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Introduction: Human induced pluripotent stem cell (hiPSC)-derived cardiomyocytes are being evaluated for their
use in pharmacological and toxicological testing, particularly for electrophysiological side effects. However,
little is known about the composition of the commercially available iCell cardiomyocyte (Fuijifilm Cellular
Dynamics) cultures and the transcriptomic phenotype of individual cells.
Methods: We characterized iCell cardiomyocytes (assumed to be a mixture of nodal-, atrial-, and ventricular-like
cardiomyocytes together with potential residual non-myocytes) using bulk RNA-sequencing, followed by in
vestigation of cellular heterogeneity using two different single-cell RNA-sequencing platforms.
Results: Bulk RNA-sequencing identified key cardiac markers (TNNT2, MYL7) as well as fibroblast associated
genes (P4HB, VIM), and cardiac ion channels in the iCell cardiomyocyte culture. High-resolution single cell RNAsequencing demonstrated that both, cardiac and fibroblast-related genes were co-expressed throughout the cell
population. This approach resolved two cell clusters within iCell cardiomyocytes. Interestingly, these clusters
could not be associated with known cardiac subtypes. However, transcripts of ion channels potentially useful as
functional markers for cardiac subtypes were below the detection limits of the single-cell approaches used.
Instead, one cluster (10.8% of the cells) is defined by co-expression of cardiac and cell cycle-related genes (e.g.
TOP2A). Incorporation of bromodeoxyuridine further confirmed the capability of iCell cardiomyocytes to enter
cell cycle.
Discussion: The co-expression of cardiac related genes with cell cycle or fibroblast related genes may be inter
preted either as aberrant or as an immature feature. However, this excludes the presence of a non-cardiomyocyte
sub-population and indicates that some cardiomyocytes themselves enter cell cycle.

1. Introduction
Human induced pluripotent stem cell (hiPSC)-derived cardiomyo
cytes are being used as model systems in regenerative medicine, basic
research, and pharmacological and toxicological drug testing (Magdy,
Schuldt, Wu, Bernstein, & Burridge, 2018; Oikonomopoulos, Kitani, &

Wu, 2018; Yoshida & Yamanaka, 2017). For example, they are being
evaluated as part of the Comprehensive in vitro Proarrhythmia Assay
(CiPA) initiative (Wallis et al., 2018). As ready-to-use model systems,
hiPSC-derived cardiomyocytes are commercially available. Thus, cel
lular assays can be enabled that avoid laborious cellular differentiation
procedures prior to each run of an assay. A widely used cell system are
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the commercially available iCell cardiomyocytes (Fujifilm Cellular
Dynamics, Madison, WI, USA). iPSC-derived cardiomyocytes may be
highly variable depending e.g. on donor, differentiation or culture
conditions (Biendarra-Tiegs, Secreto, & Nelson, 2019). Thus, results
obtained from one source of hiPSC-derived cardiomyocytes are unlikely
to be transferable to cells from another source/to iPSC-derived cardi
omyocytes in general. In order to make sure that our results of interest
for a broad community of scientists, iCell cardiomyocytes were selected
for use in the present study.
For the evaluation of potential acute, electrophysiological side ef
fects of potential new drugs, it is import to know the electro
physiological characteristics of the cells and possible sub-populations
(nodal, atrial, and ventricular cardiomyocytes and non-cardiomyo
cytes) in the cell culture being used. These characteristics could influ
ence the drug-induced electrophysiological behavior of the cells. Thus,
a contamination with cell types other than those intended, or a pro
nounced phenotypic variability of the individual cells in the culture
could affect the study outcomes. In the heart, cardiomyocytes from
different regions can be distinguished, for example based on their
morphologic, gene expression and electrophysiological properties
(Bartos, Grandi, & Ripplinger, 2015; Kane & Terracciano, 2017; Ng,
Wong, & Tsang, 2010; Priest & McDermott, 2015; Schram, Pourrier,
Melnyk, & Nattel, 2002; Tellez et al., 2006). Commonly accepted at
tributes of the cell types of primary interest (nodal, atrial and ven
tricular cardiac cells) are depicted in Fig. 1 (Kane & Terracciano, 2017).
In addition to these different types of cardiomyocytes, non-cardio
myocyte cells such as fibroblasts and endothelial cells are found in the
heart (Zhou & Pu, 2016).

The iCell cardiomyocyte population is assumed to have a high
percentage of cells that are indeed cardiomyocytes because of a cardi
omyocyte-specific purification step during the cell differentiation pro
cedure (Ma et al., 2011). However, the Cellular Dynamics International
(CDI) users' guide (iCell Cardiomyocytes User's Guide, 2017) also
mentions that there is a small portion of non-cardiomyocyte cells, the
proliferation of which should be restricted by the iCell Cardiomyocytes
Maintenance Medium (Fujifilm Cellular Dynamics, Madison, WI, USA).
In terms of the cardiac subtypes present in the iCell cardiomyocyte
culture, a detailed electrophysiological characterization of iCell cardi
omyocytes was published earlier, claiming that 54%/64% of iCell car
diomyocytes have ventricular-like action potentials, 22%/18% have
nodal-like action potentials, and 24%/18% have atrial-like action po
tentials (Ma et al., 2011; Yonemizu et al., 2019, respectively). In the
present study, we sought to complement this earlier study by in
vestigating the transcriptomic heterogeneity within iCell cardiomyo
cytes. Therefore, we used single-cell ribonucleic acid (RNA) sequencing
approaches, which allow the identification of transcriptionally distinct
cell sub-populations in a pool of cells. Several studies have investigated
the heterogeneity of the cardiovascular system using this technology
(for review see: Paik, Cho, Tian, Chang, & Wu, 2020). Three publica
tions focused on the characterization of hiPSC-derived cardiomyocytes
using single-cell RNA sequencing approaches (Biendarra-Tiegs et al.,
2019; Churko et al., 2018; Friedman et al., 2018). These publications
(none of them used iCell cardiomyocytes) performed longitudinal stu
dies to get a better understanding of differentiation and the cell po
pulations generated. In contrast, we explicitly wanted to focus on
characterizing the cells at a relevant age to enable conclusions for

Fig. 1. Results for Drop-seq single-cell RNA-sequencing experiments: (a) Cells of the four replicates (Rep1–4) cluster homogeneously in the t-SNE (t-distributed
stochastic neighbor embedding) plot. (b) Cluster analysis identified two cell clusters, cluster 0 and cluster 1. (c) Expression levels of the top three cluster 1 marker
genes TOP2A (DNA Topoisomerase II Alpha), TPX2 (TPX2 Microtubule Nucleation Factor) and CENPF (Centromere Protein F) and the cell cycle marker MKI67
(Marker of Proliferation Ki-67) in cells of cluster 0 and cluster 1. (d) Cluster frequency within the iCell population.
2
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experiments typically performed in the safety pharmacology commu
nity. Moreover, we focused on ion channel expression, which may be a
good functional marker for electrophysiological properties.

(ethylenediaminetetraacetic acid) (Sigma-Aldrich, St. Louis, MO, USA),
centrifuged (180 ×g for 5 min) and resuspended in 0.01% bovine
serum albumin (BSA) (Cell Signaling Technology, Danvers, MA, USA) in
Dulbecco's phosphate buffered saline (D-PBS, without calcium and
magnesium, Lonza, Basel, Switzerland). Cells were encapsulated into
nano-droplets using the Drop-seq system (Macosko et al., 2015) (Do
lomite Bio, Royston, UK). The system was operated according to the
manufacturer's instructions using a cell suspension of 300 cells/μL.
Barcoded SeqB beads (ChemGenes Corp., Wilmington, MA) were di
luted to 350 beads/μL for droplet generation. All subsequent steps were
performed according to a modified version of the original Drop-seq
protocol as described earlier (Wohnhaas et al., 2019). Briefly, droplets
and beads were collected and captured RNAs were reverse transcribed.
Excessive bead primers were then digested by exonuclease treatment.
The resulting cDNA (complementary deoxyribonucleic acid) was am
plified by 4 + 11 polymerase chain reaction (PCR) cycles and purified
by two rounds of 0.6 X Agencourt AMPure XP bead clean-up (Beckman
Coulter, Brea, CA). The Nextera XT DNA sample preparation kit (Illu
mina, San Diego, CA) was used to prepare the sequencing libraries
starting from 700 pg of amplified cDNA. After the final PCR reaction
(12 cycles) the library was first purified by 0.6 X Agencourt AMPure XP
bead clean-up (Beckman Coulter, Brea, CA) which was followed by
another round of 1 X clean-up. The average library length for both runs
was 589 bp and 691 bp, respectively. Paired-end sequencing was per
formed on a NextSeq 500 (Illumina, San Diego, CA) using a 75 cycles
NextSeq™ 500 High Output Kit v2 (Illumina, San Diego, CA).

2. Material and methods
2.1. Culture of iCell cardiomyocytes
iCell cardiomyocytes (product number 01434, Fujifilm Cellular
Dynamics, Madison, WI, USA) were used for all experiments. The car
diomyocytes were thawed, centrifuged (180 ×g for 5 min), re
suspended in Plating Medium (Fujifilm Cellular Dynamics, Madison,
WI, USA) and seeded in fibronectin-coated (Sigma-Aldrich, St. Louis,
MO, USA) 24-well plates (#142485, Thermo Fisher Scientific,
Waltham, MA, USA) at a density of 1.3 × 105 cells/well. They were
then incubated at 37 °C in ambient atmosphere supplemented with
7.5% CO2 and 90% relative humidity. After 48 h, Plating Medium was
switched to Maintenance Medium (Fujifilm Cellular Dynamics,
Madison, WI, USA) which was replaced on every 3rd to 4th day. After
3–5 days, the iCell cardiomyocytes formed a monolayer and started to
beat synchronously. For bulk sequencing, Drop-seq and bromodeox
yuridine (BrdU) experiments the cells were used after two weeks in
culture. For Precise experiments, iCell cardiomyocytes were used
2–8 weeks after thawing. An earlier study (Ma et al., 2011) mentions
that iCell cardiomyocytes are cryopreserved at day 30–32 of culture.
Thus, the total age of the cells in this study is 44–46 d for bulk se
quencing, Drop-seq and BrdU experiments and 44–88 d for Precise
experiments, respectively. For information on lot and age of the cells
used for all experiments, see also Supplementary Table S2.

2.3.2. Data processing
BCL files were converted into FASTQ files by bcl2fastq. The STAR
aligner 2.3.0 (Dobin et al., 2013) was applied to align the reads against
the GRCh38 reference using the Ensembl 86 (Yates et al., 2016) an
notation. For subsequent data analysis, a digital expression matrix was
generated per sample using the Drop-seq tools software (Macosko et al.,
2015) v1.12.

2.2. Bulk experiments
2.2.1. Library preparation and sequencing
Bulk sequencing experiments of iCell cardiomyocytes were per
formed using 200 ng of total RNA to prepare the sequencing library
with the TruSeq RNA Sample Prep Kit v2-Set B (RS-122–2002, Illumina
Inc., San Diego, CA, USA) according to the manufacturer's instructions.
Libraries were normalized, pooled, and finally clustered on Illumina's
cBot using the TruSeq SR Cluster Kit v3-cBot-HS (GD-401-3001,
Illumina Inc.). Sequencing of 20–30 million reads per sample (50 bp,
single read sequencing with 7 bp index read) was performed on an
Illumina HiSeq2000 using the TruSeq SBS Kit HS-v3 (50-cycle) (FC-4013002, Illumina Inc.).

2.3.3. Data analysis
2.3.3.1. Quality control and single-cell clustering. Data analysis and
quality control was performed using the Seurat R package v3.1.0
(Butler, Hoffman, Smibert, Papalexi, & Satija, 2018). Data sets were
filtered to remove low quality cells. Cells with > 15% of mitochondrial
transcripts and/or < 500 detected genes were removed for further
analysis. Next, each data set was normalized and log-transformed per
cell by the “NormalizeData” function and highly variable genes were
identified
using
the
“FindVariableFeatures”
function
and
“mean.var.plot” method. All data sets were integrated into a single
object following Seurat's data integration workflow and default
parameter settings. The integrated data set was scaled and centered
using the “ScaleData” function while the UMI count was regressed out.
Next, principal component (PC) analysis was performed to allow
visualization by t-distributed stochastic neighbor embedding (t-SNE)
plots. T-SNE dimensionality reduction was computed on PC1 – PC30.
The same principal components were used to determine cell clusters at
0.1 resolution.

2.2.2. Data processing
Sequencing data was first converted to the FASTQ format. The STAR
aligner was then used for alignment to GRCh37 using the default set
tings and Ensembl v70 annotation (Dobin et al., 2013). To increase
accuracy of the alignment, splice junction annotations were included
for preparaion of the STAR genome index using the following
options ‘—sjdbGTFfile Homo_sapiens.GRCh37.70.primary_assembly.gtf
—sjdbOverhang 49’. Conversion of the SAM output to BAM files was
performed via Picard tools (http://broadinstitute.github.io/picard/faq.
html, last accessed 04/08/2020) For subsequent estimation of gene
expression, Cufflinks v2.0.2 was applied using the following parameter
settings ‘-u —max-bundle-frags 1000000 —no-effective-length-correc
tion—compatible-hits-norm’ (Trapnell et al., 2013). RNASeQC v1.17
(DeLuca et al., 2012) was used to verify the quality of the RNA-seq
experiments.
2.3. Drop-seq experiments

2.3.3.2. Differential gene expression analysis. Significantly differentially
expressed genes were calculated by the MAST linear model approach, R
package v1.10.0 (Finak et al., 2015), as implemented in the Seurat
package. Genes were considered to be significantly altered if they were
expressed in at least 10% of the cells belonging to one of the clusters,
were at least 1.5-fold deregulated and P values adjusted for multiple
testing were less than 0.05 (Bonferroni correction).

2.3.1. Library preparation and sequencing
Two Drop-seq runs with two replicates each (four replicates in total)
were performed. For sample overview see Supplementary Tables S1 and
S2. iCell cardiomyocytes were dissociated using 0.25% trypsin-EDTA

2.3.3.3. Pathway analysis. The “Enrichr” gene set enrichment analysis
Web server (Kuleshov et al., 2016) was applied to perform pathway
analysis on the differentially expressed genes using the “Reactome
2016” cell signaling database.
3

Journal of Pharmacological and Toxicological Methods 106 (2020) 106915

C. Schmid, et al.

the manufacturer's suggestion, FASTQ files were further processed
using the “BD Precise Whole Transcriptome Assay Analysis Pipeline
v2.0” run on the cloud-based Seven Bridges Genomics (Cambridge, MA,
USA) platform to generate the “BD molecular Index counts table”. Data
were normalized and analyzed using Spotfire software (Tibco, Palo
Alto, CA, USA).

2.4. BD precise single cell WTA assay experiments
The procedure for harvesting cells for the BD Precise Single cell
Whole Transcriptome Analysis (WTA) experiments (Becton Dickinson
(BD), Franklin Lakes, NJ, USA) was changed from fluorescence-acti
vated cell sorting (FACS, as intended by manufacturer) to aspiration of
individual cells with a glass micropipette using a micromanipulator and
an inverted microscope. This method allows specific adherent cells (e.g.
with specific morphological or electrophysiological characteristics) to
be selected. All procedures were performed under ribonuclease
(RNase)-free conditions.

2.5. BrdU-assay
2.5.1. BrdU treatment
iCell
cardiomyocytes
were
incubated
with
10
μM
Bromodeoxyuridine (BrdU) (Abcam, Cambridge, UK) in Maintenance
Medium (Fujifilm Cellular Dynamics, Madison, WI, USA) for two dif
ferent periods of time (24 h and 48 h) to assess the proportion of cells
entering cell cycle during the incubation period. After incubation, the
BrdU solution was removed and cells were washed three times for 5 min
each in D-PBS.

2.4.1. Singularizing of iCell cardiomyocytes
To get access to single cells, monolayer cultures were singularized
by splitting 1:6 and replating cells on matrigel (human embryonal stem
cell (hESC)-qualified, Corning, New York, NY, USA) coated, 12 mm
glass coverslips (Thermo Fisher Scientific, Waltham, MA, USA) placed
in 24 well plates (#142485, Thermo Fisher Scientific, Waltham, MA,
USA). Wells were washed with D-PBS and exposed to 0.25% trypsinEDTA (Sigma-Aldrich, St. Louis, MO, USA) for 8 min at 37 °C.
Afterwards, Maintenance Medium (Fujifilm Cellular Dynamics,
Madison, WI, USA) was added and pipetted up and down ten times,
using a P1000 pipette (Eppendorf AG, Hamburg, Germany). Next, the
cell suspension of all wells was transferred into a 50 mL-tube (Corning,
New York, NY, USA) and diluted with Maintenance Medium up to a
minimum of 15 mL in total. The resulting cell suspension was cen
trifuged (180 ×g for 5 min), the supernatant was aspirated and re
maining cells were resuspended in an adequate volume of Maintenance
Medium to achieve a 1:6-split (seeding volume: 200 μL cell suspension
per well). Cells were seeded on glass coverslips in 24 well plates already
containing 1 mL of Maintenance Medium per well.

2.5.2. Fixation
Cells were fixed by adding 4% paraformaldehyde (PFA, SigmaAldrich, St. Louis, MO, USA). After 15 min of incubation at room
temperature (RT), fixative was aspirated and cells were washed three
times for 5 min each in D-PBS.
2.5.3. DNA denaturation
For deoxyribonucleic acid (DNA) denaturation, fixed cells were in
cubated in 2 M hydrochloric acid (HCl, Reiss, Mainz-Mombach,
Germany) for 10 min at RT. HCl was then removed and cells were
washed three times in D-PBS.
2.5.4. Immunostaining
As a first step, blocking and permeabilization buffer (5% normal
goat serum (Cell Signaling Technology, Danvers, MA, USA) and 0.3%
Triton X-100 (Sigma-Aldrich, St.Louis, MO, USA) in D-PBS) was added
for 60 min at RT to permeabilize membranes and to block unspecific
binding. After incubation, the blocking solution was aspirated and cells
were washed by slewing in D-PBS for 5 min. Next, anti-BrdU antibody
solution (1:50, #B35130, Thermo Fisher Scientific, Waltham, MA, USA)
containing 1% BSA (Cell Signaling Technology, Danvers, MA, USA) and
2 μg/mL Hoechst 33342 (#H3570, Thermo Fisher Scientific, Waltham,
MA, USA) in D-PBS was added and incubated overnight (at least 12 h)
at 4 °C. Cells were then washed three times by slewing in D-PBS for
5 min each. Cells were examined with fluorescence microscopy. A
minimum of 750 Hoechst-positive nuclei per condition were analyzed
for double staining with BrdU. The percentage of BrdU-positive nuclei
was calculated.

2.4.2. Modification of cell harvesting for BDs precise single cell WTA assay
Between day 1 and 3 after singularizing, iCell cardiomyocytes were
used for Precise experiments in the following way: Coverslips with cells
were placed at the bottom of a bath chamber mounted on an inverted
microscope and covered with Dulbecco's Modified Eagle's Medium
(DMEM, #D5921, Sigma-Aldrich, St.Louis, MO, USA). Single cells were
aspirated under visual control with a broken-tip micropipette made
from borosilicate glass tubing (Hilgenberg, Malsfeld, Germany) using a
horizontal
puller
(DMZ-Universal
Puller,
Zeitz-Instrumente,
Martinsried, Germany). The pipette was filled with a low amount of
RNase-free phosphate buffered saline (PBS) (Invitrogen, Carlsbad, CA,
USA). After aspiration of a cell, the tip of the pipette was broken into a
Precise tube (punched out of a Precise 96-well plate, stored on ice
during experiment) and immediately placed into a freezer (−150 °C) to
prevent RNA degradation. One coverslip with iCell cardiomyocytes was
used for a maximum of 30 min. In total 68 cells were aspirated, of
which 65 cells were recovered and had detectable transcripts.

3. Results
3.1. Bulk RNA-sequencing experiments may indicate heterogeneity within
the iCell cardiomyocyte population

2.4.3. Library preparation and sequencing
Library preparation and sequencing were performed according to
manufacturer's instructions. Briefly, the first main steps were reverse
transcription, second strand synthesis, adapter ligation, and amplifica
tion (20 cycles). After each of these steps a magnetic bead purification
step using Agencourt AMPure XP magnetic beads (Beckman Coulter,
Brea, CA, USA) was performed. After the next steps (random primer
extension, magnetic bead purification, amplification of the primer ex
tension product (12 cycles), and up to two turns of magnetic bead
purification), quality control of the amplified library revealed 501 bp
average library length. Paired-end sequencing was performed on a
NextSeq 500 (Illumina, San Diego, CA) using a 150 cycles NextSeq™
500 High Output Kit v2 (Illumina, San Diego, CA).

Bulk RNA-sequencing experiments (see Table 1) confirmed that
structural genes specific for cardiomyocytes, like TNNT2 (cardiac tro
ponin T, cTnT) and MYL7 (myosin light chain 7, atrial isoform, MLC2A)
(for a summary of the stages of cardiac differentiation with corre
sponding molecular markers see Fig. 1 in (Jeziorowska, Korniat, Salem,
Fish, & Hulot, 2015)), are consistently expressed in iCell cardiomyo
cytes. Moreover, transcripts coding for characteristic cardiac ion
channels, like HCN4 (Hyperpolarization Activated Cyclic Nucleotide
Gated Potassium Channel 4), SCN5A (Cardiac sodium channel),
CACNA1C (L-type calcium channel), CACNA1G (T-type calcium
channel), and KCNH2 (HERG potassium channel) can be found (for
review of cardiac ion channels and ion currents see (Bartos et al., 2015;
Priest & McDermott, 2015)). The expression of cardiac ion channels
further confirmed the cardiomyocyte identity of the cells, but it also

2.4.4. Data processing and analysis
BCL files were converted into FASTQ files by bcl2fastq. According to
4
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Table 1
Detection of genes of interest in bulk sequencing, Drop-seq and Precise experiments. Genes were selected to clarify heterogeneity and identity of iCell cardiomyocytes
(for an overview of the stages of cardiac differentiation with corresponding molecular markers see Fig. 1 in (Jeziorowska et al., 2015), for review of cardiac ion
channels and ion currents see (Bartos et al., 2015; Priest & McDermott, 2015)).
Gene

Bulk [FPKM]

Drop-seq [mean mRNA counts
per cell per 10.000 counts]

Drop-seq [%cells]

Precise [mean mRNA counts
per cell per 10.000 counts]

Precise [%cells]

Cardiac structural genes

TNNT2
MYL7

11,562.30
12,821.20

214
370

100
100

36
164

95
100

Cardiac ion channel genes

KCNH2
HCN4
CACNA1C
CACNA1D
CACNA1G
KCNA5
KCNJ2
KCNJ4
SCN5A

62.28
23.51
48.30
1.89⁎
44.69
0.44⁎
0.11⁎
9.39
23.15

3
2
4
0
0
0
0
0
2

23
7
12
0
0
0
0
0
12

5
3
3
3
0
6
0
0
5

11
9
6
2
0
2
0
0
12

Fibroblast genes

P4HB
VIM

257.19
105.47

5
6

42
42

4
7

32
48

Pluripotency genes

NANOG
POU5F1
SOX2

0.03⁎
0.12⁎
0.04⁎

0
0
0

0
0
0

0
0
0

0
0
0

Primitive streak mesoderm genes

MIXL1
TBXT

0.24⁎
0.00⁎

1
0

1
0

0
0

0
0

Cardiac committed mesoderm genes

KDR
MESP1
MESP2

10.27
1.23⁎
0.03⁎

3
3
0

1
1
0

0
0
0

0
0
0

Cardiac progenitor cell genes

GATA4
MEF2C
NKX2-5
TBX5

148.39
17.75
262.85
33.68

3
3
4
3

24
17
32
19

8
4
4
2

18
14
20
8

Top three marker (Cluster 1)

CENPF
TOP2A
TPX2

13.08
30.88
20.63

14
14
8

12
12
11

5
4
11

12
15
5

Proliferation Marker

MKI67

8.82

5

4

3

3

⁎

Generally, values under 5 are interpreted as not significant.

Fig. 1a). Heterogeneity within the iCell population was therefore not
driven by experimental batch, which allowed us to merge the four data
sets for subsequent analysis.
Cluster analysis on 1421 cells (271–441 cells per replicate,
Supplementary Fig. S1) identified two cell clusters that represented
89.2% (cluster 0) and 10.8% (cluster 1) of the iCell cardiomyocyte
population, respectively (Fig. 1b and d). TOP2A (DNA Topoisomerase II
Alpha), TPX2 (TPX2 Microtubule Nucleation Factor) and CENPF
(Centromere Protein F) were identified as the top three differentially
expressed genes that were at least 5.9-fold increased in cluster 1 as
compared to cluster 0. These markers as well as MKI67 (Marker of
Proliferation Ki-67, Fig. 1c), a cell cycle marker that was also 2.4-fold
increased in cluster 1, suggested that cluster 1 cells represented cycling
cells. Pathway analysis on all genes that were significantly increased
(FC ≥ 1.5, p (adjusted) < 0.05) in cluster 1 further substantiated that
this cluster represented cells characterized by cell cycle activity (top hit
of Enrichr pathway analysis: “Cell cycle homo sapiens R_HSA_1640170”,
p (adjusted) = 7.394e-90).
Adult primary cardiomyocytes proliferate at low frequencies only. It
was reported that – depending on age – adult human cardiomyocytes in
the heart turn over at a rate of 0.45–1% per year (Bergmann et al.,
2009, 2015) (for review of cardiomyocyte proliferation see (Yutzey,
2017)). Therefore, the presence of a cluster expressing genes typical for
cell cycle prompted us to ask whether these cells are non-cardiomyo
cytes, like fibroblasts (as implied by bulk sequencing results), residual
stem cells (that did not differentiate into cardiomyocytes), or early
stage/immature cardiomyocytes (that retained the ability to pro
liferate). To further investigate the identity of cluster 1 cells, we

raised the question whether the iCell cardiomyocyte population consists
of electrophysiologically diverse subtypes, as some of these ion channel
genes are commonly assumed to be differentially expressed in specific
human primary cardiac prototypes (Kane & Terracciano, 2017). For
example, CACNA1G is expressed in nodal and atrial – but not in ven
tricular - cardiomyocytes and SCN5A in atrial and ventricular – but not
in nodal - cardiomyocytes. Although some of the listed ion channels
(see Table 1) are expressed at low levels, we wondered whether this
could be the result of small sub-populations being diluted in the bulk
approach. Moreover, bulk RNA-sequencing experiments also revealed
the expression of genes associated with fibroblasts: P4HB (Prolyl 4Hydroxylase Subunit Beta) and VIM (vimentin). These findings suggest
that there may also be a fibroblast-like sub-population among the iCell
cardiomyocytes. These two questions (presence of cardiac subtypes
and/or a fibroblast sub-population) require high-resolution techniques
that allow the investigation of the cell population on a single-cell level
in order to identify and dissect different cell populations. Therefore, the
single-cell RNA sequencing experiments were performed.
3.2. Investigation of iCell cardiomyocytes on single-cell level via Drop-seq
method reveals cell cycle cluster
Single cell RNA-sequencing experiments were initially performed
with the Drop-seq method. The Drop-seq method allows the investiga
tion of several hundred cells, a sample large enough to screen for the
presence of sub-populations. Dimensionality reduction analysis of the
four replicate screens revealed that the cells of the different replicates
were homogeneously distributed within the iCell population (see
5
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Fig. 2. Distribution of selected genes across the whole cell population. Expression of the respective gene is shown per cell in the t-SNE (t-distributed stochastic
neighbor embedding) plot. Expression levels (log transformed and normalized gene counts per cell) are color-coded as indicated in the scale. (a) The late cardiac
structural genes TNNT2 und MYL7 are expressed in 100% of the investigated cells confirming cardiac identity of iCell cardiomyocytes. (b) Expression of the fibroblast
associated genes P4HB and VIM is not enriched in Cluster 1 but distributed uniformly across the cell population indicating that cell cycle related gene expression and
fibroblast related gene expression are not correlated. (c) TOP2A and TPX2 - two of the top three differentially expressed marker genes for cluster 1. Note the clear
enrichment in Cluster 1. (d) The expression of the two most expressed cardiac progenitor cell genes (GATA4: 24%, NKX2-5: 32%) is not enriched in cluster 1.
Expression of cell cycle genes seems therefore not to be associated with characteristics of proliferating, GATA4+/NKX2+, cardiac progenitor cells.

selected a panel of genes (Table 1) and assessed their expression and
distribution over the cell population (Fig. 2). The gene panel includes
cardiac structural genes, cardiac ion channel genes, fibroblast genes,
pluripotency genes, primitive streak mesoderm genes, cardiac com
mitted mesoderm genes, cardiac progenitor cell genes, the top three
markers of cluster 1, and the proliferation marker MKI67. First, the late
cardiac structural genes TNNT2 und MYL7 are expressed in 100% of the
investigated cluster 1 cells confirming that all cells have cardiac char
acteristics. In addition to these cardiac genes, iCell cardiomyocytes coexpress the genes P4HB (42%) and VIM (42%) that are associated with
fibroblasts. However, expression of fibroblast associated genes was not
found to be enriched in cluster 1 but distributed uniformly across the
cell population (Fig. 2b) indicating that cell cycle related gene ex
pression and fibroblast related gene expression are not correlated.
Pluripotency genes are not expressed in iCell cardiomyocytes within the
limits of detection (neither in bulk nor in single-cell sequencing ap
proaches, Table 1). Hence, cluster 1 seems not to have stem cell char
acteristics that could explain cell cycle related gene expression. Fur
thermore, various markers indicating an immature status of the cells
can be found (Table 1: Primitive streak mesoderm genes, cardiac
committed mesoderm genes, cardiac progenitor cell genes). However,
none of them is enriched in cluster 1, either. Fig. 2d, as an example,
shows the distribution of GATA4: 24% and NKX2-5: 32%, the two such
genes most expressed. Therefore, expression of cell cycle genes seems
not to be accompanied by expression of the investigated genes related
to immature, dividing cardiac cells.
In summary, our results indicate that all iCell cardiomyocytes in
vestigated have cardiac characteristics (expression of TNNT2 and MYL7
in 100% of the cells) but 10.8% of the cells cluster separately because of
co-expressed cell cycle specific genes. Some cells co-express cardiac
structural genes and genes associated with fibroblasts. However, in this
case, clustering of Drop-seq data did not show a distinct cluster but
rather an even distribution across the entire population.
Neither did cluster analysis suggest the presence of cardiac sub
populations like the ones that have been described in vivo based on the
expression of genes associated with cardiac subtypes (nodal, atrial, and

ventricular). Besides the genes listed in Table 1, we also investigated
whether other subtype-associated genes (Genes associated with nodal
cells: GJC1, TBX3, TBX18, genes associated with atrial cells: NPPA,
SLN, NR2F2, HEY1, GJA5, genes associated with ventricular cells:
MYL2, HEY2, IRX4, GJA1) are distinctly expressed in one of the clusters
found by the unbiased cluster analysis of Drop-seq data, but none of
them was. For reasons that are discussed in chapter 4.3, we wanted to
focus on ion channel expression, potentially useful as functional marker
for such cardiac subtypes. Therefore, we investigated whether char
acteristic ion channels were detected in our data set. However, most
cardiac ion channels were only detected in a low percentage of cells
(Table 1). For example, expression of KCNH2 was detected in only 23%
of the cells and expression of SCNA5 in only 12%. In contrast, the ion
currents that are mediated by the corresponding ion channels are
known to be present in iCell cardiomyocytes (Ma et al., 2011): IKr (the
ion current mediated by the hERG K+ channel (KCNH2 gene)) could be
detected by patch-clamp in every single iCell cardiomyocyte in
vestigated (Ma et al., 2011). INa (the ion current mediated by the car
diac sodium channel (SCNA5 gene)) is claimed to be present in the
same study (Ma et al., 2011). We conclude that ion channel expression
levels are too low for reliable detection with the Drop-seq method.
3.3. Precise experiments confirm Drop-seq results
In addition to the Drop-seq approach to screen for subpopulations,
we wanted to have a closer look at the expression of cardiac ion
channels and their co-expression in single cells. Previous comparison of
different single-cell RNA-sequencing methods suggested that the Dropseq platform belongs to the less sensitive methods (Ziegenhain et al.,
2017). Hence, we checked whether detection of ion channel expression
in single iCell cardiomoyctes is possible with the more sensitive (but
lower throughput) plate-based Precise Kit (BD, Franklin Lakes, NJ, USA,
for details of the method and its modifications see 2.2.4). Sixty-eight
cells were collected and transcripts of 65 cells were recovered and
analyzed successfully. Cluster analysis was not performed due to low
cell numbers collected with this low throughput method. The results for
6
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the gene panel, which has been analyzed in bulk and Drop-seq ex
periments, are shown in Table 1. Precise data confirmed Drop-seq re
sults as the expression profile of the cardiac structural markers, the fi
broblast genes, the developmental genes as well as cell cycle genes is
comparable to the Drop-seq results (see Supplementary Fig. S2: Corre
lation between the two methods). However, the detected cardiac ion
channel expression profile is similar to the Drop-seq results as well: The
method appears not to be sensitive enough to consistently detect ion
channel transcripts for the expected channels. Both methods, Drop-seq
and Precise, do not seem to be suitable for analysis of ion channel ex
pression profile of single cardiomyocytes and the categorization of
cardiomyocytes based on their ion channel expression.

as iPSC-derived cardiomyocytes may be highly variable depending on
e.g. donor or differentiation protocol (Biendarra-Tiegs, Secreto, &
Nelson, 2019). Therefore, the results and conclusions of this study
cannot be transferred to iPSC-derived cardiomyocytes in general.
Moreover, the results are only valid for the age of cells investigated here
and cannot be transferred to other culture histories. We are aware, that
the period of harvesting cells for Precise experiments is relatively long.
Aspiration of single cells for the Precise experiments is very labor-in
tensive and low throughput. Nevertheless, the correlation between
Drop-seq and Precise experiments (see Supplementary Fig. S2) shows
that results are consistent between the methods for our genes of in
terest. An important point when performing single cell experiments is
the concern of investigating a biased population caused by single cell
collection method. To minimize this effect, we chose two different ap
proaches (Drop-seq: Microfluidic system vs. Precise: Manual selection
and aspiration). Consistent results between the two approaches (see
Supplementary Fig. S2) suggest that the impact of collection bias on our
results is negligible.

3.4. Confirmation of cell cycle activity of iCell cardiomyocytes by BrdU
assay
As an analog of thymidine, bromodeoxyuridine (BrdU) is in
corporated into newly synthesized DNA and can therefore be used to
label cells that passed through the S-phase of the cell cycle. As cell cycle
entry of iCell cardiomyocytes was detected on a transcriptomic level,
BrdU-experiments were used to confirm cell cycle entry on a functional
level (Fig. 3). The fraction of BrdU-positive iCell cardiomyocytes after
24 h of BrdU-incubation on day 14 after thawing was 9.63% (89 BrdUpositive nuclei, 924 counted nuclei in total). Incubation with BrdU for
48 h roughly doubles the proportion of BrdU-positive cells on day 14
after thawing to 18.64% (140 BrdU-positive nuclei, 751 counted nuclei
in total). These results are consistent with the percentage of iCell car
diomyocytes that were identified as cluster 1 in Drop-seq experiments
(10.8% of the cells). However, although it can be supposed that the
BrdU positive cells belong to cluster 1, direct evidence is lacking, as our
single-cell RNA-sequencing experiments cannot be performed on fixed
BrdU-positive cells.

1. Detection of a cell cycle-associated cardiomyocyte cluster
As described earlier (Ma et al., 2011), iCell cardiomyocytes undergo
a purification step during their differentiation. They are generated
from a hiPSC line that exhibits blasticidin resistance controlled by
the cardiac myosin heavy chain 6 (MYH6) promoter. This feature
allows selection of MYH6 expressing cells. The cardiac identity of
the iCell cardiomyocytes was confirmed by our sequencing experi
ments. Drop-seq as well as Precise experiments showed that 100% of
the investigated cells expressed the late cardiac structural gene
MYL7 and 100% (Drop-seq) or 95% (Precise) express the late car
diac structural gene TNNT2 indicating that all cells have cardiacassociated marker expression. The CDI user's guide (iCell
Cardiomyocytes User's Guide, 2017) mentions that the use of the
iCell Cardiomyocytes Maintenance Medium (Fujifilm Cellular Dy
namics, Madison, WI, USA) should restrict proliferation of a small
portion of non-cardiomyocyte cells. Our results, however, do not
indicate the presence of true non-cardiomyocytes. Cluster analysis of
Drop-seq data separated the iCell cardiomyocyte population into
two clusters. Interestingly, the separation is not based on differential
expression of cardiac subtype or cell type-associated genes but on
the expression of highly specific cell cycle-associated genes. The
obvious co-expression of late cardiac structural markers and cell
cycle-associated genes excludes the contamination with a pro
liferating non-cardiomyocyte sub-population and indicates that
some cardiomyocytes enter cell cycle themselves. Entry into the cell
cycle was confirmed by integration of BrdU during DNA synthesis.
In the developing murine heart, DNA synthesis and karyokinesis
may not be followed by cytokinesis, resulting in binucleated cells
(Soonpaa, Kim, Pajak, Franklin, & Field, 1996). The method used in
this study cannot distinguish these two cases, but clearly entry into
the cell cycle was demonstrated. While cardiomyocytes in the adult
human heart are known to have a turn-over rate of 0.45–1% per
year (Bergmann et al., 2009, 2015), cell cycle entry of PSC-derived
cardiomyocytes is reported in the literature as well and seems to be
more frequent compared to their primary adult counterparts. Var
ious studies using various methods (e.g. BrdU-, 5-ethynyl-2′-deox
yuridine (EdU)-, or Ki67-stainings) mention that 4–25% (up to 40%
in serum-containing medium) of pluripotent stem cell (PSC)-derived
cardiomyocytes aged 10–50 d have cell cycle activity (Funakoshi
et al., 2016; Ito et al., 2019; Luo et al., 2016; McDevitt, Laflamme, &
Murry, 2005; Titmarsh et al., 2016; Zhu, Zhao, Mattapally, Chen, &
Zhang, 2018). These reports match well with the results reported in
this study. While proliferation or regeneration is a quite rare event
in the adult heart, proliferation is common in fetal stages (for a
review of cardiomyocyte proliferation see (Yutzey, 2017)). There
fore, the ability of PSC-derived cardiomyocytes to proliferate at
higher rates than known for primary adult cardiomyocytes may be

4. Discussion
In preclinical safety testing, hiPSC-derived cardiomyocytes are used
routinely for the assessment of potential acute, electrophysiological side
effects of new drug candidates. To ensure relevance for a broad audi
ence, we chose the widely used iCell Cardiomyocytes (Fujifilm Cellular
Dynamics) for our study and characterized the cells at an age commonly
used for preclinical safety testing. The transcriptomic phenotype of iCell
cardiomyocytes and the composition of phenotypes within the given
cell culture system has not been thoroughly characterized. Therefore, in
the present study, we investigated iCell cardiomyocytes on a single-cell
level employing two different single-cell RNA-sequencing approaches.
iCell cardiomyocytes are reported to be a mixture of nodal-, atrial-, and
ventricular-like cardiomyocytes together with potential residual nonmyocytes (iCell Cardiomyocytes User's Guide, 2017). We investigated
whether sub-populations of cells can be identified by clustering singlecell transcriptomic data and, in case, whether such clusters exhibit si
milar expression profiles as expected for the primary cell counterparts
(i.e. nodal, atrial and ventricular cardiomyocytes as well as cardiac nonmyocytes). Robustness and reproducibility of our approaches are in
dicated by comparable results and limitations (e.g. the failure to detect
ion channel transcripts) between Drop-seq (see Supplementary Fig. S1:
Consistent results between all four replicates) and Precise experiments
(see Supplementary Fig. S2: Correlation between the two methods) and
the verification of specific transcriptomic data on a functional level (e.g.
cell cycle entry). However, sequencing data only describe expression on
the transcriptomic level but not on the protein level. Therefore, corre
lation with functional data requires caution. Caution is also required
with respect to our pragmatic study approach: Our intention was to
provide a transcriptional snapshot of a widely used cellular model
system at an age when the cells are commonly used for experiments in
the safety pharmacology community. The limitation associated with
this approach is that our results are only valid for iCell cardiomyocytes,
7
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Fig. 3. Results of bromodeoxyuridine (BrdU) assay. Representative Hoechst- and BrdU-stained slides. Cells were incubated for (a) 24 h or (b) 48 h with BrdU.
Negative control in (c) represents results without BrdU incubation. Bottom row in column (a) and (b): Enlarged sections from images above suggesting mitotic figures
(arrows).

interpreted as an immature feature, supported by publications that
report the loss of proliferative activity with increasing age of hPSCderived cardiomyocytes (McDevitt et al., 2005; Snir et al., 2003; Xie
et al., 2020). Researchers are taking advantage of this presumably
immature feature using PSC-derived cardiomyocytes, including iCell

cardiomyocytes (Woo et al., 2019), to study cardiac proliferation
and regeneration (McDevitt et al., 2005; Milliron, Weiland, Kort, &
Jovinge, 2019; Titmarsh et al., 2016; Xie et al., 2020), as reviewed
in (Rhee & Wu, 2018; Sharma, Zhang, & Wu, 2015).
2. Co-expression of cardiac and fibroblast-associated genes
8
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Non-cardiomyocytes, particularly fibroblasts, are known to influ
ence cardiomyocytes. For example, Kim et al. claimed that electro
physiological maturation of early PSC-derived cardiomyocytes is
influenced by co-culture with non-cardiomyocytes (Kim et al.,
2010). Gao et al. proposed that cardiomyocytes and non-cardio
myocytes should be taken into account both in experimental and in
computational models for pharmacological testing (Gao, Engel,
Carlson, & Wakatsuki, 2017). P4HB is the β-subunit of prolyl-4hydroxylase, an enzyme important in collagen synthesis (Gorres &
Raines, 2010; Kivirikko et al., 1990) among other functions and
therefore with expression in fibroblasts. Vimentin (VIM) is an in
termediate filament expressed in cells with mesenchymal origin
(Etienne-Manneville, 2018), like fibroblasts. Based on this in
formation, the expression of P4HB and VIM has been used by several
authors to distinguish cardiac fibroblasts from cardiomyocytes in
tissue slices and primary cells. For example, anti-vimentin anti
bodies were used to identify cardiac fibroblasts in rabbit sinoatrial
node tissue (Camelliti, Green, LeGrice, & Kohl, 2004). Later it was
also shown that anti-vimentin immunostaining labels fibroblasts in
rabbit and sheep ventricular tissue sections (Camelliti, Borg, & Kohl,
2005) and neonatal rat fibroblasts in co-cultures with myocytes
(Camelliti, McCulloch, & Kohl, 2005). Moreover, primary human
fibroblasts (outgrowths from different tissue samples, including
heart) were characterized as fibroblasts by positive immuno
fluorescence staining with anti-vimentin and anti-P4HB antibodies
(Lindner et al., 2012). This pattern in tissue sections and primary
cells has also been transferred to cultured cells. For example, Bur
ridge et al. assessed the efficacy of their protocol for differentiation
of hiPSCs into cardiomyocytes with the lack of a positive immuno
fluorescence for the fibroblast marker P4HB (Burridge et al., 2014).
Conversely, a protocol for differentiation of hiPSCs into cardiac fi
broblasts was verified by vimentin expression in quantitative PCR
experiments whereas TNNT2 was only expressed minimally (Zhang
et al., 2019). In the same publication, flow cytometry analysis re
vealed that vimentin is expressed in almost every single human
pluripotent stem cell (hPSC)-derived cardiac fibroblast cell, primary
human fetal ventricular cardiac fibroblast cell, human adult ven
tricular cardiac fibroblast cell and human adult dermal fibroblast
cell – but not in hPSC-derived cardiomyocytes (Zhang et al., 2019).
All of these publications indicate that the expression of P4HB and
VIM can be used to distinguish fibroblasts from cardiomyocytes in
tissues as well as in cultured cells. Therefore, the expression of P4HB
and VIM in bulk RNA-sequencing experiments of iCell cardiomyo
cytes prompted us to interrogate whether there is a fibroblast-like
sub-population among iCell cardiomyocytes. Cluster analysis of
Drop-seq single-cell RNA-sequencing data did not show a distinct
fibroblast-like cluster. However, based on the interpretation of
P4HB/VIM as unequivocal fibroblast markers in the so far listed
publications, the co-expression of MYL7/TNNT2 with P4HB/VIM
may be interpreted as combined cardiac and fibroblast character
istics in single iCell cardiomyocytes. One possible, though con
troversial, explanation for the occurrence of fibroblast-associated
genes may be that iCell cardiomyocytes are differentiated from fi
broblast-derived hiPSCs (Ma et al., 2011) which may have retained
somatic memories of their tissue of origin (for review of epigenetic/
somatic memory of iPS-cells see (Khoo et al., 2020; Noguchi,
Miyagi-Shiohira, & Nakashima, 2018)). In another study, vimentinpositive filaments were detected in every single hiPSC-derived car
diomyocyte investigated (but not in freshly isolated adult rat ven
tricular cardiomyocytes) by immunostaining (Zuppinger et al.,
2017). Here, the authors interpret the occurrence of vimentin as an
indication of cellular immaturity, because it was reported earlier
(Kim, 1996) that in immunostainings of fetal (9–14 weeks gestation)
tissue slices, vimentin was found in mesenchymal tissue like fibro
blasts but some cardiomyocytes also showed a weakly positive
staining. In contrast, staining of tissue slices of a 1-year old child did

not show anti-vimentin-positive cardiomyocytes at all (Kim, 1996).
These findings indicate that vimentin expression might not be cell
type-specific in the human heart during early development. Besides
the expression of vimentin in cardiomyocytes during development,
other authors reported that vimentin is also expressed (im
munohistochemistry) in cardiomyocytes in pathological conditions
like acute allograft rejection and dilated cardiomyopathy (Behr
et al., 1998). Partly co-expressed with Ki67, this was interpreted as
indication for cell activation processes after exposition to growth
stimuli (Behr et al., 1998). In addition to the cell type-unspecific
expression of P4HB/VIM in developing and pathological heart
tissue, the use of VIM/P4HB as a marker in cultured cells may be
questioned. Immunofluorescence revealed that vimentin occurs in
many cultured cells of different origin in vitro, while in tissue sec
tions, vimentin expression was only found in cells with mesench
ymal origin. The authors proposed that vimentin expression may be
associated with cell growth in vitro (Franke, Schmid, Winter,
Osborn, & Weber, 1979). Similar observations were made for P4HB.
Ohtsubo et al. reported the expression of P4HB in cell lines of dif
ferent tissue origin (Ohtsubo et al., 2000), e.g. explained by multi
functional characteristics of P4HB or the fact that cells change their
phenotype in culture.
3. Tentative assignment of cardiac subtypes
Different types of adult primary cardiac cells from different regions
in the heart are distinguished, assuming that these cells differ with
respect to morphology, function, gene expression, and electro
physiology. For commonly accepted attributes of the prototypes that
are of interest for us see Fig. 1 in (Kane & Terracciano, 2017): Nodal,
atrial, and ventricular cells. Accordingly, researchers have tried to
categorize PSC-derived cardiomyocytes into these cardiac subtypes
based on their functional properties. However, this categorization is
difficult as many markers show subtype-unspecific expression
during prenatal development and are therefore not useful for pu
tatively immature hiPSC-derived cardiomyocytes (Ng et al., 2010).
For example, the atrial isoform of the myosin light chain (MLC2a) is
indeed only expressed in adult atrial cardiomyocytes but during
development it is expressed in atrial and ventricular cardiomyocytes
(Kubalak, Miller-Hancel, O'Brien, Dyson, & Chien, 1994) and
therefore MLC2a is not useful for distinguishing atrial-like from
ventricular-like PSC-derived cardiomyocytes. Besides marker gene
expression, another possible approach to classify PSC-derived car
diomyocytes into nodal, atrial and ventricular phenotypes is cate
gorization based on action potential morphology (Ma et al., 2011;
Yonemizu et al., 2019), because primary cardiac prototypes differ in
their ion channel expression and hence in their action potential
morphology. This approach is also not ideal, as action potential
morphology depends on culture conditions, like cell density (Du,
Hellen, Kane, & Terracciano, 2015; Kane, Du, Hellen, & Terracciano,
2016). Moreover, even in the heart, the cellular subtypes are not
clearly distinguishable based on single features - which makes a
classification of PSC-derived cardiomyocytes also challenging: Be
sides prototypical primary nodal, atrial, and ventricular cells (see
Fig. 1 in (Kane & Terracciano, 2017)), a broad spectrum of over
lapping phenotypes can be observed (Kane & Terracciano, 2017).
Therefore, Kane et al. propose a comprehensive approach, char
acterizing PSC-derived cardiomyocytes on several levels and com
paring these phenotypic properties to chamber-specific features of
primary cardiomyocytes (Kane & Terracciano, 2017). Although such
a comprehensive characterization is attractive, it is technically
challenging (especially on single cell level) and may not necessarily
be required. Depending on the intended use of PSC-derived cardi
omyocytes, it may not be necessary that a subtype-like PSC-derived
cardiomyocyte fully resembles its primary counterpart regarding all
features. This needs to be evaluated for each application. For ex
ample, if the experimental aim is to screen for substances that bind
to the atrial-associated ion channel Kv1.5 to treat atrial fibrillation
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(Ravens & Odening, 2017), it may be sufficient to have PSC-derived
cardiomyocytes that express Kv1.5. In this case, “atrial-like” could
be defined as “Kv1.5-positive”. In case PSC-derived cardiomyocytes
are used as a model system to evaluate electrophysiological side
effects, the ion channel expression profile and consequentially
electrophysiology become decisive features for their suitability.
Thus, for this application, it may be sufficient and adequate to de
fine cardiac subtype-like PSC-derived cardiomyocytes based on their
ion channel expression. Ion channel expression profiles are good
candidates for definition of functional subtypes as ion channel ex
pression and electrophysiology are expected to be directly linked.
Furthermore, data from different regions of the human heart are
available, indicating that ion channel expression profiles differ dis
tinctly between nodal, atrial and ventricular regions of the heart
(Kane & Terracciano, 2017).
iCell cardiomyocytes are assumed to be a mixture of nodal, atrial
and ventricular cardiomyocytes (iCell Cardiomyocytes User's Guide,
2017). Action potentials have been classified into nodal-, atrial-, and
ventricular-like based on action potential morphology (Ma et al.,
2011; Yonemizu et al., 2019). This categorization method, however,
is still controversial (Du et al., 2015; Kane et al., 2016). Therefore,
we wanted to assess whether sub-populations on transcriptomic
level by clustering single-cell data can be found and, if found,
whether they resemble nodal-, atrial-, and ventricular-like sub-po
pulations e.g. due to differential ion channel expression. Three
previous studies investigated hiPSC-derived cardiomyocytes, dif
ferentiated in the own laboratory, using single-cell RNA sequencing
approaches. Two of them (Biendarra-Tiegs, Secreto, & Nelson, 2019;
Friedman et al., 2018) were not able to detect distinct tran
scriptomic cardiac subtype related clusters. In contrast, one study
(Churko et al., 2018) reported atrial and ventricular related gene
expression. However, in our study, clustering of Drop-seq single-cell
RNA-sequencing data did not identify sub-clusters based on tran
scriptomic profiles that could be associated with known cellular
cardiac prototypes. The different findings of the mentioned studies
may reflect the variability of iPSC-derived cardiomyocytes e.g. due
to different hiPSC-donor, differentiation protocol or age of the cells.
Unfortunately, neither with the Drop-seq approach nor with the
Precise approach were we able to detect ion channel expression
within limits of detection (Section 3.2). Thus, further studies are
needed to resolve this issue, using for example targeted approaches
like single-cell quantitative PCR experiments. As a previous pub
lication has shown that this method is sensitive enough to detect ion
channel expression (Liang et al., 2013), it may be useful to reliably
investigate ion channel expression profiles of iCell cardiomyocytes
on single cell level. Besides ion channel transcripts, also other low
expressed transcripts may not be detectable with the used methods
and we cannot exclude that this impacts the results of this study by
underestimating expression.
4. Conclusion: Characterization of PSC-derived cells is challen
ging und its adequacy is highly dependent on the intended use
of the cells
This study provides complementary information on the character
ization of iCell cardiomyocytes. Our single-cell RNA-sequencing
experiments showed that the cardiac associated genes TNNT2 und
MYL7 are expressed in every single iCell cardiomyocyte. Although a
cell cycle active cluster can be found, the presence of a non-cardi
omyocyte contamination (iCell Cardiomyocytes User's Guide, 2017)
can be ruled out. Furthermore, some cells co-express the fibroblastassociated genes P4HB and VIM.

cardiomyocytes in heart tissue sections taking into account implicit
information like cell morphology and tissue architecture. In contrast, it
is more delicate to judge the outcome of a simplified in vitro differ
entiation based on single marker expression only. In the light of such
uncertainty, it should be decided for each application whether a specific
expression profile with all its functional consequences is acceptable.
Despite all the progress made on PSC-derived cells, we should be aware
that both, a thorough understanding of minimum requirements for a
specific application based on primary cell physiology and the char
acterization of PSC-derived cells tailored to such benchmarks is essen
tial.
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