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Aims

Methods
and results

Human embryonic stem cells (hESCs) can be used to generate scalable numbers of cardiomyocytes (CMs) for
studying cardiac biology, disease modelling, drug screens, and potentially for regenerative therapies. A fluorescence-
based reporter line will significantly enhance our capacities to visualize the derivation, survival, and function of
hESC-derived CMs. Our goal was to develop a reporter cell line for real-time monitoring of live hESC-derived
CMes.

We used CRISPR/Cas9 to knock a mCherry reporter gene into the MYH6 locus of hESC lines, H1 and H9, enabling
real-time monitoring of the generation of CMs. MYHé:mCherry™ cells express atrial or ventricular markers and dis-
play a range of cardiomyocyte action potential morphologies. At 20days of differentiation, MYH6:mCherry™ cells
show features characteristic of human CMs and can be used successfully to monitor drug-induced cardiotoxicity
and oleic acid-induced cardiac arrhythmia.

We created two MYH6:mCherry hESC reporter lines and documented the application of these lines for disease

modelling relevant to cardiomyocyte biology.

Keywords

1. Introduction

Loss or impairment of cardiomyocyte function can result in various
forms of cardiovascular disease, the leading cause of morbidity and mor-
tality in the world representing 31% of all global deaths." Human pluripo-
tent stem cells (hPSCs), including human embryonic stem cells (hESCs)
and induced pluripotent stem cells (hiPSCs), have the unique capacity to
differentiate into cell types representing all three germ layers, including
mesoderm-derived cardiomyocytes (CMs). Hence, hPSCs can provide in
principle essentially unlimited materials for studying cardiac biology, in-
cluding lineage differentiation, disease modelling, drug screening, and de-
velopment of regenerative therapeutics. Indeed, directed differentiation
techniques starting with hPSCs have been successfully used to generate
many different specific cell types by recapitulating normal developmental
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programmes that function during embryogenesis, including for relatively
efficient generation of CMs.>?

However, differentiation is never entirely successful, and for many
applications, it may be important to purify the CMs. Several surface
markers have been utilized in order to enrich CMs. For instance,
TNNT2, a CM-specific maker, has been used for this purpose, but since
it is intracellular, it cannot be used to purify live CMs. Alternative
approaches to isolate pure hPSC-derived CMs have been applied to
overcome this hurdle. Two surface markers, SIRPA (signal regulatory
protein-o) and VCAM-1 (vascular cell adhesion molecule 1), have been
used to successfully enrich the CM population.*® However, these
markers are expressed on many other cell types, including in the
brain, lung, and blood vessels.” Some non-genetic manipulation
approaches including the fluorescent mitochondrial dye TMRM
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(tetramethylrhodamine methyl ester perchlorate) and magnetic bead
isolation by fluorescence-activated cell sorting (FACS) analysis or Percoll
gradient separation have been used to isolate CMs.2"° However, these
strategies have limitations for purity and scalability. Furthermore, several
research groups used glucose-free medium with lactate or fatty acid sup-
plement to enrich hPSC-CMs by metabolic purification methods."""?
However, it is not clear whether metabolic purification methods impact
the survival or function of CMs in the context of disease modelling or
cardiotoxicity studies. Finally, several cardiac-specific promoters have
been used to direct expression of reporter genes, including regulatory
sequences for genes that encode NKX2.5 (NK2 homeobox 5),° ISL1
(Islet-1),"® MYL2 (myosin light chain 2, also known as MLC2v),"* and
MYH6 (known as OL-MHC),15'16 but these approaches also have limita-
tions. NKX2.5 and ISL1 identify both cardiac progenitors and CMs. The
reported transgenic approaches using MYL2 or MYH6 created lines by
cloning a portion of the promoter region or with lentiviral transduc-
tion.”"® Prior to development of CRISPR/Cas9 technology, these trans-
genic CM reporters have been used for purification of CMs and to study
cardiac biology."""® However, the transgenes may not fully recapitulate
the endogenous cardiac programme and could impart genetic
alterations.

A fluorescence-based reporter line should significantly enhance our
capacity to visualize the derivation, survival, and function of hESC-
derived CMs. About 90% of promising pharmaceutical compounds even-
tually fail and are withdrawn from the market primarily due to drug-
induced cardiovascular toxicity.'”?® While several groups have used
hPSC-derived CMs as a model for testing cardiotoxicity,zp27
challenging to monitor in real-time cardiomyocyte arrhythmia or death,
which is important to further probe mechanism of the cell-type-specific
toxicities. Therefore, we sought to establish a fluorescence-based re-
porter line to purify CMs and monitor cardiomyocyte function and
survival.

We applied CRISPR/Cas9 technology to generate a cardiomyocyte
reporter hESC line with a knockin of mCherry at the MYH6 locus. MYH6
is expressed in both atria and ventricles during human embryonic devel-
opment. After birth, MYHé6 is predominantly expressed in atrial CMs and
at lower levels in ventricular CMs.#*° Mutations in MYH6 have been
reported to cause hypertrophic cardiomyopathy, dilated cardiomyopa-
thy, atrial septal defects, and sick sinus syndrome.3m32 Notably, based on
antibody staining and transmission electron microscopy (TEM), the
hESC-derived MYH6:mCherry™ cells co-express MYH6 and additional
cardiac atrial and ventricular markers, and display well-organized sarco-
meric structures. Moreover, global gene expression profiles of
MYHé:mCherry™" cells cluster together with relatively mature hESC-
derived CMs. Finally, we successfully used this reporter system to quanti-
tatively evaluate induced cardiotoxicity in living cells.

it remains

2. Methods

2.1 hESC culture and differentiation

Human H1 and H9 ESCs were purchased from WiCell. hESCs were
grown on a Matrigel-coated plate in mTeSR medium (Stem Cell
Technologies, USA) at 37°C in 5% CO,. The culture medium was ex-
changed daily. About 0.5mM EDTA was used for routine passage of
hESCs. Accutase was used for single cell dissociation. For cardiac differ-
entiation, MYH6:mCherry hESCs were cultured in hESC medium to
about 80% confluence. At differentiation Day 0, hESCs were treated
with 12uM CHIR99021 (CHIR, Stemgent) in RPMI (Cellgro, USA)

supplemented with B27 minus insulin, 2mM GlutaMAX and 100 U/mL
Pen/Strep for 24 h. The next day, CHIR was removed. At Day 2, differen-
tiated cells were treated with 5uM WNT antagonist | (IWR-1,
Stemgent, USA) for 3 days. At Day 5, IWR1 was removed. At Day 7, B27
minus insulin in cardiac differentiation medium was changed to complete
B27. Beating cells were typically observed around Day 8.

2.2 Immunofluorescence

Cells were fixed with 4% paraformaldehyde for 10 min at room tem-
perature. Cells were blocked in 5% horse serum (Invitrogen, USA),
0.3% Triton X in PBS for one hour at room temperature, followed by
primary antibody incubation overnight. The following antibodies were
used: mouse anti-MYHé6 (1:500, R&D, USA, MAB8979), rabbit anti-
MYL2 (1:500, Santa Cruz, USA, SC-34490), goat anti-MYL7 (1:500,
Santa Cruz, USA, SC-365255), rabbit anti-GATA4 (1:500, Abcam,
USA, ab61767), mouse anti-TNNT2 (1:1000, Invitrogen, USA, MA5-
12960), mouse anti-Sarcomeric Alpha Actinin (1:100, Sigma, USA,
A7811), and rabbit anti-cleaved-caspase3 (1:400, Cell Signaling, USA,
9661). Antibodies were detected with Alexa-488-, Alexa-555-, and
Alexa-647-conjugated donkey secondary antibodies against mouse,
goat, or rabbit (1:500, Invitrogen, USA). Nuclei were counterstained
with DAPI.

2.3 Generation of the MYH6:mCherry

hESC reporter line

sgRNA sequences (Table 1) were designed using the website http:/
crispr.mitedu/ and targeted the sequence 5'-GCAGCAAAAAATG
CACGATG-3'. Surveyor assays were used to evaluate guide efficiency
as described.®® The sgRNA sequence was cloned into the PX330 vector
(Addgene, plasmid #42230).>*% For constructing the MYHé:mCherry
donor plasmid, 901-bp left (Primers: HL-F and HL-R) and 971-bp right
(Primers: HR-F and HR-R) homology arms were PCR amplified from
H9 genomic DNA and cloned into the pGolden-Hyg plasmid (Addgene,
plasmid #51423). P2A-mCherry was PCR amplified from the IRES-puro-
p2A-mCherry reporter cassette that was developed in-house. Loxp-
Puro inserts were PCR amplified from the OCT4-2A-eGFP-PGK-Puro
plasmid (Addgene: 31938) using LoxP-Puro-F and LoxP-Puro-R primers,
digested and cloned into the pGolden-Hyg plasmid to generate the
MYH6:mCherry donor plasmid. The donor plasmid was further con-
firmed by DNA sequencing.

H1 and H9 hESCs were dissociated into single cells with Accutase for
5-7 min. Cells were electroporated using a human stem cell nucleofec-
tor kit2 (Lonza, VPH-5022) according to the manufacturer’s guidelines.
Briefly, 1 million cells were resuspended in 100 pL nucleofector mix to
which was added 4 pug CRISPR targeting plasmid and 2-1ig donor plasmid.
Cells were re-plated on Matrigel-coated plates with 10 uM ROCK inhibi-
tor. Two days after electroporation cells were treated with puromycin
(0.5 pug/mL) for 2 days. Two weeks after electroporation, 80 clones were
picked and each clone was separated into two wells of a 96 well-plate.
When cells were 80-90% confluent, we added lysis buffer (Sigma, Cat#
L3289) and neutralization buffer (Sigma, Cat# N9784) to isolate geno-
mic DNA for genotyping (internal primers listed in Table 7). After this ini-
tial genotyping, we chose six random clones and performed PCR using a
pair of primers that were located (forward) in the middle of the LoxP-
Puro cassette and (reverse) outside of the HA-R cassette in the untar-
geted genomic DNA. Then, targeted clones were electroporated with a
vector expressing Cre recombinase by the same experimental proce-
dure described above, in order to remove the Loxp-Puro selection
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Table | Primer lists

Name of primer

HR_F

HR_R

HL_F

HL_R
P2A-mCherry_F
P2A-mCherry_R
SgRNA#1_F
SgRNA#1_R
SgRNA#2_F
SgRNA#2_R
loxp puro_F
loxp puro_R
Genotype_F
Genotype_R
Middle of LoxP-Puro
Outside HR_R1
Qutside HL_F
Qutside HR_R2
Sequencing primer_F(HL)
Sequencing primer_F(mCherry)
Px330 sequence
GAPDH_F
GAPDH_R
RYR2_F
RYR2_R
KCNA4_F
KCNA4_R
KCNA2_F
KCNA2_R
BAX_F

BAX-R
ACTC1_F
ACTC1_R
TNNI3_F
TNNI3_R
MYH7_F
MYH7_R
MYHé6_F
MYH6_R

Sequence (5'-3')

GGATCCTGACACTGCCTCGGGAACCTCACT
GGTACCTAGAAGAGGCTCCACTTGGGGAGT
CTCGAGGGTGGAATTGGGCCTAGAAGGGGA
TCTAGACTCCTCATCGTGCATTTTTTGCTG
TCTAGAGGAAGCGGAGCTACTAACTTCAGC
CATATGTCATCTGAGTCCGGACTTGTACAGCTC
CACCGCAGCAAAAAATGCACGATG
AAACCATCGTGCATTTTTTGCTGC
CACCGTGGCAAGAGTGAGGTTCCCG
AAACCCGGGAACCTCACTCTTGCCA
CATATG CGATCATATTCAATAACCCTTAATATAACTTCG
GGATCCTCTTCGAGAGTGAACCTGGACCTAATAAC
GCTTGCCCTATATGTAGGCAGTTCTG
GATGGCCATGTTATCCTCCTCGC
CTGCAAGAACTCTTCCTCACGCGC
GCACAGTCCATTCTCATGGTCTC
GGCACCACCTACAAGCTGCTTAC
CAGCTCCCAAGTCCTGCCCGAAC
CACTTCTCCCTCTTGCCAGCTGC
GCTGAGGTCAAGACCACCTACAAG
GGACTATCATATGCTTACCG
GAAGGTGAAGGTCGGAGTC
GAAGATGGTGATGGGATTT
CGAAGACGAGATCCAGTTCC
CAAATCCTTCTGCTGCCAAG
CAGCCGGTGGATTTTCTTTA
CAGAGCATTCTTCAGCCAAA
TTACATGCCTCTGTACCCCC
TGACTCAGCTGACATCCAGA
ACCAAGAAGCTGAGCGAGTGTCACC
ACAAAGATGGTCACGGTCTGCC
GCTGTCTTCCCGTCCATC
CATGCTCGATGGGATACTTCAG
TTTGACCTTCGAGGCAAGTTT
TGCAGAGATCCTCACTCTCCG
TCGTGCCTGATGACAAACAGGAGT
ATACTCGGTCTCGGCAGTGACTTT
CGGTGCTTTTCAACCTCAAGG
GGACTGGTTCTCCCGATCTGT

cassette. Positive clones bearing mCherry knock-in at the correct locus
were then verified using primers both located outside of HL and HR
arms (primers listed in Table 7). PCR products were confirmed by DNA
sequencing. The sequences for all primers used for generating the donor
plasmids are listed in Table 1.

2.4 FACS and flow cytometry

MYH6:mCherry hESC reporter cells were differentiated into CMs as de-
scribed above. Cells were dissociated with Accutase for 5min at 37°C.
Cells were centrifuged at 1400 rpm for 4 min and resuspended in FACS
buffer containing DMEM without phenol red (Life Technologies, 21063-
029), 1mM EDTA, 25mM HEPES, and 5% foetal bovine serum. Cells
were collected using a BD FACSARIA cell sorter. For the flow analysis,

~5000 single live-cell events were recorded and analysed per sample on
a Cé flow cytometer (Accuri) and analysed using FCS express (De novo
Software).

2.5 RNA sequencing and data analysis

Total RNA was isolated using the Qiagen RNeasy mini kit according to
manufacturer’s instructions. The quality of RNA samples was examined
by Agilent Bioanalyzer (Agilent). cDNA libraries were generated using
TruSeq RNA Sample Preparation kits (lllumina). Each library was se-
quenced using single-end reads in HiSeq4000 (lllumina). Gene expres-
sion levels were analysed with TopHat and Cufflinks by the Weill
Cornell Genomic Core facility. RNA-seq data are deposited in the GEO
database and can be accessed with the GEO accession number
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GSE111365. Raw data were normalized with negative cells as fold-
change. Heat maps were analysed with MeV (Multiple Experiment
Viewer) and gene lists were filtered based on expression level differen-
ces >4 or < -4. To perform principle component analysis (PCA), raw
read counts on protein-coding genes were collected from our RNA-seq
data and from public data set GSE93841 and were normalized by per-
forming regularized log transformation with DESeq2 package. Batch
effects introduced by experiments were corrected using remove Batch
Effect from limma package. PCA was then performed using plot PCA
from DESeq2 package. GSEA was performed using GSEA software.
Genesets were selected based on genes that are >10-fold up-regulated
from MYHé:mCherry™ samples. Global human adult atrial, ventricular
myocyte, and hESC-derived cardiomyocyte gene expression data were
obtained from a published database (GSE64189).%¢ Enriched genesets
are selected based on statistical significance (FDR q value <0.25 and/or
NOM P value <0.05). Enriched genes were grouped into functional cate-
gories based on Gene Ontology classifications using the PANTHER site
(http://www.pantherdb.org) (PMID:12520017).

2.6 Cellular electrophysiology

Action potentials were recorded using an AM-Systems (WA, USA)
model 2400 patch-clamp amplifier in current-clamp mode using the
Real-Time eXperiment Interface (RTXI; www.rtxi.org).>”?® Cells
were superfused at 35°C with a Tyrode’s solution containing: 137 mM
NaCl, 54mM KCl, 2mM CaCl,, 1mM MgSO,, 10 mM HEPES, and
10 mM glucose, with pH 7.35 (NaOH). The perforated patch-clamp
technique was used to gain whole cell access by 480 pug/uL
Amphotericin-B (Sigma-Aldrich Corp, MO, USA) in the pipette
solution, which also contained: 5mM NaCl, 20mM KCl, 120 mM
K-aspartate, and 10 mM HEPES, with pH 7.2 (KOH). Pipettes were
pulled from 1.5 mm capillary tubes (AM-Systems, WA, USA) to a re-
sistance between 2.5 and 3.5 MQ, and corrected for a liquid junction
potential of 14 mV. Recordings consisted of 10's of no stimulation, fol-
lowed by 10's of 2 Hz stimulation with 3—5 ms suprathreshold current
injection, and another 10 s of no stimulation.

2.7 Subtype characterization

Characterization was based on action potentials from a 10s recording.
At minimum, the 10 s recording contained at least three action potentials
with spontaneous recordings prioritized (n=13/15) over stimulated
recordings (n=2/15). Action potentials were analysed using MATLAB
(MathWorks, Natick, MA, USA), and cells were subdivided into three
subtypes based on upstroke velocity (dV/dt...) and action potential
shape (APDgg/30 ratio). Criteria for ventricular-like action potentials
were a fast upstroke (dV/dt.« > 30) and long plateau phase (APDgg30
ratio < 1.6). For atrial-like action potentials, criteria were a fast upstroke
(dV/dtnax > 30) and absence of a plateau phase (APDgg30 ratio > 1.6).
For nodal-like action potentials, spontaneity was required along with a
slow upstroke (dV/dt . < 30).

2.8 Calcium imaging

hESC-derived CMs were plated on ibidi plates coated with 0.1% gelatine.
The cells were loaded with 2 uM Fluo-4 AM dissolved in 1:1 (v/v)
amount of 20% Pluronic®-F127 and DMSO with stock concentration of
1mM for 45 min at room temperature in Tyrode solution consisting of:
140 mM NacCl, 5.4 mM KCl, 1 mM MgCl,, 1.8 mM CaCl,, 10 mM glucose,
and 10mM HEPES at pH 7.4. The calcium transients of hESC-derived
beating cardiac clusters were recorded on a heated stage using a

confocal microscope (Zeiss LSM 710) at intervals of 200 ms (five frames
per second). The images were then quantified as the background sub-
tracted fluorescence intensity changes normalized to the background
subtracted baseline fluorescence using MetaXpress software.

2.9 qRT-PCR

RNA was isolated using an RNase Mini Kit (Qiagen, 74106), and 2 pg of
total RNA was used to synthesize cDNA (Thermofisher, 18080400).
Real-time qPCR was performed in a CFX384 (Bio-Rad) machine with
LightCycler DNA Master SYBR Green | reagents (Roche). Differences
between samples and controls were calculated based on the 27AACT
method and normalized to GAPDH. Statistical significance was deter-
mined using a two-tailed Student’s t-test (P<0.05). The primers are

listed in Table 1.

2.10 Drug-induced cardiotoxicity
MYH6:mCherry-derived CMs (differentiation Day 20) were treated with
20 uM doxorubicin (Dox, Cat# 2252, Tocris) for 24 h. For live-cell imag-
ing experiments, CMs were treated with Dox for 48 h. At Day 20, CMs
were treated with 8mM of Oleic acid (Cat# O1257, sigma) for 48 h.
Cells were then harvested for further analyses. For the maturation ex-
periment, Day 15 CMs were treated with 100 uM palmitic acid (Cat#
P9767, Sigma) for 10 days, following by 48 h OA treatment.

2.11 Transmission electron microscopy
MYH6:mCherry-derived CMs (differentiation Day 15) were replated on
Matrigel-coated Aclar embedding film for 5 days. Cells were fixed with
2.5% glutaraldehyde, 2% paraformaldehyde, 0.1% tannic acid in 0.1TM
cacodylate buffer (pH 7.2) for 30 min. Then, cells were washed three
times with 0.2M sucrose, 0.1% calcium chloride in 0.1M cacodylate
buffer (pH 7.2), and post-fixed in 1% OsOy in 0.1 M cacodylate buffer
(pH 7.2) for 30 min. Cells were washed with ddH,O three times and
stained cells with 1% uranyl acetate for 30 min. Cells were then washed
with ddH,O three times and dehydrated with gradient ethanol (30%,
50%, 70%, 90%, and 100%) for 5 min each. Samples were infiltrated with
1:1,2:1 (EPON:100% EtOH) and pure EPON resin. All procedures were
done at room temperature. Samples were embedded in EPON at 60°C
for 48 h. After slicing, the images of ultrastruture were captured by a
Tecnai G2 Spirit TWIN electron microscope (FEl) equipped with a
Gatan CCD Camera (794.10.BP2 MultiScan) and acquisition software
DigitalMicrograph (Gatan).

2.12 Statistics

A two-tailed Student’s t-test was used to calculate statistical significance.

3. Results

3.1 Generation of knock-in MYH6:mCherry
hESC reporter lines using CRISPR/
Cas9-based gene targeting

To generate the knock-in reporter lines, we first designed two single
guide RNAs (sgRNAs) and cloned the sequences (Table 1) into the
pX330 vector that also supports expression of Cas9. Each sgRNA tar-
gets a location close to the stop codon of the MYH6 locus. A surveyor
assay was used to evaluate the cutting efficiency in 293 T cells. Both
sgRNAs were able to target the MYH6 locus, and we chose sg#1 be-
cause the targeting efficiency appeared to be slightly higher than for sg#2
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Figure | MYH6 gene targeting strategy and evaluation of an MYH6é6:mCherry hESC knock-in reporter line. (A) A sgRNA sequence targets a region close
to the stop codon of the MYH6 gene. A P2A-mCherry fluorescence reporter cassette together with an excisable selection marker (PGK-Puro) was inserted
using homologous recombination. After genotyping hESC MYH6:mCherry clones, the selection cassette was excised by expression of Cre recombinase. (B)
Evaluation of the hESC MYHé:mCherry knock-in reporter line following human cardiomyocyte differentiation. Five independent MYHé:mCherry clones
show mCherry fluorescent signals at differentiation Day 15. Scale bar: 100 um. (C) Percentage of mCherry populations analysed by flow cytometry at differ-
ent cardiac differentiation stages at Days 5, 7, 10, and 15, respectively. (D) Quantification of the mCherry™ population. Results represent three independent
experiments. A two-tailed Student’s t-test was used to calculate statistical significance. Error bars show SD. Statistical significance is indicated: *P < 0.05,

stk

P<0.001. ns., not significant.

(Supplementary material online, Figure STA). To construct a donor plas-
mid, left and right homology arms were generated by PCR of genomic
DNA and cloned into the pGolden-Hyg plasmid. A fluorescent reporter
P2A-mCherry cassette was fused in frame into the left homology arm
along with a selection cassette, comprising a loxP-flanked puromycin
gene controlled by the PGK promotor (Figure 1A). After validating the
targeting and donor plasmids by DNA sequencing, H9 hESCs were
transfected with both the sgRNA and donor plasmids by electropora-
tion. Two days later, cells were selected with puromycin for 48h.
Approximately 10days later, 80 colonies were picked, expanded, and
genotyped using primers internal to the donor plasmid (Supplementary
material online, Figure S1B, black arrows and Table 1), which generates a
497 bp PCR product. Among 80 clones tested, 75 (94%) positive clones
were obtained (Supplementary material online, Figure S1C). After this ini-
tial genotyping, we chose six random clones and performed PCR using a
pair of primers that were located (forward) in the middle of the LoxP-

Puro cassette and (reverse) outside of the HA-R cassette in the untar-
geted genomic DNA (Supplementary material online, Figure S1B, red
arrows and Table 1), which generates a 2086 bp PCR product. All six
clones were positive (Supplementary material online, Figure S1D), sug-
gesting that the mCherry construct was inserted to the correct location
in most clones. To further demonstrate that the mCherry reporter is
knocked into the MYH6 locus after removing LoxP-Puro cassette, we
performed PCR using a pair of primers that are located outside of the
left and right homology arms (Supplementary material online, Figure S1B,
blue arrows and Table 7). We identified heterozygous clones that dis-
played PCR products for both wildtype and targeted loci (e.g. shown in
Supplementary material online, Figure STE). The targeted allele was fur-
ther verified by DNA sequencing the larger PCR product (data not
shown). To examine whether mCherry insertion affects chromosomal
stability, the reporter line was karyotyped and found to have normal
chromosomes (Supplementary material online, Figure STF). To validate
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the MYH6:mCherry reporter activity, we examined five selected re-
porter clones using a human cardiac differentiation protocol described
previously.3 Notably, mCherry fluorescence was observed starting
around Days 6 and 7 of differentiation using each of these selected
clones (Figure 1B). The mCherry™ cells showed beating activity at Day 7
of differentiation. Additionally, we typically obtained about 70-90% CM
differentiation efficiency (Figure 1C and D). To confirm fidelity of the re-
porter, we generated a second MYH6:mCherry reporter, exactly as de-
scribed above, using the distinct (male) H1 hESC line (Supplementary
material online, Figure S1G). Again, all the beating cells were mCherry™
and co-expressed TNNT2 (Supplementary material online, Figure STH).

3.2 Characterization of the
MYH6:mCherry expressing cells

To further characterize the MYH6:mCherry hESC reporter line, immu-
nofluorescence staining was performed using additional cardiac markers,
including MYH6, MYL7, MYL2, TNNT2, and GATA4 (Figure 2A). All
MYHé:mCherryt cells labelled positively with an antibody against
MYHS, which validates the reporter (Figure 2A). MYH6:mCherry™ cells
also express atrial and ventricular markers, MYL7 and MYL2 (Figure 2A),
suggesting that the reporter line can identify both types of CMs.
Moreover, all MYH&:mCherry™ cells co-express cardiac regulatory tran-
scription factor GATA4 and the differentiation muscle marker TNNT2
(Figure 2A). Flow cytometry was used to show that more than 90% of
the MYHészherry+ cells co-expressed TNNT2, MYH6, and MYL7
(Figure 2B). The MYL2 staining was less convincing by flow cytometry ei-
ther due to limitations of the antibodies or relatively lower expression
levels in the ESC-derived cells. We stained mCherry™ cells for the sarco-
meric marker alpha ACTININ (ACTN2) and examined cells by TEM to
evaluate sarcomeric structures. Notably, the mCherry™ cells displayed
organized sarcomeric structures typical of hESC-derived CMs (Figure 2A
and C). Additionally, mCherry™ cells were isolated by FACS, and qRT-
PCR assays demonstrated robust enrichment compared to mCherry-
negative cells for CM markers, including MYH6, TNNT2, MYH7, GATA4,
MYL2, and MYL7 (Figure 2D). To further demonstrate that
MYHé:mCherry* cells are CMs, immunostaining was used to confirm
that mCherry™ cells do not express the endothelial marker (CD31) or a
haematopoietic marker (CD34) (Supplementary material online, Figure
S2A). Flow cytometry further demonstrated that mCherry™ cells do not
express CD31 or the fibroblast marker CD90, but mCherry™ cells do
express cardiomyocyte marker VCAM-1 (Supplementary material on-
line, Figure S2B). Taken together, hESC-derived MYHé&:mCherry™ cells
express cardiac markers MYH6, MYL7, GATA4, and TNNT2 and are
relatively well differentiated as they display organized sarcomeric
structures.

3.3 Electrophysiological analysis of

MYH6:mCherry ESC-derived CMs

The patch-clamp technique was used to determine electrophysiological
properties of CMs derived from the MYH&:mCherry hESC reporter
line. The mCherry™ cells are electrically active and display typical profiles
found in hESC-derived CMs. Action potentials from a 10s recording
were analysed using MATLAB, and cells clustered naturally into three
subtypes based on upstroke velocity (dV/dt..x) and action potential
shape (APDgg30 ratio). Criteria for ventricular-like action potentials
were a fast upstroke (dV/dt.« > 30) and long plateau phase (APDgg,30
ratio < 1.6). For atrial-like action potentials, criteria were a fast upstroke
(dV/dtymax > 30) and absence of a plateau phase (APDyg/30 ratio > 1.6).

For nodal-like action potentials, spontaneity was required along with a
slow upstroke (dV/dt..x < 30) (Figure 3A and B). Following 25 days of dif-
ferentiation, mCherry ™" cells were sorted and replated for analysis. Out
of 15 patch-clamped cells, eight (53%) showed ventricular-like action po-
tential, three (20%) displayed an atrial-like action potential, and the
remaining four (27%) were classified as nodal-like cells (Supplementary
material online, Figure S3, Table 2). Moreover, intracellular calcium imag-
ing in these mCherry™ cells revealed spontaneous calcium transients
(Figure 3C), and the cells responded robustly to caffeine stimulation
(Figure 3D).

3.4 Global gene expression profile of CMs
derived from MYH6:mCherry hESCs

To further characterize the phenotype of MYHé:mCherry™ cells, they
were isolated by FACS at differentiation Day 20, following ~80-90% dif-
ferentiation efficiency (Figure 4A). RNA sequencing was performed to
compare the global gene expression profiles in mCherry” and mCherry*
cell populations. The gene expression levels in the mCherry™ cell popu-
lation were normalized by the expression levels in the negative cell pop-
ulation. As expected, hierarchical clustering analysis revealed a large
geneset containing cardiac-restricted genes that are enriched in the
mCherry™ cell population (Figure 4B). MYH?7 is expressed predominately
in the human foetal and adult ventricle. MYH6 is more restricted to adult
atria with minor expression in adult ventricle.>**° Notably, both MYH6
and MYH7 are highly expressed in mCherry* cells (Figure 4B).
Moreover, atrial and ventricular markers MYL7 and MYL2, and classic
CM markers TNNT2, TNNI1, ACTNZ2, and VCAM1 are all highly expressed
in mCherry™ cells (Figure 4B). In addition, we observed that endothelial
marker CDH5 (also known as VE-cadherin) and EPAST (Endothelial PAS
domain-containing protein1) are highly expressed in the negative cell
population, but not in the MYHé6:mCherry™ population (Figure 4B). PCA
was performed to compare the whole genome transcriptome of our
samples and a published database of hESC-derived CMs (GSE93841).
The MYHé&mCherry™ cells clustered together with hESC-derived CMs
matured in a high palmitate medium,*' while the MYH6:mCherry™ cell
profiles clustered with control cells, which include both undifferentiated
progenitors and immature cells (Figure 4C).

Geneset enrichment analysis (GSEA) was performed to assess if the
global gene expression profiles of MYHé&:mCherry™ cells are compara-
ble to human heart cells. The gene list was filtered based on expression
levels that are at least 10-fold changed in MYHémCherry" cells com-
pared to the negative cells. The gene list was compared with published
microarray datasets (GSE64189) for gene expression levels from hESC-
derived CMs at different stages: 2, 4, or 8 weeks, in addition to isolated
human adult right atrium, left atrium, left ventricle, or right ventricle. The
MYHémCherry™* cell geneset is significantly enriched in each of these
adult human cardiac data sets (Figure 4D), which is consistent with the
PCA analysis described above. We further compared the gene list with
two genesets derived from profiling adult atrial myocytes and ventricular
myocytes. Interestingly, the results are not statistically enriched in either
atrial or ventricular myocytes (Supplementary material online, Figure S4),
again consistent with MYHé&:mCherry™ cells as pan-cardiomyocyte fated.
Gene ontology (GO) biological analyses were performed using the gene
lists that are significantly enriched in human adult atrial or ventricular
myocytes. As expected, genes that are enriched in both atrial and ven-
tricular myocyte sets are involved in various processes of muscle devel-
opment and cardiac cell development (Figure 4E). Taken together,
transcript profiling indicates that MYHémCherry™ cells are a highly
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Figure 2 MYHémCherry™ cells express cardiac markers and display well-organized sarcomeric structure. (A) MYH6:mCherry™ cells co-express cardiac
markers MYH6, MYL7, MYL2, TNNT2, GATA4, and ACTN?2 at differentiation Day 15. In the merged images, MYH6:mCherry are shown in red and individ-
ual cardiac makers are coloured by green. Scale bar: 100 pm, except for ACTN2: 10 um. (B) Flow cytometry analysis of MYHé:mCherry™ CMs with co-
expressed cardiac markers. (C) Transmission electron micrograph demonstrating the sarcomeric structures in MYHé:mCherry™ CMs. Red arrows indicate
Z-lines. (D) Expression of cardiac genes in MYH6:mCherry sorted cells. Results represent data from three independent experiments. A two-tailed Student’s
t-test was used to calculate statistical significance. Error bars show SD. Statistical significance is indicated: *"P < 0.001.
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Figure 3 MYHé6mCherry™ cells display atrial-like, ventricular-like, or nodal-like action potential morphology. (A) Examples of the mean spontaneous ac-
tion potential recorded using whole-cell patch clamp from each of the three subtypes characterized by upstroke velocity (dV/dty.x) and action potential
shape (APDsq/30 ratio). (B) Action potential parameters from all recorded cells (n = 15) separated by subtype. Boxplot whiskers represent maximum and
minimum values within 1.5%inter-quartile range. (C) Images of calcium transients of MYHé:mCherry expressing cells. Scale bar: 50 um. (D) MYHé:mCherry*
cells respond to caffeine stimulation. Data represent cells analysed from three independent experiments.

enriched pan-cardiomyocyte population. Furthermore, RNA-seq analy-
sis suggested that MYHé:mCherry™ cell profiles cluster with relatively
mature hESC-derived CM profiles.

3.5 Monitoring drug-induced cardiotoxicity

Drug-induced cardiotoxicity has caused failure or withdrawal of more
than 90% of potential drug candidates.'*?® Therefore, a simple and ro-
bust platform to test drug-induced cardiotoxicity is an important goal for
drug development. To evaluate whether the MYH6:mCherry reporter
line provides a good cell-based model for cardiotoxicity, we treated Day
20 hESC-derived CMs with doxorubicin (Dox), a known anti-cancer
drug that can cause cardiotoxicity.***® To quantitatively visualize the
progress of cardiotoxicity, we carried out live-cell imaging to monitor
Dox-treated cells for 48h (Supplementary material online, Movie S7).
Notably, cells started to die around 12 h after Dox treatment (Figure 5A).
Dox-induced cardiotoxicity is known to correlate with apoptosis, which
was monitored in treated cells with apoptosis marker cleaved-caspase3.
Dox-treated cells were harvested after 24h treatment. As expected,
Dox significantly increased the number of cells positive for cleaved-
CASPASE3 compared with the control group (Figure 5B). This result was
further confirmed by western blotting experiments (Supplementary ma-
terial online, Figure S5). Furthermore, expression levels of the pro-
apoptotic gene BAX2 were significantly enhanced following Dox treat-
ment (Figure 5C). We also examined if Dox treatment affects the

expression of cardiac genes. Based on gPCR experiments, expression of
cardiomyocyte genes was significantly decreased (e.g. MYH6, MYH?7,
ACTC1, and TNNI3)) following 24 h Dox treatment (Figure 5D). Taken to-
gether, we validated the capacity for the MYH6:mCherry reporter line
to provide a good platform for testing cardiotoxicity.

3.6 Monitoring oleic acid-induced

cardiomyocyte arrhythmia

Obesity and metabolic syndrome are risk factors for atrial fibrillation.**
High plasma concentrations of mono-unsaturated fatty acids, including
oleic acid (OA), are frequently noted in patients with obesity or other
metabolic syndromes. To determine the effect of OA on hESC-derived
CMs, MYH6:mCherry-derived CMs were treated at differentiation Day
20 with different doses of OA. In contrast to the Dox-treated condition,
OA treatment at these doses neither caused cell death (Figure 5E and
Supplementary material online, Movie S2) nor induced a significant in-
crease in cleaved-CASPASE3 (Figure 5B and Supplementary material on-
line, Figure S5) and BAX2 expression levels (Figure 5C). In addition, 48 h
OA treatment did not affect the expression of cardiac genes MYH6,
MYH7, ACTC1, and TNNI3 (Figure 5D). Instead, the beating rate of OA-
treated MYH&mCherry™ cells was significantly increased after 48h OA
treatment (Supplementary material online, Movie S3A and 3B), and con-
sistent with this observation, the frequency of spontaneous calcium ac-
tivity was significantly increased following OA treatment compared with
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Table 2 Electrophysiological analysis of MYH6:mCherry expressing cells
Amp (mV) AmpSE APD,, APDy,SE  APD;,  APDj APD90/30 dVidt MDP  MDP Category
(mV) (mV) (mV) (mV) SE(mV) (mV) (VIS)  (mV)  SE(mV)

100.93 1.02 135.17 51.28 104.47 6.03 1.51 3171 -72.70 0.57 Ventricular
114.18 374 210.65 12.80 170.05 6.58 1.48 69.79 -87.93 3.30 Ventricular
102.48 0.64 102.42 1.50 82.64 149 1.50 72.40 -82.47 0.23 Ventricular
114.03 0.38 136.55 231 109.33 242 1.52 89.92 -75.38 0.52 Ventricular
92.99 0.77 154.86 1.51 128.68 1.03 142 173.14 -72.58 0.76 Ventricular
100.09 1.88 103.24 4.03 82.07 2.69 1.54 94.16 -82.32 1.04 Ventricular
117.20 4.28 217.66 5.03 176.17 3.55 1.51 94.58 -72.68 0.58 Ventricular
107.32 0.77 260.00 18.64 203.03 17.33 157 50.86 -82.19 113 Ventricular
61.64 1.83 87.73 287 61.73 1.38 1.81 7.76 -56.52 0.53 Atrial
90.83 0.98 120.97 320 103.04 2.67 1.36 11.85 -73.83 0.42 Nodal
84.81 2,04 70.46 4.01 47.41 2.10 1.90 47.97 -79.96 0.71 Nodal
88.89 0.33 110.98 0.81 81.28 0.71 176 136.44 -68.73 0.13 Nodal
75.63 0.60 200.79 3.80 147.52 2.64 1.79 7.57 -63.50 0.27 Nodal
89.00 136 138.85 4.90 113.33 4.16 1.52 12.04 -68.66 0.54 Nodal
73.59 121 110.03 327 74.44 178 1.96 32.03 -74.49 0.36 Nodal
Averaged data

106.15 2.20 165.07 19.98 132.06 7.61 125 84.57 -78.53 1.36 Ventricular
61.64 1.83 87.73 2.87 61.73 191 142 7.76 -56.52 0.54 Atrial
83.79 122 125.35 3.56 94.50 3.03 135 41.32 -71.53 0.45 Nodal

the control group (Figure 5F and G). We further used FACS to isolate
mCherry™ cells from control and OA-treated groups, respectively. This
OA-induced tachycardia was associated with increased expression levels
for genes that are involved in intracellular calcium handling for cardio-
myocyte contraction including RYR2, KCNA4, and KCNJ2 (Figure 5H), sug-
gesting that OA-induced tachycardia may act through activation of these
calcium-handling genes. This result was further confirmed by western
blotting (Figure 51). Mills et al.*" showed that palmitate can promote mat-
uration of hESC-CMs. Thus, to rule out that OA-induced arrhythmia
was caused by hESC-CMs immaturity, we first treated hESC-CMs at dif-
ferentiation Day 15 with 100 uM palmitate for 10 days. As expected, af-
ter treating hESC-CMs with palmitate, the proliferation markers Ki67
and PHH3 were significantly decreased (Supplementary material online,
Figure S6A and B), consistent with maturation. We treated these hESC-
CMs with OA to test if OA can still induce arrhythmia. Notably, OA not
only enhanced beating rate (Supplementary material online, Figure S6C)
but also increased expression of intracellular calcium-handling genes
RYR2, KCNA4 and KCNJ2 (Supplementary material online, Figure S6D),
suggesting that OA-induced arrhythmia was independent of maturation
status.

4. Discussion

Although relatively efficient directed differentiation protocols have been
developed to generate cardiac cells from hPSCs, optimized tools to iso-
late human CMs with high purity have been limited. Thus, while hPSC-
derived CMs provide an outstanding platform for studying cardiac biol-
ogy, drug toxicity, and development of regenerative therapeutics, the
lack of robust tools to image and purify live CM populations presents a
gap in their application. We successfully generated MYH6:mCherry
hESC reporter lines, using CRISPR/Cas9. Using an established directed

differentiation protocol, all of the beating cells are mCherry™. These
MYHé&mCherryt cells can be observed during early differentiation
stages already by around Day 6-7 and co-express cardiac markers,
MYH6, MYH7, TNNT2, GATA4, and atrial and ventricular myocyte
markers, MYL2 and MYL7. Moreover, the mCher"ry+ cells express the
sarcomeric marker ACTN2 and display organized sarcomere structures.
The MYHé&:mCherry* cell population, using a standard pan-CM directed
differentiation protocol, is comprised of cells with atrial-like, ventricular-
like, and nodal-like action potential morphology. Additionally, the global
gene expression profiling suggested that these MYH6:mCherry closely
resemble relatively mature hESC-derived CMs. However, as is known
from many previous studies, hESC-derived CMs are immature compared
to adult human CMs. A subset of the mCherry* CMs express both atrial
and ventricular myocyte markers, MYL2 and MYL7, also indicative of an
immature status for the derived CMs. Using the MYH6&:mCherry re-
porter line, we could monitor Dox-induced cardiotoxicity and oleic
acid-induced cardiomyocyte arrhythmia. We could demonstrate that
Dox or OA caused cardiomyocyte defects through distinct mechanisms.
Therefore, the reporter is able to distinguish the mechanism of action
for different toxins on hESC-derived CMs. It provides a convenient plat-
form to systematically examine cardiac toxins. Therefore, the
MYHé:mCherry hESC reporter line should serve as a useful tool for dis-
ease modelling and drug development relevant to cardiomyocyte
biology.

Interestingly, OA-induced tachycardia is associated with alteration of
the expression of calcium-handling genes RYR2, KCNA4, and KCNJ2.
These three genes are involved in cardiac excitation-contraction cou-
pling.** Moreover, mutation of RYR2 has been found in catecholaminer-
gic polymorphic ventricular tachycardia (CPVT) patients. RYRZ is the
regulator for sarcoplasmic release of calcium and plays an essential role
in regulating heart rate. Patients with RYR2 mutations suffer cardiac
arrhythmias.***” A gain-of-function mouse model also leads to cardiac
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Figure 4 ESC-derived MYH6:mCherryt cells display cardiac gene expression profiles. (A) A representative FACS plot of MYHé&mCherry™ and
MYH6:mCherry” cell populations. Cells were harvested at differentiation Day 20. (B) Hierarchical clustering analysis of altered gene expression based on
RNA sequencing from MYHémCherryt and MYHémCherry populations. (C) PCA analysis of the transcriptome of MYHé&mCherry' and
MYH6:mCherry™ cells and previously published hESC-derived cardiomyocytes (GSE93841). GSE93841-MM: hESC-derived CMs cultured in maturation me-
dium; GSE93841-control: hESC-derived cells cultured in control medium; (D) GSEA analysis indicates that genesets of two independent MYHé:mCherry "
samples (MHC1 and MHC2) are both significantly enriched in adult human right/left atrial and ventricular cells compared to hESC-CMs (at 8 weeks). A pub-
lished microarray dataset (GSE64189) and the genesets that are >10-fold up-regulated from MYHé:mCherry* populations were used for comparison.
Enriched genesets are selected based on statistical significance (FDR q value <0.25 and/or NOM P value <0.05). MHC 1 and MHC2: two independent
MYHé:mCherryt samples. RA/LA: human adult right/left atrium. RV/LV: human adult right/left ventricular cells. RESC-CM (8 weeks): hESC-derived cardio-
myocytes harvested at differentiation Week 8. (E) GO biological process analyses of the genes that are significantly enriched in human adult right/left atrial
samples. Sorted cells are from two independent experiments.
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Figure 5 Establishment of a platform for cardiotoxicity testing. (A) Day 20 differentiated CMs were treated with 20 uM doxorubixin (Dox) and monitored
for 48 h. Shown are representative live images. CMs started to die after 12 h Dox treatment. (B) CMs were harvested and stained with the apoptotic marker
cleaved-CASPASE 3 after Dox treatment for 24 h and OA treatment for 48 h, respectively. Green fluorescence indicates cleaved-CASPASE 3+ cells. Scale
bar: 50 um. (C) The expression levels of BAX2 were measured by gqRT-PCR in control, OA, and Dox treatments. (D) The expression levels of cardiac genes
were determined by qRT-PCR. (E) Day 20 differentiated CMs were treated with 8 mM OA and monitored for 48 h. Shown are representative live images.
(F) Shown are representative images of calcium transits of control (Ctrl) or cells showing OA-induced tachycardia. Scale bar: 50 um. Low panel: quantifica-
tion of calcium transits. (G) Frequency and amplitude quantification of calcium transits. (H) OA induces the expression levels of transcripts encoding cal-
cium-handling genes RYR2, KCNA4, and KCNJ2. MYH6mCherryt cells were sorted from control and OA-treated cells. () Representative western blot of
RYR2, KCNA4, and KCNJ2 in lysates from control or OA-treated cells. Error bars show SD. Results are from three independent experiments. A two-tailed

Student’s t-test was used to calculate statistical significance. Statistical significance is indicated: P < 0.01, P < 0.001.
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arrhythmias and sudden cardiac death.*® Defects in KCNJ2 have been
shown to cause short-QT-syndrome and Anderson—Tawil syndrome, in-
cluding symptoms that induce cardiac arrhythmias.49‘5° In addition, fatty
acids have been shown to affect Ca* homoeostasis, stimulation of mito-
chondrial damage and induction of cardiac arrhythmia.***">2 Therefore,
OA-induced tachycardia may function through regulation of these genes
and thereby altered Ca®* concentration in hESC-CMs.

Even after passing clinical trials, many drugs are found to cause cardio-
vascular toxicity and need to be withdrawn from the market. Since
hPSC-CMs can be generated efficiently in scalable amounts using current
differentiation protocols, they provide an ideal cell-based model for car-
diotoxicity screening. Although several groups have used hPSC-CMs as a
platform for cardiotoxicity testing, the interpretation can be limited due
to impure cell populations and/or the use of transgenic manipulation.
Cardiac differentiation protocols generate mixed cell populations (e.g.
endothelial cells, smooth muscle cells, cardiac conduction cells, and
CMs), which can complicate interpretations for what cell types are tar-
geted by the drugs. Here, we established a platform for cardiotoxicity
testing using an MYH6é6:mCherry hESC reporter line to distinguish
chemical-induced cardiomyocyte death and arrhythmia. This reporter
line can be used to easily isolate pure populations of live CMs and as a
platform for drug evaluation. In the future, it can also be used for mod-
elling cardiomyopathy disease, coupling gene editing approaches to in-
troduce defined genetic variation and isolation of isogenic mutant CMs
for studying pathological mechanisms and drug screening.
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Supplementary material is available at Cardiovascular Research online.
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Translational perspective
Cardiovascular disease is a leading cause of death in the world. Moreover, 90% of pharmaceutical compounds eventually fail and are withdrawn from

the market primarily due to drug-induced cardiovascular toxicity. Thus, it is compelling needed to establish a platform to overcome this hurdle. Here,

we report to generate a fluorescence-based cardiomyocyte reporter, the benefit of studying underlying mechanism of heart disease as well as provid-

ing a platform for cardiotoxicity screening.




