in Clasp2-/-

 cardiomyocytes. Hence, our findings establish 
a central role of CLASP2 in SB2-mediated enhancement of INa and NaV1.5 localization 
at the ID.

In ACM mice, local GSK3β upregulation has been observed at the ID, with chronic SB2 
treatment normalizing subcellular GSK3β distribution and reducing the incidence of 
ventricular arrhythmias.77 In accordance, our in vitro data show that SB2 decreases the 
presence of GSK3β at ID of cardiomyocytes. In the compound screen during which SB2 
was originally identified,25 other compounds with GSK3β kinase inhibiting properties 
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failed to rescue the ACM phenotype. In light of this, our current findings indicate a role 
for GSK3β displacement from the ID region, in addition to altered GSK3β activity, in the 
SB2-mediated effects on NaV1.5. Post-translational modifications of tubulin, including 
detyrosination and acetylation, affect the MT interaction with kinesin motor proteins 
involved in vesicular transport and regulate movement speed of kinesin along MTs.34,78,79 
These post-translational modifications have been suggested to play a crucial role in 
microdomain-specific trafficking in neurons,80,81 in line with our current observation 
that SB2 increased MT detyrosination and enhanced NaV1.5 trafficking preferentially 
to the ID. While compounds such as SB2 are likely not suitable for clinical application 
due to potential off-target effects, novel mechanistic insight obtained from our current 
study may facilitate development of novel strategies to enhance NaV1.5 trafficking and 
increase INa. Such approaches will be of particular benefit to patients suffering from 
(inherited) disorders associated with an increased risk for life-threatening arrhythmias 
consequent to decreased NaV1.5/INa at the ID, including ACM.

In conclusion, in this study we uncover a role for the MT network, in particular the (+)-
end tracking proteins EB1 and CLASP2 in mediating NaV1.5 trafficking and subcellular 
distribution in cardiomyocytes. We demonstrate that modulation of the EB1-CLASP2 
interaction increases NaV1.5 and INa preferentially at the ID of cardiomyocytes in a 
CLASP2-dependent manner. Our findings thus identify the MT (+)-end tracking protein 
complex as a target for preferential modulation of NaV1.5 and INa within distinct 
subcellular microdomains of cardiomyocytes.
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SUPPLEMENTAL MATERIAL

METHODS

hiPSC-CM production, dissociation and transduction (MAPRE1/EB1 overex-
pression)
The human induced pluripotent stem cells (hiPSCs; line iC133-2) used in the MAPRE1/
EB1 overexpression studies were generated (by our collaborator, Prof. Kaomei Guan at 
the Department of Pharmacology and Toxicology, Dresden University of Technology, 
Dresden, Germany) by reprogramming skin fibroblasts through the use of a lentiviral-
mediated delivery of the Oct4, Sox2, Klf4, c-Myc genes as previously reported.82 hiPSC-
CMs were generated by adaptation of a previously described protocol.83 Briefly, the 
undifferentiated pluripotent cells were passaged 36 to 49 times and dissociated to a 
single-cell suspension by EDTA/PBS (0.5 mmol/L) treatment and seeded onto matrigel-
coated 24-well plates in presence of mTeSR1 medium. When cells reached about 90% 
confluent growth, the medium was switched to RPMI 1640 supplemented by B27 
without insulin, in presence of CHIR 99021 (1.5 µmol/L), Activin A (20 ng/ml), BMP4 
(20 ng/ml) for mesoderm induction. On day 4, the medium was replaced with RPMI 
1640 supplemented by B27 without insulin containing the Wnt inhibitor, IWP-4 (5 
µmol/L). The inhibitor was removed on day 7 and cells were maintained in RPMI 1640 
medium supplemented by insulin-containing B27 from day 8. Spontaneously beating 
aggregates of cells were detected approximately from day 10. Differentiation was 
allowed to proceed up to 30 days, followed by a 5 day-long cardiomyocyte-enrichment 
step consisting for partial elimination of non-cardiomyocyte cells by using glucose-
depleted medium supplemented by 4 mmol/L lactate.84

Lentiviral constructs and hiPSC-CM transduction used for overexpression
The EB1 coding sequence from the MAPRE1-pReceiver-M02 plasmid vector was 
subcloned in a bicistronic pLVX-CMV-x-IRES-GFP lentiviral vector. Subsequently, 
lentiviral pLVX-CMV-EB1-IRES-GFP and pLVX-CMV-empty-IRES-GFP were produced 
and infectious particles titrated. Medium containing infectious particles was placed 
on dissociated hiPSC-CMs 3 days after dissociation (30×103 infectious particles added 
per well) and removed 8 hours after the start of the incubation (2 times washed). 
Culture medium was then renewed every 2 days. Measurements were performed 5 
days after infection.

Genome editing, production and dissociation of hiPSC-CM model of 
MAPRE1/EB1 knockout
The human induced pluripotent stem cell (hiPSC) line 19c3 was previously derived from 
peripheral blood mononuclear cells of a healthy male using Sendai virus (Invitrogen) 
and expressing an exogenous TNNT2 promoter-derived Zeocin resistance cassette.85 
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The hiPSCs were passaged at a ratio of ~1:15 every 4 days using 0.5 mmol/L EDTA (for 
6 min at room temperature), achieving ~75-80% confluence. The cells were routinely 
maintained in B8 medium on 1:800 diluted growth factor reduced Matrigel (Corning), 
except for the first 24 h after passage when B8 was supplemented with 2 μmol/L 
thiazovivin (LC Labs, T-9753), hereby referred to as B8T medium. All cultures (pluripotent 
and differentiation) were maintained in 2 mL medium per 9.6 cm2 of surface area or 
equivalent. Cells passaged 50 to 60 times were used for differentiation.

Genome editing: To generate MAPRE1/EB1 knockout gRNA expression vectors, 
two gRNAs targeting all four splicing variants of MAPRE1 were designed using an 
online CRISPR design tool (IDT) with high predicted on–target score and minimal 
predicted off–target effect (MAPRE1-01 forward: CACCGGCTGCGTATTGTCAGTTTA, 
rever se:  A A AC TA A AC TGAC A ATACGC AGCC;  MAPRE1- 02 for ward: 
CACCGCAAGCAGGTTTTAAGAGAAT, reverse: AAACATTCTCTTAAAACCTGCTTGC). DNA 
oligos (IDT) encoding each gRNA with BbsI ligation overhangs were annealed and 
inserted into the BbsI restriction site of a pSpCas9(BB)–2A–Puro (PX459, Addgene 
62988) plasmid. The constructed gRNA expression plasmids were confirmed by Sanger 
sequencing (Eurofins) with the LKO1_5_primer (5’–GACTATCATATGCTTACCG–3’). CRISPR/
Cas9–mediated knockout of MAPRE1 was induced after cell passage by electroporation 
of 5×106 hiPSC with 5 µg of each gRNA expression vector. Subsequently, cells were 
maintained for 48 h in B8T medium supplemented with 0.5 μg/mL of puromycin 
(Gibco). Puromycin resistant individual colonies were picked and expanded ~10 days 
after electroporation. Clones with indels were identified by genomic sequencing with 
MAPRE1 primers outside of the targeted region (forward: TGGGAAGAAGTTCACCCTGC, 
reverse: AGTCATAAGCTAGCATCTACCTCC). Genomic DNA was extracted from the cell 
pellets using a Quick–DNA Miniprep Plus kit (Zymo).

hiPSC-CM differentiation: Differentiation into hiPSC-CMs was performed according 
to previously described protocol with slight modifications.86,87 Briefly, at the start 
of differentiation (day 0), B8 medium was changed to R6C, consisting of RPMI 1640 
(Corning, 10-040-CM), supplemented with 6 μmol/L of glycogen synthase kinase 3 
β (GSK3β) inhibitor CHIR99021 (LC Labs, C-6556). On day 1, medium was changed to 
RPMI, and on day 2 medium was changed to RBA-C59, consisting of RPMI supplemented 
with 2 mg/mL fatty acid-free bovine serum albumin (GenDEPOT, A0100), 200 μg/
mL L-ascorbic acid 2-phosphate (Wako, 321-44823) and 0.5 µM Wnt-C59 (Biorbyt, 
orb181132). Medium was then changed on day 4 and subsequently every other day 
with RBAI consisting of RPMI supplemented with 0.5 mg/mL fatty acid-free bovine 
serum albumin, 200 μg/mL L-ascorbic acid 2-phosphate, and 1 µg/mL E. coli-derived 
recombinant human insulin (Gibco, A11382IJ). Contracting cells were noted from day 
7, differentiated cardiomyocytes were treated with 25 μg/mL of Zeocin from day 10 
to day 14. On day 20 of differentiation, cardiomyocytes were dissociated using DPBS 
for 20 min at 37°C followed by 1:200 Liberase TH (Roche, 5401151001) diluted in DPBS 
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for 20 min at 37°C, centrifuged at 300×g for 5 min, and filtered through a 100 μm cell 
strainer (Falcon). hiPSC-CMs were then plated on a Matrigel-coated 18 mm cover glass 
(Warner Instruments) for action potential (AP) measurements and into 30 mm culture 
dishes for membrane current recordings.

mRNA expression analysis in hiPSC-CMs
For hiPSC-CMs used in EB1 overexpression experiments, total RNA was extracted from 
transduced hiPSC-CMs with RNAzol (Sigma) following manufacturer’s recommendations 
and stored at -80oC. 750 ng of isolated RNA was treated with DNAse I (Invitrogen) and 
reverse-transcribed into cDNA with Superscript II (Invitrogen) and Oligo(dT) primers. 
mRNA expression of MAPRE1, SCN5A, STAT1 and TBP (primer sequences in Online Table 
XX) was determined by RT-qPCR using SYBR Green (Roche) on the LightCycler 480 PCR 
system (Roche). Samples were first denatured at 95 °C (5 minutes), followed by 40 cycles 
with denaturation at 95 °C (10 seconds), annealing at 58 °C (20 seconds), and extension 
at 72 °C (20 seconds). The MAPRE1, SCN5A, STAT1 and TBP transcript levels for each 
sample were analysed in triplicate using LinRegPCR.88,89 TBP served as a reference gene 
for normalization. mRNA quantification was performed in untransduced cells and cells 
transduced with GFP and EB1-IRES-GFP from 4 independent differentiations.

For hiPSC-CMs used in MAPRE1/EB1 knockout experiments, RNA was isolated using 
TRI reagent (Zymo) and Direct–zol RNA microprep kit (Zymo) including on-column 
DNase digestion to remove genomic DNA. cDNA was produced from 2 µg of total RNA 
using a High Capacity RNA–to–cDNA kit (Applied Biosystems). All PCR reactions were 
performed in triplicate in a 384–well plate format using TaqMan Gene Expression 
Master Mix in a QuantStudio 5 Real–Time PCR System (both Applied Biosystems) with 
following TaqMan Gene Expression Assays (Applied Biosystems): 18S (Hs99999901_s1), 
TNNT2 (Hs00943911_m1), SCN5A (Hs00165693_m1) ACTB (Hs01060665_g1), GAPDH 
(Hs02786624_g1), and MAPRE1 (Hs01121098_g1). After an initial step of 2 minutes 
at 50 °C samples were denatured for 5 minutes at 95 °C, followed by 40-45 cycles 
with denaturation at 95 °C (15 seconds) and a combined annealing/extension step at 
60 °C (20 seconds). Relative quantification of gene expression was calculated using 
2-ΔΔCt method, normalized to the reference 18S, ACTB or GAPDH and untreated control 
samples.

Vectors, HEK293A cell culture and transfection
Human Embryonic Kidney (HEK293A) cells were cultured in DMEM (21969-035, Gibco) 
supplemented with 10% FBS (Biowest), penicillin-streptomycin (Gibco) and l-glutamine 
(Gibco) in a 5% CO2 incubator at 37°C.

For INa measurements: Cells were transfected at 70% confluency in 25-cm culture flasks 
with a wild type NaV1.5 construct (SCN5A-GFP bicistronic vector)90 together with a 
β1-subunit (SCN1B) construct.91 For transfection, 0.2 ug of each vector was added 
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using lipofectamine reagent (Invitrogen). To overexpress EB1, we used a construct 
(pReciever-M02) carrying the MAPRE1 gene coding sequence (NM_012325.2), adding 
0.4 µg of plasmid to the transfection mix. The same quantity of the empty vector 
(pReciever-M02) was added to the control condition. Patch clamp experiments were 
performed on fluorescent cells 24 hours after transfection.

For FRAP experiments: HEK293A cells were transfected at 70% confluence in 6-well 
plates with N-terminally GFP-fused SCN5A (GFP-NaV1.5; 1 µg),92 using X-tremeGENE™ HP 
DNA Transfection Reagent (Roche) according to the instructions of the manufacturer. EB1 
overexpression was achieved by adding 1 µg of the same MAPRE1-pReciever-M02 vector 
used for HEK293A electrophysiological measurements. To avoid transfection artefacts 
the same amount of the empty vector was added in conditions not overexpressing EB1. 
Experiments were conducted 24 hrs after transfection. The results of FRAP experiments 
performed in presence of paclitaxel (10 µmol/L) were acquired 2 hours after incubation 
with the compound.

Fluorescence Recovery After Photo Bleaching
Cells were imaged at 37°C in HEK293A cell medium (DMEM high glucose with 10% FBS). 
Images were acquired on an inverted Nikon TI Eclipse spinning disk microscope (Chiyoda), 
fitted with a 100× plan Apo TIRF objective (NA 1.49), using an EMCCD camera (Evolve; 
Photometrics) with 491 nm laser. The iLAS2 FRAP module (Roper Scientific) integrated 
into MetaMorph (version 7.7.4.0, Molecular Devices) was used during photobleaching. 
Focus was maintained throughout imaging with the help of a perfect focus system. 
NaV1.5 turnover at the plasma membrane was examined by photobleaching GFP-NaV1.5 
in circles with 5-μm radius with 100% laser power for 1100 ms. After photobleaching, 
fluorescence in bleached and unbleached regions were monitored every 500 ms 
for 75 seconds under identical acquisition settings. The raw fluorescence data were 
processed as follows: in every cluster at every time point, a circle (region of interest, or 
ROI) of the same size as the bleached region was defined in an adjacent non bleached 
region and just outside the cell, and mean fluorescence intensities of bleached and 
unbleached ROIs were determined throughout the time-lapse series, using Image J.93 
For every time point, background fluorescence (ROI outside the cell) was subtracted 
from the bleached and nonbleached ROIs. To correct for bleaching due to spinning disc 
microscopy sampling (monitor bleaching), the fluorescence within the bleached ROI 
relative to that of immediately adjacent unbleached ROI was calculated. This ratio was 
then normalized to a scale between 0 (=fluorescence intensity [FI] immediately after 
bleaching, FI(0)) and 1 (=FI before bleaching), according to recovery, R(t) =1-[1-FI(t)]/[1-
FI(0)]; this ratio represents each time point recovery ratio. Ten cells from each condition 
were assessed in the analysis.

7
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RNA-Sequencing in HEK293A cells
MAPRE1, MAPRE2, MAPRE3, CLASP1, and CLASP2 expression in HEK293A cells were 
extrapolated from the RNA sequencing (RNA-Seq) dataset GSE130876,94 which is publicly 
available online https://www.ncbi.nlm.nih.gov/geo/. For the analyses, read counts for 
MAPRE1, MAPRE2, MAPRE3, CLASP1, and CLASP2 transcripts were normalized to millions 
of total reads generated per sample and to MAPRE1 (ENST00000375571.5), MAPRE2 
(ENST00000413393.1), MAPRE3 (ENST00000233121.2), CLASP1 (ENST00000409078.3), 
and CLASP2 (ENST00000461133.3) transcript size (i.e. Fragments Per Kilobase Million; 
FPKM).

Zebrafish maintenance
Zebrafish (Danio rerio) were maintained in a dedicated fish facility at 28.5℃ with 
a circulating system which filters, treats (with UV light), and aerates the water 
continuously. All experiments using zebrafish followed animal protocols approved by 
the Institutional Animal Care and Use Committee of Harvard Medical School.

Generation of acute mapre1b/EB1 knockout in zebrafish
Wild-type (WT) AB/Tuebingen (AB/Tu) zebrafish were mated in 1 male to 1 female crosses 
and embryos from each clutch were divided into 2 groups. One group was injected 
with a solution containing 3 gRNAs targeting mapre1b (TGTCAACTGGGATAATCTGATGG, 
CAGATTGTCGCTAGTCACTGAGG, TGGCAGTAGGCTGCACCTATAGG), Alt-R® tracrRNA, 
and Alt-R® S.p. HiFi Cas9 Nuclease V3 (all from Integrated DNT Technologies, Inc.),95 
according to the manufacturer’s instructions. The other group was injected in 
parallel with the tracrRNA and Cas9 alone. Mutations were confirmed by Sanger 
sequencing using 3 different primer pairs corresponding to the target sites of the 
3 gRNAs: exon 2 (TTACACCCTAGTTTCAGCACGA, TGAACTCAAATCATCCAGATCG), 
exon 3 (CCACTACCGTGTCCTGTGAATA, GCAACTCACCTTATCAACTCCC), and exon 4 
(TTGTCTAGCAGGGCAAGTAACA, CATCATAGTTGGCGTCAAAGAA). The efficiency of 
editing in at least 2 sites or more was 97.2%.

Quantitative real-time PCR on whole zebrafish embryos
Total RNA was extracted from whole 3 dpf embryos (5 embryos per sample) using RNeasy 
Plus Mini Kit (Qiagen) and reversed transcribed using iScript™ Reverse Transcription 
Supermix for RT-qPCR (Bio-Rad), according to the manufacturers’ instructions. The 
resultant cDNA libraries were diluted and used for quantitative real-time PCR using 
iTaq Universal SYBR Green Supermix (Bio-Rad) on the CFX96 Touch Real-Time PCR 
Detection System (Bio-Rad). After the initial denaturation step of 30 seconds at 95 °C, 
40 cycles with denaturation of 5 seconds at 95 °C followed by a combined annealing and 
extension step of 30 seconds at 60 °C were run. Samples were run in technical duplicates 
or triplicates and data were analysed using the ΔΔCt method, with normalization to 
eef1a levels (Online Fig. VI,VII).
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High-speed in vivo cardiac videos
Video recording and measurements of ventricular dimensions were performed as 
previously described.96 Briefly, non-anesthetized embryos at 54 hpf were placed on 
their side and imaged at 10× on an upright microscope with video capturing at 250 fps. 
Heart rate was analyzed manually using a custom script in MATLAB (version R2018b, 
MathWorks), and ventricular dimensions were measured using ImageJ (version 1.53a).

Optical mapping of isolated zebrafish hearts
Optical mapping and signal processing were performed as previously described.16 Briefly, 
hearts were isolated from 3-day post-fertilization (dpf) embryos and immediately 
incubated with a voltage-sensitive fluorescent dye in the FluoVolt™ Membrane Potential 
Kit (Invitrogen) for 15-20 min at room temperature. The hearts were then transferred to 
a chamber (RC-49MFS; Warner Instruments) perfused with Tyrode solution containing 
(in mmol/L) NaCl 136, KCl 5.4, CaCl2 1.8, MgCl2 1.0, Na2HPO4 0.3, glucose 5.0, and 
HEPES 10.0; pH 7.4 (NaOH) supplemented with 1 mmol/L cytochalasin D (Sigma), which 
decouples electrical impulses from contractions. The chamber was mounted onto the 
stage of an inverted microscope (TW-2000; Nikon) with wires connected to the chamber 
for pacing. The FluoVolt™ dye was excited with a 470 nm light-emitting diode, and the 
emission was collected by a high-speed 80×80-pixel CCD camera (RedShirtImaging) 
with 14-bit resolution. Using a 20× objective and 0.5× C-mount adapter, the final 
magnification was 10× with a pixel-to-pixel distance of 2.4 µm. Signal processing, 
downstream analyses, and generation of representative maps were performed by 
using customized scripts in MATLAB (version R2018b, MathWorks).97 Dimensions and 
sizes of the isolated hearts were measured from the fluorescent images using ImageJ 
(version 1.53a).

Correlation of cardiac Mapre1 transcript abundance with ECG indices in F2 
murine progeny
We analysed the correlations between available cardiac mRNA expression levels 
and ECG traits in mutant F2 mice. These mice were previously generated by crossing 
mice from two distinct genetic backgrounds carrying the same mutation (FVBN/J-
Scn5a1798insD+/- and 129P2-Scn5a1798insD+/-) which exhibit differences in the severity 
of cardiac conduction disease.31,33 ECG and gene expression levels in left ventricle 
have been previously determined in these mice (n = 109).31,32 Using non-parametric 
(Spearman) correlation, we identified the transcripts of Mapre1 correlating to ECG 
QRS duration. We validated Mapre1 probe (ILMN_2664972) used for quantification 
of Mapre1 expression by microarray. For this, we selected 28 out of 109 F2 mice with 
available gene expression-ECG correlation data. We isolated total mRNA from previously 
obtained right ventricular tissue of F2 mice with RNAzol (Sigma). 1 µg of extracted 
RNA was first subjected to DNAse I (Invitrogen) treatment and then used for cDNA 
synthesis reaction with Superscript II (Invitrogen) and Oligo(dT) primers. Transcript 
levels of Mapre1 and Hprt (primer sequences in Online Table XX) were assessed by 
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real-time quantitative reverse transcription polymerase chain reaction (RT-qPCR) using 
SYBR Green (Roche) and the LightCycler 480 PCR system (Roche). Samples were first 
denatured at 95 °C (5 minutes), followed by 40 cycles with denaturation at 95 °C (10 
seconds), annealing at 58 °C (20 seconds), and extension at 72 °C (20 seconds). The 
Mapre1 and Hprt expression levels in each sample were examined in triplicate and 
averaged per sample. The RT-qPCR results were analyzed by LinRegPCR.88,89 The Mapre1 
transcript levels were normalized to Hprt. The microarray analysis was performed as 
described previously.32 In short, total RNA was extracted from LV samples (RNeasy mini 
kit, Qiagen) and amplified (TotalPrep RNA Amplification Kit, Illumina), after which 750 ng 
of the biotinylated cRNA was hybridized onto the MouseREf-8v2 Expression BeadChip 
(Illumina). Quality control, data processing, and analyses were performed as described 
in detail in a previous publication.32

Mice
Male wild type C57BL/6J mice were obtained from The Jackson Laboratory (000664). 
Male and female Clasp2-/- mice on a C57BL/6 background were generated at the Erasmus 
Medical Centre Rotterdam and genotyped as described previously.98 Experiments were 
performed on adult mice aged 3.0-5.5 months, and were carried out in accordance to 
institutional guidelines.

Cardiomyocyte isolation and incubation
Excised mouse hearts were retrogradely perfused in a Langendorff system with 
oxygenated modified Tyrode’s solution (37 °C) containing (in mmol/L): NaCl 140.2, KCl 
5.4, CaCl2 1.8, MgCl2 1.0, glucose 5.5, and HEPES 5.0; pH 7.4 (NaOH). After 10 minutes 
of perfusion with above solution, hearts were perfused for 10 minutes with nominally 
calcium-free perfusion solution containing 0.01 mmol/L CaCl2, supplemented with 
10.7 mmol/L creatine. Subsequently, the heart was digested using Liberase TM (0.032 
mg/mL, Roche) and elastase (1.6 U/mL, (SERVA Electrophoresis GmbH) in nominally 
Ca2+-free perfusion solution for around 15 minutes. The heart was then placed in 
nominally Ca2+-free perfusion solution containing 1% bovine serum albumin fraction 
V, fatty acid free (Roche), the atria and right ventricular free wall were removed and the 
left ventricle was mechanically dissociated to obtain single cardiomyocytes. The cells 
were then washed with nominally calcium-free perfusion solution, and subsequently 
with perfusion solution containing 0.9 mmol/L CaCl2. The cardiomyocytes were finally 
stored in perfusion solution containing 1.8 mmol/L CaCl2. Isolated cardiomyocytes were 
incubated at room temperature in perfusion solution with either 5 µmol/L SB216763 
(SB2, Sigma-Aldrich) dissolved in DMSO (Sigma-Aldrich), or 0.05% DMSO as control. 
Cardiomyocytes were used for experiments between 2 to 3 hours after the start of 
incubation.
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Patch clamp measurements
Manual whole cell INa measurements. Manual whole-cell peak INa was measured 
using the ruptured patch-clamp technique. Borosilicate glass patch pipettes with a 
tip resistance of 2–2.5 MΩ were used. For INa recordings from HEK293A cells, patch 
pipettes were filled with a solution containing (in mmol/L): CsCl 10, CsF 110, NaF 10, 
EGTA 11, CaCl2 1, MgCl2 1, Na2ATP 2, HEPES 10; pH 7.3 (CsOH). For INa recordings in left 
ventricular murine cardiomyocytes and hiPSC-CMs, patch pipettes were filled with a 
solution containing (in mmol/L): NaCl 3.0, CsCl 133.0, MgCl2 2.0, Na2ATP 2.0, TEACl 2.0, 
EGTA 10.0, HEPES 5.0; pH 7.2 (CsOH). For HEK293A cells, the bath solution contained 
(in mmol/L): NaCl 140.2, CaCl2 1.8, MgCl2 1, KCl 5.4, HEPES 5; pH 7.4 (NaOH). For adult 
left ventricular murine cardiomyocytes, the bath solution contained (in mmol/L): NaCl 
7.0, CsCl 133.0, CaCl2 1.8, MgCl2 1.2, glucose 11.0, HEPES 5.0, nifedipine 0.005; pH 7.4 
(CsOH) and for hiPSC-CMs a similar solution was used except for (in mmol/L): NaCl 20, 
CsCl 120. Measurements were performed using an Axopatch 200B amplifier (Molecular 
Devices Corporation). Signals were filtered at 5 kHz and digitized at 40 kHz. Peak INa 

was measured at room temperature (21°C) with voltage clamp protocol as shown 
schematically in the figures, at a cycle length of 5 s. INa was defined as the difference 
between peak current and steady-voltage state current. INa density was calculated by 
dividing INa amplitude by cell membrane capacitance (Cm). Cm was determined by dividing 
the decay time constant of the capacitive transient in response to 5 mV hyperpolarizing 
steps from −40 mV, by the series resistance (Rs). Series resistance and cell membrane 
capacitance were compensated for 80-90%. Steady-state activation and inactivation 
curves were fitted using the Boltzmann equation I/Imax=A/{1.0+exp[(V1/2-V)/k]} to 
determine V1/2 (membrane potential for the half-maximal (in)activation) and the slope 
factor k. The time course of current inactivation was fitted by a double-exponential 
equation: I/Imax = Afast x exp(-t/τfast) + Aslow x exp(-t/τslow), where Afast and Aslow are the 
fractions of the fast and slow inactivation components, and τfast and τslow are the time 
constants of the fast and slow inactivating components, respectively.

Macropatch INa measurements. Cell-attached macropatch was used to measure local INa 
generated at the lateral membrane and the ID of murine cardiomyocytes. Borosilicate 
glass patch pipettes with a tip resistance of 1.3-1.4 MΩ were filled with a solution 
containing (in mmol/L): NaCl 140.2, KCl 5.4, CaCl2 1.8, MgCl2 1.0, glucose 5.5, HEPES 5.0, 
nifedipine 5 µmol/L, and tetrodotoxin 50 nmol/L; pH 7.4 (NaOH) and placed at either 
the lateral membrane or at the ID of a single cardiomyocyte. Bath solution consisted of 
(in mmol/L): KCl 145.2, CaCl2 1.8, MgCl2 1.0, glucose 5.5, and HEPES 5.0; pH 7.4 (KOH), 
which resulted in a membrane potential (Vm) near 0 mV. Measurements were performed 
at 37 °C using an Axopatch 200B amplifier (Molecular Devices Corporation). Recordings 
were filtered at 10 kHz and digitized at 30 kHz. Since the recording electrode was in the 
extracellular space an inverted voltage protocol was used to activate and inactivate 
INa (see Fig. 6), with a cycle length of 5 s. Following standard reporting methods, we 
have presented intracellular Vm, and the macropatch INa as an inward directed current.

7
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Automated current measurements. For the automated patch clamp recordings, hiPSC-
CMs were plated into 30 mm culture dishes 5 days prior to the experiment. The day of 
the experiment, cells were washed once with DPBS-/- for 20 minutes. Cells were then 
detached with 5 minutes treatment of TrypLE followed by 20-30 minutes treatment 
with RBAI media with 1:200 dilution of Liberase TH. Cells were then re-suspended in 
15% RBAI media and 85% external solution at 180,000 cells/mL. Cells were allowed 
to recover for at least 30 min at 15°C while shaking on a rotating platform. Following 
equilibration, 10 µL of cell suspension was added to each well of a 384-well, single-hole, 
low resistance (2 MΩ) ‘chip’ (Nanion Technologies).

Automated INa measurements. The external solution contained (in mmol/L): NaCl 140, 
KCl 4.0, CaCl2 2.0, MgCl2 1.0, glucose 5.0, HEPES 10; pH 7.4 (NaOH). The internal solution 
contained (in mmol/L): CsF 110, CsCl 10, NaCl 10, EGTA 10, HEPES 10; pH 7.2 (CsOH). INa 
was recorded at room temperature using a Syncropatch 768 PE (Nanion Technologies). 
Pulse generation and data collection were performed with PatchController384 V.1.3.0 
and DataController384 V1.2.1 (Nanion Technologies). Whole-cell currents were filtered 
at 3 kHz and digitized at 10 kHz. The access resistance and apparent membrane 
capacitance were estimated using built-in protocols. Series resistance was compensated 
for 95% and leak and capacitance artifacts were subtracted using the P/4 method. The 
average seal resistance was 0.54 ± 0.05 GΩ, and cells were excluded from analysis if the 
maximum peak INa amplitude was less than 300 pA. INa was measured using a double 
pulse protocol (Fig. 2B) from a holding potential of -120 mV (cycle length of 5 seconds). 
INa was defined as the difference between peak and steady state current and current 
densities were calculated by dividing current amplitude by Cm.

Automated Ioutward measurements. Outward currents (Ioutward) were recorded at room 
temperature using a Syncropatch 768 PE (Nanion Technologies). The external solution 
contained (in mmol/L): NaCl 140, KCl 4.0, CaCl2 2.0, MgCl2 1.0, glucose 5.0, HEPES 10; 
pH=7.4 (NaOH). The internal solution to study Ioutward contained (in mmol/L): KF 60, KCl 
50, NaCl 10, EGTA 10, HEPES 10; pH=7.2 (KOH). Ioutward was acquired with a double pulse 
protocol (Online Fig. V, inset middle panels) from a holding potential of -80 mV (cycle 
length of 10 seconds). Ioutward was measured at the end of the first pulse and densities 
were calculated by dividing current amplitude by Cm. Measurements were repeated in 
the presence of 1 μmol/L of E-4031 and 0.5 μmol/L JNJ-303 respectively.

AP measurements. For hiPSC-CMs used in the EB1 overexpression experiments, APs 
were measured using the amphotericin-B perforated patch-clamp technique in single 
cells at 37 °C using modified Tyrode’s solution containing (in mmol/L): NaCl 140.2, 
CaCl2 1.8, MgCl2 1, KCl 5.4, HEPES 5; pH 7.4 (NaOH) as bath solution. Borosilicate 
glass patch pipettes with a tip resistance of 2–2.5 MΩ were filled with (in mmol/L): 
K-gluconate 125, KCl 20, NaCl 5, amphotericin-B 0.44, HEPES 10, pH 7.2 (KOH). hiPSC-
CMs have a small or even complete lack of the inward rectifying potassium current 
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(IK1).
99,100 Consequently, hiPSC-CMs have a depolarized resting membrane potential 

(RMP) and are frequently spontaneously active. To overcome these conditions, 
which limit the functional availability of INa, we injected an in silico IK1 with kinetics of 
Kir2.1 channels through dynamic clamp,101 as previously described and subsequently 
validated.26,102 Consequently, cells became quiescent with a close-to-physiological 
RMP. APs were elicited at 1 Hz by 3-ms, ≈1.2-times the threshold current pulses 
through the patch pipette and measured using an Axopatch 200B amplifier (Molecular 
Devices Corporation). Recordings were filtered at 5 kHz and digitized at 40 kHz. We 
analysed RMP, APA, Vmax, and APD20, APD50, and APD90. For each cell, recordings from 
10 consecutive APs were averaged and potentials were corrected for the calculated 
liquid junction potential.103

For hiPSC-CMs used in the MAPRE1/EB1 knockout experiments, APs were recorded 
at 37°C from spontaneously beating hiPSC-CMs using the amphotericin-B perforated 
patch-clamp technique with a Multiclamp 700B amplifier and Clampex 10.3 software 
(Molecular Devices). Pipettes (resistance 3-3.5 MΩ) were pulled from thin wall 
borosilicate glass capillaries. Signals were filtered at 10 kHz and digitized at 10 kHz. Bath 
solution contained (in mmol/L): NaCl 140, KCl 4.0, CaCl2 1.0, MgCl2 0.5, glucose 10, HEPES 
10; pH 7.4 (NaOH). Pipettes were filled with solution containing (in mmol/L): K-gluconate 
125, KCl 20, NaCl 5.0, amphotericin-B 0.26, HEPES 5.0; pH 7.2 (KOH). To overcome the 
spontaneous activity and depolarized state of hiPSC-CMs,101 an ohmic ‘holding’ current 
of ~4 pA/pF was continuously injected to set the resting potential at approximately -80 
mV, except mentioned otherwise. The injected holding current did not differ significantly 
between the WT and MAPRE1/EB1 knockout hiPSC-CMs (data not shown). APs were 
evoked at 1 Hz by 4-ms, ≈1.3-times the threshold pulses through the patch pipette, and 
were characterized by maximum AP amplitude (APA), AP duration at 30, 50 and 90% 
of repolarization (APD30, APD50, and APD90), and maximal upstroke velocity (Vmax). The 
maximal diastolic potential was analyzed during spontaneous activity. Potentials were 
corrected for the calculated liquid junction potential.103

Multi-colour super-resolution imaging by stochastic optical reconstruction 
microscopy (STORM)
Immunocytochemistry. hiPSC-CMs and freshly isolated murine left ventricular 
cardiomyocytes were plated on matrigel-coated coverslips and left to adhere for at 
least 30 minutes before fixation (4% paraformaldehyde or 100% methanol). Isolated 
left ventricular murine cardiomyocytes were incubated 2 hours with SB2 compound 
(5 µ mol/L) dissolved in DMSO, or 7 mmol/L DMSO as control. Cells were permeabilized 
with 0.1% Triton in PBS for 10 minutes, followed by a blocking step in PBS containing 
2% Glycine, 2% BSA and 0.2% Gelatin, for 30 minutes. The primary mouse monoclonal 
antibody against N-cadherin (BD 610921, 1:100 in blocking solution) together with 
the rabbit polyclonal against NaV1.5 (Sigma S0819, 1:50 in blocking solution) or the 
rabbit monoclonal against GSK-3β (Cell signaling, #9315, 1:50 in blocking solution) were 
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incubated for 1 hour at room temperature. After three washes with PBS, the secondary 
antibody anti-Mouse conjugated with Alexa Fluor 647 (Invitrogen A-28181) and anti-
Rabbit conjugated with Alexa Fluor 568 (Invitrogen A-11011; 1:10000) were incubated 
for 1 hour at room temperature. Negative controls were performed under the same 
conditions but without primary antibodies (Online Fig. XII).

Imaging. Samples were imaged using a custom-built platform based on an inverse 
microscopy setup (Leica DMI3000 as described before.104 In brief, the 639-nm laser 
(UltraLaser, MRL-FN-639-800) was expanded (10×) and collimated into a 63× Objective 
(HCX PL APO, NA=1.47, Zeiss), and the illumination was configured to ~ 1.5 kW/cm2 at 
a Highly Inclined illumination mode. The emitted fluorescence was collected by the 
same objective and further extended by 2 2× lens tubes (Diagnostic Instruments). 
The fluorescence was then filtered by a band-pass filter (FF01-676/37, Semrock) and 
recorded on a sCMOS camera (Prime 95B, Photometrics) at 33 Hz for 2000 frames. 
Imaging conditions were achieved by addition of 200 mmol/L mercaptoethylamine and 
an oxygen scavenging system (0.4 mg/mL glucose oxidase, 0.8 µg/mL catalase and 10% 
(wt/wt) glucose) to the fluorophore-containing sample. Movies for each imaging were 
submitted to a home-built software in MATLAB (version R2018b, MathWorks) for precise 
single-molecule localization. In brief, each frame of the movie was convolved with a box 
function (box size = 4× FWHM of the 2D Gaussian PSF) and subtracted as background. 
The local maximums were then recognized and segmented into ~1.2×1.2 μm2 squares. 
These squares were then submitted for 2D-Gaussian multi-PSF fitting (DAO-STORM).104 
The fitting was performed using Nvidia GTX 1060 GPU via the Maximum Likelihood 
Estimation (MLE) algorithm. Note that the likelihood function was constructed by 
combining the Poisson shot-noise distribution and pre-calibrated pixel-specific Gaussian 
readout-noise distribution.105 The localization accuracy of each fluorophore was then 
given as its Cramér-Rao Lower Bound (CRLB).

Cluster analysis. Reconstructed super-resolved images were processed with a smoothing 
filter (“Gaussian blur” function in ImageJ version 1.52j), adjusted for brightness and 
contrast and filtered to a threshold to obtain a binary image. For the experimental 
datasets, ROIs were manually drawn for each image and saved as an ImageJ ROI file. 
The N-cadherin signal was used as a cell end marker. Lateral membrane clusters were 
defined as the clusters localized along the lateral edges of the cardiomyocytes. Cluster 
detection and parameters (size, circularity, etc) were obtained using the ImageJ function 
“Analyze particles” as previously described.14 Since the average background cluster size 
in the negative controls was >7000 nm2, the minimum size/area of contiguous pixels 
defined as a “real” cluster was 7000 nm2. Signal-positive areas of smaller dimensions 
were considered as “background” and not included. GraphPad Prism 7 was used for 
data visualization.
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Distance analysis. Distances from Nav1.5 clusters to the N-cadherin were measured 
by an automated script in Python. The images from the super-resolution fluorescence 
microscopy and their corresponding ROI files provided the input to the script. The script 
utilized the image processing packages scikit-image, and “Mahotas” (version 1.2), an 
open-source software for scriptable computer vision.106 Two clusters were considered 
separate if one was at least 20 nm (1 pixel) apart from another in any direction.

Immunocytochemistry
Cardiomyocyte preparation. Freshly isolated murine left ventricular cardiomyocytes 
were plated on matrigel-coated coverslips and left to adhere for at least 30 minutes. 
Isolated left ventricular murine cardiomyocytes were incubated for 2 hours with SB2 
compound (5 µmol/L) dissolved in DMSO, or 7 mmol/L DMSO as control before 100% 
methanol and 4% paraformaldehyde fixation. Cells were washed with PBS for 3 times 
and then permeabilized using 0.15% Triton X-100 in PBS for 10 min. After 3 times 
washing with PBS, cells were incubated in blocking buffer (PBS supplemented with 1% 
BSA and 0.05% Tween-20) for 1 hour at room temperature.

Microtubule staining. A primary mouse monoclonal antibody against β-tubulin 
(Sigma T8328) or rabbit polyclonal antibody against detyrosinated tubulin (ab48389) 
was incubated at 1:500 dilution in blocking buffer together with a mouse monoclonal 
antibody against N-Cadherin (BD610921, 1:200) in fixed cells at room temperature for 1 
hour. Cells were then washed again 3 times with PBS supplemented with 0.05% Tween-
20, and subsequently incubated 1 hour at room temperature with the appropriate 
secondary antibodies (anti-Mouse conjugated with Alexa Fluor 647 (Invitrogen A-28181, 
1:500 in blocking buffer), anti-Rabbit conjugated with Alexa Fluor 488 (Invitrogen 
A-11008, 1:500 in blocking buffer), anti-Mouse conjugated with Alexa Fluor 594 
(Invitrogen A-11005, 1:500 in blocking buffer). Negative controls were carried out under 
the same conditions but without primary antibodies. After washing coverslips were 
mounted in Prolong Gold containing DAPI (Invitrogen P36931).

EB1 and CLASP2 staining. DMSO-treated cells were incubated at room temperature 
with a rat monoclonal anti-EB1 antibody (ab53358) diluted 1:2000 and a rabbit 
polyclonal anti-CLASP2 antibody (homemade) diluted 1:300 in blocking buffer. After 
1-hour incubation with these primary antibodies, cells were washed 3 times with PBS 
supplemented with 0.05% Tween-20, and subsequently incubated 1 hour at room 
temperature with the anti-Rat conjugated with Alexa 488 (Invitrogen A-11006) and 
anti-Rabbit conjugated with Alexa 594 (Invitrogen A-11012) secondary antibodies 
diluted 1:500 in blocking buffer. To distinguish genuine target staining from background, 
secondary antibody only was used as a control.

Confocal microscopy. Images were acquired using a confocal microscope (Leica SP5) 
with an HCX PL APO CS 63× (NA 1.40) oil objective and spectral photo multiplier tube 
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detector and with 488 nm, 594 nm, and 633 nm lasers, at a resolution of 121 nm per 
pixel. To examine the amount of total MTs or detyrosinated MTs in cells, maximum 
intensity projections was generated using ImageJ (version 1.52j) and the fluorescence 
intensity of an entire cell was measured. EB1 and CLASP2 were visualized by stacking 
z-planes.

Data representation and blinding
Representative images and traces were selected from measurements that had values 
within 10% of the mean measure. Where possible, experimenters were blinded to 
experimental groups during measurements and outcome assessment.

Statistical analyses
Data was tested for normality using a Shapiro-Wilk test and was considered normally 
distributed when the P-value was higher than 0.05, and appropriate statistical tests 
were used. Analyses between two groups were performed in GraphPad Prism software 
(version 8). An unpaired Student’s t-test was used in case of normally distributed data, 
while a Mann-Whitney U test was used for non-normally distributed datasets. For 
action potential duration data, P-values were adjusted for multiple hypothesis by the 
Holm-Bonferroni method. For comparison between more than two groups, a one-way 
ANOVA (on ranks) and a Student-Newman-Keuls post-hoc analysis were performed in 
SigmaStat software (version 3.5) Statistical significance for differences in I-V curves 
were determined by performing a two-way repeated measures ANOVA, followed by 
a Holm-Sidak post-hoc analysis in SigmaStat software (version 3.5). To correlate the 
Mapre1 transcript levels determined by RT-qPCR to the transcript levels determined 
by microarray analysis, we calculated the Pearson (parametric) correlation coefficients 
using SPSS statistics software (Version 22). For all tests, a P-value lower than 0.05 was 
considered statistically significant. Mean data is presented ± Standard Error of Mean 
(SEM).

Binnenwerk_Productie.indd   314Binnenwerk_Productie.indd   314 23/09/2021   11:48:3223/09/2021   11:48:32



315

MT-dependent NaV1.5 subcellular trafficking

Online Figure I: Normalized expression levels of MAPRE1, SCN5A and STAT1 after lentiviral 
driven EB1 overexpression in hiPSC-CMs. *P < 0.05 (one-way ANOVA on ranks with Student-New-
man-Keuls post-hoc analysis).

Online Figure II: EB1 overexpression does not affect distance between N-cadherin and NaV1.5 
clusters. (A) Averages and (B) distribution of distance between NaV1.5 and N-cadherin clusters 
measured in GFP- and EB1-IRES-GFP-transduced hiPSC-CMs.
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Online Figure III: Effect of EB1 overexpression in HEK293A on sodium current density. (A) 
RNA-sequencing results demonstrating high endogenous expression levels of MAPRE1, encoding 
for EB1 in HEK293A cells (n = 3 samples).13 Representative examples (B) and average current-voltage 
(I-V) relationships (C) of INa in cells overexpressing NaV1.5+NaVβ1 together with EB1 or empty pcDNA 
vector. Inset specifies voltage-clamp protocol used for measurements. (D) Average INa density at -30 
mV in cells overexpressing NaV1.5+NaVβ1 with or without EB1. *P < 0.05, **P < 0.01, #P < 0.0001 
(two-way repeated measurements ANOVA, followed by Holm-Sidak post-hoc analysis (B), unpaired 
Student’s t-test (C)). n indicates number of cells measured.

Online Figure IV: Normalized expression levels of MAPRE1, SCN5A and TNNT2 after CRIS-
PR-CAS9 driven MAPRE1/EB1 knockout (EB1-KO) in hiPSC-CMs. #P < 0.0001 (Unpaired Student’s 
t-test).
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Online Figure V: EB1 knockout leads to reduced total- and E-4031-sensitive repolarizing current. 
(A,D,G) Representative automated whole-cell total (A), E-4031-sensitive (D), and JNJ-303-sensitive 
(G) outward current (Ioutward) traces in hiPSC-CMs in control conditions and following CRISPR/
Cas9–mediated knockout of MAPRE1 encoding EB1 (EB1-KO). (B,E,H) Average current-voltage 
(I-V) relationships of peak total (B), E-4031-sensitive (E), and JNJ-303-sensitive (F) Ioutward in control 
and EB1-KO hiPSC-CMs. Inset shows voltage-clamp protocol. (C,F,I) Average peak total (C), E-4031-
sensitive (F), and JNJ-303-sensitive (I) Ioutward density measured at 60 mV in control and EB1-KO 
hiPSC-CMs. *P < 0.05, #P < 0.0001 (two-way repeated measurements ANOVA, followed by a Holm-
Sidak post-hoc test (B), unpaired Student’s t-test (C), Mann-Whitney U test (F)).
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Online Figure VI: mapre1b is the dominant paralogous gene encoding EB1 in zebrafish. Average 
RNA counts from isolated zebrafish hearts at 72 hpf, summarized from RNA-seq data published 
by Hill et al.31

Online Figure VII: mapre1b/EB1 knockout does not affect mRNA levels of other mapre isoforms 
and ion channels in zebrafish at 3 dpf. (A) Acute knockout of mapre1b by 3 different gRNAs re-
sulted in ~50% knockout of mapre1b but did not affect mRNA levels of other mapre isoforms. (B) 
Acute knockout of mapre1b did not affect mRNA levels of key ion channels. **P < 0.01 (unpaired 
Student’s t-test)
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Online Figure VIII: Heart rate (A), and contractile functions (B,C,D,E) are similar in control 
(n = 16) and mapre1b/EB1 knockout (n = 14) zebrafish at 54 hpf.

Online Figure IX: Cardiac dimensions and sizes are similar in control (n = 23) and mapre1b/EB1 
knockout (n = 15) zebrafish at 3 dpf.
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Online Figure X. Ventricular Mapre1 expression negatively correlates with QRS duration and 
QT duration in mice. (A) Validation of the Mapre1 microarray probe by RT-qPCR: Mapre1 transcript 
levels in left ventricle, as revealed by Mapre1 microarray probe correlate with normalized Mapre1 
mRNA expression levels in the right ventricle, as determined by RT-qPCR. Spearman correlation 
between Mapre1 expression and QRS duration (B), QT duration (C), and QT duration corrected for 
heart rate (QTc; D) in F2 mice. Dashed lines represent the fitted linear regression line. Spearman 
correlation was performed between Mapre1 expression and QRS, QT, and QTc in F2 mice. P: P-value; 
rho: rho-correlation coefficient. Multiple regression analysis identified QRS-duration as the only 
ECG parameter independently correlated with Mapre1 transcript levels.
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Online Figure XI: Subcellular localization of EB1 and CLASP in wild type murine left ventricular 
cardiomyocytes (scale bar: 10 µm). The anti-CLASP2 antibody used likely does not sufficiently 
discriminate between CLASP1 and CLASP2 in the mouse heart, since a positive signal at the inter-
calated disc was observed in heart sections from wild type and Clasp2-/- mice (data not shown).

Online Figure XII: Negative control immunostainings of STORM-acquired images. Three rep-
resentative images from three different cells from 1 mouse are shown. Fixed isolated myocytes 
were incubated with secondary antibodies in the absence of primary antibodies. Scale bar 10 µm.
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GFP n EB1-IRES-GFP n Statistical analysis

INa density (pA/pF) -88.1 ± 16.2 16 -142.8 ± 36.9 18
Mann-Whitney U

P = 0.047

τfast (ms) 1.4 ± 0.1 16 1.1 ± 0.1 18
Mann-Whitney U

P = 0.095

τslow (ms) 7.9 ± 0.7 16 7.6 ± 0.8 18
Mann-Whitney U

P = 0.799
Ratio amplitude 
(Aslow/(Aslow+Afast)

0.14 ± 0.01 16 0.12 ± 0.01 18
Student’s t-test

P = 0. 209
Steady-state 
activation

V1/2 (mV) -28.8 ± 1.2 16 -32.5 ± 1.1 18
Student’s t-test

P = 0.034

k (mV) 7.2 ± 0.2 16 7.2 ± 0.2 18
Student’s t-test

P = 0.848
Steady-state 
inactivation

V1/2 (mV) -82.6 ± 1.7 11 -79.9 ± 1.7 10
Student’s t-test

P = 0.252

k (mV) -7.6 ± 0.3 11 -6.8 ± 0.1 10
Student’s t-test

P = 0.077

Online Table I: Whole-cell sodium current (INa) characteristics in hiPSC-CMs cells with lentiviral 
overexpression of EB1-IRES-GFP or GFP only. Current density and current inactivation parameters 
are analysed at -20 mV. n, number of cells; τfast, and τslow are the time constants of the fast and 
slow inactivating components; Afast and Aslow are the fractions of the fast and slow inactivation 
components; V1/2, voltage of half maximum (in)activation; k, slope factor of (in)activation.
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GFP n EB1-IRES-GFP n Statistical analysis

APA (mV) 117.3 ± 2.8 17 121.6 ± 1.3 16
Mann-Whitney U

P = 0.242

RMP (mV) -81.6 ± 0.6 17 -82.6 ± 0.6 16
Mann-Whitney U

P = 0.228

Vmax (V/s) 185.8 ± 35.9 17 393.5 ± 38.2 16
Mann-Whitney U

P < 0.001

APD20 (ms) 48.2 ± 4.7 17 58.0 ± 9.3 16
Mann-Whitney U

P = 0.759

APD50 (ms) 92.7 ± 7.4 17 110.0 ± 14.0 16
Mann-Whitney U

P = 0.460

APD90 (ms) 118.7 ± 8.1 17 138.9 ± 15.6 16
Mann-Whitney U

P = 0.418

Online Table II: Action potential (AP) characteristics of hiPSC-CMs cells with lentiviral 
overexpression of EB1-IRES-GFP or GFP only. APA, AP amplitude; RMP, resting membrane 
potential; Vmax, maximal AP upstroke velocity; APD20, APD50, APD90, AP duration at 20, 50, and 90% 
of repolarization.

GFP n EB1-IRES-GFP n
Statistical 
analysis

NaV1.5 cluster density
(cluster × area (×106))

3.3 ± 0.3 55 4.9 ± 0.3 102
Mann-Whitney 

U
P < 0.001

NaV1.5 cluster size
(nm2 (×106))

24097.1 ± 1008.1 55 24531.4 ± 744.7 102
Mann-Whitney 

U
P = 0.587

N-cadherin cluster 
density
(cluster × area (×106))

6.8 ± 0.3 55 7.5 ± 0.2 102
Mann-Whitney 

U
P = 0.064

N-cadherin cluster size
(nm2 (×106))

91920.8 ± 5832.3 55 87124.7 ± 4110.6 102
Mann-Whitney 

U
P = 0.570

NaV1.5 - N-cadherin 
cluster distance (nm)

151.9 ± 8.4 724 144.3 ± 3.8 2924
Mann-Whitney 

U
P = 0.923

Online Table III: NaV1.5 and N-cadherin protein cluster characteristics in hiPSC-CMs with 
lentiviral overexpression of EB1-IRES-GFP or GFP only.
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pcDNA n EB1 n Statistical analysis

INa density 
(pA/pF)

-607.8 ± 579.4 10 -1200.3 ± 508.3 13
Student’s t-test

P = 0.016

Steady-state 
activation

V1/2 (mV) -43.6 ± 1.7 10 -44.9 ± 1.1 13
Student’s t-test

P = 0.523

k (mV) 6.4 ± 0.4 10 5.8 ± 0.4 13
Student’s t-test

P = 0.251

Steady-state 
inactivation

V1/2 (mV) -84.6 ± 1.8 10 -83.3 ± 1.5 13
Student’s t-test

P = 0.573

k (mV) -5.1 ± 0.3 10 -5.0 ± 0.1 13
Student’s t-test

P = 0.652

Online Table IV: Whole-cell sodium current (INa) characteristics in HEK293A cells overexpressing 
NaV1.5+NaVβ1 together with EB1 or empty vector (pcDNA). Current density was analysed at -30 
mV. V1/2, voltage of half maximum (in)activation; k, slope factor of (in)activation.

GFP-Nav1.5 N EB1 n Paclitaxel n Statistical analysis

YM 0.569 ± 0.015 15 0.770 ± 0.011 15 0.318 ± 0.002 15
One-way ANOVA 

on ranks
P < 0.001

k 0.094 ± 0.009 15 0.091 ± 0.005 15 0.078 ± 0.003 15
One-way ANOVA 

on ranks
P = 0.081

Online Table V: Maximal fluorescence recovery signal (YM) and the speed of recovery (k) after 
photobleaching in HEK293A cells overexpressing NaV1.5+NaVβ1 together with EB1 or empty 
vector (pcDNA).
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Control n EB1-KO n Statistical analysis

INa density (pA/pF) -221.1 ± 23.1 58 -111.8 ± 13.1 34
Mann-Whitney U

P = 0.0002

τfast (ms) 1.1 ± 0.1 58 1.6 ± 0.1 34
Mann-Whitney U

P < 0.0001

τslow (ms) 6.2 ± 0.2 58 10.7 ± 0.7 34
Mann-Whitney U

P < 0.0001

Ratio amplitude 
(Aslow/(Aslow+Afast)

0.21 ± 0.01 58 0.24 ± 0.01 34
Mann-Whitney U

P = 0.002

Steady-state 
activation

V1/2 (mV) -33.8 ± 1.2 44 -33.2 ± 1.2 33
Mann-Whitney U

P = 0.7337

k (mV) 5.6 ± 0.3 44 6.9 ± 0.4 33
Student’s t-test

P = 0.0101

Steady-state 
inactivation

V1/2 (mV) -74.6 ± 1.0 76 -78.5 ± 1.4 44
Student’s t-test

P = 0.0239

k (mV) 6.2 ± 0.1 76 7.0 ± 0.2 44
Mann-Whitney U

P = 0.0001

Online Table VI: Whole-cell sodium current (INa) characteristics of control or MAPRE1/EB1 
knockout (EB1-KO) hiPSC-CMs. Current density and current inactivation parameters are analysed 
at -20 mV. n, number of cells; τfast, and τslow are the time constants of the fast and slow inactivating 
components; Afast and Aslow are the fractions of the fast and slow inactivation components; V1/2, 
voltage of half maximum (in)activation; k, slope factor of (in)activation.
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Control n EB1-KO n Statistical analysis

APA (mV) 117.2 ± 7.7 12 116.6 ± 4.8 19
Student’s t-test

P = 0.9477

MDP (mV) -58.4 ± 2.7 12 -55.9 ± 2.0 19
Mann-Whitney U

P = 0.4494

Vmax (V/s) 195.5 ± 15.4 12 131.3 ± 12.1 19
Student’s t-test

P = 0.0027

APD30 (ms) 20.3 ± 2.3 12 40.3 ± 4.3 19
Mann-Whitney U, Holm-

Bonferroni correction
P = 0.0003

APD50 (ms) 26.2 ± 3.0 12 55.8 ± 5.6 19
Mann-Whitney U, Holm-

Bonferroni correction
P = 0.0003

APD90 (ms) 34.3 ± 3.5 12 67.7 ± 6.0 19
Mann-Whitney U, Holm-

Bonferroni correction
P = 0.0003

Online Table VII: Action potential characteristics of control or MAPRE1/EB1 knockout (EB1-KO) 
hiPSC-CMs. APA, AP amplitude; RMP, resting membrane potential; Vmax, maximal AP upstroke 
velocity; APD30, APD50, APD80, AP duration at 30, 50, and 80% of repolarization.

Control n EB1-KO n
Statistical 
analysis

Total outward current (pA/pF) 13.1 ± 1.5 22 8.6 ± 1.0 27
Student’s t-test

P = 0.0128

E-4031-sensitive outward current 
(pA/pF)

4.1 ± 0.7 21 2.1 ± 0.4 25
Mann-Whitney 

U
P = 0.0224

JNJ-303-sensitive outward current 
(pA/pF)

3.1 ± 0.9 14 2.1 ± 0.5 24
Mann-Whitney 

U
P = 0.4866

Online Table VIII: Total, E-4031-sensitive, and JNJ-303-sensitive outward current (Ioutward) 
analysed at 60 mV in control or MAPRE1/EB1 knockout (EB1-KO) hiPSC-CMs.
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Control N EB1-KO N
Statistical 
analysis

Heart rate 108 ± 2 16 110 ± 2 14
Student’s t-test

P = 0.4430

Diastolic area 
(μm2)

10618.0 ± 383.0 16 10721.0 ± 94.3 14
Student’s t-test

P = 0.8072

Systolic area (μm2) 7024.0 ± 194.0 16 6870.0 ± 158.1 14
Student’s t-test

P = 0.5520

Fractional area 
change

0.33 ± 0.02 16 0.36 ± 0.01 14
Student’s t-test

P = 0.2717

Diastolic major 
axis (μm)

141.2 ± 2.9 16 141.4 ± 2.6 14
Student’s t-test

P = 0.9711

Systolic major axis 
(μm)

115.5 ± 2.2 16 115.4 ± 2.2 14
Student’s t-test

P = 0.9628

Diastolic minor 
axis (μm)

95.5 ± 2.1 16 96.9 ± 1.7 14
Student’s t-test

P = 0. 5934

Systolic minor axis 
(μm)

77.3 ± 1.3 16 75.9 ± 1.4 14
Student’s t-test

P = 0.4739

Online Table IX: Heart rate and ventricular dimensions during diastole and systole in control 
and mapre1b/EB1 knockout (EB1-KO) zebrafish at 54 hpf.

Control N EB1-KO N
Statistical 
analysis

Ventricular length 
(μm)

118.3 ± 2.2 23 115.7 ± 2.3 15
Student’s t-test

P = 0.4432

Ventricular width 
(μm)

79.1 ± 0.1 23 79.0 ± 1.7 15
Student’s t-test

P = 0.9661

Ventricular area 
(μm2)

8260.0 ± 260.4 23 8043.0 ± 272.6 15
Student’s t-test

P = 0.5820

Atrial area (μm2) 8583.0 ± 266.4 23 8151.0 ± 398.4 15
Student’s t-test

P = 0.3538

Online Table X: Ventricular and atrial sizes in control and mapre1b/EB1 knockout (EB1-K) 
zebrafish at 3 dpf.
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Control N EB1-KO N
Statistical 
analysis

Conduction 
velocity (mm/s)

18.8 ± 1.9 23 13.6 ± 1.4 15
Student’s t-test

P = 0.0409

Vmax (V/s) 84.3 ± 2.6 23 74.6 ± 2.8 15
Student’s t-test

P = 0.0171

APD80 (ms) 294.2 ± 7.6 20 323.6 ± 12.1 14
Student’s t-test

P = 0.0377

Online Table XI: Ventricular activation and repolarization characteristics measured using 
optical mapping in control and mapre1b/EB1 knockout (EB1-KO) zebrafish at 3 dpf, including 
conduction velocity, action potential (AP) upstroke velocity (Vmax) and AP duration at 80% 
repolarization (APD80). AP duration measurements were made when the hearts were field-paced 
at 80 bpm.

Vehicle n SB2 n Statistical analysis

INa density 
(pA/pF)

-62.7 ± 4.7 9 -87.9 ± 8.6 9
Student’s t-test

P = 0.0208

Steady-state 
activation

V1/2 (mV) -44.0 ± 1.3 9 -43.3 ± 1.3 9
Student’s t-test

P = 0.7138

k (mV) 4.6 ± 0.2 9 4.6 ± 0.2 9
Mann-Whitney U

P = 0.9479

Steady-state 
inactivation

V1/2 (mV) -79.9 ± 1.1 9 -79.5 ± 0.9 9
Student’s t-test

P = 0.7780

k (mV) 5.6 ± 0.3 9 5.9 ± 0.2 9
Mann-Whitney U

P = 0.7137

Online Table XII: Whole-cell sodium current (INa) characteristics measured in wild type murine 
cardiomyocytes following treatment with vehicle control or SB2. Current density analysed at 
-35 mV. V1/2, voltage of half maximum (in)activation; k, slope factor of (in)activation.
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Vehicle n SB2 n Statistical analysis

INa density (pA/pF) -54.9 ± 6.1 9 -53.0 ± 1.6 8
Student’s t-test

P = 0.8322

Steady-state 
activation

V1/2 (mV) -40.3 ± 1.2 9 -42.3 ± 1.7 8
Student’s t-test

P = 0.3626

k (mV) 4.8 ± 0.2 9 4.8 ± 0.2 8
Student’s t-test

P = 0.8825

Steady-state 
inactivation

V1/2 (mV) -76.5 ± 1.4 9 -80.0 ± 1.2 8
Mann-Whitney U

P = 0.0592

k (mV) 6.1 ± 0.2 9 6.5 ± 0.5 8
Mann-Whitney U

P = 0.4234

Online Table XIII: Whole-cell sodium current (INa) characteristics measured in cardiomyocytes 
from Clasp2-/- mice. Current density analysed at -35 mV. V1/2, voltage of half maximum (in)
activation; k, slope factor of (in)activation.

Vehicle n SB2 n Statistical analysis

NaV1.5 cluster 
density (LM)

0.88 ± 0.02 19 0.84 ± 0.03 23
Student’s t-test

P = 0.2859

NaV1.5 cluster size 
(LM)

110231.6 ± 7399.4 19 108560.8 ± 3007.9 22
Student’s t-test

P = 0.8361

NaV1.5 cluster 
density (ID)

0.60 ± 0.04 26 0.71 ± 0.02 35
Student’s t-test

P = 0.0272

NaV1.5 cluster size 
(ID)

53870.8 ± 3575.5 27 76865.7 ± 3419.0 35
Student’s t-test

P < 0.0001

Online Table XIV: NaV1.5 cluster protein clusters characteristics at the lateral membrane (LM) 
and intercalated discs (ID) in wild type murine cardiomyocytes following treatment with 
vehicle control or SB2.
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Vehicle n SB2 n Statistical analysis

NaV1.5 cluster 
density (LM)

0.80 ± 0.02 29 0.80 ± 0.03 18
Student’s t-test

P = 0.9767

NaV1.5 cluster size 
(LM)

76955.8 ± 4043.8 23 73226.6 ± 3701.0 18
Student’s t-test

P = 0.5114

NaV1.5 cluster 
density (ID)

0.76 ± 0.04 32 0.65 ± 0.05 24
Student’s t-test

P = 0.0704

NaV1.5 cluster size 
(ID)

54715.8 ± 2181.1 31 51217.2 ± 2691.1 20
Student’s t-test

P = 0.3184

Online Table XV: NaV1.5 cluster protein clusters characteristics at the lateral membrane (LM) 
and intercalated discs (ID) in Clasp2-/- murine cardiomyocytes following treatment with vehicle 
control or SB2.

Vehicle n SB2 n Statistical analysis

GSK3β 
cluster 
density

0.64 ± 0.04 41 0.48 ± 0.03 58
Mann-Whitney U

P = 0.0031

GSK3β 
cluster size

50589.2 ± 1540.3 47 40211.0 ± 1758.0 57
Mann-Whitney U

P = 0.0007

Online Table XVI: GSK3β cluster protein clusters characteristics at the intercalated discs in 
isolated murine cardiomyocytes following treatment with vehicle control or SB2.

Vehicle n SB2 n Statistical analysis

Total 
microtubule

49.2 ± 1.5 16 39.8 ± 1.0 16
Mann-Whitney U

P < 0.0001

Detyrosinated 
microtubules

70.9 ± 1.7 26 81.7 ± 1.8 36
Mann-Whitney U

P < 0.0001

Online Table XVII: Microtubule characteristics in isolated murine cardiomyocytes following 
SB2 or vehicle control treatment.
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Vehicle n SB2 n
Statistical 
analysis

INa (pA) -525.9 ± 122.5 11 -615.7 ± 151.2 11
Mann-Whitney U

P = 0.5619
Steady-state 
activation

V1/2 (mV) -54.1 ± 1.5 11 -54.6 ± 2.0 11
Student’s t-test

P = 0.8284

k (mV) 6.2 ± 0.3 11 6.3 ± 0.3 11
Student’s t-test

P = 0.8698
Steady-state 
inactivation

V1/2 (mV) -94.2 ± 2.0 10 -95.8 ± 2.0 9
Student’s t-test

P = 0.5782

k (mV) 4.5 ± 0.3 10 4.9 ± 0.4 9
Mann-Whitney U

P = 0.7802

Online Table XVIII: Sodium current characteristics (INa) measured at the lateral membrane of 
wild type murine cardiomyocytes using macropatch following treatment with vehicle control 
or SB2. Current analysed at -40 mV. V1/2, voltage of half maximum (in)activation; k, slope factor 
of (in)activation.

Vehicle n SB2 n
Statistical 
analysis

INa (pA) -838.1 ± 64.2 9 -1672.3 ± 111.0 10
Student’s t-test

P < 0.0001
Steady-state 
activation

V1/2 (mV) -49.1 ± 1.9 9 -54.6 ± 2.1 10
Student’s t-test

P = 0.0778

k (mV) 6.8 ± 0.4 9 8.1 ± 0.7 10
Student’s t-test

P = 0.1505
Steady-state 
inactivation

V1/2 (mV) -100.0 ± 2.6 7 -97.7 ± 3.0 9
Mann-Whitney U

P = 0.2991

k (mV) 5.5 ± 0.3 8 4.8 ± 0.3 10
Student’s t-test

P = 0.0723

Online Table XIX: Sodium current characteristics (INa) measured at the intercalated discs of 
wild type murine cardiomyocytes using macropatch following treatment with vehicle control 
or SB2. Current analysed at -40 mV. V1/2, voltage of half maximum (in)activation; k, slope factor 
of (in)activation.
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Forward primer Reverse primer

m_Mapre1 GGGGAAAACGACCCTGTACT ACTCTTCTTGTTCCTCCTGTGG

m_Hprt CTTTCCCTGGTTAAGCAGTACAG GTCAAGGGCATATCCAACAACAAAC

z_mapre1a, var1 CGCTCGACAGGGACAAGATA GGTGTGATGCCTGTATCCGAG

z_mapre1a, var2 GAAACCTAGCTCGGCTCCAC AGCAATGGTGGCCTTCAAGT

z_mapre1b AATGCCAGTTCCAAACCCCT CCCTCTGTGGTGCTGCATTC

z_mapre2 GGAGTGGAGAAGGAGAGGGAT TAAAGCAGGGGTGTCGTCTG

z_mapre3a TCCAGGCAGCTTTTAAGAGGA TCTGAGGCCCTGGATTTGGT

z_mapre3b GCAGAGACACGGGACAGATT GCCATCCCACAACGTCAGTA

z_eef1a CCCTCCTCTTGGTCGCTTT CCTTTGGAACGGTGTGATTGA

z_scn12aa AAGCCACAGAAGCCCATACC TTGATGGAGGGCGACTGTTC

z_scn12ab CCATCGTTGGAATTGTCCTGG AGCTGCTCGTATCAGTCGAAG

z_scn1ba TTAACACATGCTTGGCTCTGC AGTTTGAAGCCTTTTCCCGC

z_scn1bb GTCTGTCCGTCCATTCGTCT CTGCCTCTGTGTCTGAGTCC

z_gja1 TCGCGTACTTGGATTTGGTGA AGGGAGTTCTAGCTGGAAAGAAG

z_cacna1c CGCTTTCAAACCCAGGCATT AGCTGGGTTAACCTCTGTGA

z_kcnh6a TTTGCTTGGCCGTCCTTGAA TTTACGATTTTGCCCGTCGAAT

z_kcnq1 ACACAACCAGAAGATATGAACGAGC GCCGAGATGAGACCTCGAAA

h_MAPRE1 TTGATTTGCCAGGAGAACGAGG TACTCTTCTTGCTCCTCCTGTG

h_SCN5A ATGAAGAAGCTGGGCTCCAAG GGTCACCATATTCAAGCAGATCAG

h_STAT1 ATCACATTCACATGGGTGGAGC ACAGATACTTCAGGGGATTCTCAGG

h_TBP GCTCACCCACCAACAATTTAG TCTGCTCTGACTTTAGCACCTG

Online Table XX: Primers used for RT-qPCR experiments. Target species is noted before gene 
name: m: mouse, z: zebrafish, h: human.
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