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Cardiac myocytes are highly differentiated striated mus-
cle cells possessing well-organized membrane domains 

with specialized roles in their electric and mechanical func-
tions. The T-tubule system and intercalated discs (IDs) are 
the best characterized membrane domains and are crucial for 
the excitation–contraction coupling process and the propaga-
tion of action potentials (APs) from one myocyte to the other. 
Specialized membrane domains contain distinct populations 
of ion channels, pumps, exchangers, and receptors such as the 
voltage-gated L-type calcium channel and gap-junction pro-
tein connexin-43, for T-tubules and ID, respectively.1

In This Issue, see p 501

The main cardiac NaV1.5 sodium channel is responsible 
for the sodium current INa, which provides a rapid depolar-
izing current during the upstroke of the AP. Recent studies 
suggest the presence of distinct populations of NaV1.5 channel 
located in different specialized membrane domains of cardiac 
myocytes, as well as their association with specific partners. 
At the ID, NaV1.5 has been shown to be associated with gap 
junctional (connexin-43),2 desmosomal (plakophilin-2),3,4 
actin cytoskeleton binding (ankyrin-G),5,6 and MAGUK  
(membrane-associated guanylate kinase), SAP97 proteins.7,8

The mechanisms regulating the spatial organization of ion 
channels are still poorly understood. Targeting and clustering 
of transmembrane proteins to cell junctions are critical for the 
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Rationale: Mechanisms underlying membrane protein localization are crucial in the proper function of cardiac 
myocytes. The main cardiac sodium channel, NaV1.5, carries the sodium current (INa) that provides a rapid 
depolarizing current during the upstroke of the action potential. Although enriched in the intercalated disc, NaV1.5 
is present in different membrane domains in myocytes and interacts with several partners.

Objective: To test the hypothesis that the MAGUK (membrane-associated guanylate kinase) protein CASK (calcium/
calmodulin-dependent serine protein kinase) interacts with and regulates NaV1.5 in cardiac myocytes.

Methods and Results: Immunostaining experiments showed that CASK localizes at lateral membranes of cardiac 
myocytes, in association with dystrophin. Whole-cell patch clamp showed that CASK-silencing increases INa in vitro. 
In vivo CASK knockdown similarly increased INa recorded in freshly isolated myocytes. Pull-down experiments 
revealed that CASK directly interacts with the C-terminus of NaV1.5. CASK silencing reduces syntrophin expression 
without affecting NaV1.5 and dystrophin expression levels. Total Internal Reflection Fluorescence microscopy and 
biotinylation assays showed that CASK silencing increased the surface expression of NaV1.5 without changing 
mRNA levels. Quantification of NaV1.5 expression at the lateral membrane and intercalated disc revealed that 
the lateral membrane pool only was increased upon CASK silencing. The protein transport inhibitor brefeldin-A 
prevented INa increase in CASK-silenced myocytes. During atrial dilation/remodeling, CASK expression was 
reduced but its localization remained unchanged.

Conclusion: This study constitutes the first description of an unconventional MAGUK protein, CASK, which 
directly interacts with NaV1.5 channel and controls its surface expression at the lateral membrane by regulating 
ion channel traffickin .   (Circ Res. 2016;119:544-556. DOI: 10.1161/CIRCRESAHA.116.309254.)
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organization of specialized membrane domains in structurally 
polarized cells such as neurons, epithelial cells, or cardiac myo-
cytes. MAGUK proteins have emerged as key partners partici-
pating in this organization.9 For instance, in the central nervous 
system, MAGUK proteins organize synapses through their abil-
ity to establish specific macromolecular complexes. In cardiac 
myocytes, SAP97 is a key regulator of ion channel function and 
organization,7,8,10–13 whereas zonula occludens-1 (ZO-1) organiz-
es the gap-junction protein connexin-43 at the ID.14 Similar to 
other MAGUK proteins, CASK (calcium/calmodulin-dependent 
serine kinase) displays a multidomain structure enabling interac-
tion with multiple proteins including ion channels and receptors, 
cell-adhesion proteins, and the actin cytoskeleton.9 However, 
among MAGUK proteins, CASK differs because of the posses-
sion of an active CaMKII (Ca2+/calmodulin-dependent protein 
kinase II) homolog domain in the N-terminal and a guanylate 
kinase domain in its C-terminus, which is involved in CASK 
translocation to the nucleus and subsequent regulation of gene 
expression.15 Despite previous works reporting the expression of 
CASK in the myocardium,16,17 its function has not been investi-
gated. Therefore, we investigated the potential role of CASK in 
the regulation of NaV1.5 channels in cardiac myocytes.

Here, we present the first detailed characterization of the 
localization and function of CASK in the heart. CASK was de-
tected specifically in costameric structures of the lateral membrane 
(LM) of cardiac myocytes, in association with dystrophin. Using 
a combination of whole-cell patch-clamp, high-resolution 3-di-
mensional (3D) deconvolution microscopy and biochemistry, we 
showed that CASK interacts with NaV1.5 and negatively regulates 
the corresponding current in cultured adult atrial myocytes. CASK 
knockdown in vivo revealed that CASK exerted the same regula-
tory function in freshly isolated ventricular myocytes. Pull-down 
assays showed that CASK directly interacts with the C-terminus of 
NaV1.5. Biotinylation and Total Internal Reflection Fluorescence 
microscopy (TIRFm) revealed that CASK silencing increased 
NaV1.5 expression at the cell surface without changing NaV1.5 
mRNA and protein levels. However, CASK silencing reduced the 
expression of syntrophin. The INa increase induced by CASK si-
lencing was completely prevented by the protein transport inhibitor 
brefeldin-A, suggesting the involvement of CASK in traffickin  
processes. Finally, we showed that CASK expression is reduced in 
remodeled/dilated atrial biopsies without changes in localization. 
These results not only strengthen the concept of differentially regu-
lated pools of NaV1.5 channels within the cardiac myocyte playing 

distinct roles in cardiac physiology but also suggest that CASK 
could participate in maintaining low levels of NaV1.5 at the LM 
and consequently contribute to anisotropic conduction.

Methods
An expanded Methods section is available in the Online Data 
Supplement.

Cell Preparations, Transfections, and Adenoviral 
Infections
Adult atrial or ventricular myocytes were obtained by enzymatic dis-
sociation on a Langendorff column as previously described.18 Adult rat 
atrial myocytes were infected with adenovirus-scramble short hairpin 
RNA (Ad-shscr), adenoviral construct containing a short hairpin RNA 
for CASK (Ad-shCASK), Ad-green fluorescent protein (GFP), or Ad-
CASK. Human embryonic kidney 293 (HEK293) cells stably expressing 
NaV1.5 were transiently transfected with either shscr or shCASK and plas-
mid internal ribosome entry site (pIRES)-GFP or pIRES-GFP-CASK.

Cardiac-Specific CASK Knockd wn Mouse
Mice were generated by Cre/loxP-mediated gene targeting through 
homologous recombination. The homozygous flo ed CASKtm1Sud 
mouse was bred with a cardiac myocyte-specific Cre-recombinase 
mouse, α myosin heavy chain (αMHC)-Cre.

Semiquantitative Real-Time Polymerase Chain 
Reaction
Details of specific primers designed to amplify cask, scn5a, and 
housekeeping genes are described in the Online Data Supplement.

Protein Extraction, Western Blot, and Pull-Down 
Assays
These procedures were performed as previously reported.8,18 See 
Online Data Supplement for other details.

Deconvolution Microscopy, Evanescent Field 
Microscopy and Image Analysis
Three-dimensional deconvolution epifluorescence and TIRFm imag-
es were acquired as described previously.18 Analysis was performed 
using ImageJ software (National Institutes of Health). Details are 
given in the Online Data Supplement.

Electrophysiological Measurements
Patch-clamp recordings were performed in the whole-cell configur -
tion at room temperature. Detailed solutions and protocols are avail-
able in the Online Data Supplement.

Human Samples
In accordance with approval of Institution Ethic Committee, biopsies 
of right atrial appendages were obtained from patients undergoing 
cardiac surgery (Online Data Supplement).

Statistics
Data are represented as mean±SEM; *P<0.05, **P<0.01, and 
***P<0.001; ns: not significant

Results
MAGUK CASK Is Expressed at the LM and 
Excluded From the ID
We first looked at the expression of CASK in adult myocar-
dium by Western blot. CASK was expressed both in rat atria 
and ventricle lysates, with a ≈2-fold larger expression in atria. 
CASK was also expressed in myocyte- and fibroblast-enriche  
fractions (Figure 1A and 1B). Second, we examined the local-
ization of CASK in rat atrial and ventricular myocardial cryo-
sections using high-resolution 3D deconvolution microscopy. 

Nonstandard Abbreviations and Acronyms

Ad adenovirus

APs action potentials

BFA brefeldin-A

CASK calcium/calmodulin-dependent serine kinase

DIV day in vitro

ER endoplasmic reticulum

LM lateral membrane

MAGUK membrane-associated guanylate kinase

MHC myosin heavy chain

TIRFm Total Internal Reflection Fluorescence microscopy

WT wild-type
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In ventricle, CASK was expressed along the LM stained with 
caveolin3 (Figure 1C, top), whereas no signal was detectable 
at the ID stained with N-cadherin (Figure 1C, middle). CASK 
also exhibited a striated pattern, facing the sarcomeric α-actinin 
corresponding to z-line (Figure 1C, bottom), suggesting either 
a T-tubular or a costameric localization. The distribution of 
CASK about the different compartments of cardiac myocytes 
was similar in the atrial myocardium (Online Figure I).

CASK Is a New Member of the Dystrophin–
Glycoprotein Complex at the LM of Cardiac Myocytes
In freshly isolated myocytes, CASK staining was apparent along 
the LM and exhibited the z-line superposition reported above. 

To investigate whether CASK was located at the T-tubule, co-
immunofluorescence experiments were conducted with CaV1.2 
or ryanodine receptor 2 (RyR2). However, little colocalization 
was observed in myocytes (Online Figure IIA). In addition, af-
ter detubulation by formamide treatment, the striated pattern 
was still observed in live ventricular myocytes stained with the 
voltage-sensitive dye Di-8-ANEPS (di-8-aminonaphthylethe-
nylpyridinium; Online Figure IIB).

Next, the association of CASK with either vinculin or dystro-
phin costameric complexes was investigated in freshly isolated 
adult atrial myocytes (Figure 2A and 2B). CASK more closely 
associated with dystrophin (R=0.68) than with vinculin (R=0.31; 
Figure 2A). In contrast with vinculin, which is organized in 

Figure 1. CASK (calcium/calmodulin-dependent serine protein kinase) is expressed at the lateral membrane of cardiac myocytes 

and excluded from the intercalated disc. A, Representative Western blot showing the expression of CASK in brain, atria, and ventricle 
lysates and in myocyte and fibroblast-enriched fractions. GAPDH served as loading control (n=2). B, Histogram showing the relative 
ratio of CASK normalized to GAPDH in the different extracts. C, High-resolution 3-dimensional deconvolution microscopy images and 
enlargements of outlined squares (right) obtained from ventricular tissue sections stained with CASK and caveolin3 (top), N-cadherin 
(middle), and α-actinin (bottom).
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rib-like structures at the sarcolemma, CASK showed a con-
tinuous layering of the sarcolemma, similar to dystrophin 
(Figure 2B). In addition, CASK and dystrophin displayed a 
regular interval alignment of ≈2 µm, the interval between 2 z-
lines, in the midsection of cardiac myocytes (Figure 2C). The 
association between CASK and dystrophin was further sup-
ported by coimmunoprecipitation experiments performed on 
whole-heart lysates (Figure 2D). Finally, immunostainings per-
formed on dystrophin-deficient mdx mouse ventricular cryosec-
tions showed a loss of CASK staining, suggesting that CASK 
expression at the LM of cardiac myocytes depends on dystro-
phin expression (Figure 2E). Note that the striated distribution 
of CASK was not observed in mouse myocardium, suggesting 
distinct costameric organization between species.

Altogether, these results indicate that CASK is poorly ex-
pressed at the T-tubule under normal conditions and is a new 
member of the dystrophin–glycoprotein complex.

CASK Directly Interacts With NaV1.5
Because NaV1.5 associates with the dystrophin–glycoprotein 
complex at the LM,19 we explored the interaction of CASK 
with NaV1.5. In freshly isolated atrial myocytes, CASK and 

NaV1.5 exhibited both a sarcolemmal and striated expression 
and partially overlapped (R=0.31; Figure 3A and 3B). This par-
tial overlap is likely because of high expression of NaV1.5 chan-
nels at the ID where CASK is not present. Periodic intervals 
between 2 striations calculated using Fast Fourier Transform 
revealed a coherent distance of ≈2 µm (Figure 3A). Of note, in 
this selected focal plane, the ID was not visible. The interac-
tion between CASK and NaV1.5 in the rat myocardium was 
supported by coimmunoprecipitation experiments (Figure 3C).

To investigate whether CASK could specifically interact 
with NaV1.5, pull-down experiments were performed using 
the wild-type (WT) NaV1.5 C-terminus (Ct) or deleted for the 
PDZ-binding motif corresponding to the 3 last SIV residues 
(ΔSIV; Figure 3D). Western blot experiments performed using 
anti-CASK and anti pan-syntrophin antibody revealed that the 
NaV1.5 WT Ct precipitated the 2 proteins from rat ventricle 
lysates. This interaction was dependent on the SIV motif of 
NaV1.5 since interactions with CASK and syntrophin were, 
respectively, reduced by 94% and 61% with the truncated con-
struct (Figure 3E). Finally, direct interaction between CASK 
and the NaV1.5 Ct was investigated by performing pull-down 

Figure 2. CASK (calcium/calmodulin-

dependent serine protein kinase) is a new 

member of the dystrophin–glycoprotein 

complex. A, High-resolution 3-dimensional 
deconvolution microscopy images of CASK 
with vinculin and dystrophin in freshly isolated 
ventricular myocytes and enlargement of 
outlined squares (right). B, Intensity plots for 
vinculin (n=6), dystrophin (n=4), and CASK 
(n=6) drawn from 10-µm lines along the lateral 
membrane. C, Coimmunostaining images of 
CASK and dystrophin taken in the midsection 
of cardiac myocytes and corresponding 
intensity plots drawn from 15-µm lines (n=3). 
D, Representative coimmunoprecipitation 
assays performed on whole-heart lysates 
(n=4). E, Coimmunostainings images of CASK 
and α-actinin (top) or dystrophin (bottom) in 
control (C57Bl6) and mdx mouse ventricular 
cryosections (n=6).
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Figure 3. CASK (calcium/calmodulin-dependent serine protein kinase) is associated with and interacts with Na
V
1.5 channels. A, 

High-resolution 3-dimensional deconvolution microscopy images of CASK (top) and NaV1.5 (bottom) taken from freshly isolated atrial 
myocytes and enlargement of outlined squares. Intensity plots for CASK and NaV1.5 drawn from 12-µm lines in the midsection of the 
cell and interval distribution (middle; n=8). B, Coimmunostaining of CASK and NaV1.5 performed with another pair of antibodies and 
enlargement of outlined square. C, Representative coimmunoprecipitation assay of CASK and NaV1.5 performed on whole-heart lysates 
(n=4). D, Scheme of GST fusion proteins used to perform pull-down experiments. The 66 last amino acids (Ct) of wild-type (WT) NaV1.5 or 
deleted for the PDZ-interacting motif (SIV) were compared with GST alone. E and F, Representative Western blots after GST pull-downs 
performed with cardiac myocyte-enriched lysates (E, n=3) or purified protein CASK (F, n=3). CASK and syntrophin both interact with 
NaV1.5 C-terminus, and a part of this interaction is mediated by the SIV motif. Ponceau stainings served as loading controls.
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experiments with the purified CASK protein (Figure 3F). At 
10 ng of purified CASK protein, the interaction was reduced 
by 21% but not abolished in ∆SIV.

These results support that CASK interacts directly with 
NaV1.5 Ct, regardless of the presence of syntrophin, and that 
other residues than SIV are likely involved in this interaction.

CASK Regulates the Sodium Current In Vitro
To assess the functional consequence of the interaction be-
tween CASK and NaV1.5, INa was recorded in adult atrial 
myocytes using whole-cell patch-clamp after modulating the 
expression of CASK. Representative images of adenoviral 
infection efficien y in cultured rat atrial myocytes are pre-
sented Online Figure IIIA. CASK was overexpressed using 
an adenoviral construct containing the GFP reporter (Ad-
CASK) and compared with GFP alone (Ad-GFP). CASK 
mRNA was increased by 120% and protein level by 200% 
in Ad-CASK after 3 days in vitro (DIV; Online Figure IIIB 
through IIID). Average current–voltage (I–V) plots from volt-
age-clamp experiments showed a significant decrease in INa 
density at different tested voltages in Ad-CASK (Figure 4A 
through 4C). CASK overexpression shifted the steady-state 
inactivation curve leftward by ≈8 mV (P<0.001; Figure 4E), 
whereas no difference was found for activation properties be-
tween Ad-CASK– and Ad-GFP–infected cells (Figure 4D). 
Next, we used adenoviral transfer technology to knockdown 
CASK in adult rat atrial myocytes. Silencing experiments 
were performed using GFP Ad-shCASK and compared with 
Ad-shscr. CASK mRNA was decreased by 60% and protein 
level by 40% in Ad-shCASK at 5 DIV (Online Figure IIIB 
through IIID). Voltage-clamp experiments showed a signifi-
cant increase in INa at several tested voltages in Ad-shCASK 
(Figure 4B through 4F). No difference was found for acti-
vation properties between Ad-shCASK and Ad-shscr cells, 
whereas steady-state inactivation was ≈8 mV more posi-
tive in Ad-shCASK cells (P<0.05; Figure 4G and 4H). It is 
worth noting that the CASK-dependent shift in steady-state 
inactivation cannot explain the 2-fold change in INa density. 
These experiments clearly demonstrate that CASK exerted a 
repressive function on INa.

Regulatory Function of CASK on INa Is Conserved 
In Vitro From Polarized Cardiac Myocytes to 
Nonpolarized HEK293 Cells
As CASK expression was restricted to the LM of cardiac my-
ocytes, we investigated whether the regulatory function of INa 
by CASK could be dependent on the loss of structural polarity 
and dedifferentiation under culture conditions.

We followed the distribution of CASK in cardiac myocytes 
in vitro in accordance with the distribution of the adherens 
junction protein N-cadherin. Immediately after dissociation, 
CASK was absent from the ID where N-cadherin was confined  
At DIV1, N-cadherin started to be internalized and at DIV2, 
was randomly distributed in the cytoplasm. At the same stage, 
CASK was located at the cell membrane. After 1 week in cul-
ture (DIV7), cardiac myocytes had re-established contacts (ID-
like structures) in which N-cadherin was located and CASK 
excluded (Online Figure IV). Therefore, CASK localization 
seemed related to the architecture/polarity of cardiac myocytes.

Thus, to investigate whether the regulation of INa by CASK 
could be polarity dependent, we induced the formation of ad-
herens junctions in vitro. Adult atrial myocytes infected with 
Ad-shscr or Ad-shCASK were seeded on Fc fragment plus 
N-cadherin (N-cadh) or Fc fragment alone, used as a control 
(Fc; Online Figure VA). Atrial myocytes seeded on N-cadh 
showed both increased spreading and increased N-cadherin 
staining as shown by TIRFm (Online Figure VA). Average 
I–V plots from voltage-clamp experiments showed a signifi-
cant increase in INa density at several tested voltages in the 2 
coating conditions (Fc and N-cadh) in Ad-shCASK–infected 
myocytes (Online Figure VB). No difference was found be-
tween Ad-shCASK myocytes cultured on N-cadh or Fc for ac-
tivation properties, whereas the steady-state inactivation curve 
was significantly shifted rightward in Ad-shCASK myocytes 
in the 2 coating conditions (≈12 and 10 mV, respectively, 
P<0.05; Online Figure VC and VD).

Next, INa was recorded in the nonpolarized HEK293 cell 
line stably expressing cardiac NaV1.5 α subunits (HEK293-
NaV1.5; Online Figure VIA). We first overexpressed CASK 
using a GFP plasmid construct (CASK), and control HEK293-
NaV1.5 were transfected with GFP alone (GFP). CASK ex-
pression was 2-fold increased in CASK at 3DIV (Online 
Figure VIB and VIC). Average I–V plots from voltage-clamp 
experiments showed a significant decrease in INa density in 
CASK compared with control cells (Online Figure VID). 
CASK overexpression shifted the steady-state inactivation 
curve by ≈-6 mV (P<0.05; Online Figure VIE), whereas ac-
tivation properties were unchanged (Online Figure VIE and 
VIF). We next used CASK sh-RNA plasmid with the red 
fluorescent protein (RFP) reporter (shCASK) to transfect 
HEK293-NaV1.5; scramble short hairpin RNA with RFP was 
used as control (shscr). CASK protein level was decreased 
by 45% in shCASK at 5 DIV (Online Figure VIB and VIC). 
Voltage-clamp experiments showed a significant increase in 
INa density at several tested voltages in shCASK-transfected 
cells (Online Figure VIG). Steady-state inactivation was ≈6 
mV more positive in shCASK cells (P<0.01), whereas no dif-
ference was found for activation properties between groups 
(Online Figure VIH and VII).

These results confirmed that CASK is excluded from ID 
structures and established that the negative regulatory func-
tion of CASK is a conserved mechanism.

Regulatory Function of CASK Is Conserved in 
Myocytes From CASK Knockdown Mouse
To assess the functional regulation of sodium channels by 
CASK in vivo, INa was recorded in freshly isolated ventricu-
lar myocytes from αMHC-Cre/CASK and αMHC-Cre/WT 
mice. The homozygous flo ed CASKtm1Sud mouse was bred 
with an α-myosin heavy chain (αMHC)-Cre mouse to target 
cardiac myocytes. Recombination with αMHC-Cre leads to 
68% CASK knockdown in cardiac myocytes (P<0.01; n=3; 
Figure 5A). The incomplete extinction of CASK is likely be-
cause of contamination by nonmyocyte cells. Average I–V 
plots from voltage-clamp experiments showed a significant in-
crease in INa density at several tested voltages in CASK knock-
down compared with WT Cre myocytes (Figure 5B and 5C). 
No significant differences were found for activation properties 
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and steady-state inactivation between CASK knockdown and 
WT Cre mouse myocytes (Figure 5D and 5E).

The results obtained in CASK knockdown ventricular my-
ocytes together with the results obtained in HEK293-NaV1.5 
and cultured atrial myocytes support that CASK-induced ef-
fect is not dependent on the experimental model used or on 
atrial versus ventricular myocytes.

CASK Affects Trafficking of N V1.5
Because INa was regulated by CASK expression level, we dis-
sected out the mechanisms of NaV1.5 regulation.

Reverse transcription-quantitative polymerase chain re-
action experiments were performed to investigate whether 
CASK influenced the expression level of scn5a. However, the 
copy number of scn5a was not different between controls and 
CASK-overexpressing or CASK-silenced myocytes (Figure 
6A). Western blots performed from lysates of Ad-shscr– and 
Ad-shCASK–infected atrial myocytes revealed that NaV1.5 
protein expression was not modified by CASK silencing. 

Interestingly, CASK silencing impacted syntrophin level, re-
ducing its expression by 34% (P<0.001), whereas dystrophin 
levels remained unchanged (Online Figure VII). Biotinylation 
experiments were performed to assess NaV1.5 surface ex-
pression. In Ad-shCASK myocytes, NaV1.5 expression was 
reduced by ≈20% in the total fraction whereas increased by 
≈45% in the membrane fraction (P<0.05; Figure 6B). TIRFm 
experiments also demonstrated a ≈20% increase in surface 
staining of NaV1.5 in Ad-shCASK myocytes (P<0.001; Figure 
6C). These results showed that the increase in INa on CASK si-
lencing was neither transcriptional nor translational and rather 
because of increased surface expression of NaV1.5. Therefore, 
a likely explanation was that CASK regulates anterograde 
trafficking and/or stabilization at the sarcolemma

As the canonical early step in ion channel trafficking is the 
transport from the endoplasmic reticulum (ER) to the Golgi 
apparatus, the hypothesis of an increased forward trafficking
was tested in silencing conditions. Twelve hour post infection 
with Ad-shscr or Ad-shCASK, cardiac myocytes were treated 

Figure 4. CASK (calcium/calmodulin-dependent serine protein kinase) regulates the cardiac sodium current I
Na

 in cultured adult 

atrial myocytes. A, Family traces of whole-cell INa recorded in cardiac myocytes infected with Ad-GFP or Ad-CASK adenoviruses.  
B, Family traces of whole-cell INa recorded in cardiac myocytes infected with Ad-scramble short hairpin RNA (Ad-shscr) or Ad-short 
hairpin RNA for CASK (Ad-shCASK). C, Current density–voltage relationships (25 mmol/L [Na+]o) of INa obtained from Ad-GFP (black)– and 
Ad-CASK (green)–infected myocytes. D and E, Voltage-dependent activation and steady-state inactivation curves from Ad-GFP and 
Ad-CASK atrial myocytes (N=3). F, Current density–voltage relationships (25 mmol/L [Na+]o) of INa obtained from Ad-shscr (black)– and 
Ad-shCASK (red)–infected myocytes. G and H, Activation and steady-state inactivation curves from Ad-shscr– and Ad-shCASK–infected 
myocytes (N=3). *P<0.05, **P<0.01, and ***P<0.001.

Ad-shscr, n=6
Ad-shCASK, n=7

F

-80 -60 -40 -20 0 20
0.0

0.2

0.4

0.6

0.8

1.0

Test pulse (mV)

R
el

at
iv

e 
co

nd
uc

ta
nc

e

Ad-shscr, n=6
Ad-shCASK, n=7

G H

DC E

Test pulse (mV)
-80 -60 -40 -20 0 20 40

C
urrentdensity

(pA
/pF)

-120

-100

-80

-60

-40

-20

*
** ** **

***
***

***
***

Test pulse  (mV)

C
urrentdensity

(pA
/pF)

Ad-GFP, n=8
Ad-CASK, n=11

-80 -60 -40 -20 0 20 40

-60

-50

-40

-30

-20

-10
***

***
****** ******

***
*****

Test pulse (mV)
-80 -60 -40 -20 0 20

0.2

0.4

0.6

0.8

1.0

0.0R
el

at
iv

e 
co

nd
uc

ta
nc

e
Ad-GFP, n=8
Ad-CASK, n=11

-140 -120 -100 -80 -60 -40 -20
0

0.2

0.4

0.6

0.8

1.0

Pre-pulse (mV)

R
el

at
iv

e 
cu

rr
en

t

Ad-GFP, n=9
Ad-CASK, n=11

-140 -120 -100 -80 -60 -40 -20
0

0.2

0.4

0.6

0.8

1.0

Pre-pulse (mV)

R
el

at
iv

e 
cu

rr
en

t
Ad-shscr, n=12
Ad-shCASK, n=10

Ad-shscr Ad-shCASKA Ad-GFP Ad-CASK B

20 pA/pF

5ms

20 pA/pF

5ms

 by guest on August 5, 2016http://circres.ahajournals.org/Downloaded from 

http://circres.ahajournals.org/


Eichel et al  Negative Regulation of NaV1.5 by CASK  551

for 48 hours with brefeldin-A (BFA) before electrophysiologi-
cal recordings. Voltage-clamp experiments showed that INa 
density was not increased in Ad-shCASK–infected cells after 
BFA treatment (Figure 6D). TIRFm experiments also showed 
a reduced NaV1.5 surface staining in Ad-shCASK myocytes 
treated with BFA (Figure 6E). In addition, biotinylation ex-
periments performed on HEK293-NaV1.5 cells showed that 
the increase in NaV1.5 surface expression was reduced after 
BFA treatment in shCASK cells (Figure 6F).

Therefore, these results indicate that alterations in traf-
ficking processes are involved in the effect of CASK in the 
regulation of INa.

CASK Silencing Modulates the Expression of 
NaV1.5 Channels at the LM
To understand further the mechanisms of NaV1.5 regulation 
by CASK, we investigated whether CASK silencing affected 
a specific N V1.5 channel population.

Ad-shscr– or Ad-shCASK–infected atrial myocytes were 
cultured at half confluence, a situation that allows formation 
of cell contacts (ID-like structures) between some myocytes 
and the preservation of free membranes (LM-like structures; 
Figure 7A). Immunostainings of NaV1.5 channels were per-
formed and quantified by drawing lines in contact zones versus 
free membranes. As shown Figure 7B, the NaV1.5 signal was 
increased by ≈21% at LM (P<0.01) and by ≈10% at ID (not sig-
nificant) in CASK-silenced myocytes (Figure 7B). These results 
support that the LM membrane pool of NaV1.5 channels is more 
susceptible to CASK modulation. In addition, it supports the 
concept that different NaV1.5 pools coexist in cardiac myocytes.

CASK Expression Is Downregulated in Remodeled 
Atria, Whereas Its Localization Is Unchanged
Given the specific targeting of CASK to the costamere, we 
examined whether the expression and localization of the pro-
tein could be altered during conditions characterized by the re-
modeling of myocardial structure and of myocyte architecture 
such as dilated atria.18,20,21

In control human atrial tissue samples, CASK was ex-
pressed at the LM and excluded from ID as in rat (Figure 8A). 
In patients with dilated atria, CASK remained localized at the 
costamere whereas its expression level was reduced as evi-
denced by fainter fluorescence intensity (P<0.001; Figure 8B) 
and a by ≈42% decrease in total protein expression (P<0.01; 
Figure 8C). Chronically hemodynamic atrial overload asso-
ciated with the development of ischemic heart failure in rat 
is also characterized by profound ultrastructural alterations 
of atrial myocytes.18,20 In this model too, CASK protein ex-
pression was decreased, whereas its localization in membrane 
subdomains remained unchanged (Online Figure VIII). These 
results indicate that CASK expression is downregulated dur-
ing atrial remodeling.

Discussion
This study is the first characterization of CASK in cardiac my-
ocytes. We found that CASK is the sole cardiac MAGUK pro-
tein identified to date excluded from the ID and strictly located 
at LM, where it associated with dystrophin. We showed that 
CASK directly interacts with NaV1.5 C-terminus and down-
regulates the sodium current. CASK silencing decreases syn-
trophin protein levels without impacting NaV1.5 or dystrophin 

Figure 5. The cardiac sodium current I
Na

 is upregulated by CASK (calcium/calmodulin-dependent serine protein kinase) 

knockdown (KD) in mouse ventricular myocytes. A, Representative Western blot showing the reduction of CASK expression in heart 
lysate from CASK knockout (KD) mice (n=3). B, Family traces of whole-cell INa recorded in freshly isolated ventricular myocytes from wild-
type (WT) Cre or CASK KD mice. C, Current density–voltage relationships (5 mmol/L [Na+]o) of INa obtained from WT Cre (black) and CASK 
KD (red) freshly isolated ventricular myocytes. D and E, Voltage-dependent activation and steady-state inactivation curves from WT Cre 
and CASK KD freshly isolated cardiac myocytes (N=3). *P<0.05, **P<0.01, and ***P<0.001.
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Figure 6. CASK (calcium/calmodulin-dependent serine protein kinase) regulates early anterograde trafficking of Na
V
1.5 channels. 

A, RT-qPCR histogram of CASK mRNA expression levels in myocytes infected with Ad-GFP (black), Ad-CASK (green), Ad-scramble short 
hairpin RNA (shscr; black), or Ad-short hairpin RNA for CASK (shCASK; red; N=4). B, Representative biotinylation assay performed in 
Ad-shscr– and Ad-shCASK–infected atrial myocytes and corresponding histogram showing the expression level of NaV1.5 normalized 
to GAPDH in total and surface fractions (n=3). C, Example Total Internal Reflection Fluorescence microscopy (TIRFm) images taken 
from fixed Ad-shscr (black) and Ad-shCASK (red) atrial myocytes and corresponding histogram of NaV1.5 evanescent field fluorescence 
(EFF) intensity (arbitrary units [AU]). D, Current density–voltage relationships (25 mmol/L [Na+]o) of INa obtained from adult atrial myocytes 
infected with Ad-shscr (black) or Ad-shCASK treated with brefeldin-A (BFA; purple) or nontreated (red; N=3). E, Histogram of NaV1.5 EFF 
intensity from TIRFm images taken from fixed atrial myocytes infected with Ad-shscr (black) and Ad-shCASK treated with BFA (purple) 
and nontreated (red; N=3). F, Representative biotinylation assay performed in shscr and shCASK transfected HEK-NaV1.5 cells and 
corresponding histogram showing the expression level of NaV1.5 normalized to GAPDH in total and surface fractions (n=3). *P<0.05, 
**P<0.01, ***P<0.001, ns, not significant.
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expression levels. We demonstrated that CASK modulates 
the early trafficking of NaV1.5 and prevents its functional ex-
pression at the cell surface and more specifically at the LM. 
Finally, we showed that CASK expression is reduced during 
atrial remodeling but its localization remained unchanged.

Unique Localization of CASK in Cardiac Myocytes
The 2 already known cardiac MAGUK proteins, SAP97 and 
ZO-1, are both preferentially expressed at the ID, a membrane 
domain specialized in the rapid propagation of APs along car-
diac fibers. IDs, located at the ends of cardiac myocytes, are 
the sites of intense electric activity and concentrate numbers 
of ion channels, notably the main cardiac sodium channel, 
NaV1.5. It has been proposed that this organization facilitates 
longitudinal propagation of the AP over transverse propaga-
tion and determines conduction velocity.22

NaV1.5 channels located at the ID are associated with 
different partners such as connexin-43,2 plakophilin-2,3,4 an-
kyrin-G,5,6 and SAP97.7,8 All of these partners participate in 
anchoring/stabilization of NaV1.5 at the ID. In accordance, 
the sodium current recorded by macropatch in the midsection 
of cardiac myocytes (LM) is of smaller amplitude than the 

current recorded at the ID.23–25 At the LM, NaV1.5 has been 
shown to interact with the dystrophin/syntrophin complex.19 
In the dystrophin-deficient mdx mouse model of Duchenne 
muscular dystrophy, the LM pool of NaV1.5 is strongly re-
duced and INa is decreased by ≈30%.8,19 In agreement, trans-
verse conduction velocity is more reduced than longitudinal 
conduction velocity in ∆SIV mouse hearts.25 From these ob-
servations, a scheme can be drawn on the relative contribution 
of the populations of NaV1.5 in the propagation of the AP: the 
ID pool having a higher weight than the LM pool. Our results 
indicate that CASK could participate in the maintenance of 
low level of functional NaV1.5 at the LM.

CASK, a New Member of the Dystrophin–
Glycoprotein/NaV1.5 Macromolecular Complex
Scanning ion conductance microscopy identified3 topograph-
ical entities in the LM: T-tubules, crests, and z grooves, the 
latter corresponding to T-tubule openings.26 Like T-tubules, 
crests show a periodicity of ≈2 µm.27 Here, we focused on 
the LM distribution of CASK into microdomains using high-
resolution 3D deconvolution microscopy. We showed that 
CASK was in closer association with dystrophin than with 

Figure 7. CASK (calcium/calmodulin-

dependent serine protein kinase) 

silencing increases Na
V
1.5 channels 

expression at the lateral membrane 

(LM). A, High-resolution 3-dimensional 
deconvolution microscopy images 
of NaV1.5 in cultured atrial myocytes 
infected with either scramble short 
hairpin RNA (Ad-shscr) or Ad-short 
hairpin RNA for CASK (Ad-shCASK) 
adenoviruses and enlargement of outlined 
squares. Arrowheads point cell contacts 
(intercalated disc [ID]-like structures, 
yellow) or free membranes (LM-like 
structures, blue). B, Histograms of the 
mean fluorescence intensity of NaV1.5 
signal obtained from lines drawn along the 
ID (yellow) or the LM (blue) as shown in the 
example images (left of the histograms).
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vinculin, 2 costameric proteins. In addition, we showed that 
CASK was able to precipitate dystrophin and that CASK 
staining at LM was extinct in mdx cardiac myocytes, sug-
gesting that dystrophin is necessary for proper localization 
of CASK. However, in contrast to dystrophin which also ex-
tends along T-tubules in the rat myocardium, CASK was not 
found deep in the T-tubule because it did not colocalize with 
calcium channels or ryanodine receptors and its expression 
pattern was not affected by detubulation.

Interestingly, we showed that CASK silencing reduced 
syntrophin levels, whereas dystrophin and NaV1.5 levels were 
unchanged. In addition, we showed that CASK directly in-
teracts with the NaV1.5 channel C-terminus using myocyte-
enriched fraction from rat heart lysates. Moreover, NaV1.5 
C-terminus also interacted with purified CASK protein, sug-
gesting that NaV1.5 and CASK interaction is not dependent on 
the presence of syntrophin. Altogether, these results suggest 
that CASK is downstream dystrophin and upstream syntro-
phin and that syntrophin and CASK could compete for NaV1.5 
channel binding, likely at early stages of trafficking

Super-resolution scanning patch-clamp recordings 
showed that NaV1.5 channels do not distribute homogenously 
along the LM but instead form clusters confined into func-
tional microdomains, with the largest aggregated at crest re-
gions.27 Here, we showed that CASK, NaV1.5, and dystrophin 
all displayed a periodicity of 2 µm and that CASK was as-
sociated with NaV1.5. In light of this distribution and poor 
expression in T-tubules, one could speculate that the macro-
molecular complex formed by NaV1.5, CASK, and dystro-
phin corresponds to crest structures identified by scanning 

ion conductance microscopy. The differential distribution of 
NaV1.5 in microdomains of the LM suggests distinct roles for 
crests and T-tubules in electric and contractile activities of 
cardiac myocytes. For instance, NaV1.5 located at the crest 
could play a preferential role in the propagation of the AP 
along the LM, whereas those located in T-tubules could be 
involved in excitation–contraction coupling. In this line, the 
specific localization of CASK at LM and its exclusion from 
T-tubules suggests a role for CASK in the regulation of the 
surface pool/crest population of sodium channels.

Mechanisms of Regulation of INa by CASK
MAGUKs are multidomain scaffolding proteins known to be 
involved in trafficking, targeting, and signaling of ion chan-
nels and receptors. In neurons, differential sorting of glu-
tamate receptor subtypes has been shown to start in the ER 
and to depend on SAP97 and CASK. Although AMPARs 
are traffic ed to the plasma membrane via the classical se-
cretory pathway, NMDARs are diverted toward a specialized 
ER subcompartment. This ER subcompartment is composed 
of NMDAR subunits, CASK and SAP97. Although CASK 
does not directly bind to NMDAR, it prevents the SAP97-
dependent ER retention of NMDAR.28 When bound to CASK, 
SAP97 colocalizes with NMDAR, whereas when unbound, 
SAP97 preferentially associates with AMPAR.29 These studies 
suggest that CASK regulates SAP97 association with gluta-
mate receptor subtypes and subsequent sorting and trafficking
to correct location. In cardiac myocytes, Shy et al25 showed 
that the last 3 residues of NaV1.5 in C-terminus, the SIV motif, 
are essential for the localization of NaV1.5 at the LM, but not 

Figure 8. CASK (calcium/calmodulin-

dependent serine protein kinase) expression 

is reduced in dilated and remodeled atria.  

A, High-resolution 3-dimensional deconvolution 
microscopy images of CASK (left), N-cadherin 
(middle), and merged image (right) taken from 
control human and dilated atria (diseased) 
cryosections. Arrows indicate intercalated disc. 
B, Histogram of CASK fluorescence intensity in 
control and diseased human atria (%; n=6).  
C, Representative Western blot and 
corresponding histogram showing the 
expression level of CASK normalized to 
GAPDH in whole lysates from control and 
diseased atria (n=9). **P<0.01, ***P<0.001.
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required for its expression at the ID and T-tubules. The SIV 
motif interacts with syntrophin at the LM and with SAP97 at 
the ID, thereby defining distinct pools of NaV1.5 multiprotein 
complexes. However, the mechanisms regulating the differen-
tial sorting of NaV1.5 to specific membrane subdomains have 
not been elucidated.

In this context, the present study provides new insights 
in processes regulating the sorting of NaV1.5. Our results re-
vealed that CASK exerts a repressive effect on the functional 
expression of NaV1.5. In vitro silencing or in vivo knockdown 
of CASK increased INa. In addition, this negative regulatory 
function was conserved for both atrial and ventricular myo-
cytes. We showed that the current increase observed after 
CASK silencing was because of increased surface expression 
of NaV1.5, and more specificall , at the LM. Treatment with 
the inhibitor of forward transport between ER and Golgi appa-
ratus, BFA, prevented the effect. This result shows that CASK 
impedes NaV1.5 trafficking. Therefore, one could hypothesizes 
that NaV1.5 sorting could be determined during anterograde 
processing steps of trafficking. Despite a common biosynthetic 
pathway, the early association of the channel with β auxiliary 
subunits and with other partners during biosynthesis could de-
termine its sorting and final targeting to specific subdomains. 
Our results support that CASK plays a role in maintaining low 
level of NaV1.5 at the LM by repressing a yet unknown identi-
fied step of channel trafficking. In this regard, CASK is unique 
among MAGUK proteins investigated to date that usually fa-
vors anchoring/stabilization of ion channels at the sarcolemma.

CASK Expression Is Reduced During Atrial 
Remodeling
Costameres encircle myocytes perpendicularly to their lon-
gitudinal axis in alignment with z-lines, making the bridge 
between extracellular matrix, sarcolemma, and intracellular 
contractile sarcomeres. They reinforce the sarcolemma during 
cardiac workload and transmit contractile forces exerted by 
myocytes or extracellular matrix in a bidirectional manner.30

Both in human and rat, diseased atria characterized by 
extensive structural alterations of atrial myocytes,20 CASK 
expression levels was reduced, whereas its LM localization 
was not modified. Whether this downregulation of CASK is 
associated with the redistribution of NaV1.5 subpopulations in 
diseased myocardium needs to be carefully examined.

In summary, this study constitutes the first description of 
an unconventional MAGUK protein both in terms of localiza-
tion and function in the heart. CASK acts as a repressor of 
the population of NaV1.5 dedicated to the LM by preventing 
early trafficking. These results represent a substantial step for-
ward in the concept of differentially regulated pools of NaV1.5 
within the cardiac myocyte having distinct roles in cardiac 
physiology. Notably, CASK could participate in maintaining 
low level of NaV1.5 at the LM and consequently contribute to 
the anisotropic conduction.
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What Is Known?

Cardiac sodium channels are located in distinct membrane domains 
of the cardiac myocyte and interact with several partners, defining dif-
ferent populations of sodium channels that could play different roles in 
cardiac electrophysiology.
At the intercalated disc, a high concentration of sodium channels is 
found in interaction with several anchoring partners where they con-
tribute to the fast and longitudinal propagation of the action potential.
While recent studies have identified another subpopulation of sodium 
channels at the lateral membrane, which underlies a sodium current 
of small amplitude, the partners and mechanisms regulating this sub-
population are still largely unknown.

What New Information Does This Article Contribute?

In atrial and ventricular myocardium, we identified a new MAGUK pro-
tein, CASK, which is restricted to the lateral membranes of cardiac 
myocytes and interacts with both the dystrophin–glycoprotein complex 
and sodium channels, defining a new multimolecular complex in this 
specific membrane domain.
CASK negatively regulates the sodium current both in vitro and in vivo 
and reduces the surface expression of sodium channels at the lateral 
membrane by impeding channel trafficking.
CASK seems to be a crucial determinant of the organization of the sub-
population of sodium channel of the lateral membrane; reduced CASK 
expression in diseased myocardium might contribute to the alteration 
of the normal anisotropic propagation of electric impulses.

Cardiac myocytes are highly organized cells, characterized by 
specific plasma membrane domains specialized in mechanical 
and electric functions. These domains are constituted by mac-
romolecular complexes containing several ion channels and 
partners, particularly well described for the intercalated disc. 
Here, we describe a new macromolecular complex at the lateral 
membrane of cardiac myocytes that organizes a subpopulation 
of sodium channels. We found that the MAGUK protein CASK is 
an unconventional partner of NaV

1.5 channels in cardiac myo-
cytes. CASK is specifically distributed in costameric structures 
of the lateral membrane in association with dystrophin. We show 
that CASK directly interacts with Na

V
1.5 and negatively regulates 

the corresponding current both in vitro and in vivo by impeding 
Na

V
1.5 trafficking to the plasma membrane. Finally, we show that 

CASK expression is reduced in remodeled/dilated atrial biopsies 
without changes in localization. These results not only strengthen 
the concept of differentially regulated pools of Na

V
1.5 channels 

within the cardiac myocyte but also suggest that CASK could par-
ticipate in maintaining low levels of active Na

V
1.5 at the lateral 

membrane. Given the role of Na
V
1.5 in the fast activation and 

propagation of the action potential, the repressive effect of CASK 
on Na

V
1.5 could contribute to the anisotropic conduction of the 

depolarization wave.

Novelty and Significance
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SUPPLEMENTAL MATERIAL

DETAILED METHODS

Animals 
Adult male Wistar rats (Janvier) were treated in accordance with French Institutional guidelines 
(Ministère de l’Agriculture, France, authorization 75-1090) and conformed to the Directive 
2010/63/EU of the European Parliament.

Cardiomyocytes Isolation
Adult atrial or ventricular cardiomyocytes were obtained by enzymatic dissociation on a 
Langendorff column as previously described1. Briefly, hearts were retrogradly perfused at 
5mL/min through the aorta, first with an enzymatic solution containing in mmol/L: NaCl 100, 
KCl 4, MgCl2 1.7, glucose 10, NaHCO3 5.5, KH2PO4 1, HEPES 22, BDM 15 and 200UI/mL 
collagenase A (Roche Diagnostics) plus 0.5% bovine serum albumin, pH 7.4 (NaOH) at 37°C. 
Solution was bubbled with 95% O2/5% CO2 throughout. Tissue was cut into small pieces and 
gently minced with a glass pipette. Cells were plated on laminin-coated (Roche) 35mm Petri 
dishes or 18mm coverslips and maintained in Kraft-Brühe (KB) solution, in mmol/L:  glutamate 
Acid Potassium Salt Monohydrate 70, KCl 25, Taurine 20, KH2PO4 10, MgCl2 3, EGTA 0.5, 
Glucose 10, HEPES 10, until experiments. Isolated cells were used for immunofluorescence 
experiments within 2-8 hours after isolation (freshly isolated cells) or after 3-5 days in culture 
(immunofluorescence experiments or patch-clamp recordings). Cells were cultured under 
standard conditions (37°C, 5% CO2) in M199 medium (Gibco) supplemented with 1% 
penicillin/streptomycin (Gibco), 5% fetal bovine serum (Gibco) and 1‰ 
insulin/transferrin/selenium cocktail (Sigma). Detubulation was achieved using formamide 
(1.5 mol/L) for 10 min2. To induce formation of adherens junctions with the substrate, Petri 
dishes were coated with goat anti-human Fc antibody (50 μg/ml, overnight) and recombinant 
Fc-N-cadherin fusion protein (2 μg/ml, 1h) before seeding the cells3. Brefeldin-A was incubated 
for 48h (5 μg/ml) 12h after adenoviral infections.

Cardiac-specifc CASK Knockdown mouse
Mice were generated by Cre/loxP-mediated gene targeting through homologous 
recombination. The homozygous floxed CASKtm1Sud mouse (The Jackson Laboratory, Atasoy 
et al., 2007) was bred with a cardiac myocyte-specific Cre-recombinase mouse, myosin 
heavy chain ( MHC)-Cre (The Jackson Laboratory).

Plasmids and adenoviruses
ShRNA sequences for CASK 5’-tggagaatgtgaccagagttcgcctggta-3’ (shCASK) or its control 
(shscr) 5’-gcactaccagagctaactcagatagtact-3’ were provided by Origene into a pRFP-C-RS 
vector. For overexpression experiments, the CASK sequence (NM_001126055) was cloned 
into a pIRES-GFP vector (pIRES-GFP-CASK) and the pIRES-GFP vector served as control. 
HEK293 cells stably expressing NaV1.5 channels were transiently transfected using 
LipofectaminTM (Lipofectamin 2000; Invitrogen) with 2 μg of either shscr or shCASK and 
pIRES-GFP or pIRES-GFP CASK. ShCASK or shscr under a U6 promoter (Ad-shscr and Ad-
shCASK) and CASK sequence (Ad-CASK) were cloned into pShuttle vector. Expression 
cassettes were transferred into the adenovirus vector containing GFP reporter for selection of 
infected cells. Adenoviruses were then produced, amplified and concentrated for further 
infections. Rat adult cardiomyocytes were infected 24h after isolation with 5.107 particles/ml of 
Ad-shscr, Ad-shCASK, empty vector (Ad-GFP) or Ad-CASK. Overexpression studies were 
performed 3 days post infection while silencing studies were performed 5 days after infection.

Immunohistochemistry, immunocytochemistry and antibodies
Monoclonal anti-dystrophin (clone MANDYS8, 5.75 μg/ml), monoclonal anti-vinculin (clone 
hVIN-1, 23.3 μg/ml) and monoclonal anti-actinin (clone EA-53, 1:400) were obtained from 



Sigma. Polyclonal antibody recognizing human/rat NaV1.5 was purchased from Alomone labs 
(ASC-005, 8 μg/ml). Monoclonal anti-CaV1.2 (clone N263/31, 10 μg/ml) was obtained from UC 
Davis/NIH NeuroMab Facility. Monoclonal anti-CASK used for biochemical assays was from 
UC Davis/NIH NeuroMab Facility (clone S56A-50, 2-20 μg/ml) and polyclonal anti-CASK used 
for immunochemistry was from Abcam (ab3383, 10 μg/ml). Monoclonal anti-caveolin 3 (clone 
26/Caveolin 3, 5 μg/ml) was purchased from BD Biosciences. Monoclonal anti-N-cadherin 
(clone 3B9, 5 μg/ml) was from Zymed Laboratories. Polyclonal anti-GAPDH used for 
biochemical assays was from Cell Signaling (2118L, 1:20 000). Mouse anti-dystrophin (D8168, 
0.6μg/ml) and mouse anti-pan-syntrophin (ab11425, 0.2 μg/ml) used for biochemical assays 
were purchased from Sigma-Aldrich and abcam respectively. Membrane of live cells were 
stained 15 min with a solution containing 1 μM of the voltage-sensitive di-8-ANEPPS dye (Life 
Technologies, D3167).

Deconvolution microscopy
Freshly isolated cells and myocardium cryosections were observed on an Olympus 
epifluorescence microscope (60X, UPlanSApo, 1.35). Digital images were captured with a 
CoolSnap camera (Roper-Scientific) in Z-depth in 0.2 μm increments using Metamorph 
software (Molecular Devices). Images were deconvoluted using acquired point spread function 
with the Metamorph 3D-deconvolution module. For representation, 2 frames were z-projected 
into one frame. Fluorescence quantification and colocalisation analysis were performed using 
ImageJ software (NIH).

Evanescent field microscopy and image analysis
HEK293 and adult cardiac myocytes were cultured on glass bottomed dishes (170 μm 
thickness, Ibidi), fixed and stained with anti-Nav1.5 antibody. Cells were visualized with total 
internal reflection fluorescence (TIRF) microscopy using the Olympus Celltirf system. Cells were 
placed on an Olympus IX81-ZDC2 inverted microscope and TIRF illumination achieved with 
the motorized integrated TIRF illuminator combiner (MITICO-2L) using a APON 60X 1.49 
numerical aperture (NA) oil immersion objective. GFP and RFP were visualized using a 50 
mW solid state 491-nm and 561 lasers for excitation and dual band optical filter (M2TIR488-
561). All image acquisition, TIRF angle adjustment and some of the analysis was performed 
using the xcellence software (Olympus). The lasers beams were focused on the periphery of 
the back focal plane of the objective in order to obtain an evanescent field of 75nm. Digital 
images were captured on a cooled charge-coupled device (CCD) camera (ORCA-ER, 
Hamamatsu). Control wide field and differential interference contrast (DIC) images were also 
acquired. Cells were selected on the basis of the GFP fluorescence and outlined manually 
using ImageJ software. Selected regions of interest (ROI) were pasted on the NaV1.5 images 
and the evanescent field fluorescence intensity was measured for each cell (mean 
intensity/area, in arbitrary unit). 

Real time RT-PCR
Total mRNA was extracted from snap frozen hearts with TRIzol (Life Technologies) and 
quantified by NanoDrop 1000 Spectrophotometer (Thermo Scientific). cDNA was synthesized 
from 2 μg of total mRNA with random primers by SuperscriptTM III reverse transcriptase (Life 
Technologies). Quantitative real-time PCR was performed using the LightCycler 480 System 
(Roche Diagnostics) and the Brilliant II SYBR Green qPCR Master Mix (Agilent Technologies), 
according to the manufacturer’s instructions. Specific primers were designed to amplify cask
(cask-F: 3’ gtgaagccccactgtgttct 5’ and cask-R: 5’ ttctggggccataaagtgag 3’) and scn5a (snc5a-
F: 3’ tatgtcctcagccccttcc 5’ and scn5a-R: 5’ gaacacgcagttggtcagg 3’). All data were normalized 
to mRNA level of housekeeping genes polr2a, rplp0, rpl32 (polr2a-F: 3’ cgtatccgcatcatgaacagt 
5’ and polr2a-R: 5’ tcatccatcttatccaccacctctt 3’; rplp0-F: 3’ cgacctggaagtccaactac 5’ and rplp0-
R: 5’ gtctgctcccacaatgaag 3’; rpl32-F: 3’ ccagaggcatcgacaaca 5’ and rpl32-R: 5’ 
cgacttccagctccttga 3’) using the 2-ΔΔCT method.

Protein Extraction



Frozen tissues were homogenized in a lysis buffer, in mmol/L: NaCl 150, Tris-HCl 50 (pH7.5),
EDTA 1 and 0.5% Triton 100-X and 1‰ protease cocktail inhibitor (Sigma) using a polytron. 
Solubilization was achieved by rotating the preparation 1h at 4°C. Soluble fractions obtained 
from 15 min centrifugation at 15000g and 4°C were used for experiments. Protein 
concentrations were measured by BCA Protein Assay (Pierce) using a BSA standard curve. 

Immunoprecipitation Assays
Whole heart lysates were incubated with equal amount of antibodies or IgG (control) overnight 
at 4°C before pull-down with G-Sepharose beads (Sigma) for 1h. Material bound to washed-
beads was eluted, boiled and separated by western blot. 

Biotinylation Assays
Live cells were biotinylated for 30 minutes at 4°C using PBS containing 0.5 mg/ml of EZ Link 
Sulfo-NHS-SS-Biotin (Sigma). Cells were washed with PBS and incubated for 10 minutes in 
PBS containing 100 mmol/L Glycine to quench unlinked biotin. Cells were then lysed for 30 
minutes at 4°C with RIPA buffer containing, in mmol/L: NaCl 150 and  Tris-HCl 50 (pH7.5)
supplemented with 1% NP-40, 0.5% Na-deoxycholate, 0.1% SDS, 1% Triton X-100 and 
protease inhibitor cocktail (Sigma). After centrifugation, supernatants were incubated with 50 
μl of streptavidin-sepharose beads (Thermofisher Scientific) overnight at 4°C. After 5 washes 
with RIPA buffer, samples were warmed for 20 minutes at 37°C in 2X sample buffer and 
analyzed by western blot as described below.

Pull-down assays 
cDNAs encoding the last 66 amino acids of Nav1.5 WT and S2014Stop were cloned into 
pGEX- 4T1 (Amersham Bioscience, Piscataway, USA). Expression of GST-fusion proteins in 
E.Coli K12 cells was induced with 0.5 mmol/L IPTG for 2 h at 30°C. Cells were harvested by 
centrifugation and re-suspended in lysis buffer (in mol/L: Tris pH 7.5 mM, NaCl 250, EDTA 1, 
PMSF 1, and 0.5% NP40, 0.2 mg/ml DNASE I (Roche) and 0.2 mg/ml Lysozyme (Roche)). 
After bacterial lysis, fusion proteins were purified on Glutathione-Sepharose beads (Amersham 
Bioscience). Purified protein CASK obtained from OriGene (NM_003688) or soluble fractions 
obtained after applying the protein extraction protocol (see above) were incubated with GSH-
sepharose beads containing either GST or the GST fusion proteins. After four washes in Lysis 
Buffer, samples were re-suspended with 2X Sample Buffer (NuPAGE® LDS Sample Buffer 
4X, Life Technologies) containing 50 mM Dithiothreitol (NuPAGE® Sample Reducing Agent 
10X, Life Technologies) and heated ten minutes at 60°C. Beads were removed from the 
samples and the resulting pulled-down proteins were analyzed by Western blot as described 
below.

Western Blot
Proteins were separated on NuPAGE® Novex® 10% Bis-Tris gels or NuPAGE® Novex® 3-
8% Tris-Acetate gels for high molecular weight proteins (Life Technologies) and transferred on 
nitrocellulose membrane (Biorad). Incubation were performed with appropriate primary 
antibodies followed by HRP-coupled secondary antibodies (Cell Signaling). Proteins were 
revealed with ECL Prime (GE Healthcare) and images were acquired using a LAS4000 
Camera (GE Healthcare).

Electrophysiological measurements
INa properties were studied using standard whole-cell patch clamp. For experiments performed 
on cultured cells, pipette solution contained in mmol/L: NaCl 5, CaCl2 2, MgCl2 2, CsCl 130, 
HEPES 10, EGTA 15 and MgATP 4, pH 7.2 with CsOH. Cells were perfused with a solution 
containing in mmol/L: NaCl 25, CaCl2 2, MgCl2 2.5, CsCl 108.5, HEPES 10, CoCl2 2.5 and 
glucose 10, pH 7.4 with CsOH (ENa ~40 mV) or NaCl 135, CaCl2 2, KCl 4, MgCl2 2.5, HEPES 
10, and glucose 20, pH 7.4 with NaOH (ENa ~80 mV). For experiments performed on freshly 
isolated WT Cre and CASK KO ventricular myocytes, pipette solution contained in mmol/L: 
aspartic acid 60, cesium asparte 70, CaCl2 1, MgCl2 1, HEPES 10, EGTA 11, and Na2 ATP 5, 



pH 7.2 with CsOH. Myocytes were bathed with a solution containing in mmol/L: NaCl 5, NMDG-
Cl 125, CaCl2 2, MgCl2 1.2, CsCl 5, HEPES and glucose 5, pH adjusted to 7.4 with CsOH. 10 
μmol/L nifedipine and 10 μmol/L CoCl2 were added to the extracellular solution to prevent 
calcium current contamination of the recordings. For the current-Vm and activation (m )
protocol, currents were elicited by 50ms depolarizing pulses from a holding potential of -120 
mV, in 5 or 10 mV increments, between -100 and +60 mV, at a frequency of 0.2 Hz. For the 
steady-state availability-Vm protocol (h ), currents were elicited by a 50ms test pulse to -20 
mV following 1s pre-pulses applied in 5 or 10 mv increments, between -140 mV and -20 mV, 
from a holding potential of -120 mV, at 0.2 Hz.

Human samples
In accordance with approval of Institution Ethic Committee, biopsies of right atrial appendages 
were obtained from 28 patients undergoing cardiac surgery. Two groups of patients were 
defined. The control group was constituted of patients in sinus rhythm, preserved left 
ventricular function and a normal atria (N=14); the diseased group was constituted of patients 
with marked dilation of the right atria associated with chronic AF (up to 6 months duration) or 
with severe mitral and tricuspid valve regurgitations (N=14). 

Experimental model of atrial dilatation. 
Myocardial infarction was induced in 2 months-old male Wistar rats by ligating the left coronary 
artery (n=13). Sham rats underwent the same surgical procedure without left coronary artery 
ligation (n=14). The cardiopathy was characterized by transthoracic echography 2 months after 
surgery. Atria were collected, placed in lysis buffer, homogenized and frozen at -80°C for use 
in western blot experiments. Atria were fixed with 4% PFA for 10 min at RT, embedded in 
cryomatrix and 8μm-thick sections were prepared for IF.

Statistics
Data was tested for normality using the D’Agostino and Pearson normality test. Statistical 
analysis was performed using Student’s t test or ANOVA followed by post-hoc Student-
Newman-Keuls test on raw data. Results are given as means ± SEM and P values of less than 
0.05 were considered significant. *: P<0.05, **: P<0.01 and ***: P<0.001. N corresponds to the 
number of independent experiments, and n to the number of samples.
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Online Figure I. CASK is expressed at the lateral membrane of cardiac myocytes and
excluded from the intercalated disc in the atrial myocardium. High resolution 3-D deconvolution
microscopy images and enlargements of outlined squares (right panels) obtained from atrial tissue
sections stained with CASK and caveolin3 (top panel), N-cadherin (middle panel) and α-actinin
(bottom panel). Note that the focal plane was selected in order to highlight the different structures of
interest.
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Online Figure II. CASK expression at the z-line does not correspond to T-tubule localization.
(A) High resolution 3-D deconvolution microscopy images of CASK and CaV1.2 channel (top panel)
or ryanodine receptor 2 (RyR2, bottom panel) in freshly isolated ventricular myocytes. Right panels
correspond to enlargement of outlined squares. (B) Live images of Di-8-ANEPS staining (top panel)
and post-staining of CASK after fixation (bottom panel) in control or formamide-treated cardiac
myocytes.



Online Figure III

Online Figure III. Modulation of CASK mRNA and protein levels by adenoviral transfer
technology. (A) Representative bright field and epifluorescence images of adenoviral infection
efficiency in cultured rat atrial myocytes for overexpression (top) and silencing (bottom) experiments
(20X). Squares in the merged images outline representative isolated cell used for patch clamp
experiments. (B) Histogram showing the expression level of CASK mRNA in adult atrial myocytes
infected with Ad-CASK (green) or Ad-shCASK (red) compared to their respective control Ad-GFP
and Ad-shscr (black). (C) Representative western blot showing increased CASK expression in Ad-
CASK infected myocytes (endogenous CASK at ~110 kDa and CASK-EGFP at ~140 kDa) or
decreased CASK expression in myocytes infected with either Ad-shCASK. (D) Histogram of the
expression level of CASK normalized to GAPDH after modulation of its expression by shRNA or
overexpressing adenoviruses (N=2). * P<0.05; ** P<0.01.

0
50

100
150
200
250
300
350
400

*

**
C

AS
K

/G
AP

D
H

(%
)

0

50

100

150

200

250

300

C
AS

K
m

R
N

A
ex

pr
es

si
on

 (%
)

*

**
CASK

GAPDH

CASK-EGFP
110 kDa

40 kDa

B DC

A

Ad-shCASK Bright Field Merged

Ad-CASK Bright Field Merged

DIV3

DIV5



Online Figure IV

Online Figure IV. Distribution of CASK in cardiac myocytes in function of the time in culture.
High resolution 3-D deconvolution microscopy images showing the distribution of CASK and the
adherens junction protein N-cadherin at different days in vitro (DIV). N-cadherin was used as a
marker of the intercalated disc (ID) or ID-like structures after reestablishment of cell-cell contacts.
Arrowheads point the localization of ID in freshly isolated cells and cell-cell contacts stained with N-
cadherin. Note that the two proteins are never associated and that CASK is absent at sites of
contact.
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Online Figure V
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Online Figure V. CASK negatively regulates the cardiac sodium current INa in polarized
cardiac myocytes. (A) Cartoon depicting the induction of adherens junctions with the substrate and
corresponding TIRFm images of N-cadherin staining (right panels). (B) Current density-voltage
relationships (135 mmol/L [Na+]o) of INa obtained from adult atrial myocytes infected with Ad-shscr
and seeded on Fc (black) or on N-cadh (grey) or from myocytes infected with Ad-shCASK and
seeded on Fc (red) or N-cadh (orange) (N=2). (C-D) Voltage-dependent activation and steady-state
inactivation curves obtained from adult atrial myocytes in the same four conditions (N=2). * P<0.05;
** P<0.01; *** P<0.001.
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Online Figure VI. CASK regulates the cardiac sodium current INa in non-polarized HEK293-
NaV1.5 cells. (A) Representative phase contrast and epifluorescence images of the transfection
efficiency in HEK293-NaV1.5 cells. (B) Representative western blots showing CASK expression in
HEK293-NaV1.5 cells transfected with either pIRES-GFP-CASK or RFP-shCASK. (C) Histogram of
the expression level of CASK normalized to GAPDH after modulation of its expression by
overexpression plasmids or shRNA (N=2). * P<0.05; *** P<0.001. (D) Current density-voltage
relationships (25 mmol/L [Na+]o) of INa obtained from GFP (black) and CASK (green) transfected
HEK293 cells. (E-F) Activation and steady-state inactivation curves obtained from GFP (black) and
CASK (green) HEK293 cells (N=3). (G) Current density-voltage relationships (25 mmol/L [Na+]o) of
INa obtained from shscr (black) and shCASK (red) transfected HEK293 cells. (H-I) Activation and
steady-state inactivation curves obtained from shscr (black) and shCASK (red) HEK293 cells (N=3).
* P<0.05; ** P<0.01; *** P<0.001.



Online Figure VII

Online Figure VII. CASK silencing inhibits syntrophin expression. (A) Representative western
blot showing the expression of CASK, dystrophin, NaV1.5 and syntrophin in control (black) and
CASK-silenced myocytes (red). GAPDH served as loading control. (B) Histogram showing the
relative protein expression normalized to GAPDH in Ad-shscr and Ad-shCASK. n=7 independent
cultures, N=3-5 western blots. ns, not significant; *** P<0.001.
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Online Figure VIII

Sham MI

CASK

GAPDH

110 kDa

40 kDa

Sham MI

**

0

20

40

60

80

100

120

C
AS

K
 m

ea
n 

flu
or

es
ce

nc
e 

in
te

ns
ity

(A
U

)

MI, n=6
Sham, n=6

A

0

20

40

60

80

100

120

C
AS

K
/G

AP
D

H
 e

xp
re

ss
io

n 
(%

)

**

MI, n=8
Sham, n=7

B

Sh
am

M
I

CASK N-Cadherin Merge

10 μm

10 μm

10 μm

10 μm

10 μm

10 μm

CASK N-Cadherin Merge

Online Figure VIII. CASK expression is reduced but its localization is unchanged in a model
of chronic hemodynamic overload and dilated atria. (A) Representative western blot and
histogram of the expression level of CASK normalized to GAPDH in sham and MI rats (N=3). (B)
High resolution 3-D deconvolution microscopy images showing the distribution of CASK and N-
cadherin in sham and MI rats and corresponding histogram of CASK fluorescence intensity from the
same rats (N=3) from serial tissue slices. Arrows indicate the localization of intercalated discs. **
P<0.01.
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ABSTRACT:  
 
Rationale: Specific molecular mechanisms underlying cardiac sodium channel trafficking 
and localization in cardiomyocytes directly influence anisotropic propagation of the 
myocardial action potential. We previously reported how the MAGUK protein CASK 
negatively regulates the main cardiac sodium channel, NaV1.5, which carries the sodium 
current (INa). CASK prevents NaV1.5 trafficking to the lateral membrane, reducing the number 
of functional channels at this cardiomyocyte membrane compartment. CASK is also a new 
member of the dystrophin-glycoprotein complex, and like syntrophin, binds to the C-terminal 
domain of the channel.  
Objective: To unravel the mechanisms of CASK-mediated negative INa regulation, and 
interaction with the dystrophin-glycoprotein complex.  
Methods and results: CASK adenoviral truncated constructs with sequential single 
functional domain deletions were designed for overexpression in cardiac myocytes: 
CASK CAMKII, CASK L27A, CASK L27B, CASK PDZ, CASK SH3, CASK HOOK, and CASK GUK. 
Whole-cell patch clamp and total internal reflection fluorescence microscopy (TIRFm) 
experiments showed that both L27B and GUK domains are required for the negative 
regulatory effect of CASK on INa and NaV1.5 surface expression. Co-immunoprecipitation 
experiments showed that the CASK HOOK domain is essential for interaction with the 
dystrophin-glycoprotein complex.  
Conclusion: This study demonstrates that the multi-modular structure of CASK confers an 
ability to simultaneously interact with several targets within cardiomyocytes. Through its 
L27B, GUK, and HOOK domains, CASK couples NaV1.5 exocytosis to adhesion points at 
cardiomyocyte lateral membranes. By locally regulating NaV1.5 exocytosis, CASK appears to 
act as a cornerstone in molecular organization of electrical polarity in cardiomyocytes. 
 
 
 
Keywords: CASK, NaV1.5, dystrophin, L27B, GUK, HOOK, cardiomyocytes 
 
 
 
 
 
 
 
Non-standard Abbreviations and Acronyms:  

 MAGUK: Membrane Associated GUanylate Kinase 
 CASK: Calcium/CAlmodulin-dependent Serine Kinase 
 TIRFm: Total Internal Reflection Fluorescence microscopy 
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INTRODUCTION 
Cardiomyocytes are structurally polarized cells, possessing highly organized membrane 
domains characterized by specific sets of proteins. Ion channels are localized in three major 
cardiomyocyte membrane domains: 1) intercalated discs responsible for the electro-
mechanical coupling, 2) T-tubules, excitation-contraction coupling location, and, 3) lateral 
membranes where focal adhesion complexes (costameres) interact with the extracellular 
matrix to link adjacent myocytes in the myocardium.  

Intercalated discs are specialized in the rapid action potential propagation along 
cardiac fibers as they concentrate a number of ion channels and notably, the NaV1.5 sodium 
channel.  Thus sodium currents (INa) have higher amplitudes at cardiomyocyte intercalated 
discs than at lateral membranes1,2. At the lateral membrane, costameric pools of NaV1.5 
channels account for ~30% of the total current3,4, whereas T-tubule pools account for less 
than 20%5. From these observations, a model concerning the relative contribution of the 
different NaV1.5 populations to action potential propagation can be defined, where the 
intercalated disc pool predominantly contributes. Such a configuration favors longitudinal 
action potential propagation over transverse propagation, and therefore determines 
conduction velocity in the myocardium6. As such, considerable efforts have been made to 
understand the molecular mechanisms regulating NaV1.5 channel expression at specialized 
cardiomyocyte membrane domains. The currently accepted model is that NaV1.5 channel 
subpopulations are organized at distinct cardiomyocyte membrane domains by specific 
molecular partners. For instance, NaV1.5 channels located at the intercalated discs are 
associated with gap junctional, desmosomal, actin cytoskeleton-binding, and Membrane-
Associated GUanylate Kinase (MAGUK) proteins, whereas NaV1.5 channels located at the 
lateral membrane interact with syntrophin7. These NaV1.5 partners can all positively regulate 
the sodium current, likely by favoring membrane anchoring and/or stabilization. Recently, we 
have characterized an unconventional NaV1.5 channel partner, the MAGUK protein CASK 
(Calcium/Calmodulin-dependent Serine protein Kinase)8. In contrast to other MAGUK 
proteins, CASK is restricted to the lateral membranes, associates with the dystrophin-
syntrophin complex, and reduces NaV1.5 expression by impeding its anterograde trafficking 
to the lateral membrane. 

CASK’s apparent contradictory role that both targets NaV1.5 channels to the lateral 
membrane and reduces their functional expression suggests a complex role for the MAGUK 
protein. Indeed, CASK contains multi-functional domains that can be involved in diverse 
protein-protein interactions. For instance, in both neurons and epithelial cells, multiple 
protein-protein interactions are important for establishing and maintaining polarity9–11. Here 
we investigated the role of the different CASK domains in organizing and regulating the 
NaV1.5/dystrophin-glycoprotein macromolecular complex using CASK adenoviral constructs 
with a single functional domain deleted each time: CASK CAMKII, CASK L27A, CASK L27B, 
CASK PDZ, CASK SH3, CASK HOOK and CASK GUK. Using a combination of whole-cell patch-
clamp, total internal reflection fluorescence (TIRF) microscopy and biochemistry, we showed 
that L27B and GUK domains are involved in CASK’s negative regulatory effect on INa and 
NaV1.5 surface expression in cardiomyocytes. Using co-immunoprecipitation experiments, 
we showed that CASK’s HOOK domain is responsible for interactions with the dystrophin-
glycoprotein complex. This study provides mechanistic insights into how the multi-modular 
structure of CASK makes the link between NaV1.5 exocytosis and cell adhesion.  

 
 
 

METHODS 
An expanded Methods section is available in the Online Data Supplement.  
 
Cell preparations, adenovirus and adenoviral infections 
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Adult rat atrial or ventricular myocytes were obtained by enzymatic dissociation on a 
Langendorff column as previously described8. CASKWT and truncated sequences: 
CASKΔCAMKII, CASKΔL27A, CASKΔL27B, CASKΔPDZ, CASKΔSH3, CASKΔHOOK, and CASKΔGUK, were 
designed and cloned into a pShuttle vector with CMV promotor. Expression cassettes were 
transferred into the adenovirus vector containing a GFP reporter. Adult cardiomyocytes were 
transduced 24 h after isolation with 5.107 particles/ml of CASKWT, CASKΔX, or empty vector 
(GFP) as negative control. Overexpression studies were performed 3 days after transduction. 
 
Immunofluorescence and total internal reflection fluorescence microscopy (TIRFm) 
Immunofluorescence and TIRF microscopy images were acquired as previously described8. 
Analysis was performed using ImageJ software (NIH). Details are given in the Online Data 
Supplement. 
 
Protein extraction, western blot and co-immunoprecipitation  
These procedures were performed as previously reported8. See the Online Data Supplement 
for additional details. 
 
Semi-quantitative real-time PCR  
Details of specific primers designed to amplify cask, scn5a and housekeeping genes are 
described in the Online Data Supplement.  
 
Electrophysiological measurements 
Patch-clamp recordings were performed in the whole-cell configuration at room temperature. 
Detailed solutions and protocols are available in the Online Data Supplement.  
 
Statistics 
Data are represented as mean±SEM; * = P<0.05, ** = P<0.01, and *** = P<0.001; ns = not 
significant.  
 
 
 
RESULTS 
 
Design and expression of truncated CASK adenoviral constructs in cardiomyocytes. 
We designed one full-length CASK protein corresponding to the 100 kDa cardiac isoform 
(CASKWT) and seven domain-specific deletion versions in which one single domain was 
truncated at a time (CASK X). Deleted CASK proteins and full-length CASK were fused to a 
C-terminal GFP reporter (Figure 1A). GFP alone serves as a control condition. All constructs 
were sub-cloned into adenoviral vectors to enable overexpression in adult rat 
cardiomyocytes. Figure 1A shows the expected molecular weights of the various CASK 
isoforms. Western blot experiments performed on lysates obtained from cultured ventricular 
adult rat cardiomyocytes three days after adenoviral infection confirmed CASK protein 
overexpression at anticipated molecular weights (Figure 1B). A range of 100 to 140 kDa 
proteins corresponding to the full-length protein or truncated forms of CASK plus GFP was 
observed at significantly higher levels for CASKWT and CASKΔX than the GFP control 
expressing only endogenous CASK (Figure 1B). RT-qPCR experiments performed on total 
mRNA isolated from cardiomyocytes three days after adenoviral infections demonstrated an 
average 6-fold increase in CASK mRNA levels for all eight constructs compared to the GFP 
control. Both CASKWT and CASK X constructs had equivalent mRNA expression levels 
(P<0.001), suggesting that all constructs had similar cardiomyocyte transduction efficacy 
(Figure 1C). 
 
Characterization of CASK domains involved in sodium current regulation and NaV1.5 
surface expression in cardiomyocytes.  



For C
irc

ulat
ion R

es
ea

rch
 Pee

r R
ev

iew
. D

o not

    
    

    
  d

ist
rib

ute.
 D

es
tro

y a
fte

r u
se

.

SHORT COMMUNICATION 

 
5 

 

We previously showed that CASK acts as a negative regulatory partner of the cardiac 
sodium current INa by preventing anterograde trafficking and surface expression of NaV1.5 
channels in the sarcolemma8. Here, we investigated the role of the different CASK domains 
in INa regulation and NaV1.5 surface expression.  

First, whole-cell patch-clamp experiments were conducted in adult rat cardiomyocytes 
three days after transduction. For all constructs, i.e. CASKWT and CASK X, sodium current 
density was compared to GFP control only expressing endogenous CASK. INa was reduced 
by ~50% in CASKWT-transduced cardiomyocytes (P<0.001). Similarly, average current-
voltage (I-V) plots from voltage clamp experiments showed significant decreases in INa 
densities at different tested voltages in CASK CAMKII, CASK L27A, CASK PDZ, CASK SH3, and 
CASK HOOK-transduced cardiomyocytes (P<0.001). On the contrary, deletion of either L27B 
or GUK domains prevented such a reduction of INa, and both CASK L27B and CASK GUK 

showed similar current densities to GFP control-transduced cardiomyocytes (Figure 1A-B). 
Cell capacitances were similar between the different conditions, implying that CASK does not 
significantly influence cell growth. Activation or steady-state inactivation properties were not 
changed between GFP, CASKWT, and CASK X (Figure 1C-D; Supplemental Table 1). These 
experiments demonstrate that CASK’s INa inhibiting function is dependent on functional L27B 
and GUK domains.    

Second, total internal reflection fluorescence microscopy (TIRFm) was used to 
quantify the evanescent field fluorescence (EFF) intensity of the NaV1.5 signal. Three days 
after transduction, cardiomyocytes seeded on TIRF-glass micro-dishes were fixed and 
stained with anti-NaV1.5 antibody. Cell boundaries were delineated using differential 
interference contrast (DIC) images and NaV1.5 EFF was quantified in critical angle in GFP 
control, CASKWT, CASK L27B, and CASK GUK (Figure 3A). TIRF experiments showed a ~30% 
decrease in NaV1.5 surface staining in CASKWT cardiomyocytes compared to GFP control 
(P<0.001) (Figure 3B). In contrast, the NaV1.5 EFF signal in either CASK L27B- or CASK GUK-
transduced myocytes was of similar intensity to that measured in GFP control (Figure 3B). As 
RT-qPCR and Western blot experiments did not show any changes in scn5a copy number 
and in global NaV1.5 protein expression between GFP control, CASKWT, and CASK X 
(Supplemental Figure 1), these results suggest that CASK negatively regulates INa by 
modulating NaV1.5 surface expression, which involves both L27B and GUK domains.   
 
Characterization of the CASK domain interacting with dystrophin in cardiomyocytes.  
Using immunohistochemistry and co-immunoprecipitation assays, we previously reported 
that CASK associates with dystrophin at the lateral membrane of cardiomyocytes. 
Immunostaining performed on dystrophin-deficient mdx mouse ventricular cryosections 
showed a loss of CASK staining, suggesting that CASK expression at the lateral membrane 
depends on dystrophin expression8. Here, we investigated which CASK domain is involved in 
this interaction.  

Western blot experiments showed that CASKWT or CASK X overexpression did not 
modify dystrophin expression levels compared to GFP control (Figure 4A-B). However, the 
association between CASK and dystrophin was again supported by co-immunoprecipitation 
experiments performed on cardiomyocyte lysates overexpressing CASKWT (Figure 4C). 
Dystrophin was able to precipitate CASK with all truncated CASK X constructs except for 
CASK HOOK (Figure 4C).   

These results suggest that the six-amino-acid-containing HOOK domain of CASK is 
responsible for interactions with the dystrophin-glycoprotein complex in cardiomyocytes.  
 
 
DISCUSSION 
To the best of our knowledge, this study is the first to identify a partner protein coupling ion 
channel trafficking to specific cardiomyocyte mechano-transduction areas. We found that 
CASK regulates anterograde NaV1.5 channel trafficking and influences channel interactions 
with dystrophin-glycoprotein complexes via specific L27B, GUK, and HOOK domains. Thus, 
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the multi-modular structure of CASK confers an ability to simultaneously interact with several 
targets in cardiomyocyte, likely functioning as a cornerstone in locally directed exocytosis.   
 
Role of L27B and GUK CASK domains in NaV1.5 trafficking and exocytosis. 
In neurons, correct synapse organization is ensured by the interaction of the extracellular 
domains of neurexin and neuroligin, respectively expressed in pre- and post-synaptic 
elements. Yeast two-hybrid screens identified CASK as an intracellular molecule interacting 
with neurexins12. In the pre-synaptic terminal, a complex formed by Mint1, a vesicular 
trafficking-related protein that binds to Munc18, Veli, a multi-adaptor protein, and CASK, has 
been characterized13. CASK is the cornerstone of this macromolecular complex as it binds 
Mint1 through its CAMKII domain and Veli through its L27B domain13,14. Due to its 
interactions with both neurexin and vesicular trafficking-related proteins, this tripartite 
complex has been proposed to couple synaptic vesicle exocytosis to neuronal cell adhesion. 
Consequently, the Mint1/Veli/CASK complex has been suggested to perform a bridging role 
between cargo vesicles and the anterograde molecular motor kinesin, KIF-1715. In addition, 
other studies have reported interactions between the CASK GUK domain and the C2B 
domain of rabphilin-3a, a presynaptic protein involved in synaptic vesicle exocytosis. This 
suggests that the rabphilin-3a/CASK/neurexin complex could participate in the guidance of 
presynaptic vesicles towards exocytosis zones16.  

Additional proteins have also been shown to associate with this macromolecular 
complex, including SAP97, another MAGUK protein. Interestingly, the molecular 
arrangement of the complex affects receptor binding, trafficking and final targeting. For 
instance, differential sorting of glutamate receptor subtypes was shown to depend on 
SAP97/CASK interactions. When unbound from CASK, SAP97 preferentially associates with 
AMPARs, which are then trafficked to the plasma membrane through the classical secretory 
pathway. When bound to CASK, SAP97 associates with NMDARs which are then driven 
towards dendritic outposts instead of being retained in the endoplasmic reticulum17,18. In 
brain, but also in polarized epithelial cells, Mint1/Veli/SAP97/CASK complexes were shown 
to associate with inward rectifier Kir2.x channels. While Kir channels are targeted to 
basolateral membranes, dominant interfering CASK forms lead to channel mislocalization11.  

Although the sequence of interactions of different CASK components have not yet all 
been completely characterized, CASK appears to play a central role in the organization of 
macromolecular complexes implicated in trafficking and plasma membrane localization of ion 
channels and receptors. Our data demonstrates that both CASK L27B and GUK domains are 
mandatory in regulating the functional NaV1.5 channel expression in cardiomyocyte 
sarcolemma, and strongly support that CASK is involved in channel trafficking and targeting 
towards specialized membrane micro-domains.   

 
Role of the CASK HOOK domain in macromolecular complex scaffolding. 
We previously showed that CASK is enriched in dystrophin-glycoprotein complexes, a 
costameric complex located at cardiomyocyte lateral membranes8. Costameres constitute 
physical links between sarcomeric z-lines, the sarcolemma, and the extracellular matrix. 
They guarantee the three-dimensional organization of the myocardium when sheets of 
myocytes slide against each other during each contraction. Here we show that CASK 
interacts with dystrophin through its HOOK domain.  

The HOOK domain corresponds to a protein 4.1 binding motif19. Protein 4.1 links 
spectrin and actin in the cytoskeleton, and thus has a role in mechanical stability and 
membrane protein organization20. In epithelial cells, transmembrane syndecans are anchored 
to the actin cytoskeleton though interactions between CASK and protein 4.121. In neurons, 
intercellular junctions formed by neurexins and neuroligins at the synapse are also 
connected to the actin cytoskeleton through CASK and protein 4.1 interactions22. A large 
macromolecular complex formed of CASK, neurexin, Mint1, Veli, protein 4.1, spectrin, and 
actin, organizes and stabilizes the pre-synaptic element22. Despite all members of this 
complex possessing PDZ domains, they are not involved in the formation of this large 
complex, rendering these domains free for other interactions13. Indeed, in heart and skeletal 



For C
irc

ulat
ion R

es
ea

rch
 Pee

r R
ev

iew
. D

o not

    
    

    
  d

ist
rib

ute.
 D

es
tro

y a
fte

r u
se

.

SHORT COMMUNICATION 

 
7 

 

muscle cells, the Mint1/Veli/SAP97/CASK complex was also found to associate with ion 
channels, notably Kir2.x channels. Kir2.x channels also interact with components of the 
dystrophin-glycoprotein complex including syntrophins, dystrophin, and dystrobrevin at the 
neuromuscular junction, although with lower affinities23. These data are consistent with 
previous findings showing that the PDZ-binding domain of NaV1.5 channels is able to interact 
with both CASK and syntrophin in cardiomyocytes3,8. By interacting with either syntrophin or 
CASK, NaV1.5 could be regulated in opposite directions, as syntrophin positively regulates INa 
at the lateral membrane3,7. The fact that CASK HOOK does not rescue INa suggests that the 
HOOK domain is not involved in channel trafficking, but is instead critical in organizing focal 
adhesions, notably the dystrophin-glycoprotein complex implicated in mechano-transduction. 
This point is particularly interesting as NaV1.5 channels are not homogenously distributed 
along the lateral membrane but are concentrated at costameres24. Therefore, CASK could 
adjust NaV1.5 channel exocytosis in response to changes in myocardium working conditions.  

 
In summary, our data indicate that CASK couples NaV1.5 exocytosis to cell adhesion 

complexes at cardiomyocyte lateral membranes through its multi-modular organization. This 
study further establishes CASK’s role in the organization of cardiomyocyte NaV1.5 
subpopulations. An unanswered question is how a protein that regulates NaV1.5 channel 
trafficking and anchoring, also inhibits the corresponding ionic current. We can only 
speculate that the costameric macromolecular complex containing CASK constitutes a 
submembrane dead-end of non-functional channels, as is already described for non-
junctional Cx43/NaV1.5 channels in the perinexus25. 
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FIGURE LEGENDS  
 
Figure 1. Validation of CASK adenoviral constructs in cardiomyocytes. (A) Schematic 
representation of CASK structure, domain-specific deletions, and expected molecular 
weights. (B) Representative western blot showing CASK expression in cultured rat 
cardiomyocytes transduced with each truncated CASK construct. CASKWT fused to GFP 
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corresponds to a ~140 kDa band. GAPDH served as a loading control. (C) RT-qPCR 
histogram of CASK mRNA expression levels in cardiomyocytes transduced with GFP, 
CASKWT, or CASKΔX, where X corresponds to any deletion. CASK mRNA levels in cardiac 
cells is normalized to endogenous CASK mRNA levels under control conditions (GFP). 
Legend: ns = not significant; *** = P<0.001; n = number of samples; N = 3-7 individual 
experiments.  
 
Figure 2. Both L27B and GUK CASK domains are implicated in the downregulation of 
the cardiac sodium current INa in cultured cardiomyocytes. (A) Current density-voltage 
relationships (25 mmol/L [Na+]o) of INa obtained from cardiomyocytes transduced with GFP 
control (black), CASKWT (red), or truncated forms of CASK (CASKΔX). (B) Histogram of INa 
current density recorded at -20mV normalized to GFP control. (C-D) Voltage-dependent 
activation and steady-state inactivation curves from cardiomyocytes transduced with GFP 
control (black), CASKWT (red), or truncated forms of CASK (CASKΔX). Legend: ns = not 
significant; *** = P<0.001; n = number of recorded cells; N = 3-16 independent experiments.  
 
Figure 3. Deleting L27B or GUK CASK domains increases cardiac NaV1.5 channel 
surface expression. (A) Total internal reflection fluorescence microscopy (TIRFm) images 
of NaV1.5 taken from fixed cultured cardiomyocytes transduced with either GFP, CASKWT, 
CASKΔL27B, or CASKΔGUK. (B) Histogram of NaV1.5 evanescent field fluorescence (EFF) 
intensity in arbitrary units (in % of GFP control). Legend: ns = not significant; * = P < 0.05, *** 
= P < 0.001; n = number of cells; N = 4 independent experiments. 
 
Figure 4. CASK interacts with dystrophin through its HOOK domain in cultured rat 
cardiomyocytes. (A) Representative Western blot of dystrophin expression after 
overexpression of either GFP, CASKWT, or CASK X. (B) Corresponding histogram showing 
the dystrophin expression level normalized to GAPDH in cardiomyocytes transduced infected 
with the different adenoviral constructs (N=5 independent experiments). (C) Representative 
co-immunoprecipitation assay performed on cardiomyocyte lysates after transduction with 
CASKWT or CASKΔX showing the loss of association with dystrophin for the CASK HOOK 
construct (N=3 independent experiments). Legend: ns = not significant.  
 
 
 
 
 
 
 
 
 
 
 



For C
irc

ulat
ion R

es
ea

rch
 Pee

r R
ev

iew
. D

o not

    
    

    
  d

ist
rib

ute.
 D

es
tro

y a
fte

r u
se

.

112 kDa

H
O

O
KCAMKII L27

A
L27
B

777 PDZ

O
O

O
O

O
OZZ SH3 GFPCASK

12 276 396 449 576 653 715 887

130 kDaCAMKII PDZZZ SH3 GFPL27
A

L27
BCASK GUK

30 kDaGFP GFP

132 kDaCAMKII PDZZZ SH3 GFPL27
A

L27
BCASKWT GUK

H
O

O
K

340 392 483 558 676 - 682

102 kDaPDZZZ SH3 GFPL27
A

L27
BCASK GUK

H
O

O
K

126 kDaCAMKII PDZZ SH3 GFPL27
BCASK GUK

H
O

O
K

125 kDaCAMKII PDZZZ SH3 GFPL27
ACASK GUK

H
O

O
K

123 kDaCAMKII SH3 GFPL27
A

L27
BCASK GUK

H
O

O
K

123 kDaCAMKII PDZ GFPL27
A

L27
BCASK GUK

H
O

O
K

C
AS

K
 m

R
N

A 
ra

tio

ns

***

0.0

0.5

1.0

400

500

600

700

800

n=25

n=29 n=9 n=6 n=19 n=11 n=8 n=13 n=9

A

B

C

Figure 1

Figure 1. Validation of CASK adenoviral constructs in cardiomyocytes. (A) Schematic
representation of CASK structure, domain-specific deletions, and expected molecular weights. (B)
Representative western blot showing CASK expression in cultured rat cardiomyocytes transduced with
each truncated CASK construct. CASKWT fused to GFP corresponds to a ~140 kDa band. GAPDH
served as a loading control. (C) RT-qPCR histogram of CASK mRNA expression levels in
cardiomyocytes transduced with GFP, CASKWT, or CASK X, where X corresponds to any deletion.
CASK mRNA levels in cardiac cells is normalized to endogenous CASK mRNA levels under control
conditions (GFP). Legend: ns = not significant; *** = P<0.001; n = number of samples; N = 3-7
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Figure 2

Figure 2. Both L27B and GUK CASK domains are implicated in the downregulation of the
cardiac sodium current INa in cultured cardiomyocytes. (A) Current density-voltage relationships
(25 mmol/L [Na+]o) of INa obtained from cardiomyocytes transduced with GFP control (black), CASKWT

(red), or truncated forms of CASK (CASK X). (B) Histogram of INa current density recorded at -20mV
normalized to GFP control. (C-D) Voltage-dependent activation and steady-state inactivation curves
from cardiomyocytes transduced with GFP control (black), CASKWT (red), or truncated forms of CASK
(CASK X). Legend: ns = not significant; *** = P<0.001; n = number of recorded cells; N = 3-16
independent experiments.
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Figure 3

Figure 3. Deleting L27B or GUK CASK domains increases cardiac NaV1.5 channel surface
expression. (A) Total internal reflection fluorescence microscopy (TIRFm) images of NaV1.5 taken
from fixed cultured cardiomyocytes transduced with either GFP, CASKWT, CASK L27B, or CASK GUK. (B)
Histogram of NaV1.5 evanescent field fluorescence (EFF) intensity in arbitrary units (in % of GFP
control). Legend: ns = not significant; * = P < 0.05; *** = P < 0.001; n = number of cells; N = 4
independent experiments,.
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Figure 4

Figure 4. CASK interacts with dystrophin through its HOOK domain in cultured rat
cardiomyocytes. (A) Representative Western blot of dystrophin expression after overexpression of
either GFP, CASKWT, or CASK X. (B) Corresponding histogram showing the dystrophin expression
level normalized to GAPDH in cardiomyocytes transduced infected with the different adenoviral
constructs (N=5 independent experiments). (C) Representative co-immunoprecipitation assay
performed on cardiomyocyte lysates after transduction with CASKWT or CASK X showing the loss of
association with dystrophin for the CASK HOOK construct (N=3 independent experiments). Legend: ns =
not significant.
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SUPPLEMENTAL MATERIAL

DETAILED METHODS

Animals
Studies were performed in adult male Wistar rats (~200 g, Janvier Labs, France). All animals 
were treated in accordance with French Institutional guidelines (Ministère de l’Agriculture, 
France, authorization 75-1090) and conformed to the Directive 2010/63/EU of the European 
Parliament for the use and care of animals.

Isolation and culture of adult rat cardiomyocytes
Adult atrial or ventricular cardiomyocytes were obtained by enzymatic dissociation on a 
Langendorff column as previously described1. Briefly, rats were anesthetized with an i.p. 
injection of pentobarbital sodium (110 mg/kg) and heparin sodium (250 units/kg). The heart 
was then excised and cannulated via the aorta on a Langendorff apparatus and perfused in a 
constant flow rate (5mL/min). The perfusate consisted as an enzymatic solution containing in 
mmol/L: NaCl 100, KCl 4, MgCl2 1.7, glucose 10, NaHCO3 5.5, KH2PO4 1, HEPES 22, BDM 
15 and 200UI/mL collagenase A (Roche Diagnostics) plus bovine serum albumin 7.5, pH 7.4 
(NaOH) for ~20 min. Solution was equilibrate with 95% O2 and 5% CO2 and maintained at a 
temperature of 37°C. Atrial and ventricular tissues were separated and cut into small pieces 
and cells were gently dissociated with pipettes in Kraft-Brühe (KB) solution, in mmol/L:
glutamate Acid Potassium Salt Monohydrate 70, KCl 25, Taurine 20, KH2PO4 10, MgCl2 3, 
EGTA 0.5, Glucose 10, and HEPES 10. Cardiomyocytes were plated on Petri dishes or Ibidi 
micro-dishes double-coated with Poly-D-lysine/laminin (Roche/Sigma). Cells were maintained 
under standard conditions (37°C, 5% CO2) in M199 medium (Gibco) supplemented with 1% 
penicillin/streptomycin (Gibco), 5% fetal bovine serum (Gibco) and 1‰ 
insulin/transferrin/selenium cocktail (Sigma). Isolated cells were used for immunofluorescence, 
biochemistry experiments or patch-clamp recordings after 3-5 days in culture. 

Adenoviruses 
Full-length CASK (CASKWT) and truncated sequences (CASK , CASK , CASK ,
CASK , CASK , CASK , CASK ) were designed and cloned into a pShuttle vector 
with CMV promotor. Expression cassettes were transferred into the adenovirus vector 
containing GFP reporter for selection of infected cells. All the production, amplification and 
purification process were conducted by a Vector Production Center (Gene Therapy Laboratory, 
INSERM U1089, IRT-1, Nantes, France). Rat adult cardiomyocytes were infected 24h after 
isolation with 5.107 particles/ml of CASKWT, CASK or empty vector (GFP) as negative 
control. Overexpression studies were performed 3 days post transduction.

Immunofluorescence and deconvolution microscopy
Cells fixation was performed with paraformaldehyde 4% (Sigma) for 10 min at room 
temperature (RT). For permeabilization, cells were incubated in PBS supplemented with 0.1% 
Triton X-100, 1% BSA, 10% sera for 1h at RT. Primary antibodies were applied over night at 
4°C with blocking buffer (PBS containing 1% BSA, 3% sera, diluted antibodies according to 
the manufacturer’s instructions. Secondary antibodies (2.5 to 5 μg/mL) FITC (Abcam) or 
AlexaFluor594 (Life Technologies) and DAPI (0.2μg/μL Sigma) to detect nuclei were diluted in 
blocking buffer and added on samples for 1h incubation at RT. 

Total Internal Reflection Fluorescence microscopy (TIRFm)
Fluorescence intensity at surface membrane was visualized using the Olympus Celltirf system. 
Cells were placed on an Olympus IX81-ZDC2 inverted microscope and TIRF illumination was 
achieved with the motorized integrated TIRF illuminator combiner (MITICO-2L) and dual band 
optical filter (M2TIR488-561) using a 60X/1.49 APON OTIRF oil immersion objective, allowing 
GFP and RFP visualization. All image acquisitions, TIRF angle adjustment and some of the 



analysis were performed using the xcellence software (Olympus). Fluorescence analysis were 
performed using ImageJ software (NIH).

Protein extraction
Cardiomyocytes expressing the appropriate constructs were lysed by scraping the cells into a 
lysis buffer, in mmol/L: Tris 50 (pH 7.5), NaCl 150, EDTA 2, 1% Triton X-100 and 1 ‰ protease 
cocktail inhibitor (Sigma Aldrich) and lysates were placed on a rotating 3D shaker for 1h at 
4°C. After centrifugation, protein concentrations per supernatant were then determined by the 
BCA method (Pierce). 

Co-Immunoprecipitation assays
Cardiomyocytes were lysed as described above. Lysates were then incubated all night with 
antibodies (10μg) or IgG mouse (0.1μg/mL) at 4°C on a rotating 3D shaker. G-Sepharose 
beads (50μL for 2mg of total proteins, Sigma) were added for 1h before being washed with 
lysis buffer 3 times. Protein complexes bound to washed-beads were eluted with 2X sample 
buffer, followed by a denaturation step before separation by western blot. 

Western Blot analysis 
NuPAGE® Novex® 10 % Bis-Tris or 3-8 % Tris acetate gels (Life Technologies) were used, 
depending on the size of expected proteins. Proteins were transferred onto nitrocellulose 
membrane (Biorad) and blocked with 5% nonfat dry milk for 60 min and probed overnight at 
4°C with primary antibodies. Anti-rabbit or anti-mouse horseradish peroxidase-conjugated 
secondary antibodies (Cell Signaling) were used before revealing membrane with a 
chemiluminescent detection reagent ECL Prime (GE Healthcare). Images were acquired using 
a ImageQuant LAS4000 camera system (GE Healthcare) and then analyzed with the ImageJ 
software. The relevant spots were measured and normalized versus that of the corresponding 
spot in the control condition. These normalized densities were averaged from at least 3 
separate experiments.

Antibodies
Polyclonal rabbit antibody recognizing NaV1.5 was obtained from Alomone Labs (ASC-005, 
8μg/mL). Monoclonal mouse anti-CASK used for biochemical assays were form Origene 
(Clone S56A-50, TA326522, 1.5-5μg/mL) and Merck Millipore (Clone 2G5.1, MABN1547, 
0.6μg/mL). Monoclonal rabbit anti-GAPDH was purchased from Cell Signaling (Clone 14C10, 
2118, 1:40000). Polyclonal rabbit anti-GFP used for immunochemistry (0.3μg/mL) and western 
blotting (2μg/mL) was obtained from CliniSciences (TP401). Monoclonal mouse anti-
Dystrophin (Clone MANDYS8, D8168, 0.6μg/mL) used for biochemical assays were purchased 
from Sigma.

Real-time reverse transcription polymerase chain reaction (RT-qPCR)
Total mRNA was extracted from cells in culture by using PureLink® RNA Mini Kit (Life 
Technologies) and quantified by assessing optical density at 260 and 280 nm via a NanoDrop 
apparatus (Thermo Scientific). cDNA was synthesized using a mix of random primers, DNTP, 
Oligo DT12-18 follow by the addition of SuperscriptTM III reverse transcriptase (Life 
Technologies). Quantitative real-time PCR were carried out using SensiFAST™ SYBR No-
ROX (2X, Bioline) on a LightCycler 480 System (Roche Diagnostics) according to the 
manufacturer’s specifications. All qPCR samples were run in duplicate and for each primer 
pair, a non-template control (NTC) was applied. Specific primers were designed to amplify 
cask (cask-F: CCAGGATCAGCATCTTCAC and cask-R: TGGCTCTCTGTACTGCATCG and 
cask-F: GTGAAGCCCCACTGTGTTCT and cask-R: TTCTGGGGCCATAAAGTGAG), scn5a
(snc5a-F: TATGTCCTCAGCCCCTTCC and scn5a-R: GAACACGCAGTTGGTCAGG). All 
data were normalized to mRNA level of housekeeping genes polr2a, rplp0 and rpl32 (polr2a-
F: CGTATCCGCATCATGAACAGTGA and polr2a-R: TCATCCATCTTATCCACCACCTCTT; 
rplp0-F: CGACCTGGAAGTCCAACTAC and rplp0-R: GTCTGCTCCCACAATGAAG; rpl32-F: 



CCAGAGGCATCGACAACA and rpl32-R: GCACTTCCAGCTCCTTGA) using the 2-

method.

Electrophysiology
Sodium current was recording in standard whole-cell patch clamp. The perfusion medium for 
recording INa was composed, in mmol/L: NaCl 25, CsCl 108.5, HEPES 10, glucose 10, MgCl2
2.5, CoCl2 2.5, CaCl2 0.5 and supplemented with 1 μmol/L of ryanodine, pH adjusted to 7.4 
with CsOH. The intrapipette conducting medium was composed, in mmol/L: NaCl 5, MgCl2 2, 
CaCl2 1, EGTA 15, HEPES 10, MgATP 4, CsCl 130, pH adjusted to 7.2 with CsOH. For the 
current-Vm and activation (m ) protocol, currents were elicited by 50ms depolarizing pulses 
from a holding potential of -120 mV, in 5 or 10 mV increments, between -100 and +60 mV, at 
a frequency of 0.2 Hz. For the steady-state availability-Vm protocol (h ), currents were elicited 
by a 50ms test pulse to -20 mV following 1s pre-pulses applied in 5 or 10 mv increments, 
between -140 mV and -20 mV, from a holding potential of -120 mV, at 0.2 Hz.

Statistics
Data were tested for normality using the D’Agostino and Pearson normality test. Statistical
analysis was performed using Student’s t test or ANOVA followed by post-hoc Student-
Newman-Keuls test on raw data. Results are given as means ± SEM and P values of less than
0.05 were considered significant (Legend: * = P<0.05, ** = P<0.01 and *** = P<0.001; ns = not 
significant). N corresponds to the number of independent experiments, and n to the number of 
samples.
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Supplemental Table 1

Supplemental Table 1. Summary table of electrophysiological parameters of cardiac sodium
current recorded in adult rat cardiomyocytes 3 days after transduction with adenoviral
constructs. (A) Mean current density of INa recorded at -20 mV and cell capacitances. (B) Activation
parameters. (C) Steady-state inactivation parameters. Legend: ns = not significant; ** = P<0.01; *** =
P<0.001; n=number of cells; N=3-16 independent experiments.

Activation properties
Membrane potential 

at half activation  V0.5 (mV)
Slope factor  

k (mV)

GFP -39.88 ± 0.75 (n=28) 6.76 ± 0.19 (n=28)

CASKWT -38.44 ± 0.51 (n=40) ns 7.19 ± 0.11 (n=40) ns 

CASK CAMKII -41.01 ± 0.30 (n=14) ns 7.36 ± 0.30 (n=14) ns 

CASK L27A -36.55 ± 2.16 (n=8) ns 7.28 ± 0.26 (n=8) ns 

CASK L27B -40.44 ± 1.40 (n=12) ns 7.46 ± 0.30 (n=12) ns 

CASK PDZ -37.36 ± 0.17 (n=9) ns 8.26 ± 0.89 (n=9) **

CASK SH3 -38.74 ± 2.57 (n=7) ns 6.80 ± 0.21 (n=7) ns 

CASK HOOK -39.38 ± 1.52 (n=7) ns 7.39 ± 0.55 (n=7) ns 

CASK GUK -40.70 ± 0.54 (n=10) ns 6.68 ± 0.18 (n=10) ns 

Inactivation properties
Membrane potential 

at half inactivation V0.5 (mV)
Slope factor 

k (mV)

GFP -92.61 ± 0.83 (n=25) -6.81 ± 0.20 (n=25)

CASKWT -89.65 ± 0.95 (n=27) ns -6.19 ± 0.16 (n=27) ns 

CASK CAMKII -93.17 ± 1.46 (n=12) ns -5.88 ± 0.38 (n=12) ns 

CASK L27A -90.03 ± 2.15 (n=12) ns -6.35 ± 0.24 (n=12) ns 

CASK L27B -89.69 ± 3.20 (n=5) ns -6.59 ± 0.40 (n=5) ns 

CASK PDZ -95.74 ± 2.70 (n=5) ns -6.03 ± 0.35 (n=5) ns 

CASK SH3 -92.81 ± 2.99 (n=7) ns -5.66 ± 0.47 (n=7) ns 

CASK HOOK -95.67 ± 1.16 (n=10) ns -7.50 ± 0.41 (n=10 ) ns 

CASK GUK -95.49 ± 1.21 (n=13) ns -6.50 ± 0.22 (n=13) ns 

Peak current density at - 20 mV

Mean raw data (pA/pF) Current density 
(% from GFP) Cell capacitance (pF)

GFP - 70.36 ± 2.92 (n=25) 100 ± 4.15 (n=25) 53.12 ± 2.39 (n=25)

CASKWT - 39.64 ± 1.90 (n=36) *** 56.34 ± 2.70 (n=36) *** 48.82 ± 2.44 (n=36) ns 

CASK - 36.18 ± 3.66 (n=14) *** 51.43 ± 5.21 (n=14) *** 47.58 ± 2.49 (n=14) ns 

CASK - 42.40 ± 2.49 (n=7) *** 60.27 ± 3.54 (n=7) *** 46.01 ± 3.44 (n=7) ns 

CASK - 65.94 ± 5.34 (n=8) ns 93.73 ± 7.59 (n=8) ns 54.47 ± 5.97 (n=8) ns 

CASK - 38.27 ± 4.26 (n=9) *** 54.39 ± 6.05 (n=9) *** 54.17 ± 5.94 (n=9) ns 

CASK - 34.56 ± 4.45 (n=6) *** 49.12 ± 6.32 (n=6) *** 44.51 ± 3.77 (n=6) ns

CASK - 40.02 ± 4.91 (n=7) *** 56.88 ± 6.99 (n=7) *** 49.25 ± 6.50 (n=7) ns 

CASK - 58.88 ± 6.24 (n=10) ns 83.69 ± 8.86 (n=10) ns 53.49 ± 3.51 (n=10) ns 
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Online Figure 1. CASK does not regulate translational or transcriptional levels of
NaV1.5. (A) mRNA levels of NaV1.5 in cardiomyocytes 3 days after infection with the
different CASK constructs estimated by RT-qPCR and normalized to the control GFP
condition (N=3-13 independent experiments). (B) Representative western blot of NaV1.5
expression after overexpression of GFP, CASKWT or CASK X. (C) Corresponding
histogram showing the expression level of NaV1.5 normalized to GAPDH in
cardiomyocytes infected with either GFP, CASKWT or CASKΔX (N=7 independent
experiments). ns: not significantly different from GFP.
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