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Abstract

Rationale: Loss-of-function of the cardiac sodium channel Nay,1.5 causes conduction slowing
and arrhythmias. Nay/1.5 is differentially distributed within subcellular domains of
cardiomyocytes, with sodium current (/\g) being enriched at the intercalated discs (ID). Various
pathophysiological conditions associated with lethal arrhythmias display ID-specific /fy, reduction,
but the mechanisms underlying microdomain-specific targeting of Nay1.5 remain largely
unknown.
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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 Nay,1.5 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 /v, increased action potential (AP)
upstroke velocity (Vnax), and enhanced Nay,1.5 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 Nay/1.5 forward trafficking. Knockout of MAPREZ in hiPSC-CMs led to
reduced whole-cell /\,, decreased Vinax and AP duration (APD) prolongation. Similarly, acute
knockout of the MAPREI homolog in zebrafish (mapre1b) resulted in decreased ventricular
conduction velocity and Viax as well as increased APD. STORM imaging and macropatch /v,
measurements showed that subacute treatment (2-3 hours) with SB216763 (SB2), a GSK3p
inhibitor known to modulate CLASP2-EB1 interaction, reduced GSK3p localization and increased
Nay1.5 and /yq preferentially at the ID region of wild type murine ventricular cardiomyocytes. By
contrast, SB2 did not affect whole cell /y; or Nay1.5 localization in cardiomyocytes from Clasp2-
deficient mice, uncovering the crucial role of CLASP2 in SB2-mediated modulation of Nay/1.5 at
the ID.

Conclusions: Our findings demonstrate the modulatory effect of the MT plus-end tracking
protein EB1 on Nay/1.5 trafficking and function, and identify the EB1-CLASP2 complex as a
target for preferential modulation of /y; within the 1D region of cardiomyocytes.
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INTRODUCTION

The cardiac voltage-gated sodium channel Nay/1.5 mediates the fast upstroke of the cardiac
action potential, driving cardiomyocyte excitability and enabling proper cardiac conduction.
Loss of Nay/1.5 function, either acquired or inherited, is associated with cardiac conduction

Circ Res. Author manuscript; available in PMC 2022 July 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Marchal et al.

Page 3

slowing, a well-established risk factor for arrhythmias and sudden cardiac death.}:2 Nay1.5
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.34 Moreover, Nay1.5 is differentially regulated in a microdomain-specific manner
in the setting of acquired and inherited conditions such as heart failure and arrhythmogenic
cardiomyopathy.>6 However, the mechanisms underlying subcellular, microdomain-specific
targeting of Nay/1.5 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.’
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.%-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 Nay1.5 and Cx43 are both
enriched. EB1, Cx43, and Nay1.5 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 Nay/1.5.

MTs undergo dynamic physiological switching between growth and shrinkage states.” 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,®12
potentially enhancing ion channel trafficking and anchoring.1# The interaction of EB1 with
cytoplasmic linker associated protein 2 (CLASP2) at the MT (+) end also facilitates MT
polymerization and stabilization.1%-21 This interaction is increased by inhibition of glycogen
synthase kinase 3p (GSK3p)-mediated phosphorylation of CLASP2, as previously
demonstrated in COS-7 cells using the compound SB216763 (SB2), a GSK3p-inhibitor.
22-24 1 g 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 loss of sodium current (/)
observed in this model without increasing available sodium channel protein; however, the
underlying mechanism and potential microdomain-specific effects on /y, were not
investigated.2

In this study we investigate the role of the MT (+)-end tracking EB1-CLASP2 protein
complex on Nay,/1.5 trafficking, subcellular distribution and function in cardiomyocytes. We
provide evidence that EB1 mediates /y; and cardiac conduction, and demonstrate that SB2
modulates Nay/1.5 and /N, preferentially at the 1D of cardiomyocytes in a CLASP2-
dependent manner. In addition to demonstrating a crucial role for MT (+)-end tracking
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proteins in modulating /g, our findings identify the EB1-CLASP2 protein complex as a
target for preferential modulation of /y, in cardiomyocyte subcellular domains.

METHODS
Data Availability.

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 Iy, density and AP upstroke velocity in hiPSC-CMs.

The impact of EB1 overexpression on Nay1.5 plasma membrane localization, /y, 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 MAPREI 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 mMRNA
expression of SCN5A encoding Nay/1.5 (Online Fig. 1). 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 /N, traces, current-voltage (/-V) relationships, and /N, density at =20 mV
measured in hiPSC-CMs transduced with EB1-IRES-GFP or GFP only (GFP-control). We
observed a significantly greater /y, 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
(/1) dynamic clamp injection (with Kir2.1 kinetics).28 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 membrane potential
(RMP), or AP duration at 20, 50, or 90% repolarization (APD2o APDsg, APDgg
respectively) (Fig. 1D,E; Online Table II).

EB1 overexpression increases plasma membrane Nay1.5 cluster density in hiPSC-CMs
and enhances Nay1.5 membrane trafficking in HEK293A cells.

Ina Magnitude is determined by the density and size of Nay/1.5 clusters at the cell
membrane.2” To assess the impact of EB1 on Nay1.5 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
Nay/1.5 (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, Nay/1.5
cluster density in hiPSC-CMs upon EB1 overexpression was significantly increased
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compared to GFP-control hiPSC-CMs, whereas Nay1.5 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 I11). Moreover, the average
distance between Nay,/1.5 and N-cadherin clusters as well as the distance distribution was
similar in GFP-control and EB1-IRES-GFP hiPSC-CMs (Online Fig. Il; Online Table II1).

Similar to observations in hiPSC-CMs, co-expression of Nay1.5+Nayf1 with EB1 in
HEK?293A cells (which express EB1 endogenously; Online Fig. I11A) led to a significant
increase in /vy (Online Fig. 111B-D), without affecting the voltage dependence of activation
or inactivation (Online Table IV). To assess the impact of EB1 on Nay,1.5 trafficking, we
performed fluorescence recovery after photobleaching (FRAP) in HEK293A cells
transfected with N-terminally GFP-fused Nay/1.5 (GFP-Nay1.5) with or without MAPREI/
EB1. Following bleaching, GFP-Nay,1.5 fluorescence was continuously recorded at a
frequency of 2 Hz for a 75-second period (Fig. 1H,1). The fluorescence signal was fitted
using an exponential plateau fit (Y= Yy— (Yy— Yo) % exp(—k?)) where Y represents the
maximum fluorescence recovery signal, Y the lowest fluorescence intensity, and A the
speed of recovery after photobleaching. Similar FRAP recordings were also performed after
2-hour incubation with paclitaxel (10 umol/L), an anticancer drug known to suppress MT
dynamics?8 and decrease /y,.2° While & values remained unchanged between groups,
paclitaxel significantly decreased the maximum GFP-Nay,1.5 fluorescence recovery signal
following bleaching. In contrast, co-expression of EB1 with GFP-Nay1.5 resulted in a
significantly higher maximum fluorescence recovery signal as compared to GFP-Nay/1.5
alone (Fig. 1H,1; Online Table V). Taken together, these findings indicate that EB1
overexpression increases /ya by enhancing Nay/1.5 trafficking.

Knockout of EB1 leads to reduced Iyg and Vimax, APD prolongation, and ventricular
conduction slowing.

To further establish the modulatory effects of EB1 on /y;,, we next generated MAPREI/EB1
knockout (EB1-KO) hiPSC. As expected, MAPREI transcripts were abolished in the EB1-
knockout hiPSC-CMs without affecting SCN5A mRNA expression (Online Fig. 1V). On
patch clamp analysis, EB1-KO hiPSC-CMs showed a significant decrease in peak /y; 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 Vinax in EB1-KO hiPSC-CMs (Fig. 2D,E; Online Table VI1), in line with the
observed reduced /. While the maximal diastolic potential (MDP; measured in the absence
of the holding current) and APA remained unchanged, EB1-KO hiPSC-CMs showed
prolonged APD3p APDsg, and APDgg (Fig. 2D,E; Online Table VII). Accordingly, total
outward current (/yytward) 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, /g,) rather than a JNJ-303-sensitive current (reflecting the slow delayed
rectifier potassium current, /ks) (Online Fig. V; Online Table VIII).

To assess the role of EB1 /n 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.
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Of the two paralogous EB1-encoding genes maprelaand maprelb, the latter is the dominant
paralog in embryonic zebrafish heart (Online Fig. V1).30 Therefore, we targeted
mapreIb/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 mapreib (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 1X,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
V/max in the ventricle (Fig. 2F,G; Online Table XI). Furthermore, there was a significant
increase in the ventricular APDg in the acute EB1-KO hearts when paced at 80 bpm (Fig.
2F,G).

Ventricular Maprel/EB1 expression correlates with QRS duration in an F2 murine progeny.

To further explore the potential functional relevance of EB1 /n vivo, we analysed existing
microarray and ECG data from a conduction disease-sensitized F2 mouse population (n =
109).31:32 These F2 mice were generated from an intercross of two separate mouse strains
carrying the Scnba-1798insD mutation, which we have previously shown to display variable
conduction disease severity secondary to the mutation.32 Ventricular transcript levels of
Maprel encoding EB1 were negatively correlated with QRS duration (£=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 Maprel transcript levels in ventricle.

Targeting the MT (+)-end protein complex by the GSK3p inhibitor SB216763 modulates Iy,
in a CLASP2-dependent manner.

Having identified a clear modulatory effect of EB1 on Nay1.5 and /y,, We next explored the
potential of targeting MT (+)-end tracking proteins. The regulatory effects of EB1 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 GSK3p 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 /v,
by incubating isolated wild type (WT) adult left ventricular murine cardiomyocytes for 2—3
hours with either SB2 (5 umol/L) or DMSO (vehicle control). As shown in Fig. 3A-C,
incubation with SB2 resulted in an approximately 30% increase in whole-cell peak /y,
compared to vehicle control, without affecting /, Kinetics (Online Table XII). To investigate
whether this effect of SB2 on /y, depends on CLASP2, we repeated the experiment using
Clasp2 knockout mice (Clasp2™"). No significant baseline differences in /\, were observed
between WT and ClaspZ2~~ ventricular cardiomyocytes. However, SB2 had no effect on /y,
density (Fig. 3D—F) nor kinetics in Clasp2~ cardiomyocytes (Online Table X111). These
observations indicate that modulation of the MT (+)-end tracking EB1-CLASP2 protein
complex by SB2 enhances /y,, and this process is crucially dependent on CLASP2.
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SB2 reduces GSK3p and increases Nay1.5 and Iy, preferentially at the ID of
cardiomyocytes.

Since EB1 and CLASP?2 are known to modulate MT dynamics at adherens junctions,12:35:36
and are enriched at the ID of cardiomyocytes (Online Fig. XI),* we hypothesized that
modulation of the MT (+)-end tracking complex by SB2 would impact Nay1.5 and /y,
preferentially within the ID. To explore the impact of SB2 on the molecular organization of
Nay1.5 at a subcellular level, we performed STORM microscopy in adult ventricular
cardiomyocytes from WT and Clasp2~~ mice, assessing Nay1.5 cluster size and density in
the lateral membrane and ID.19 In WT cardiomyocytes, SB2 increased Nay/1.5 cluster size
and density at the 1D, but not at the lateral membrane (Fig. 4A,C; Online Table XIV). By
contrast, SB2 did not affect Nay/1.5 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 /\; observed in these cells. Since SB2 has
been annotated as a GSK3p inhibitor, we performed STORM analysis of GSK3p in murine
adult cardiomyocytes (47 untreated cells and 58 treated cells; from N = 4 mice) and found
that SB2 significantly decreased GSK3p 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 /N Specifically at the lateral
membrane and ID region. As shown in Fig. 6A—C and Online Table XVIII, SB2 did not
affect /y, density or kinetics at the lateral membrane. By contrast, SB2 treatment resulted in
a substantial /y, increase at the 1D region (Fig. 6D—F) without significant alterations in
current kinetics (Online Table X1X). Hence, aside from the previously described GSK3p
inhibition properties of SB2,37 these findings indicate that targeting the MT (+)-end tracking
complex by SB2 reduces the presence of GSK3p at the ID, thereby increasing Nay/1.5 and
Ina preferentially in this subcellular domain of the cardiomyocyte (Fig. 7).

DISCUSSION

In this study, we demonstrate that the MT (+)-end tracking protein EB1 regulates Nay/1.5
trafficking, /ya and ventricular conduction. We show that modulation of the EB1-CLASP2
complex affects Nay/1.5 and /\, preferentially at the 1D, 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 Nay1.5
and /g within distinct subcellular domains.

In cardiomyocytes, Nay/1.5 is distributed heterogeneously across subcellular domains and
forms macromolecular complexes with microdomain-specific interacting proteins. At the
lateral membrane, Nay1.5 interacts with the syntrophin-dystrophin complex, and both loss
of dystrophin and disruption of the Nay,1.5-syntrophin interaction have been shown to
decrease /\ 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 /v, specifically at the 1D.141 Because
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INa is larger at the 1D than at the lateral membrane,*2 loss of Nay1.5 at the ID results in a
larger reduction of whole-cell /y, and is consequently more detrimental to cardiac
conduction. Additionally, Nay1.5 and the p1 subunit are required for proper cell adhesion at
the 1D,2743 which is important for normal and ephaptic conduction*445 Hence, maintaining
proper Nay/1.5 localization and function at the ID is crucial for preventing cardiac
conduction slowing and arrhythmogenesis.

The MT network is known to form “highways” along which the motor proteins kinesin and
dynein move cargo to and from the cell membrane,” 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 | particular, we previously demonstrated that treatment with paclitaxel, an
anticancer drug known to suppress MT dynamics,28:51 reduced Nay/1.5 surface expression
and /v, and modified Nay1.5 gating properties.2? In addition to a modulatory effect on MT
dynamics, the observed reduction in /y, 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 Nay1.5.14 Accordingly, our current findings show that EB1 regulates Nay1.5
membrane cluster density, /\, and AP upstroke velocity. Additionally, the FRAP data
obtained in HEK293A cells indicate that EB1 enhances forward trafficking of Nay/1.5.
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
Nay/1.5. While HEK293A cells lack certain proteins and other ion channels modulating
Nay/1.5 function and trafficking,?3->4 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 Nay/1.5 membrane localization and /y;.
Conversely, knockout of MAPREI/EB1 in hiPSC-CMs greatly reduced /5 density,
underlining its crucial role in Nay/1.5 trafficking. Interestingly, EB1 knockout also impacted
INa Inactivation properties, indicating this MT (+)-end tracking protein may also modulate
channel kinetics, possibly by affecting the Nay1.5 macromolecular complex.

The /n vivo functional relevance of EB1 and its impact on /y, was demonstrated by our
findings in zebrafish where acute EB1 knockout led to a decrease in ventricular Vj,,y and
conduction velocity. The negative correlation between ventricular EB1 expression and QRS
duration observed in Scn5a1798insD 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 /) 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.>® A recent study also demonstrated an
essential role for the MT network in modulating the ultrarapid delayed rectifier potassium
channel (Ky/1.5) trafficking in atrial cardiomyocytes, demonstrating that mobile Ky,1.5
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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 Nay1.5. Whether the impact on other ion channels is consequent to a direct
modulatory effect or through an indirect effect on co-trafficking of e.g. sodium and
potassium channels,® deserves future exploration.

In adult cardiomyocytes, EB1 was previously detected primarily at IDs.141% 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 overload® and in the setting of Cx43 C-
terminus truncationl# was associated with changes in Nay/1.5 distribution and /g,
suggesting a possible role for EB1 in targeting Nay1.5 to the ID.1415 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. 1911 |n addition to ankyrin-G, which has previously been shown to be essential for
the anchoring of Nay1.5 at the 1D of cardiomyocytes,®8:5% EB1 associates with the ID
proteins desmoplakin®9 and p150 (Glued), as well as dynein intermediate chain and
dynamitin3> 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 Nay/1.5 delivery to this specific subcellular domain.14

In our experiments, overexpression of EB1 in hiPSC-CMs induced a significant increase in
Nay/1.5 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 Nay/1.5 preferentially
localizes to these regions of cell-to-cell contact (although not exclusively). Accordingly,
hiPSC-CMs have previously been successfully employed to investigate Nay/1.5
(dys)function and model diseases associated with alterations in the ID region, including
arrhythmogenic cardiomyopathy (ACM).2541.63 While our findings in hiPSC-CMs indicate
an effect of EB1 on Nay/1.5 in the “ID-like” region, we cannot completely exclude an effect
of EB1 on Nay/1.5 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, 2
does not affect Nay/1.5 or /y;, at the lateral membrane.

Inherited disorders characterized by reduced /y, 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 remodelling®46% and /\, reduction2>65-68 may precede the
development of cardiac structural abnormalities and ventricular arrhythmias.54-66 Decreased
levels of Nay1.5 and Cx43 at the 1D 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.%0 Heterozygous deletion of the desmosomal protein PKP2 in
cardiomyocytes caused both a reduction in /y, and a separation of MT (+) ends (marked by
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EB1) from N-cadherin plaques at the ID, indicating that the latter may have impaired protein
delivery to the cell membrane.*! Given the well-established pro-arrhythmic consequences of
decreased Nay/1.5//\q, development of novel pharmacological interventions to restore their
levels is crucial.

Recently, a chemical screen identified a novel compound which restored /y, in both a
zebrafish ACM model and neonatal rat ventricular cardiomyocytes expressing mutant
desmosomal protein plakoglobin.2> This compound, SB216763 (SB2), has been annotated
as a GSK3B inhibitor.3” In fibroblasts and epithelial cells, GSK3p-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 GSK3p phosphorylation by agrin is crucial for CLASP2-mediated
neuromuscular junction formation.”2 Hence, GSK3p 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.1920.73 Additionally, CLASP2 is involved in
the establishment of focal adhesions in various cell types and the formation of the
neuromuscular junction.”%74 EB1 has been shown to be enriched at the 1D by
immunohistochemistry in cardiac tissue,1315 and CLASP2 has recently been identified as
putative ID-specific proteins by mass spectrometry studies in cardiomyocytes,’®
Additionally, CLASP2 is known to interact with p120-catenin which is specifically localized
at the 1D in cardiomyocytes.36 Based on these observations, we hypothesized that SB2
enhances EB1-CLASP2 and MT-CLASP?2 interactions, and thereby facilitates the delivery
of Nay/1.5 to the ID. Indeed, our macropatch and super-resolution microscopy experiments
revealed that SB2 increased the density and size of Nay/1.5 clusters as well as /y, at the ID
of WT adult murine cardiomyocytes, while Nay1.5 clusters and /y, at the lateral membrane
remained unaffected. Interestingly, baseline /y, densities were similar between WT and
ClaspZ™~ 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 /\; Was only observed in WT cardiomyocytes and not in Clasp2™" cells.
CLASP1 was recently demonstrated to be less sensitive to GSK3p inhibition as compared to
CLASP2,76 and hence would not be able to compensate for the lack of SB2 effect on /g in
Clasp2™~ cardiomyocytes. Hence, our findings establish a central role of CLASP2 in SB2-
mediated enhancement of /y, and Nay/1.5 localization at the ID.

In ACM mice, local GSK3p upregulation has been observed at the ID, with chronic SB2
treatment normalizing subcellular GSK3p distribution and reducing the incidence of
ventricular arrhythmias.”” In accordance, our /n vitro data show that SB2 decreases the
presence of GSK3p at ID of cardiomyocytes. In the compound screen during which SB2
was originally identified,2® other compounds with GSK3 kinase inhibiting properties failed
to rescue the ACM phenotype. In light of this, our current findings indicate a role for
GSK3p displacement from the 1D region, in addition to altered GSK3p activity, in the SB2-
mediated effects on Nay,1.5. 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
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microdomain-specific trafficking in neurons,8%:81 in line with our current observation that
SB2 increased MT detyrosination and enhanced Nay,1.5 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 Nay/1.5 trafficking and increase /y,. 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
Nay/1.5/ /N5 at the 1D, 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 Nay,1.5 trafficking and subcellular
distribution in cardiomyocytes. We demonstrate that modulation of the EB1-CLASP2
interaction increases Nay/1.5 and /y, 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 Nay1.5 and /\, within distinct subcellular
microdomains of cardiomyocytes.
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NOVELTY AND SIGNIFICANCE
What Is Known?

. Loss-of-function of the cardiac sodium channel Nay1.5 leads to conduction
slowing, arrhythmias, and sudden cardiac death.

. Nay/1.5 is distributed heterogeneously across subcellular domains of the
cardiomyocyte, and is enriched at the intercalated disc (ID) region.

. Nay/1.5 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 Nay/1.5 trafficking, with loss of EB1 leading to reduced
sodium current (/yz) and conduction slowing.

. Modulation of the EB1-CLASP2 complex by the GSK3p inhibitor SB216763
affects Nay/1.5 and /\, preferentially at the 1D, and this effect is dependent on
CLASP2.

Dysfunction of the sodium channel Nay/1.5 causes cardiac conduction slowing and
arrhythmias. Nay/1.5 is heterogeneously distributed within distinct subcellular domains of
cardiomyocytes, and is enriched at the ID region. Nay1.5 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 Nay/1.5 trafficking, with loss of EB1 leading to reduced /N, and conduction
slowing. Furthermore, EB1 and CLASP2 are enriched at the 1D, and enhancing their
interaction using the GSK3p inhibitor SB216763 increased Nay,/1.5 and /5 preferentially
at the ID, and displaced GSK3p from this region. These observations demonstrate for the
first time that trafficking of Nay,/1.5 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 Nay,1.5, and are of potential
relevance for arrhythmogenic cardiomyopathy which is associated with reduced /v, and
increased GSK3p 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 /\4 at the 1D, including arrhythmogenic
cardiomyopathy.
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Figure 1. EB1 overexpression leads to increased sodium current density, action potential
upstroke velocity and Nay/1.5 cluster density in hiPSC-CMs and enhanced Nay/1.5 trafficking in
HEK?293A cells.

(A) Representative manual whole-cell /y, traces in hiPSC-CMs following lentiviral
transduction with EB1-IRES-GFP or GFP-transduced hiPSC-CMs. (B) Average current-
voltage (/-V) relationships of peak /v, in EB1-IRES-GFP and GFP-transduced hiPSC-CMs.
Inset shows voltage-clamp protocol. (C) Average peak /\a density measured at =20 mV with
or without EB1 overexpression. (D) Representative action potentials (APs) and maximum
upstroke velocities ( Vimax) measured in hiPSC-CMs with or without EB1 overexpression at
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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, APD2g,
APDs, APDgg, AP duration at 20, 50, and 90% of repolarization. (F) Representative multi-
color stochastic optical reconstruction microscopy (STORM) images showing
immunoreactive signals for Nay,1.5 (green) and N-cadherin (red) in EB1-IRES-GFP and
GFP-transduced hiPSC-CMs (scale bars: 8 um). (G) Nay1.5 and N-cadherin cluster
characteristics (size and density) in cells with or without EB1 overexpression. All Nay/1.5
clusters included in the analysis have a maximum distance of 1 pm to the approximated cell
end membrane. (H) Representative images showing GFP-Nay,1.5 fluorescence signal before,
during and 15, 20, and 60 seconds post bleaching (PB) in HEK293A cells transfected with
N-terminally GFP-fused SCNV5A (GFP-Nay1.5) with or without EB1 (scale bars: 10 um). (1)
Curves demonstrating the relationship between relative fluorescence and time (speed of
fluorescence recovery) which were obtained in FRAP experiments in cells transfected with
GFP-Nay1.5 ( Y/ 0.560+0.004, k. 0.088+0.004) only or with GFP-Nay/1.5+EB1 ( Y/
0.763%0.004, k. 0.091+0.002), and in cells subjected to paclitaxel treatment (10 pmol/L, 2
hours; Yy, 0.317+0.003, & 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.
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Figure 2. EB1 knockout leads to reduced sodium current density in hiPSC-CMs, slowed
conduction in zebrafish ventricles, and reduced action potential upstroke velocity and increased
action potential duration in both.

(A) Representative automated whole-cell /y, traces in hiPSC-CMs in control conditions and
following CRISPR/Cas9-mediated knockout of MAPRE1 encoding EB1 (EB1-KO). (B)
Average current-voltage (/-V) relationships of peak /\g in control and EB1-KO hiPSC-CMs.
Inset shows voltage-clamp protocol. (C) Average peak /na density measured at =20 mV in
control and EB1-KO hiPSC-CMs. (D) Representative action potentials (APs) and maximum
upstroke velocities (Vimax) measured in control and EB1-KO hiPSC-CMs at the stimulation
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frequency of 1 Hz. (E) Average AP properties in control and EB1-KO hiPSC-CMs. APA,
AP amplitude, MDP, maximal diastolic potential, APD3q, APDsgg, APDgg, AP duration at
30, 50, and 90% of repolarization. (F) Representative cardiac activation map (isochrone at 5
ms), Vimax (Maximal action potential upstroke velocity, d V/d2) 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 maprelb (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 um). APD measurement was
performed on hearts that were paced at 80 bpm. (G) Average conduction velocity, Vinax, and
APDgy measured in EB1-KO and control hearts. *£< 0.05, **P< 0.01, ***P< 0.001
(unpaired Student’s t-test (E: APA, Viax; 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.
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Figure 3. SB21673 (SB2) enhances | g in wild type but not CIaspZ‘/' mice.
(A,D) Representative manual whole-cell /\, 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 (/-1) relationships of /, in WT (B) and ClaspZ™'~ (E)
after vehicle or SB2 treatment. Insets show voltage-clamp protocol. (C,F) Average peak /ya
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)).
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Figure 4. SB21673 (SB2) treatment results in increased Nay,1.5 localization at the intercalated

discs (ID) in wild type but not Clasp2'/‘ mice.

Representative multi-color STORM images showing immunofluorescently labelled Nay/1.5
(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 pm). Quantification of
Nay1.5 cluster size and cluster density at the lateral membrane and 1D of (C) WT and (D)
Clasp2™!~ cardiomyocytes after 2—3 hours of incubation with vehicle or SB2. n represents
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the number of cells measured. Data was collected from 3 WT and 3 ClaspZ™/~ mice. *P<
0.05, #P < 0.0001 (unpaired Student’s t-test).
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Figure 5. SB21673 (SB2) affects GSK3p localization and microtubule characteristics.
(A) Representative multi-color STORM images of adult murine wild type (WT) showing

labelled GSK3p (green) and N-cadherin (red) after 2-3 hours of incubation with either
vehicle or SB2, and (B) average GSK3p 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
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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 um; n represents the
number of cells measured. Data was collected from 4 (GSK3p dataset) and 2 (microtubule
quantification) WT mice. #P < 0.0001 (Mann-Whitney U test (B,D,F)).
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Figure 6. SB21673 (SB2) enhances | 5 at the intercalated disc (ID) region of adult WT murine
cardiomyocytes.

(A,D) Schematic drawing of pipette placement (left), and representative macropatch traces
(right) of /fy, 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 (/-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 /\4 generated at —40 mV
at the lateral membrane (C) and ID region (F) of cardiomyocytes upon vehicle or SB2
treatment. Lateral membrane /y, was measured in 8 WT mice, while ID region data was
generated in 5 animals. n represents the number of cells measured. *£< 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)).
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The microtubule (+)-end tracking proteins EB1 and CLASP2 both prevent microtubule
breakdown and are able to interact with anchoring proteins located in the cell membrane.

i
Figure 7. Proposed mechanism of the modulatory effect of SB2 on Nay/1.5 delivery to the
SB2 prevents GSK3B-mediated CLASP2 phosphorylation

intercalated disc (1D).
CLASP2-microtubule interactions, resulting in increased Nay/1.5 delivery at the ID of

cardiomyocytes.
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