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Ion channel trafficking powerfully influences cardiac electrical activity as it regulates the number of available
channels at the plasma membrane. Studies have largely focused on identifying the molecular determinants of the
trafficking of the atria-specific Ky1.5 channel, the molecular basis of the ultra-rapid delayed rectifier current Ix,.
Besides, regulated Ky1.5 channel recycling upon changes in homeostatic state and mechanical constraints in
native cardiomyocytes has been well documented. Here, using cutting-edge imaging in live myocytes, we in-
vestigated the dynamics of this channel in the plasma membrane. We demonstrate that the clathrin pathway is a
major regulator of the functional expression of Ky1.5 channels in atrial myocytes, with the microtubule network
as the prominent organizer of Ky1.5 transport within the membrane. Both clathrin blockade and microtubule
disruption result in channel clusterization with reduced membrane mobility and internalization, whereas dis-
assembly of the actin cytoskeleton does not. Mobile Ky1.5 channels are associated with the microtubule plus-end
tracking protein EB1 whereas static Ky1.5 clusters are associated with stable acetylated microtubules. In human
biopsies from patients in atrial fibrillation associated with atrial remodeling, drastic modifications in the traf-
ficking balance occurs together with alteration in microtubule polymerization state resulting in modest reduced
endocytosis and increased recycling. Consequently, hallmark of atrial Ky1.5 dynamics within the membrane is
clathrin- and microtubule- dependent. During atrial remodeling, predominance of anterograde trafficking ac-
tivity over retrograde trafficking could result in accumulation ok Ky1.5 channels in the plasma membrane.

1. Introduction

The current understanding of basic cardiac electrophysiology has
undergone a profound transformation. The classical theory that the
cardiac action potential is generated by the successive opening or
closing of different ion channels with distinct biophysical properties is
now challenged by accumulating evidence indicating that these pro-
teins belong to a large molecular network undergoing continuous dy-
namic regulation. Thus, functional ion channel expression results from
highly-integrated cellular activities including post-translational reg-
ulation, trafficking, and cell microarchitecture organization.

The pathophysiology of cardiac arrhythmias has begun to be re-
visited in the light of this new paradigm. A first clue was the discovery
of mutations in the HERG gene producing a trafficking-defective

channel, and reduced corresponding I, current amplitude, in inherited
long-QT syndrome [1]. Another example is the observation that hypo-
kalemia, a risk factor for cardiac arrhythmias, reduces hERG channel
density at the plasma membrane by promoting channel internalization
[2]. We previously reported that Ky1.5 channels, the molecular basis of
the atria-specific ultra-rapid delayed rectifier current Ix,,, are stored in
submembrane recycling endosomes and are ready for recruitment upon
changes in membrane cholesterol content [3] or upon shear stress [4].
The latter process requires activation of the integrin/phosphorylated
FAK signaling pathway which becomes constitutively stimulated during
atrial dilation as a result of excessive atrial wall cardiac myocyte shear
stress, thereby contributing to action potential shortening and increased
susceptibility to atrial arrhythmias.

The aim of the present study was to further decipher the trajectory
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and trafficking pathways of Ky1.5 channels and the contribution of
these processes to potassium current properties in atrial cardiomyo-
cytes. Specifically, we investigated the role of the cytoskeleton and
internalization routes involved in functional Ky1.5 channel expression.
There is currently limited information about Kyl1.5 channel inter-
nalization, reported to be regulated by both dynamin- and dynein-de-
pendent pathways in heterologous expression systems [5,6]. It has been
suggested that Ky1.5 internalization could occur via caveolae associa-
tion [7,8], however the clathrin pathway has not yet been directly in-
vestigated. Using whole-cell patch-clamp, biochemistry techniques, and
cutting-edge imaging approaches, we showed that Ky1.5 channels are
highly mobile in the sarcolemma and follow the microtubule network,
whereas clathrin pathway is involved as the principal internalization
route. In remodeled atrial myocardium from patients in atrial fibrilla-
tion (AF), we provide evidence for reduced endocytosis and altered
recycling that could contribute to the accumulation of Ky1.5 channels
in the sarcolemma of atrial myocytes during disease.

2. Results

2.1. Ky1.5 channels are associated with clathrin vesicles but not with
caveolae

The association of Kyl.5 channels with canonical endocytosis
pathways was investigated in freshly isolated atrial myocytes (Fig. 1A).
Colocalization analysis revealed that Kyl.5 channels co-localized
poorly with caveolin-3 (R: 0.08) but associated with clathrin vesicles
(R: 0.53) labelled with clathrin light chain (CLC) antibody (Fig. 1A, C)

A
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(n 5 cells, 15 lines/cell). Immunofluorescence images showed that
clathrin vesicles were located at the intercalated disc (ID), the lateral
membrane (LM), and at the perinuclear level (Figs. S1A, S2B). Ky1.5
and CLC-positives vesicles were located both at the ID and at the LM
(Fig. 1C). Electron microscopy revealed the presence of clathrin coated
vesicles (CCVs) and clathrin buds at the ID and at the LM (Fig. S1B).
Interestingly, CCVs were also observable along the z-lines in atrial
sections (Fig. S1B). Quantification showed that the ID displayed an
equal amount of buds and internalized vesicles (CCVs) whereas the
number of internalized vesicles was superior to the number of buds at
the LM, suggesting that the LM is a more active endocytosis zone (Fig.
S1D). Immunostaining experiments were also performed in cultured
atrial myocytes in which the human Ky1.5 channel fused to the GFP
protein (h-Ky1.5-GFP) was overexpressed using an adenoviral vector. In
overexpression condition as well, the association of Ky1.5 was observed
only with clathrin vesicles (Fig. 1B, D). These observations show that
clathrin-dependent endocytosis is likely to be the internalization
pathway of Ky1.5 channels in atrial myocytes.

2.2. Clathrin pathway regulates the density of functional Ky1.5 channels in
atrial myocytes

Biotinylation experiments were performed to quantify the abun-
dance of h-Ky1.5-GFP channels on the membrane surface after blockade
of the clathrin pathway with sucrose (225 mmol/L) treatment for 2 h.
Sucrose prevents clathrin from interacting with the adaptor protein
complex AP2 and triggers abnormal formation of microcages [9]. The
h-Ky1.5-GFP band was increased by 1.47 = 0.06 in the membrane

h-Ky1.5-GFP

Fig. 1. Ky1.5 channels are associated with clathrin vesicles but not with caveolae in atrial myocytes. A, C, Freshly isolated atrial myocytes stained with Ky1.5 and (A)
caveolin-3 or (C) clathrin light-chain (LC), and enlargements of regions of interest (ROI* and**). B, D, Cultured atrial cardiomyocytes expressing h-Ky1.5-GFP and
stained with (B) caveolin-3 or (D) clathrin-LC, and enlargement of one ROI. LM: Lateral Membrane; ID: Intercalated Disc.

128



D. Melgari, et al. Journal of Molecular and Cellular Cardiology 144 (2020) 127-139

& Total IP: biotin o 30000, I control
ota o
Surface 2 B sucrose &

[ —
c
& 0& 9 o& .2
SIS $ Q ®
& & S & »
O [2) [ P 2
‘ a
110 kDa —“ s & Ky1.5-GFP 5
40 kDa — c
GAPDH @
o
.
— S
110 kDa = -u — TR &
—— £
40 kDa — F GAPDH i

Kv1.5-GFP TR

control ucrose . control sucrose
4 7 ; 4 200 A —
*kk f i |
g’ ns
‘e 150 1
5
< N
§ 100 \\
[}
: \
t ANSSNNN &
> 504 N \
n N NEPESEN
= E
E {5
N Noassaad

& & o2° of
8 8-
D 2 pAIpF L_ Ikur (PAPF) 2 pAIpF |__ Ixur (PA/pPF)
100 ms " 100 ms *%
i w,,wxw“‘ 6
° ¢ | = . !
+60 mV L . +60 mV R l
-80 mv— L4l * I -80 mV - L 4,
® control, n=14 : B ® si-scr, n=8 I
e sucrose, n=15 . ® b e sj-clathrin HC, n=7 " I b
2y 3 ? z 1 1 ! !
$ L] 3 !
s ° ? ? ?
o i g8 : , ,
40 -20 0 200 40 60 - -20 0 20 40 60

Vi (MV) Vi (MV)

Fig. 2. Blockade of clathrin pathway increases abundance of Ky1.5 channels on the membrane surface and corresponding Ix,, current in atrial myocytes. A,
Representative surface biotinylation assay performed on atrial myocytes expressing h-Ky1.5-GFP (Left) and quantification of surface proteins in control and sucrose
conditions (Right). B, Surface expression (T0) and internalization of h-Ky1.5-HA channel (T2) in control and sucrose conditions (Left), and summary graphs of the
fluorescent HA staining at cell surface at TO and T2 (Right). C, Perspective views of 3D-rendered images (z-projections) at the two time points. Arrows point cell
boundaries at TO; arrowheads point channels inside the cell at T2 in control condition. D, Current density-voltage relationships of endogenous Iy, recorded from
atrial myocytes in control and sucrose conditions (Left) or transfected with si-scr or si-clathrin heavy-chain (CHC) (Right), and representative traces in the insert *
P < .05; ** P < .01; *** P < .001, n = number of cells.

fraction after sucrose treatment (Fig. 2A, n = 3). The transferrin re- myocytes transduced with h-Ky1.5-HA, the HA tag being located on
ceptor was used as a control of clathrin-mediated endocytosis and was Ky1.5 extracellular loop. Cells were incubated for 2 h with control
increased by 2.33 + 0.21 in the surface fraction after sucrose treatment medium or sucrose and live stained with anti-HA and secondary Fab
(Fig. 2A). A448 antibody before fixation allowing visualization of only pools of

Next, surface fluorescence signal was quantified in cultured atrial channels expressed at the cell surface. Quantification revealed ~40%
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increase in Kyl.5 surface staining in sucrose-treated cells at TO
(Fig. 2B). Internalization assay further supported the importance of the
clathrin pathway on Kyl.5 channel endocytosis: whereas ~40% of
channels were internalized after 2 h (T2) in control condition, inter-
nalization was almost completely prevented in sucrose-treated cells
(15%, ns from TO) (Fig. 2B). Perspective views of 3D projection of 4 um
stack acquired at 0.2 pm intervals also showed the HA staining at the
membrane at TO and reduced internalization in sucrose-treated cells
compared to control at T2 (Fig. 2C).

The effect of clathrin blockade on Ky 1.5 anterograde trafficking was
also investigated using a trafficking block and release assay [10]. Atrial
myocytes overexpressing h-Ky1.5-HA were treated with brefeldin A to
prevent ER/Golgi transport and trafficking was restarted for 2 h before
addition of sucrose (or control medium). Quantification of surface HA
staining (i.e. without permeabilization) relative to total HA (i.e. after
permeabilization) showed that clathrin blockade results in reduced de
novo delivery of Ky1.5 channel (Fig. S2), as clathrin is also involved in
the active transport of cargo proteins at the Golgi exit en route to the
plasma membrane [11]. Indeed, immunofluorescence and electron
microscopy images showed that clathrin vesicles can be observed in the
perinuclear region of freshly isolated cardiomyocytes and surrounding
the Golgi apparatus as illustrated by Fig. S2B, C. Then, the endogenous
Ky1.5-mediated current Ix,, was recorded in control and sucrose-
treated myocytes by whole-cell patch-clamp. The potassium current
density was significantly increased at several tested voltages in sucrose-
treated myocytes (Fig. 2D, left). Note that the cell capacitance was not
significantly different between control and sucrose-treated cells (con-
trol: 42 + 5 pF, sucrose: 38 = 3 pF) showing that the surface mem-
brane remains unchanged by the sucrose treatment. Iy, was also re-
corded in myocytes in which the clathrin pathway was repressed using
a small interfering RNA directed toward the clathrin heavy chain (si-
clathrin HC). As observed with sucrose, the Ky/1.5-mediated current was
significantly increased at several tested voltages in si-clathrin HC-
transfected atrial myocytes (Fig. 2D, right). Note that activation prop-
erties of Ik, were not modified by clathrin blockade (Fig. S3). Despite
the fact that clathrin blockade perturbs both anterograde and retro-
grade trafficking, these results suggest that internalization is the pre-
dominantly affected pathway. In fact, this led to an increased amount of
Ky1.5 channels on the membrane surface and corresponding I, cur-
rent. Altogether, these results indicate that clathrin pathway is the
major regulator of surface and functional expression of Ky1.5 channels
in atrial myocytes.

2.3. Clathrin pathway inhibition leads to Ky1.5 clusterization and reduced
mobility in the sarcolemma of atrial myocytes

Movies of 2 h were acquired from live atrial myocytes upon TIRF
illumination to investigate the effect of clathrin blockade on Kyl1.5
channels dynamics in the membrane plane. In control condition, h-
Ky1.5-GFP channels showed a punctate distribution at the sarcolemma
(vesicle mean size: 0.12 = 0.01 pm?) (Fig. 3A, E) with dynamic
movements in the x/y axis (Movie 1A). Upon sucrose treatment, total
evanescent field fluorescence (EFF) augmented linearly without
reaching a plateau (Fig. 3B) and was increased by —25% at the end of
the movie (Fig. 3C). Note that sucrose did not affect neither cell mor-
phology nor GFP distribution used as control (Fig. S4A, B). Sucrose
treatment also led to the accretion of h-Ky1.5-GFP-containing vesicles
into large clusters (cluster mean size: 2.77 + 0.05 pmz) (Fig. 3E, Movie
1B). The number of h-Ky1.5-GFP vesicles having a diameter superior to
0.4 um started to increase after 30 min of treatment and reached a
plateau after 80 min (Fig. 3D). These results suggest that the linear
fluorescence increase is likely due to the continuous insertion of ve-
sicles of smaller diameter from submembrane stores. Analysis of two-
hour movies acquired from live atrial myocytes in TIRF illumination
also revealed that blockade of the clathrin pathway decreased Ky1.5
channels mobility in the x/y axis as illustrated by Fig. 3F, G (Movie 1C).
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Dynamics of individual h-Ky1.5-GFP vesicles was tracked from 2-
min movies in control and sucrose-treated myocytes (Fig. 3I). For the
sake of clarity, single particles dynamics refer to track duration, track
max speed, track displacement length, and track straightness as illu-
strated by cartoons in Fig. 3H. In control condition, h-Ky1.5-GFP
channels displayed an average run of 3.89 * 0.34 um in the x/y axis,
and a mean duration of 24.5 * 3.1 s. The max speed value was
1.05 = 0.04 um/s (Table S1, Movie 1C). The behavior of h-Ky1.5-GFP
vesicles was also analyzed on the basis of the straightness of their
tracks, O representing disordered runs and 1 representing 100% linear
movement. In control condition the average track straightness was
0.65 * 0.03 (Table S1), suggesting a structured displacement in the
membrane plane. Clathrin blockade profoundly reduced h-Ky1.5-GFP
mobility in the membrane plane, in particular in large sucrose-induced
clusters (Fig. 3I). Large clusters persisted in the membrane plane for
almost the whole duration of the recordings (100.6 + 3.3 s, Movie 1D),
with an average displacement length of 1.19 + 0.1 ym and a track
straightness of 0.11 = 0.01. Track max speed was also deeply affected,
with an average value of 0.53 = 0.05 pm/s (Table S1). Interestingly,
sucrose-mediated clathrin blockade did not completely abolish the
presence of moving particles. However, sucrose treatment induced an
increased persistence at the membrane plane compared to control:
average displacement length 5.08 *+ 0.41 pm, average track duration of
38.6 = 3.4 s (Table S1). Track straightness was also reduced
(0.54 + 0.03), while track max speed was not significantly affected
(Table S1). Overall, this indicates that clathrin blockade reduced h-
Ky1.5-GFP mobility by inducing particles clusterization and increasing
clusters persistence in the sarcolemma.

2.4. Role of the cytoskeleton in Ky1.5 mobility in the sarcolemma

As h-Kyl.5-GFP vesicles displayed structured displacements in
control atrial myocytes, we investigated the association of the channel
with the microtubule network and the actin cytoskeleton.

The effect of cytoskeleton disrupting agents on abundance of h-
Ky1.5-GFP channels on the membrane surface was examined using
whole-cell patch-clamp and live-cell immunostaining. Disruption of
either microtubule with colchicine (2 h, 10 pmol/L) or actin cytoske-
leton with cytochalasin-o (24 h, 10 pmol/L) had no effect on en-
dogenous Iy, in atrial myocytes (Fig. S5A, B). Similarly, neither col-
chicine nor cytochalasin-D significantly modified the total amount of
the channel on the membrane surface as quantified in atrial myocytes
transduced with an extracellularly-HA-tagged h-Ky1.5 channel [12]
(Fig. S5C, D). These observations suggest that both anterograde and
retrograde trafficking were equally affected by cytoskeleton disrupting
agents, and that no changes correspond to an equilibrium between the
two opposite processes. Therefore, the effects of cytoskeleton disrupting
agents on both anterograde and retrograde trafficking was then further
dissected out. Trafficking block and release assay (Fig. S6A) showed
that colchicine treatment reduced Ky1.5 abundance on the membrane
surface (relative to total Ky1.5-HA) by —40% whereas cytochalasin-p
reduced anterograde trafficking by ~—15%. Internalization assay (Fig.
S6B, and perspective views of 3D images Fig. S7) showed that colchi-
cine reduced Ky1.5 endocytosis by ~—37% whereas cytochalasin-p re-
duced internalization by —18%. These observations support the al-
ready demonstrated participation of microtubules and microfilaments
in anterograde and retrograde trafficking (for review see [11]).

Atrial myocytes transduced with h-Ky1.5-GFP were labelled with
the CellLight® Tubulin-RFP fluorescent dye and imaged by TIRF mi-
croscopy using dual color acquisitions. In the sarcolemma, h-Ky1.5-GFP
vesicles followed the microtubule network as shown in Fig. 4A. The
mobility pattern of h-Ky1.5-GFP vesicles was analyzed using the stan-
dard deviation (SD) projection from a time series. The resulting SD map
was aligned with the average (fixed) tubulin image. Ky1.5 vesicles ex-
hibited a linear movement that followed the microtubule network
(Fig. 4B). TIRF movies were acquired for 2 h from atrial myocytes
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Fig. 3. Blockade of the clathrin pathway induces Ky1.5 clusterization and reduces Ky1.5 channel mobility in the sarcolemma of atrial myocytes. A, TIRF images from
2 h time-lapse movie of cultured atrial myocytes expressing h-Ky1.5-GFP in control (top) or under sucrose (bottom) treatment. B, Mean time courses of total
evanescent field fluorescence (EFF) intensity in response to sucrose treatment vs control. C, EFF intensity changes at the end of the movies. D, Number of h-Ky1.5
channel vesicles over time in control and sucrose conditions. E, Regions of interest (ROI) from TIRF movies at the beginning and at the end of the recording in control
(top) and sucrose (bottom) conditions, and enlargements of outlined regions. F, TIRF images of h-Ky1.5-GFP vesicles displacements during first minutes (top) and
final minutes (bottom) of sucrose treatment. Arrowheads point vesicles at the beginning and at the end of 160 s tracking. G, Tracks generated from TIRF movies
representing the displacement of h-Ky1.5-GFP channels in the x/y axis during first (left) and final minutes (right) of a 2 h movie. H, Cartoons illustrating parameters
measured from fast tracking movies. Green dots represent tracked h-Ky1.5-vesicles (diameter = 0.4 um). I, Plots of h-Ky1.5-EGFP channel dynamics in control and

sucrose conditions. ns, not significant; *P < .05;
the reader is referred to the web version of this article.)

P < .001;n = 10-15 cells, 50-100 tracks/cell. (For interpretation of the references to color in this figure legend,

treated with the microtubule disrupting agent colchicine (10 umol/L)
(Movie 2A). The h-Ky1.5-GFP EFF signal was stable at the beginning,
then the number of h-Ky1.5-GFP vesicles (> 0.4 pm) in the sarcolemma
increased by —39% in the sarcolemma after 40 min and reached a
maximum increase of —74% after 1-h colchicine treatment (Fig. 4C).
After 2 h treatment with colchicine, the particles mobility was severely
compromised in the x/y axis (Fig. 4D). In addition, 2 min TIRF movies
were acquired in order to measure single particles dynamics in control
(EtOH) and in the presence of colchicine (Movie 2B). Over a total of 10
acquired movies only 4 moving particles were detected in the presence
of colchicine, while 43 moving particles were tracked over 9 movies in
control. In addition, the mobility of those few moving particles was
strongly affected by the presence of colchicine: track duration was in-
creased to 24.0 = 7.1 s (vs 13.4 *= 1.6 s in control) and track dis-
placement length was reduced to 0.99 = 0.21 pm (vs 4.17 = 0.37 pm in
control). Track straightness and track max speed were also all sig-
nificantly decreased (Fig. 4E, Table S1).

Similar experiments were repeated in atrial myocytes transduced
with h-Ky1.5-GFP and labelled with the CellLight® Actin-RFP fluor-
escent dye. As shown in Fig. 5A, h-Ky1.5-GFP vesicles did not track
along the actin cytoskeleton in the sarcolemma but rather moved be-
tween actin fibers. Examination of the mobility pattern of vesicles re-
lated to the actin cytoskeleton using SD projection and averaged (fixed)
actin image showed linear movements of h-Ky1.5-GFP particles pre-
ferentially outside of microfilament grids (Fig. 5B). After overnight
treatment with an inhibitor of actin polymerization, cytochalasin-D
(10 pumol/L), the particles mobility was not massively compromised in
the x/y axis (Fig. 5C, Movie 3A). Analysis of 2 min long fast-tracking
TIRF movies (Movie 3B) showed that cytochalasin-D did not sig-
nificantly affect h-Ky1.5-GFP particles dynamics: average track dis-
placement length of 4.00 = 0.41 pm vs 3.24 * 0.38 um; average track
duration of 13.86 = 1.49 s vs 11.61 * 1.57 s with cytochalasin-D
(Fig. 5D, Table S1). Track max speed and track straightness were also
unaffected by the treatment with cytochalasin-D. However, the total
number of moving particles was reduced by the treatment. A total of 43
particles were tracked over 10 movies in control condition, while, 18
moving particles over 9 acquired movies could be tracked in the pre-
sence of cytochalasin-D. These observations might indicate a partial
involvement of the actin cytoskeleton in the membrane plane.

Quantifications of h-Ky1.5-GFP vesicles associated with tubulin or
with actin in the membrane plane showed that Ky1.5 was twofold more
associated with microtubules (~—36%) than with actin microfilaments
(—18%) in control conditions (Fig. 6A, B). After colchicine treatment,
the percentage of h-Ky1.5-GFP associated with microtubule remnants
was reduced by half whereas the association of h-Ky1.5-GFP with actin
residues was not significantly modified by cytochalasin-D (Fig. 6B).
Altogether, these results support the preferential involvement of mi-
crotubules over actin in Ky1.5 dynamics in the sarcolemma of atrial
myocytes. Finally, large clusters observed after clathrin blockade were
positives for tubulin markers: whereas h-Ky1.5-GFP vesicles were as-
sociated by 54.7 = 5.9% to dynamic microtubules stained with the
plus-end tracking protein EB1 in control condition, sucrose treatment
reduced this association to 26.3 * 2.9% (Fig. 6C, D). Conversely, after
sucrose treatment, h-Ky1.5-GFP were more associated with acetylated
(ie. stables) microtubules (43.8 * 7%) compared to control

132

(11.4 = 2.7%) (Fig. 6C, D). Thus, after clathrin blockade, h-Ky1.5-GFP
clusters are preferentially associated with stable microtubules.

2.5. Alteration of trafficking pathways in atrial fibrillation

Finally, we examined Ky1.5 channel trafficking pathways during
AF. First, several trafficking-related proteins were quantified using
western blot assays performed with total lysate extracted from perma-
nent AF (n 4-5) and control (sinus rhythm, SR, n = 5) patients
(Fig. 7A, B). Kyl1.5 total protein expression level was increased by
35.2 = 7.1% in permanent AF patients compared to SR controls. A
marked increase in effectors related to trafficking was observed in AF
such as endocytosis markers (clathrin heavy-chain, CHC:
+49.1 = 14.8% and dynamin-2: +111.8 * 13.3%), retrograde mo-

lecular motors (myosin 6: +89.0 = 12.8% and dynein:
+31.2 + 9.4%), proteins associated with early endosomes (EEA1:
+69.3 + 13.9% and Rab5: +53.6 = 8.4%), and finally recycling-en-

+

dosome associated proteins (Rab-4: +103.4 9.1% and Rabl1l:
+64.3 £ 6.1%). Moreover, while the total expression level of tubulin
was not modified in permanent AF, the expression of dynamic micro-
tubules was increased (plus-end tracking protein EB1: +37.5 = 4.0%)
whereas stable microtubules expression was decreased (acetylated tu-
bulin: —40.0 + 8.2%) compared to control.

We then analyzed the distribution of two selected endocytosis
markers in the atria of AF patients. Frozen slices from biopsy samples of
three AF patients and three SR controls were stained with antibodies
against clathrin light-chain (CLC) or dynamin-2. Wheat Germ
Agglutinin (WGA) was used in order to stain cardiomyocyte mem-
branes. Series of 8-9 images for each sample were then acquired using
high resolution 3-D deconvolution microscopy. The acquired images
were then analyzed in Fiji where an algorithm was designed in order to
calculate the ratio between “membrane mean intensity” and “total
mean intensity” for each selected marker (Fig. 7C, D). Both markers
were almost evenly distributed within the control tissue, as the signal
mean intensity was just slightly higher in the membrane region
(membrane/total ratio 1.08 + 0.02 and 1.02 = 0.01 for CLC and dy-
namin-2 respectively). Interestingly, in AF condition a small but sig-
nificant ~10% decrease in the membrane/total ratio was observed for
both CLC and dynamin-2 (0.98 = 0.02 and 0.92 + 0.01 respectively).
Considering the increase in total protein level for clathrin, this decrease
might suggest a reduced clathrin-mediated internalization.

Altogether, these results indicate that the trafficking machinery is
globally altered in patients with permanent AF.

3. Discussion

The present study unravels the mechanisms behind the high mobi-
lity of Ky1.5 channels trafficking within and from the sarcolemma of
atrial cardiomyocytes. This mobility depends on the integrity of both
the clathrin-mediated endocytosis pathway and the microtubule net-
work. The channels dynamically oscillate between a mobile/trafficking
state and a more static one, determining the protein level expression at
the sarcolemma. In permanent AF patients, we observed an increase of
Ky1.5 together with a general alteration of markers associated with
both retrograde and anterograde trafficking.
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Fig. 4. Microtubules disruption reduces Ky1.5 channel mobility in the sarcolemma of atrial myocytes. A, TIRF images of dual color acquisitions from a time series
movie showing h-Ky1.5-GFP particles (red) moving along microtubules (white), and enlargement of one ROI. B, Standard deviation maps of h-Ky1.5-GFP vesicle
tracks compared to fixed cell images of microtubules. Arrowheads indicate displacement of h-Ky1.5-GFP vesicles in control and in colchicine-treated myocytes. C,
Number of h-Ky1.5-GFP channel particles over time in control and colchicine conditions. D, Tracks generated from TIRF movie illustrating the displacement of h-
Ky1.5-GFP channels in the x/y axis during first (left) and final (right) minutes of colchicine treatment. E, Plots of h-Ky1.5-EGFP channel dynamics from fast tracking
TIRF movies in control and colchicine conditions. *P < .05; **P < .01; ***P < .001; n = 5-15 cells, 50-100 tracks/cell. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Actin disruption does not affect Ky1.5 channel mobility in the sarcolemma of atrial myocytes. A, TIRF images of dual color acquisitions from a time series
movie showing h-Ky1.5-GFP particles (red) moving between actin (white), and enlargement of one ROI. B, Standard deviation maps of h-Ky1.5-GFP vesicle tracks
compared to fixed cell images of actin. Arrowheads indicate displacement of h-Ky1.5-GFP vesicles in control and in cytochalasin-D-treated myocytes. C, Tracks
generated from 10 min TIRF movies illustrating the displacement of h-Ky1.5-GFP channels in the x/y axis in control (left) and in cytochalasin-D-treated myocytes
(right). D, Plots of h-Ky1.5-EGFP channel dynamics from fast tracking TIRF movies in control and cytochalasin-D conditions. ns, not significant; n = 20-40 cells,
50-100 tracks/cell. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Tubulin / h-K1.5-GFP Actin / h-K\1.5-GFP

o o o 507 - r 50
e -t O
c c S J
o o 2 »
o ' O a2 r40 &
T 8 =
Qs 9 9
wE * 130 8 =
S — 2 x
X = " ;-3
o 20 2
[ 3R] @
o™ o o
xX.© [N ]
[m] o | =
[ le) 10 =
g £ &
— n
3] @ ® |
= © 2
(&) L '60 09
9 <] ® Y
o -
: 3
+
C Ac. Tubulin / h-Ky1.5-GFP D
701 - 70
*%
—
— —_ 60 - 60
o o
1 S
=) =} *kk Q
o (<] = 50 F50 O
o o o m a R
LW .
Qs g%
w 5 404 F40 2 =
=2 : X
X [] S: -
2 ;
£ .8 30 30 @ &
Q
o o = %
X3 € v
@ 20 F20
() o
[
7] 0 4 -10
10
o o
o )
=] =]
n n 0- Lo
+ +
«° o &° o
o & o o
%) %) S

Fig. 6. Association of h-Ky1.5-GFP with the cytoskeleton. A, ROIs from images of cultured atrial myocytes expressing h-Ky1.5-GFP and stained with tubulin or actin
in control or after treatment with cytoskeleton-disrupting agents colchicine or cytochalasin-D. B, Quantification of association between h-Ky1.5-GFP channels and
cytoskeleton markers in control and treated cells. C, ROIs from images of cultured atrial myocytes expressing h-Ky1.5-GFP and stained with dynamic (EB1 *) or stable
(acetylated tubulin ™) microtubules in control and sucrose conditions. D, Association of h-Ky1.5-GFP vesicles with EB1 or acetylated tubulin in control and sucrose
conditions. ns, not significant; *P < .05; **P < .01; ***P < .01; n = number of cells.
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Fig. 7. Trafficking-related proteins are altered during atrial fibrillation. A, Representative western blots showing expression levels of Ky1.5, transferrin receptor,
collagen 1 and trafficking-related markers in whole atrial lysates from control (sinus rhythm, SR) and atrial fibrillation patients (AF). B, Quantification of expression
levels of proteins normalized to GAPDH and expressed in % changes from SR samples. N = 3-10 experimental replicates; n = 4-5 patients/group. C, Distribution of
clathrin light-chain (CLC) and dynamin in SR and AF tissue samples. The membrane marker WGA (left) was used to generate a mask (right) delineating myocytes
membranes. D, Distribution of CLC and dynamin signals in the membrane over total fluorescence distribution. N = 24-25 images/patient; n = 3 patients/group. ns,

not significant; *P < .05; **P < .01; ***P < .001.

3.1. Clathrin-mediated endocytosis of Ky1.5 channel in native atrial
myocytes

Previous studies have reported the dynamin-dependent inter-
nalization of Ky1.5, but the precise roles of the clathrin- or caveolin-
dependent pathways were not elucidated. Whereas Ky1.5 has been
shown to target caveolae in Ltk2 and FRT cells stably expressing Ky1.5
[7,8], a very limited association between Ky1.5 and caveolin-3 has been
observed in rat and canine hearts [13]. Using a step sucrose gradient,
we previously showed that Ky1.5 and caveolin-3 are found in distinct
fractions of proteins extracted from rat atrial myocardium [14]. Our
present findings confirm that Ky1.5 channels are not associated with
caveolin-3 in atrial myocytes but preferentially associated to clathrin
vesicles.

Sucrose is known to induce the formation of clathrin microcages
[9], resulting in the observed clusterization and immobilization of
Ky1.5 in the membrane plane. Clusterization of Ky channels in mem-
brane microdomains has been reported for neuronal Ky2.1 channels,
which form large immobile clusters locked at the insertion site after
delivery to the plasma membrane of hippocampal neurons and trans-
fected HEK cells [15]. Interestingly, clustered Ky2.1 channels do not
efficiently conduct K*, whereas the non-clustered channels are re-
sponsible for the Ky2.1-mediated current [16]. The fact that sucrose
increased track straightness and track displacement length of non-
clustered Ky1.5 vesicles suggests an increased persistence of Ky1.5 ve-
sicles in the membrane plane, consistent with a reduction of channel
internalization. Our present observation of an increase in Iy, together
with an increased amount of Ky1.5 channel on the membrane surface,
clusterization and vesicles persistence in the membrane plane suggests
that Ky1.5 channels remains functional after clathrin blockade.

3.2. Preferential association of Ky1.5 channel with the microtubule network

Alteration of microtubule integrity profoundly affects the surface
expression of both potassium and sodium channels. In HEK cells, no-
codazole increased both the surface expression of Ky1.5 channels and
the Iy, amplitude [5]. Moreover, colcemid-mediated microtubule dis-
ruption impairs the normal surface distribution of Ky1.5 by increasing
its internalization in L-cells [7]. Similar results were reported for Ky4.2
and hERG channels. Treatment with dynein inhibitor or overexpression
of the p50 protein, which leads to the dissociation of the dynactin/
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Fig. 7. (continued)

dynein complex, reproduced the effect of nocodazole-mediated micro-
tubule disruption in HEK cells [17]. In neonatal rat cardiomyocytes,
stabilization of the microtubule cytoskeleton reduces Iy, density via a
mechanism that reduces channel expression at the sarcolemma [18]. In
HL-1 cells, anterograde trafficking of Ky1.5 channel has been shown to
occur preferentially on dynamic microtubules associated with the ki-
nesin-2 motor, KIF17 [19]. Microtubules are therefore important de-
terminants of ion channel trafficking in both retrograde and ante-
rograde directions, and here we show how the microtubules network
also regulates the dynamics and organization of ion channels within the
plasma membrane. Indeed, in control condition Ky1.5 channels were
strongly associated with dynamic microtubules (EB1*), while after
clathrin blockade they were preferentially associated with stable
(acetylated) microtubules. As EB1 indirectly interacts with the dynein/
dynactin complex (i.e. microtubule retrograde motor), the fact that
microtubules depolymerization mirrored the effect of clathrin blockade
strongly suggests a major role of the microtubules network already in
the early steps of internalization.

3.3. Moderate involvement of the actin cytoskeleton in Ky1.5 channel
dynamics and internalization

In hippocampal neurons, preventing actin polymerization with la-
trunculin-A redistributes Ky2.1 channels from cell body to the entire
cell, increases clusters size and decreases clusters number, suggesting a
role for cortical actin in both clusters maintenance and K* channels
localization [15]. Manipulating actin cytoskeleton also affects ion
channels function by altering their trafficking. In HL-1 cells, for ex-
ample, cytochalasin-D increases Ky1.5 surface expression [20]. More-
over, both actin depolymerization and a-actinin2 siRNA increase the
Kyl.5-mediated current and the number of active channels in HEK293
cells. From these observations, it has been suggested that actin cytos-
keleton disruption favors the release of intracellularly anchored-pools
of channels and their subsequent insertion into the plasma membrane
[21]. Similarly, whereas the delivery of connexin-43 at the intercalated
disc was shown to be directly mediated by microtubules, actin-asso-
ciated connexin-43 functions as an alternative trafficking route, pro-
viding a cytoplasmic reservoir recruitable in response to cellular stress
[10,22]. Here, disruption of the actin cytoskeleton affected retrograde
trafficking to similar extent to that of microtubule disruption, but only
slightly affected anterograde trafficking and did not change Ky1.5 dy-
namics in the membrane plane. Since an indirect linkage to the actin
cytoskeleton via a-actinin2 have been reported for Ky1.5 [21], one
could hypothesize that the decrease in detectable moving particles after
cytochalasin-D treatment affects a binding protein that participates in
the labile/transitory maintenance of Ky1.5 channel in the membrane
plane. Taken together these results indicate that the actin cytoskeleton
has a limited role in Ky1.5 channel anterograde trafficking and mem-
brane organization in atrial myocytes, supporting our previous ob-
servation that Ky1.5 channel delivery to the sarcolemma relies more on
the microtubule network rather than on cortical actin cytoskeleton [4].

3.4. Physiological relevance during permanent atrial fibrillation

Changes in channel expression are now recognized as the main
mechanism underlying the altered electrical properties of diseased
myocardium. Furthermore, during AF, Ky1.5 channel expression varies
with arrhythmia duration, as indicated by the observation of a positive
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correlation between channel protein density and the duration of the
sinus rhythm after the last paroxysmal AF episode [23]. Similarly, a fast
and transient increase in Ky1.5 channel expression has been observed
during paroxysmal atrial tachycardia in rats [24]. Moreover, we pre-
viously reported that chronic hemodynamic overload of the atria, an AF
risk factor, stimulates Ky1.5 channel recycling and exocytosis [4]. The
present study suggests that Ky1.5 channel dynamics also contribute to
the complex pattern of Ky1.5 channel expression during disease pro-
gression. Our findings of up-regulated recycling pathways and reduced
clathrin-mediated endocytosis are consistent with an accumulation of
Ky1.5 channels in the sarcolemma of atrial myocytes from patients in
permanent AF. Altogether, these observations fit the AF model based on
the shortening of the APD and ERP as substrate for re-entry wavelets in
the atria [25]. In support of this model for AF, Ky1.5 gain-of-function
mutations have been identified in patients with early-onset lone AF
[26]. Moreover, the induction and maintenance of AF through the
shortening of the ERP has been confirmed in animal models [27-29],
mathematical models [30], and reports of AF induced by gain-of-
function mutations in other cardiac potassium channels including
KCNQ1/KCNE1-2 and KCNJ2 [31-33], Kir2.1 [34], and hERG [35].
Finally, alteration of the microtubule network state, as observed in
remodeled atrial myocytes, could also impact Ky1.5 channel properties;
but further studies are needed to fully elucidate the role of micro-
tubules. Nevertheless, the machinery identified in this study provides
mechanistic insight into how Ky1.5 dynamics play a major role in the
adaptation of atrial electrical properties to modifications of mechanical
and/or homeostatic states of the atrial myocardium, whether in phy-
siological or pathological settings [3,4,11].

4. Materials and methods

An extensive Material and Methods section is available in the Online
Data Supplement.

4.1. Cell preparation, adenoviral infections

Adult rat atrial myocytes were obtained by enzymatic dissociation
on a Langendorff column as previously described [4]. Atrial myocytes
were transduced 24 h after isolation with Ad-human(h)-Ky1.5-EGFP,
Ad-human(h)-Ky1.5-HA, or transfected with siRNA (si-clathrin heavy-
chain). Actin filaments and microtubules were live stained with RFP
fluorescent dyes (CellLight®, Thermofisher). All studies were performed
between 3 and 4 days post-transduction or transfection.

4.2. Electrophysiological measurements

Patch-clamp recordings were performed in the whole-cell config-
uration at room temperature. Detailed solutions and protocols are
available in the Online Data Supplement.

4.3. Deconvolution microscopy and image analysis

Epifluorescence imaging was performed using a Plan APO 60 X Oil,
1.42 NA objective in an Olympus IX-71 microscope. Digital images were
captured in the Z-axis in 0.2 um increments. Images were deconvoluted
using acquired PSF with DeltaVison Elite microscopy system (GE
Healthcare). Fluorescence quantification and colocalization analysis
were performed using ImageJ (NIH) or Imaris 8/9 (Bitplane) softwares.
Stacks of 4 pm-thick were used for perspectives views/volume ren-
dering, otherwise 3 consecutive stacks were used for image analysis.

4.4. Evanescent field microscopy, vesicle tracking and dynamic parameters
Cells were visualized with total internal reflection fluorescence

(TIRF) microscopy using the Olympus Cell™ system as previously de-
scribed [4]. Vesicle tracking was performed using ImarisTrack. Time
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series of 360 images at 20s intervals were acquired for control, sucrose
and colchicine movies; time series of 150 images at 5 s intervals were
acquired for control and cytochalasin-D movies. For measurements of
single particles dynamics, time series of 240 images every 0.5 s were
acquired for all the conditions listed above.

4.5. Generation of SD maps from images series

Standard Deviation (SD) images were constructed from image stacks
containing 30 images corresponding to a time series of 600 s using the
Z-projection/StandardDeviation plugin of ImageJ. The SD map re-
presenting the variation in fluorescence intensity for each pixel location
in the raw images was used to highlight the h-Ky1.5-GFP mobility and
was overlapped with average fluorescence images (fixed: Z-projection/
Average) of cytoskeleton.

4.6. Human samples

In accordance with approval of Institution Ethic Committee, biop-
sies of right atrial appendages were obtained from patients undergoing
cardiac surgery. See Online Data Supplement.

4.7. Statistics

—+

Data are represented as mean = SEM; *: P < .05, **: P < .01 and
: P < .001; ns: not significant.
Supplementary data to this article can be found online at https://

doi.org/10.1016/j.yjmcc.2020.05.004.
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