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A B S T R A C T

Background: The intercalated disc (ID) is important for cardiac remodeling and has become a subject of intensive
research efforts. However, as yet the composition of the ID has still not been conclusively resolved and the role of
many proteins identified in the ID, like Flotillin-2, is often unknown. The Flotillin proteins are known to be
involved in the stabilization of cadherins and desmosomes in the epidermis and upon cancer development.
However, their role in the heart has so far not been investigated. Therefore, in this study, we aimed at identifying
the role of Flotillin-1 and Flotillin-2 in the cardiac ID.
Methods: Location of Flotillins in human and murine cardiac tissue was evaluated by fluorescent im-
munolabeling and co-immunoprecipitation. In addition, the effect of Flotillin knockout (KO) on proteins of the
ID and in electrical excitation and conduction was investigated in cardiac samples of wildtype (WT), Flotillin-1
KO, Flotilin-2 KO and Flotilin-1/2 double KO mice. Consequences of Flotillin knockdown (KD) on cardiac
function were studied (patch clamp and Multi Electrode Array (MEA)) in neonatal rat cardiomyocytes (NRCMs)
transfected with siRNAs against Flotillin-1 and/or Flotillin-2.
Results: First, we confirmed presence in the ID and mutual binding of Flotillin-1 and Flotillin-2 in murine and
human cardiac tissue. Flotillin KO mice did not show cardiac fibrosis, nor hypertrophy or changes in expression
of the desmosomal ID proteins. However, protein expression of the cardiac sodium channel NaV1.5 was sig-
nificantly decreased in Flotillin-1 and Flotillin-1/2 KO mice compared to WT mice. In addition, sodium current
density showed a significant decrease upon Flotillin-1/2 KD in NRCMs as compared to scrambled siRNA-
transfected NRCMs. MEA recordings of Flotillin-2 KD NRCM cultures showed a significantly decreased spike
amplitude and a tendency of a reduced spike slope when compared to control and scrambled siRNA-transfected
cultures.
Conclusions: In this study, we demonstrate the presence of Flotillin-1, in addition to Flotillin-2 in the cardiac ID.
Our findings indicate a modulatory role of Flotillins on NaV1.5 expression at the ID, with potential consequences
for cardiac excitation.
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1. Introduction

Maladaptive cardiac remodeling, compromised propagation of the
electrical impulse and heart disease are often associated with altera-
tions in the intercalated disc (ID), which is the mechanical and elec-
trical contact region between adjacent cardiomyocytes [1]. The major
structures in the ID are gap junctions, adherens junctions, desmosomes
and ion channels [2]. Gap junctions enable the electrical coupling be-
tween cardiomyocytes and allow small molecules to pass from one
cytosol to the other. The main gap junction protein in the ventricles is
Connexin-43 (Cx43) [3]. Adherens junctions and desmosomes are re-
sponsible for the mechanical coupling, connecting actin filaments of
adjacent cardiomyocytes and linking the cell to the intermediate fila-
ments, respectively. Ion channels, such as the sodium channel NaV1.5,
enable excitation of the cardiomyocytes [4].

Despite the accumulating knowledge of the ID, its exact content and
composition is not yet fully understood. Recently, a proteomics study,
in which enriched cardiac membrane fractions were analyzed and the
obtained data were subjected to system biology approaches, revealed
various proteins to be present in the cardiac ID. For many of those
proteins, the precise location and function in the heart were thus far
unknown. One of these proteins was Flotillin-2, for which the locali-
zation at the ID was confirmed by immunohistochemical staining of
human, murine, rat and canine cardiac tissue sections. Moreover,
Flotillin-2 in the ID was suggested to be increased in patients with
Arrhythmogenic Cardiomyopathy (ACM) and Dilated Cardiomyopathy
(DCM), as compared to control specimens, thereby proposing a role in
cardiac remodeling during disease [5].

The Flotillin protein family consists of Flotillin-1/Reggie-2 and
Flotillin-2/Reggie-1. Flotillins are highly conserved among species and
expressed in almost all vertebrate cell types [6–8]. Both Flotillins are
homologous proteins with an amino acid sequence identity of about
50%. The proteins consist of two parts: the N-terminus that mainly
regulates their membrane interaction and the C-terminus that is re-
sponsible for oligomerization and most protein interactions known so
far [9]. In general, Flotillin-2 is predominantly detected at the cell
membranes. Although it does not contain a transmembrane domain, it
is associated with the membrane by means of myristoylation and pal-
mitoylation [7,10,11]. Due to lack of myristoylation and only a single
palmitoylation site, Flotillin-1 is a more soluble protein and next to the
cell membrane also present in intracellular organelles like the nucleus
and the Golgi complex [10,12–14]. At the plasma membrane, Flotillins
co-assemble and form stable clusters, distributed over the cell-cell
contacts of most cells [7,15]. After hetero-oligomerization, Flotillins
can translocate to intracellular compartments, where Flotillin-2 has
been reported to stabilize Flotillin-1 [16–18]. Short interfering RNA
mediated decrease of Flotillins therefore also results in a reduction of
the other Flotillin, and Flotillin-2 KO or depletion in cells also seems to
induce degradation of Flotillin-1, suggesting redundancy or dependency
between the family members. [16,19,20]

Although Flotillins are known to play a role in various cellular
processes, such as e.g. cell-cell and cell-matrix adhesion, and membrane
trafficking, their behavior in the heart has not yet been thoroughly
studied [14,19–25] Remarkably, despite the evidence for the im-
portance of Flotillins in many cellular processes, Flotillin-1, Flotillin-2
and Flotillin1/2 KO mice are viable and global KO in all cell types does
not show a major phenotype [26].

In the context of pathophysiology, Flotillins are primarily known for
their role in cancer where they promote tumorigenesis and metastasis
[27–31], while Flotillin-2 deficiency in turn causes a reduction in tu-
morigenicity and e.g. lung metastases [32].

Interestingly, as discovered in cancer research, expression of
Flotillins seems to be important for the formation, organization and
stabilization of adherens junctions and desmosomes [23,33,34]. Flo-
tillins are able to co-immunoprecipitate with N-Cadherin (Ncad), α-
Catenin, β-Catenin, E-Cadherin, Plakoglobin and Desmoglein (DSG)

[20,23,34,35]. Flotillin knockdown (KD) in epidermoid carcinoma cells
appears to regulate E-Cadherin recycling, and results in weakening of
the desmosomal adhesion [20,23,34]. However, it is not known if these
interactions also take place in cardiac tissue, and the influence of Flo-
tillins on other components of the ID or on cardiac excitation and
conduction has not yet been studied.

In the present study, we aimed at identifying the role of Flotillin-1
and Flotillin-2 in the heart. We therefore studied their presence in
human cardiac specimen and investigated their relationship to the ID.
We specially focused on the potential relationship of Flotillins with
functionality of desmosomal and adherens junction proteins, but also
with the gap junction protein Cx43 and the sodium channel NaV1.5.
Furthermore, we used a knockout (KO) mouse model and cultured
neonatal rat cardiomyocytes (NRCMs) treated with siRNAs to explore
potential consequences of Flotillin deficiency for cardiac remodeling,
excitation and conduction.

2. Material & methods

To investigate the role of Flotillin-1 and Flotillin-2 in the heart,
different models were used: 1) Human left ventricular cardiac tissue
from one healthy control and one patient with ACM 2) Hearts from
wildtype (WT) mice, Flotillin-1 KO, Flotillin-2 KO and Flotillin-1/2 KO
mice, and 3) Ventricular NRCMs, which were either untreated (control)
or transfected with a scrambled siRNA (scrambled), siRNA against
Flotillin-1 (Flotillin-1 KD), siRNA against Flotillin-2 (Flotillin-2 KD) or
both siRNAs (Flotillin-1/2 KD).

2.1. Origin of material and ethical statements

The study met the criteria of the code of proper use of human tissue
that is used in the Netherlands. Human cardiac specimens were ob-
tained from the Cardiac tissue bank of the Department of Pathology,
University Medical Center Utrecht, the Netherlands. The procedure of
obtaining human samples was approved by the scientific advisory board
of the biobank of the University Medical Center Utrecht (protocol no.
12/387).

Genetically engineered Flotillin-2 KO mice were generated as de-
scribed by Banning et al. [27] Briefly, exon one was deleted using a Cre-
Lox-system and KO was confirmed by Southern Blot. Flotillin-1 KO mice
were published in Ludwig et al. [36] Flotillin-1/2 double KO mice were
created by cross-breeding of the single KO mice. All procedures with
laboratory animals used in this study have been declared to the Animal
Welfare Office of the Justus-Liebig-University Giessen (registry number
575_M). The mice were treated in strict accordance with the re-
commendations of the Guide for the Care and Use of Laboratory Ani-
mals of the National Institutes of Health and of local authorities. All
animals were sacrificed by cervical dislocation after deep isoflurane
anesthesia to ensure minimal suffering. After sacrifice hearts were snap
frozen in liquid nitrogen and stored at −80 °C. Male and female mice
from the following groups were used for experiments and analyses: WT
mice (n = 9, age 5.1 ± 0.1 months), Flotillin-1 KO mice (n = 7, age
5.4 ± 0.1 months), Flotillin-2 KO mice (n = 6, age 4.9 ± 0.6 months)
and Flotillin-1/2 KO mice (n = 8, age 4.8 ± 0.1 months).

For the isolation of NRCMs, pregnant Wistar RCC rats were pur-
chased from Envigo, The Netherlands. Experiments on neonatal rats
were conducted with consent of the Experimental Animal Ethics
Committee of the Utrecht University, the Netherlands.

2.2. Isolation of ventricular neonatal rat cardiomyocytes

NRCMs were isolated from hearts of 1- to 2-day old Wistar rats.
Neonatal rats were sacrificed by decapitation, hearts were excised
aseptically, and vessels and atria were removed. Ventricles were wa-
shed in Solution A (Hanks' Buffered Salt Solution-based medium) and
minced into small pieces of ± 2 mm3. Tissue pieces were then

E.L. Kessler et al. Journal of Molecular and Cellular Cardiology 126 (2019) 86–95

87



transferred into a sterile glass bottle containing 14 mL Solution-A sup-
plemented with 2.5% Trypsin (Gibco by Life Technologies, Breda, The
Netherlands) and 10 μg/mL DNAse (Gibco), and shaken in a water bath
set to 37 °C for 15 min. Next, the solution was mixed by pipetting up
and down and the supernatant was transferred into a sterile 50 mL tube.
Fresh enzyme solution was added to the sediment and again shaken for
15 min. The tube containing supernatant was centrifuged for 3 min at
1100 rpm without brake, supernatant was discarded, and the pellet was
dissolved in Ham's F10 medium (Thermo Fisher Scientific, Breda, The
Netherlands) without calcium and magnesium. This was repeated 4–5
times until all tissue pieces were dissolved and all supernatants were
collected.

To remove cell debris, cells were filtered and pre-plated in uncoated
culture dishes for 2 h to enrich the myocyte population, and to remove
fibroblasts and other non-cardiomyocytes. Afterwards, cells were col-
lected by centrifugation for 3 min at 1100 rpm with brake, and 10 mL
fresh Hams' F10 supplemented with 5% fetal calf serum (Lonza,
Verviers, Belgium), penicillin/streptomycin (Lonza) and L-Glutamine
(Lonza) was added. Then, cells were counted and cultured on laminin-
coated (Roche, Mannheim, Germany) cell culture dishes at a density of
250.000 cells/cm2 for Western Blotting, on transparent Multi Electrode
Array (MEA) plates (Axion Biosystems Inc., Atlanta, USA) at a density
of 1.15 × 106 cells/cm2 to create a monolayer, or at a density of 12.500
cells/cm2 for patch clamp. Twenty-four hours after plating, medium
was changed.

2.3. Fluorescent immunolabeling

Immunolabeling of 10 μm thick human or murine four-chamber-
view cryo sections was performed as described previously [37], using
mouse monoclonal antibodies against pan-cadherin (1:800, Sigma-Al-
drich, St. Louis, USA) and Cx43 (1:250, BD Transduction Laboratories,
Breda, The Netherlands), and rabbit polyclonal antibodies against Flo-
tillin-1 (1:100, Sigma-Aldrich). Secondary labeling was achieved by
appropriate fluorescein isothiocyanate (FITC, 1:250) or Alexa Fluor 594
(1:100) conjugated anti-mouse or anti-rabbit whole IgG antibodies
(Jackson ImmunoResearch Europe, Newmarket, United Kingdom).
Pictures were taken using a Leica SP8 X white light laser confocal mi-
croscope and a 63× objective with or without digital zoom and the
Leica Software LAS X.

2.4. Immunoblotting

Immunoblotting was performed as described previously [37]. Total
cardiac cellular protein from mice (WT, Flotillin-1 KO mice, Flotillin-2
KO mice and Flotillin-1/2 KO mice) was blotted. For immunoblotting of
siRNA experiments, ventricular NRCMs were plated on 24 wells plates
and scraped 24 h after transfection. Cells were lysed in a stringent lysis
buffer supplemented with protease inhibitors.

All protein samples were separated on a 10% (or 7% for NaV1.5) SDS-
PAGE gel, electro-transferred on nitrocellulose membranes and blocked
with 5% milk powder or 5% bovine serum albumin. Equal efficiency of
protein transfer was assessed by a Ponceau-S staining. Membranes were
incubated with mouse monoclonal antibodies against pan-cadherin
(Ncad, 1:10000, Sigma-Aldrich), DSG-2 (1:1000, Progen, Heidelberg,
Germany), Plakophilin-2 (PKP2; 1:250, Progen), Plakoglobin (1:4000,
Sigma-Aldrich), Desmocollin-2 (DSC-2; 1:500, Millipore, Temecula, CA,
USA), Cx43 (1:250, BD Transduction) or Cx43 (1:250, Invitrogen,
Camarillo, USA), and NaV1.5 (1:250, Sigma-Aldrich), and rabbit poly-
clonal antibodies against Flotillin-1 (1:250, Sigma-Aldrich) and Flotillin-
2 (1:250, Thermo Scientific). Secondary labeling was performed with an
HRP-conjugated anti-mouse whole IgG antibody (1:7000, Jackson
ImmunoResearch Laboratories Inc., Newmarket, United Kingdom) or an
HRP-conjugated anti-rabbit whole IgG antibody (1:7000, BioRad
Laboratories, Hercules, USA). Detection was performed using standard
ECL procedure (Santa Cruz Biotechnology Inc., Heidelberg, Germany)

with ChemiDoc XRS system (BioRad Laboratories). Quantification ana-
lysis was performed using ImageJ 1.48v software (National Institutes of
Health, USA), where the protein of interest was corrected for the corre-
sponding area taken from the Ponceau-S staining.

2.5. Real-time quantitative PCR

Real-time quantitative PCR (RT-qPCR) on cardiac murine tissue was
performed using TaqMan Gene Expression Assays (Applied Biosystems
by Life Technologies Corp., Carlsbad, CA, USA) as described earlier [38].
Relative murine mRNA expression levels were determined for Flotillin-2,
Flotillin-1, Collagen 1α1 (Col-1α1), Collagen 1α2 (Col-1α2), Collagen
3α1 (Col-3α1), brain natriuretic peptide (BNP), Ncad, Plakoglobin, DSP,
DSG-2, Cx43, NaV1.5 and L-type Ca-channel (all from Applied Biosystems
by Life Technologies Corp., Carlsbad, USA). Geometric mean of GAPDH,
Beta-2 microglobulin (B2m) and TATA-binding protein (Tbp) (Applied
Biosystems) were used as internal controls, since the levels did not differ
between group samples (for assay-IDs see Supplementary Table 1).

2.6. Histochemistry

To visualize cardiac fibrosis in murine hearts, 10 μm thick four-
chamber-view cryo sections that were fixated in paraformaldehyde
were stained with 0.1% Picrosirius Red solution, as described pre-
viously [39]. After staining, sections were digitally scanned using
Aperio ScanScope XT (Leica Microsystems BV, Son, The Netherlands)
and pictures were taken using NDPview2 (Hamamatsu Photonics KK,
Shizuoka, Japan). The amount of fibrosis was determined using ImageJ
1.48v software (National Institutes of Health, USA), where the per-
centage of fibrosis was calculated as the fibrosis positive signal in the
ventricles relative to the total ventricular surface area.

2.7. Co-immunoprecipitation of Flotillins

To investigate potential binding partners of Flotillins, co-im-
munoprecipitations (Co-IPs) were performed. Frozen murine hearts and
human cardiac tissue were pulverized and incubated in IP-buffer (20 mM
HEPES, 125 mM NaCl, 10% glycerol, 1 mM EDTA, 1 mM EGTA, 1 mM
dithiothreitol, 1% Triton X-100 pH 7.6, freshly added 50 mM NaF, 1 mM
Na3VO4, 1 mM PMSF and 1 μg/mL aprotinin from bovine lungs (Sigma-
Aldrich) for 15 min at room temperature. Lysate was centrifuged for
10 min at 14.000 rpm and protein concentration was measured in the
supernatant. Co-IP samples of 1 mg protein were first incubated (pre-
cleared) with protein A- and G-agarose beads (Sigma-Aldrich) for one hour
and centrifuged for 1 min at 1000 rpm. The centrifuged beads were used to
generate pre-cleared samples in order to exclude that proteins would be
able to bind to the beads without presence of any antibodies. The super-
natant was distributed over two tubes and one part was incubated with
1 μg antibody (Flotillin-1 (Sigma-Aldrich) or Flotillin-2 (Cell Signaling
Technology and Thermo Scientific)) for 2 h. The other part was incubated
without primary antibodies in order to check, whether the secondary
antibody could be able to a-specifically bind to the protein. Afterwards,
protein A- and G-agarose beads were again added and incubated over-
night. The next day, after centrifugation, the pellet was washed with IP-
buffer and the supernatant was used for Immunoblotting.

2.8. Flotillin knockdown in NRCMs by siRNA transfection

Seventy-two hours after NRCM isolation, cells were transfected
using Lipofectamine RNAiMAX (Thermo Fisher Scientific) with either
50 nM siRNA against Flotillin-1 ((ID 64665) Trilencer-27 Rat siRNA
(SR514199), Origene Technologies, Inc.), 20 nM siRNA against
Flotillin-2 ((ID 83764) Trilencer-27 Rat siRNA (SR 500907), Origene
Technologies, Inc.) or both. Transfection with 10 nM scrambled siRNA
(Trilencer-27 Universal Scrambled Negative Control siRNA duplex (SR
30004)) and non-transfected cells were used as controls. From every
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experiment, a few wells were used to validate the efficiency of trans-
fection by Western Blot (see Fig. 4A).

2.9. Patch clamp electrophysiology

NRCMs were plated on laminin-coated (Roche) cell culture dishes
and transfected with siRNAs (scrambled or Flotillin1/2 KD). Peak inward
sodium current (INa) measurements were performed 24 h post transfec-
tion as previously described using a HEKA EPC-10 USB amplifier (HEKA,
Lambrecht, Germany) controlled by PatchMaster 2 × 90.2 [40]. Ex-
periments were performed at 20 °C using a bath solution containing (in
mmol/L): NMDG 140, KCl 4, CaCl2 1, MgCl2 1, glucose 6, NaHCO3 17.5,
HEPES 15, pH 7.4/HCl. Pipette buffer contained CsCl 120, TEACl 10,
MgCl2 3, CaCl2 1, Na2ATP 2, EGTA 10, HEPES 5, pH 7.2/CsOH.

Peak current-voltage plots of individual recordings were fit with an
equation describing sodium channel activation following the Hodgkin-
Huxley formalism (I(V) = GNa, max * (Vm – Erev) * 1/(1 + exp(−(−Vm –
Vhalf)/ Slope))^3). Subsequently, parameters resulting from the fitting
procedure (GNa,max, Erev, Vhalf and Slope) were compared between the
group treated with scrambled siRNA and that with siRNA targeting
Flotillin-1 and Flotillin-2. Fitting of current-voltage plots was done
using Fitmaster 2 × 90.2.

2.10. Multi-electrode array (MEA) recordings

Electrical activity of the NRCM monolayers 96 h after plating (either
transfected or not) was measured using laminin-coated 48-well MEA
plates. Each well contained 16 nano-textured gold microelectrodes
(~40–50 μm in diameter; 350 μm center-to-center spacing) with four in-
tegrated ground-electrodes, resulting in an array of 768 microelectrodes
(Axion Biosystems Inc.). Before starting the recordings, cells were allowed
to stabilize in the system for 5 min. Signals were recorded using a Maestro
768-channel amplifier with integrated heating system and temperature
controller (constant temperature of 37 °C). Axion's Integrated Studio (AxIS
Maestro v2.1) was used to manage data acquisition.

Raw data files on the spontaneously beating cardiomyocytes were
recorded with Maestro acquisition settings with a sampling frequency
of 12.5 kHz/channel using cardiac low amplitude settings (1200× gain,
0.1–200 Hz band-pass filter).

Raw data files were re-recorded and spikes were detected using the
AxIS spike detector with a minimum/maximum cycle length of 250 ms/
5 s. Further analyses on cycle length (ms), spike amplitude (mV), spike
slope (μV/s) and conduction velocities (cm/s) were performed on 30
consecutive beats per well of the re-recorded files. Activation maps
were reconstructed from moments of activation for each electrode in all
wells using Matlab2017b. Data from seven experiments were combined
using a factor correction method as described in Ruijter et al. [41]

2.11. eQTL analysis of Scn5a-1798insD/+ mice

We tested correlation between Flotillins and electrocardiogram mea-
surements in a conduction disease-sensitized F2 mouse progeny obtained
by intercrossing mice carrying the Scn5a-1798insD/+ mutation from two
separate genetic backgrounds (i.e. FVB/N and 129P2) for two generations
[42]. Surface ECG parameters and left ventricular microarray data were
available for 109 F2 mice, allowing for assessment of correlation between
mRNA expression levels and conduction indices [43].

2.12. Statistics

Data are expressed as mean ± standard error of the mean (SEM).
Statistical analyses were performed using appropriate parametric or non-
parametric tests (students t-test or one-way ANOVA followed by Tukey's
multiple comparisons test or Kruskal-Wallis followed by Dunn's multiple
comparison test). All analyses were performed with GraphPad Prism 6.0
(GraphPad Software Inc., La Jolla, USA) or IBM SPSS Statistics for

Windows 20.0 (Chicago, USA). For eQTL analysis, transcripts were tested
for correlations with the respective ECG indices. Spearman's correlation
coefficients (rho) were generated with a commercial program IBM SPSS
16.0. A value of p < .05 was considered statistically significant.

3. Results

3.1. Flotillins are expressed in the heart and located in the cardiac
intercalated disc

In a previous study, we confirmed the presence of Flotillin-2 in the
ID of human and animal cardiac tissue, where it was significantly ele-
vated in patients with DCM and ACM [5].

Fig. 1A shows that next to Flotillin-2, also Flotillin-1 is present in
human and murine IDs where it substantially colocalizes with Ncad, as
well as with Cx43 (Fig. 1B). Immuno precipitations confirmed that in
murine and human cardiac tissue (of a control and an ACM patient),
both Flotillins interact with each other (Fig. 1C, left panel for human
tissue; right panel for murine tissue).

3.2. Flotillin deficiency reduces NaV1.5 expression in absence of structural
remodeling

Total KO of Flotillin-1, Flotillin-2 or both Flotillins in genetically
engineered mice was confirmed by Western Blot and RT-qPCR (Fig. 2A
and B, respectively). KO of Flotillin-1 caused a decrease in Flotillin-2
protein levels, and the inverse was also true for the Flotillin-2 KO mice
(Fig. 2A). Though qPCR data suggest a similar trend, the slight reduc-
tions in mRNA were not significant (Fig. 2B).

No overt structural changes were seen in either Flotillin-1, Flotillin-
2 or Flotillin double KO mice, and no increased fibrosis was detected by
Sirius Red staining (Supplementary Fig. 1A and B). In line with that,
mRNA levels of collagens were unchanged, except for Col-1α1, which
was significantly increased in Flotillin-1/2 double KO mice, as com-
pared to Flotillin-1 KO mice (Supplementary Fig. 1C). Furthermore,
mRNA levels of the hypertrophic marker BNP were similar in all groups
(Supplementary Fig. 1C).

Since Flotillins have previously been reported to influence Ncad,
Plakoglobin and DSG-2 in epithelial cells, myoblasts or keratinocytes
[20,34], we studied the consequences of Flotillin KO on their mRNA
and protein levels. However, no significant changes in protein levels
were seen in Ncad or Plakoglobin or their respective mRNA levels
(Fig. 2C and D, respectively), with the exception of a significant in-
crease of DSG-2 mRNA in Flotillin-1/2 KO mice, as compared to WT
mice (Fig. 2D). Other ID proteins, such as PKP2 and DSC-2 were also
unchanged (data not shown).

In addition, protein and mRNA levels of Cx43 and NaV1.5 were
evaluated. Protein levels of NaV1.5 were significantly reduced in
Flotillin-1 and Flotillin-1/2 KO mice compared to WT animals (Fig. 3A
and B). Cx43 protein and Cx43 dephosphorylated at serine 368 (de-
signated as Cx43NP), were not altered upon Flotillin KO (Fig. 3B), and
mRNA levels of Gja1 (Cx43) and Scn5a (NaV1.5) were not changed
(Fig. 3C). The observed decreased NaV1.5 expression in Flotillin KO
mice suggests a potential modulatory role of Flotillins in cardiac con-
duction. To explore this further, we made use of existing data from a
previous study (see 2.11). This revealed a significant negative correla-
tion between LV expression levels of Flotillin-1 and QRS-duration
(probe 1: rho = −0.3446, p = .00012; probe 2: rho = −.1784,
p = .051) was observed, but not between Flotillin-1 and heart rate, PR-
interval, or QTc-duration. These findings suggest a modulatory effect of
Flotillin-1 on cardiac electrical function, in particular ventricular con-
duction. Given these findings, we next investigated the functional
consequences of Flotillin deficiency with respect to sodium channel
function, conduction, and excitability. For that, NRCMs were trans-
fected with siRNAs against Flotillin-1 and/or Flotillin-2 followed by
patch clamp and MEA analysis.

E.L. Kessler et al. Journal of Molecular and Cellular Cardiology 126 (2019) 86–95

89



3.3. Functional consequences of Flotillin knockdown

To test the functional consequence of Flotillin KD on impulse pro-
pagation and excitability, NRCMs were transfected with siRNAs against
Flotillin-1 or Flotillin-2 and functional measurements were performed.
Treatment of NRCMs with siRNAs against Flotillin-1 or Flotillin-2, but
not with scrambled siRNAs, resulted in a partial KD of both proteins
(Fig. 4A). The knockdown of Flotillin-2 considerably reduced the amount
of Flotillin-2, with a concomitant reduction of Flotillin-1. However,
Flotillin-1 siRNA resulted in only a modest reduction of Flotillin-1

expression and a clear reduction in Flotillin-2. Double transfection of the
siRNAs also resulted in a modest reduction of both Flotillins.

To establish effects on sodium channel function, patch clamp mea-
surements were performed (Fig. 4B). Since NaV1.5 protein levels were
mainly reduced in Flotilin-1 and Flotillin-1/2 KO mice and spike am-
plitude was reduced in Flotillin-2 KD monolayers, these experiments
were performed on scrambled and Flotillin-1/2 KD cells. Peak inward
sodium current appeared to be significantly decreased in Flotillin-1/2
KD cells compared to scrambled cells (Fig. 4B) at test potentials be-
tween −20 and + 25 mV. Fitting the current-voltage relationships of

Fig. 1. Flotillins in the ID and in cardiac tissue before and after cardiac remodeling.
A) Representative images of N-Cadherin (Ncad; red) and Flotillin-1 (green) co-localization in human and murine control intercalated discs. B) Representative images
of Connexin-43 (Cx43; red) and Flotillin-1 (green) co-localization in human and murine control intercalated discs. Left picture is taken with a 63× objective. Other
pictures are zoomed in on the white square indicated in the left pictures. C) Representative Western Blots of Co-immunoprecipitations on human tissue from a Control
and an Arrhythmogenic Cardiomyopathy (ACM) patient (left panel) and murine tissue (right panel) for Flotillin-1 and Flotillin-2 using Flotillin-1 (Sigma) and
Flotillin-2 (Thermo Scientific) antibodies to fish.
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individual cells confirmed reduced macroscopic sodium channel con-
ductance (GNa, max 582 ± 60 vs. 388 ± 67 V−1, scrambled and Flo-
tillin-1/2 KD respectively, p < .05), but found no differences in re-
versal potential (Erev), Vhalf or slope factor (see Table 1).

In order to assess potential effects on impulse propagation, MEA
experiments were performed on control, scrambled, Flotillin-1 KD,
Flotillin-2 KD and Flotillin 1/2 KD NRCMs. Supplementary Fig. 2 shows
examples of field potentials recorded from 16 electrodes (left) and one
electrode (right). Characteristics that could be extracted are the cycle
length (s), spike amplitude (mV), slope of the signal (μV/s) and con-
duction velocity (cm/s). Field potentials are extracellularly recorded
reflections of cellular action potentials fired within the context of the
multicellular preparation. Spike slope showed a slight tendency to be
decreased after KD of Flotillins as compared to control cells and
scrambled cells (Fig. 4D). This was particularly seen after Flotillin-2 and
-1/2 KD. Since the Flotillin-1 knockdown efficiency was only modest, it
is not possible to conclude if Flotillin-1 ablation also would result in
similar changes. Spike amplitude, which can be affected by several
factors (including gap junctional coupling, monolayer geometry and
cardiomyocyte excitability), was only significantly reduced after Flo-
tillin-2 KD (Fig. 4E). Cycle length and conduction velocity were un-
changed after siRNA treatment (Fig. 4C, F and G).

4. Discussion

Given their high evolutionary conservation, Flotillins are thought to
have important cellular functions [44]. As mentioned earlier, Flotillins
play, among others, a role in membrane trafficking, cell-to-cell cou-
pling, adherens junction and desmosomal adhesion, and are involved in
various forms of cancer [45].

We have previously shown for Flotillin-2 [5], and in this study for
Flotillin-1 that they are present in the cardiac ID and bind to each other
(Fig. 1A and B). Beyond this observation, their biological role within
cardiomyocytes and their potential involvement in cardiac remodeling
during disease has not yet been investigated. In our current study, we
aimed at investigating the involvement of Flotilin-1 and Flotillin-2 in
cardiac function with special attention to their potential role in elec-
trophysiological characteristics.

Previously, it has been shown that Flotillin KO did not cause any
phenotypical defects in drosophila, but Flotillin overexpression leads to
disturbances in cell-to-cell adhesion molecules [18]. Also in the mouse
hearts that we studied, no overt structural aberrancies could be de-
tected, as the hearts were not hypertrophied, nor contained elevated
levels of fibrosis (Supplementary Fig. 1). Although it has been shown
that cadherin stabilization at the cell-to-cell junctions of myoblasts and
breast cancer cells is Flotillin-dependent,28 in our study, Flotillin KO did
not seem to affect total Ncad protein and mRNA levels (Fig. 2C and D).

Moreover, Flotillins have been reported to stabilize Desmogleins at
the cell-to-cell junctions, and it has been shown that loss of Flotillins
causes weakening of desmosomal junctions in keratinocytes due to a
more rapid turnover of Desmoglein-3 (DSG-3) [20]. In the heart, DSG-2
instead of DSG-3 is the main Desmoglein, but its protein levels were
unchanged after Flotillin KO. Fluorescent immunohistochemistry for
DSG-2 did not show differences in the localization between WT and KO
mice (data not shown). On the other hand, previous studies have in-
dicated that desmosomal dysfunction initiates cardiac remodeling and
in particular dilated cardiomyopathy [46–48]. The fact that Flotillin-1,
Flotillin-2 and double KO hearts did not show any structural alterations
suggest that indeed desmosomal integrity at the ID was not profoundly
impaired, or additional stressors are necessary to induce detectable

Fig. 2. Molecular ID changes upon Flotillin knockout in mice.
A) Representative Western Blot of Flotillin-1 and Flotillin-2 with respective Ponceau staining in wildtype (WT), Flotillin-1 knockout (KO), Flotillin-2 KO and Flotillin-
1/2 KO mice. B) Relative mRNA expression of Flotillin-1 and Flotillin-2 assessed by RT-qPCR in WT, Flotillin-1 KO, Flotillin-2 KO and Flotillin-1/2 KO mice. C)
Quantitative protein expression of N-Cadherin (Ncad), Plakoglobin and Desmoglein-2 (DSG-2) relative to Ponceau in WT, Flotillin-1 KO, Flotillin-2 KO and Flotillin-
1/2 KO mice. D) Relative mRNA expression of Ncad, Plakoglobin and DSG-2 and Flotillin-2 assessed by RT-qPCR in WT, Flotillin-1 KO, Flotillin-2 KO and Flotillin-1/
2 KO mice. n indicates the number of mice per group. * p < .05 and ** p < .01 compared to WT, ## p < .01 compared to Flotillin-1 KO and & p < .01 compared
to Flotillin-2 KO.
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alterations. In line with that assumption, most other cardiac ID proteins
seemed to be unaffected by the KO (Fig. 2C and D and Fig. 3B and C).

Interestingly, protein levels of the sodium channel NaV1.5 were sig-
nificantly reduced in Flotillin-1 and Flotillin-1/2 KO compared to WT
mice (Fig. 3A), although mRNA levels were unchanged, suggesting that
Flotillin-1 could be involved in trafficking of NaV1.5 to, or recycling from
the membrane rather than in transcriptional regulation. Changes in ex-
pression and functionality of NaV1.5 leading to disturbances of the
electrical excitability of cardiomyocytes are observed in various cardiac
diseases, such as long QT syndrome, Brugada syndrome and ACM
[49,50]. In a cohort of patients with ACM, but without any known mu-
tations, we therefore searched for rare Flotillin variants and found one
male patient (NYHA III, ejection fraction of 25%, persistent atrial fi-
brillation and recurrent ventricular tachyarrhythmia, no coronary artery
disease, diabetes, stroke and implantable cardiac defibrillator received in
2010) with an exonic Flotillin-2 variant (p.L398 M). Unfortunately, the
patient had no siblings or family members to investigate, but his father
died at the age of 36 years after hospitalization due to a cardiac event.
This supports the hypothesis that Flotillins could modulate the integrity
of the ID in disease, since ACM is considered a disease of the ID.

To investigate the effect of Flotillin reduction or absence on cardiac
function, Flotillin KD was achieved in cultured NRCMs as depicted in
Fig. 4A. To test whether sodium current density was reduced in Flotillin
KD cells, patch clamp experiments were performed on these NRCMs. Al-
though the KD in those cells was only partial in comparison to the total KO
in the mouse models, still this Flotillin-1/2 KD resulted in a significantly
decreased peak sodium current (Fig. 4B), which indicates that Flotillins are
involved in regulating cardiac excitability. Moreover, Flotillin-2 and-1/2
KD resulted in a slight tendency of a reduction in field potential spike slope

(Fig. 4D) as compared to control and scrambled cells, which may suggest
reduced cardiomyocyte excitability, but due to the multicellular nature of
the preparation it is not possible to exclude alternative influences that can
have similar effects on field potential morphology, such as gap junctional
coupling and variations in culture geometry. Given the very modest KD of
Flotillin-1, it is difficult to address whether Flotillin-1 is able to affect
sodium channel function directly or whether the effects are primarily
caused via the interplay between the two Flotillins.

Intriguingly, lipid rafts containing both Flotillins, NaV1.5 and sev-
eral potassium channels, are known to play a role in cell membrane
excitability [51]. It has been hypothesized that NaV1.5 in lipid rafts
forms a reservoir for functional sodium channels and can be recruited
when needed [52]. We may speculate that Flotillin KO or KD therefore
hampers the recruitment of NaV1.5 to these functional sodium chan-
nels, or even leads to its increased degradation. This is supported by the
fact that we do not see changes in mRNA levels of NaV1.5, but its
protein levels of are reduced and the excitability of NRCMs is altered.

Surprisingly, high levels of NaV1.5 are found in cancer cells and the
level of their expression and their activity is related to the aggressive-
ness of the cancer and the formation of metastases [53]. Interestingly,
also Flotillin expression is increased in various forms of cancer, which
could result in an upregulation of NaV1.5 and in turn lead to more
metastases [29–32]. In this study, we showed that Flotillin KO causes a
decrease in NaV1.5, which indeed provides fuel to speculate that NaV1.5
levels might play a role in the Flotillin-induced effect on metastases.

Lastly, conduction velocity was not affected after Flotillin KD
(Fig. 4F and G), in line with unaltered Cx43 mRNA and protein levels
seen after KO in mice (Fig. 3B and C). Earlier studies have demonstrated
that conduction velocity is maintained despite reduced sodium channel

Fig. 3. Effect of Flotillin KO on Cx43 and NaV1.5.
A) Representative Western Blot with respective Ponceau staining (left) and quantitative protein expression (right) of NaV1.5 relative to Ponceau in WT, Flotillin-1 KO,
Flotillin-2 KO and Flotillin-1/2 KO mice. B) Quantitative protein expression of Cx43 (grey bars) and Cx43NP (black bars) relative to Ponceau in WT, Flotillin-1 KO,
Flotillin-2 KO and Flotillin-1/2 KO mice. C) Relative mRNA expression of Gja1 (Cx43) and Scn5a (NaV1.5) assessed by RT-qPCR in WT, Flotillin-1 KO, Flotillin-2 KO
and Flotillin-1/2 KO mice. n indicates the number of mice per group. * p < .05 and ** p < .01 compared to WT.
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function, [54–56] and that it only reduces when other factors con-
tributing to conduction (reduced gap junctional coupling and enhanced
fibrosis) are also affected. Although the relationship between Cx43 and
NaV1.5 has been shown in several studies, especially in combination
with alterations in PKP2 [57–61], this does not seem to be of influence
in the Flotillin KO mice or the siRNA treated cultured NRCMs in this
current study. The fact that PKP2 and Cx43 were unchanged in the KO
mice suggests that the reduction of NaV1.5 and the resulting electrical

alterations are related to a different mechanism, possibly involving
lipid rafts that contain Flotillins.

5. Conclusion

In this study, we have shown that Flotillins reside in the cardiac ID
and bind to each other in murine and human cardiac tissue. Flotillin KO

Fig. 4. Field potential changes upon Flotillin knockdown (KD) in Neonatal Rat Cardiomyocytes.
A) Representative Western Blot of Flotillin-1 and Flotillin-2 with respective Ponceau staining in control, scrambled, Flotillin-1 knockdown (KD) and Flotillin-2 KD
neonatal rat cardiomyocytes (NRCMs). B) Measured peak inward sodium current (pA/pF) in scrambled (circles) and Flotillin-1/2 KD (squares). C) Cycle length (s). D)
Signal slope (μV/s). E) Signal amplitude (mV). F) Conduction velocity (cm/s). G) Representative activation maps measured by MEA. Colors represent the timepoint of
activation. Earliest activation is depicted in red, latest in blue. Colour code is depicted on the right. n indicates the number of cells in B and wells in C–F per group. *
p < .05 and ** p < .01. Numbers on the x-axis and y-axis in panel 4G refer to the electrode position.
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and KD alter the levels of NaV1.5 protein and the sodium current,
without any obvious structural adaptations in KO mice. Thus, Flotillins
seem to influence the functionality of NaV1.5, and therefore also car-
diac excitability, at least by modulation of the NaV1.5 reserve or in an
as yet undiscovered way. Finally, Flotillins may serve as potential
candidate genes to investigate mutation-negative ACM patients.
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