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SUMMARY
Burgeoning applications of human induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) in disease modeling, regener-

ative medicine, and drug screening have broadened the usage of hiPSC-CMs and entailed their long-term storage. Cryopreservation is

the most common approach to store hiPSC-CMs. However, the effects of cryopreservation and recovery on hiPSC-CMs remain poorly

understood. Here, we characterized the transcriptome, electro-mechanical function, and drug response of fresh hiPSC-CMs without

cryopreservation and recovered hiPSC-CMs from cryopreservation. We found that recovered hiPSC-CMs showed upregulation of

cell cycle genes, similar or reduced contractility, Ca2+ transients, and field potential duration. When subjected to treatment of drugs

that affect electrophysiological properties, recovered hiPSC-CMs showed an altered drug response and enhanced propensity for drug-

induced cardiac arrhythmic events. In conclusion, fresh and recovered hiPSC-CMs do not always show comparable molecular and

physiological properties. When cryopreserved hiPSC-CMs are used for assessing drug-induced cardiac liabilities, the altered drug sensi-

tivity needs to be considered.
INTRODUCTION

Significant advances in human induced pluripotent stem

cell (hiPSC) technology in the past decade have led to a

paradigm shift in the field of cardiovascular research. Using

well-defined differentiation protocols, hiPSCs can be

robustly differentiated into cardiomyocytes (hiPSC-CMs)

that are now widely applied in cardiovascular disease

modeling, regenerative medicine, and large-scale screens

for novel therapeutics or assessing cardiotoxicity (see re-

views by Chen et al., 2016; Zhang et al., 2018). With the

rapidly expanding usage of hiPSC-CMs, long-term storage

of amassed hiPSC-CMs with the desired phenotype has

important practical and financial advantages and is consid-

ered a prerequisite for large-scale clinical biobanking initia-

tives. In parallel with efforts to optimize protocols for

hiPSC-CM cryopreservation, several studies have also

demonstrated that the recovered hiPSC-CMs display

typical genetic and electro-mechanical characteristics of

cardiomyocytes (Chen et al., 2015; Hwang et al., 2015;

Xu et al., 2011). Additionally, cryopreservation has a negli-

gible effect on hiPSC-CM survival, engraftment size, and

host-graft electro-mechanical integration in injured animal

hearts after cell transplantation (Shiba et al., 2012; Xu et al.,

2011; Zhao et al., 2018), indicating the feasibility of using

cryopreserved hiPSC-CMs in future clinical trials. While

encouraging, there is still little knowledge as to whether

recovered hiPSC-CMs are functionally equivalent to fresh

hiPSC-CMs and whether recovered hiPSC-CMs can fully
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recapitulate the pharmacological response to drug treat-

ments, a cornerstone of cardiac safety assessment.

Recently, hiPSC-CMs have offered a superior in vitro

model for assessing drug-induced cardiac liabilities such

as arrhythmias because of their greater resemblance to hu-

man cardiomyocytes in physiology and pharmacological

response than animal cardiomyocytes. Under the Compre-

hensive In Vitro Proarrhythmia Assay (CiPA) initiative,

hiPSC-CMs represent a significant arm of the new

concerted effort for improving the specificity and accuracy

of evaluating drug-induced proarrhythmic risks such as QT

prolongation and torsades de pointes (TdP) (Colatsky et al.,

2016; Sager et al., 2014). Indeed, large datasets of drug

toxicity have been converted into integrated scoring

models to predict the proarrhythmic risks of compounds

(Ando et al., 2017; Blinova et al., 2018; Kopljar et al.,

2018). In such large-scale studies, the use of recovered

hiPSC-CMs from cryopreservation is unavoidable. Howev-

er, cryopreservation has been reported to cause cell micro-

structural damage, including partial lesions to the nucleus

and cell membrane and loss of mitochondrial integrity

(Kim et al., 2011). Moreover, cryopreservation has been

associated with activation of cellular stress response path-

ways and accumulation of reactive oxygen species (ROS)

in recovered cells (Pegg, 2015; Xu et al., 2011), which

may affect ion channel function. Recovered hiPSC-CMs

can exhibit the pharmacological response to ion channel

modulators (Blinova et al., 2018; Hortigon-Vinagre et al.,

2016), but, to achieve the goal of the CiPA initiative, it is
uthor(s).
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essential to assess whether cryopreservation affects the

drug response of hiPSC-CMs.

To understand the effects of cryopreservation on hiPSC-

CMs, we examined the transcriptome and electro-mechan-

ical function of fresh (without cryopreservation) and recov-

ered hiPSC-CMs from cryopreservation. Furthermore, to

assess the pharmacological response of recovered hiPSC-

CMs to drugs affecting electrophysiology, we assessed the

effects of four drugs from three different categories (antihy-

pertensive, nifedipine; class III antiarrhythmics, ibutilide

and E4031; and tyrosine kinase inhibitor, sunitinib) on

hiPSC-CM electrophysiological properties. Overall, the sig-

nificance of this study is in performing the comparability

analysis between fresh and recovered hiPSC-CMs, and the

findings may provide a frame of reference for future appli-

cations of cryopreserved hiPSC-CMs in large-scale drug

testing studies and facilitate investigators to determine

whether fresh hiPSC-CMs are necessary for cardiac drug

safety studies.
RESULTS

Cell Viability Is Independent of the Duration of

Cryopreservation

We acquired five healthy control hiPSC lines with different

genetic backgrounds from the Stanford Cardiovascular

Institute (CVI) Biobank and differentiated hiPSCs into

hiPSC-CMs. Day 23 hiPSC-CMs were kept in culture as

fresh control or cryopreserved in liquid nitrogen for further

use (Figure 1A). Both fresh and recovered groups had over

90% cardiac troponin T (cTNT)-positive hiPSC-CMs (Fig-

ure S1A and S1B and Video S1). Cell viability is one of the

major concerns of cryopreservation, as ice crystallization

during the freezing processmay damage the cellmembrane

and lead to diminished cell recovery. Therefore, we sought

to determine whether the duration of cryopreservation af-

fects cell viability. We examined the recovered hiPSC-CMs

after 6-month or 18-month cryopreservation using calcein

and ethidium homodimer-1 (EthD-1) (Figure S1C). The

percentage of live (calcein-positive) or dead (EthD-1-posi-

tive) hiPSC-CMs was comparable between 6-month and

18-month groups, suggesting that the longer 18-month

duration of cryopreservation has a negligible effect on

cell viability (Figures S1D and S1E).
Recovered hiPSC-CMs Show Upregulation of Cell

Cycle Genes

To better understand the effects of cryopreservation on

hiPSC-CMs, we performed RNA sequencing (RNA-seq)

analysis on both fresh and recovered hiPSC-CMs in three

hiPSC lines. Principal component analysis (PCA) revealed

that recovered hiPSC-CMs from individual lines had the
same variation shift on the first two PC axes compared

with their corresponding fresh hiPSC-CMs, suggesting

that differentially expressed genes (DEGs) may have coor-

dinated variations after cryopreservation (Figure 1B). Using

the fold change over fresh control, we identified 316 DEGs

with 97 downregulated and 219 upregulated genes (Fig-

ure 1C). Heatmap of the DEGs showed that recovered

hiPSC-CMs from lines 1 and 2 exhibited more fold change

in the upregulated genes than line 3, suggesting a line-

dependent effect (Figure 1D). When we examined the

DEGs, we found that GJA5 encoding CONNEXIN 40 was

upregulated in recovered hiPSC-CMs, but not at the protein

level, and the expression of genes associated with other ion

channels, Ca2+ handling, and sarcomere structure was not

statistically different between fresh and recovered hiPSC-

CMs (Figures S2A–S2C and Table S1). Additionally, the

MYH7/MYH6 ratio, an indicator of hiPSC-CM maturation

(Veerman et al., 2015), was not statistically different be-

tween fresh and recovered hiPSC-CMs (Figure S2D).

Furthermore, pathway analysis indicated that upregulated

genes in recovered hiPSC-CMs were primarily associated

with the cell cycle (Figures 1E and 1F and Table S1). To

quantify proliferating hiPSC-CMs, cells were incubated

with 5-bromo-20-deoxyuridine (BrdU) overnight followed

by an examination of BrdU immunostaining (Figures S2E

and S2F). The data indicated that recovered hiPSC-CMs ex-

hibited an enhanced cell proliferation compared with age-

matched fresh hiPSC-CMs (Figure S2G).

Recovered hiPSC-CMs Show Reduced Contractility

To understand whether the functionality of recovered

hiPSC-CMs is comparable with fresh hiPSC-CMs, we

examined the contraction of hiPSC-CMs using a motion

tracking system (Kitani et al., 2019). Recovered hiPSC-

CMs showed a significantly reduced contraction velocity

in three out of five lines, while recovered hiPSC-CMs

from all five lines showed a significant decrease in

contraction deformation distance (Figures 2A and 2B).

Because Ca2+ acts as the second messenger during excita-

tion-contraction coupling, it plays an important role in

regulating cardiomyocyte contractile function. Thus,

we compared the Ca2+ handling of field-stimulated

(0.5-Hz) fresh hiPSC-CMs with that of recovered hiPSC-

CMs using the Ca2+ fluorescent indicator, Fura-2 (Fig-

ure 2C). Consistent with the contractility findings, cryo-

preservation had a line-dependent effect on Ca2+

handling. For example, recovered hiPSC-CMs from lines

1 and 3 showed a significant decrease in Ca2+ transient

amplitude compared with their fresh controls (Fig-

ure 2D). However, cryopreservation had a mixed impact

on the half-decay time (Figure 2E). These data show that

cryopreservation has a line-dependent effect on Ca2+

handling, and the reduced Ca2+ transient amplitude
Stem Cell Reports j Vol. 16 j 168–181 j January 12, 2021 169



Figure 1. Molecular Signature of Fresh and
Recovered hiPSC-CMs
(A) Schematic outline of the study design.
Healthy control hiPSC lines were differenti-
ated into hiPSC-CMs that were either
continuously cultured for further experi-
ments or cryopreserved and recovered later.
Transcriptome and functionality of fresh and
recovered hiPSC-CMs were characterized.
Moreover, the drug response of fresh and
recovered hiPSC-CMs was assessed.
(B) PCA showed the transcriptomic differ-
ences between fresh and recovered hiPSC-
CMs from three lines.
(C) Volcano plot showed the downregulated,
non-significant, and upregulated genes in
recovered hiPSC-CMs.
(D) Heatmap showed the hierarchical clus-
tering of DEGs.
(E and F) Gene Ontology (GO) and KEGG
analysis revealed the top 10 cellular pro-
cesses that were enriched in recovered hiPSC-
CMs. Numbers indicate the number of genes
found in each pathway. L, line; F, fresh; R,
recovered.
may partially contribute to the reduced contractile func-

tion. Immunostaining of the sarcomere structure using

anti-cTNT and anti-a-ACTININ antibody revealed that

the sarcomere length of recovered hiPSC-CMs was

similar to that of fresh hiPSC-CMs (Figures 2F and 2G).

Recovered hiPSC-CMs Show Altered

Electrophysiological Properties at Both Single-Cell

and Monolayer Levels

To understand how cryopreservation affects hiPSC-CM

electrophysiological properties, we next examined the

electrical activity at the single-cell level using optical im-

aging and at the monolayer level using microelectrode
170 Stem Cell Reports j Vol. 16 j 168–181 j January 12, 2021
arrays (MEAs). Previously, we demonstrated the useful-

ness of the voltage sensor Allosteric Sensor for Action Po-

tentials 2 (ASAP2) for optical imaging of single-cell car-

diac action potentials (APs) (Ma et al., 2018; Zhang

et al., 2019). Using the same strategy, we examined the

cardiac APs in fresh and recovered hiPSC-CMs (Fig-

ure 3A). Compared with fresh hiPSC-CMs, recovered

hiPSC-CMs from four lines showed a shorter AP duration

50 (APD50) and 90 (APD90) with a range of reduction

from �20 to 80 ms, whereas only line 2 hiPSC-CMs ex-

hibited similar APD50 and APD90 between fresh and

recovered groups (Figure 3B). Recovered hiPSC-CMs

also showed a trend toward increased beating rate



Figure 2. Recovered hiPSC-CMs Show
Altered Contractility and Ca2+ Kinetics in
a Line-Dependent Manner
(A and B) Recovered hiPSC-CMs from five lines
showed reduced contraction velocity and
contraction deformation distance (line 1, n =
20 and 35; line 2, n = 15 and 30; line 3, n = 30
and 30; line 4, n = 50 and 50; line 5, n = 50
and 50 independent measurements in fresh
and recovered groups, respectively). Data
were collected from three independent dif-
ferentiations for each line and the assay was
repeated three times.
(C) Representative Ca2+ transients of line 1
fresh (black) and recovered hiPSC-CMs (blue).
(D and E) Ca2+ transient amplitude and half-
decay time of Ca2+ transients were altered in
recovered hiPSC-CMs in a line-dependent
manner (line 1, n = 42 and 48; line 2, n = 75
and 82; line 3, n = 55 and 52; line 4, n = 44
and 51; line 5, n = 48 and 58 cells in fresh and
recovered groups, respectively). Data were
collected from three to five independent
coverslip preparations from three indepen-
dent differentiations for each line.
(F) Immunostaining of line 1 fresh and
recovered hiPSC-CMs showed the expression
of cTNT (red), a-ACTININ (green), and nu-
clear stain DAPI (blue). Scale bars represent
30 mm.
(G) Comparable sarcomere length between
fresh and recovered groups across cell lines
(n = 36 per group from six randomly selected
regions).
All data represented as mean ± SEM, **p <
0.01, ***p < 0.001, and ****p < 0.0001
compared with their respective fresh samples.
(Figure 3C). These findings suggest that recovered hiPSC-

CMs may have different electrophysiological properties.

To further examine hiPSC-CM electrical activity at the

monolayer level, we conducted an MEA study that is

commonly used for investigating drug-induced cardiotox-

icity (Blinova et al., 2017, 2018; Nozaki et al., 2017).

Consistent with the single-cell optical imaging study,

recovered hiPSC-CMs had a shorter rate-corrected field

potential duration (FPDc) in four out of five lines (lines

1, 3, 4, and 5), whereas line 2 showed a comparable

FPDc between fresh and recovered cells (Figures 3D and
3E). The cell viability of fresh and recovered hiPSC-CMs

was comparable (Figures S2H–S2J), thus these results indi-

cate that recovered hiPSC-CMs can generate an electrical

influx propagating through a monolayer, but that electri-

cal influx can be influenced by the cryopreservation/thaw

process.

Recovered hiPSC-CMs Show Altered Drug Response at

the Cellular Level

hiPSC-CMs have emerged as a promising platform for as-

sessing cardiac safety liabilities (see review by Paik et al.,
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Figure 3. Recovered hiPSC-CMs Show
Altered Electrophysiology
(A) Representative single-cell AP recordings
of line 1 fresh and recovered hiPSC-CMs using
ASAP2.
(B) APD50 and APD90 were altered in recov-
ered hiPSC-CMs from four out of five lines
(line 1, n = 50 and 50; line 2, n = 59 and 48;
line 3, n = 33 and 25; line 4, n = 14 and 21;
line 5, n = 22 and 21 cells in fresh and
recovered groups, respectively). Data were
collected from three independent dish prep-
arations from three independent differenti-
ations for lines 1, 2, and 3, and two inde-
pendent differentiations for lines 4 and 5.
(C) Beating rate of fresh and recovered hiPSC-
CMs measured using ASAP2.
(D) Representative MEA recordings showed
that FPD was shorter in recovered hiPSC-CMs.
(E) Recovered hiPSC-CMs from four out of five
lines showed altered FPDc (line 1, n = 101 and
114; line 2, n = 84 and 78; line 3, n = 94 and
76; line 4, n = 93 and 92; line 5, n = 94 and 93
independent measurements in fresh and
recovered groups, respectively).
Data were collected from two independent
differentiations for each line. All data rep-
resented as mean ± SEM, *p < 0.05, ***p <
0.001, and ****p < 0.0001 compared with
their respective fresh samples.
2020). However, it remains unclear whether recovered

hiPSC-CMs have a comparable drug sensitivity with their

fresh counterparts. Therefore, we tested four drugs (nifedi-

pine, ibutilide, sunitinib, and E4031) that affect the QT in-

terval and are associated with different levels of TdP risk

(Colatsky et al., 2016; Guo et al., 2013). We first used the

single-cell optical imaging approach to investigate the

drug-induced APD changes with two different doses for

each drug. Due to the low-throughput nature of single-

cell imaging, we investigated the hiPSC-CM drug response

using only lines 1, 2, and 3. Nifedipine, an L-type Ca2+

channel blocker, is known to shorten APD by reducing

the L-type Ca2+ current (ICaL). Both fresh and recovered

hiPSC-CMs showed a dose-dependent effect on the

decrease in APD50 and APD90 (Figures 4A–4C). Recovered

hiPSC-CMs from lines 1 and 2 had a blunted response (Fig-

ures 4A–4C, Figures S3A and S3B), whereas recovered
172 Stem Cell Reports j Vol. 16 j 168–181 j January 12, 2021
hiPSC-CMs from line 3 appeared to show a greater drug

response than fresh cells at the high dose (Figures S4A

and S4B).

Ibutilide, sunitinib, and E4031 have been reported to

prolong APD and increase the risk of TdP (Blinova et al.,

2018; Guo et al., 2013; Hortigon-Vinagre et al., 2016).

Indeed, all three drugs caused APD prolongation in a

dose-dependent manner in line 1 and again recovered

hiPSC-CMs showed a blunted response compared with

fresh hiPSC-CMs (Figures 4D–4L). Line 2 recovered

hiPSC-CMs had a reduced drug response to ibutilide and

E4031, but a comparable response to sunitinib compared

with their fresh control (Figures S3C–S3H). Line 3 recov-

ered hiPSC-CMs appeared to show a greater drug response

than fresh cells (Figures S4C–S4H). Taken together, these

findings suggest that recovered hiPSC-CMs tend to have

different drug responses.



(legend on next page)
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Recovered hiPSC-CMs Have an Altered Drug

Sensitivity with an Enhanced Propensity for Drug-

Induced Arrhythmias

Next, we investigated whether the altered drug response in

recovered hiPSC-CMs can also be observed usingMEAs that

were previously used in the CiPA study (Blinova et al.,

2018). For each condition, the FPDc and the arrhythmic

events were evaluated using five cell lines. Fresh hiPSC-

CMs from line 1 showed a gradual decrease in FPDc with

increasing doses of nifedipine, and the dose-dependent ef-

fect was consistently recapitulated in fresh cells of the other

four cell lines (Figures 5A, 5E, 5I, 5M, 5Q, and S5A). Howev-

er, lines 1, 3, and 5 recovered hiPSC-CMs showed no signal

at the highest dose (Figures 5A, I, and Q). Only line 2 fresh

and recovered hiPSC-CMs showed a comparable drug

response to nifedipine (Figure 5E). It should be noted that

the extent of nifedipine-induced FPDc shortening is com-

parable with that previously reported (Blinova et al.,

2018), demonstrating the consistency across different

experimental sites.

Consistent with the results observed for nifedipine, fresh

hiPSC-CMs showed a dose-dependent increase in FPDc

with increasing doses of ibutilide across five lines except

for the highest dose in line 5 (Figures 5B, 5F, 5J, 5N, and

5R and Figure S5B). Fresh hiPSC-CMs showed either similar

or larger FPDc prolongation caused by ibutilide than recov-

ered hiPSC-CMs. Similarly, fresh and recovered hiPSC-CMs

showed a dose-dependent sunitinib-induced FPDc prolon-

gation except for line 1 recovered hiPSC-CMs (Figures 5C,

5G, 5K, 5O, 5S, and S5C). Recovered hiPSC-CMs from lines

1, 3, and 4 had a similar or smaller drug response to suniti-

nib (Figures 5C, 5K, and 5O), whereas recovered hiPSC-

CMs from lines 2 and 5 had a statistically larger response

at the highest dose (3 mM) (Figures 5G and 5S). The trend

of drug response to E4031 was relatively consistent be-

tween fresh and recovered hiPSC-CMs, but the extent of

response was generally smaller in recovered hiPSC-CMs

(Figures 5D, 5H, 5L, 5P, and 5T and Figure S5D). To further

investigate whether the altered drug response is attributed

to changes in the proportion of cardiomyocyte subtypes in

recovered hiPSC-CMs, we conducted single-cell patch
Figure 4. Recovered hiPSC-CMs Show Altered Drug Response at th
Representative single-cell AP recordings using ASAP2 in line 1 fresh hiP
(J) E4031 with two different doses. Line 1 recovered hiPSC-CMs showe
CMs when cells treated with (B and C) nifedipine (fresh, n = 33 [0.01 mM
and F) ibutilide (fresh, n = 14 [0.02 mM], n = 15 [0.2 mM]; recovered, n
[0.3 mM], n = 15 [3 mM]; recovered, n = 18 [0.3 mM], n = 15 [3 mM]
recovered, n = 12 [0.01 mM], n = 11 [0.1 mM]). Raw APD50 and APD90 d
vehicle are presented in (C), (F), (I), and (L). The cell number of vehicl
same dataset was used for plotting graphs in four drug treatments. Dat
independent differentiations. All data represented as mean ± SEM, *p <
their respective fresh samples at the same dose.
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clamp experiments using three lines due to its low-

throughput feature. Consistent with multiple studies (Ar-

genziano et al., 2018; Burridge et al., 2014; Hwang et al.,

2015), themajority of subtypewas ventricular in both fresh

and recovered groups (Figures S6A and S6B and Table S2).

We did not observe consistent changes in the proportion

of certain subtypes in the recovered group (Figure S6B), sug-

gesting that the altered drug response is not attributable to

the proportion of cardiomyocyte subtypes. Only

maximum dV/dt (derivative of voltage with respect to

time) consistently decreased in recovered hiPSC-CMs

from all three lines (Figure S6C), but the overall maximum

diastolic potential (MDP) and AP amplitude were compara-

ble between fresh and recovered groups, despite a decrease

in MDP in line 4 recovered hiPSC-CMs (Figures S6D and

S6E). Overall, fresh hiPSC-CMs consistently showed dose-

dependent FPDc changes across different cell lines; howev-

er, recovered hiPSC-CMs showed the altered drug sensi-

tivity (Figures 6A, 6C, 6E, and 6G).

During the same experiments, we evaluated the

arrhythmic susceptibility of fresh and recovered hiPSC-

CMs under each drug treatment condition. Three types of

arrhythmic events were identified by MEA: arrest (no elec-

trical signal), triggered activity, and early after-depolariza-

tions (EADs) (Figures S5E and S5F). Interestingly, fresh

hiPSC-CMs did not show any nifedipine-induced

arrhythmic events, whereas recovered hiPSC-CMs ex-

hibited a higher frequency of arrhythmic events with

increasing doses of nifedipine (Figure 6B and Table S3).

Consistent with the high-risk prediction of TdP for ibuti-

lide, the highest dose induced EADs in fresh hiPSC-CMs,

and this effect was further exacerbated in recovered

hiPSC-CMs (Figure 6D and Table S3). For sunitinib and

E4031, we only observed arrhythmic events in recovered

hiPSC-CMs but not fresh hiPSC-CMs (Figures 6F and 6H

and Table S3). The enhanced propensity for drug-induced

arrhythmic events was also observed at the single-cell level

(Figures S6F–S6H). Moreover, some recovered but not fresh

hiPSC-CMs from all three lines consistently showed AP al-

ternans that are a risk factor predisposing to drug-induced

arrhythmias (Grabowski et al., 2004) (Figures S6I and
e Cellular Level
SC-CMs treated with (A) nifedipine, (D) ibutilide, (G) sunitinib, and
d blunted changes in APD50 and APD90 compared with fresh hiPSC-
], n = 19 [0.1 mM]; recovered, n = 18 [0.01 mM], n = 21 [0.1 mM]), (E
= 23 [0.02 mM], n = 30 [0.2 mM]), (H and I) sunitinib (fresh, n = 13
), and (K and L) E4031 (fresh, n = 22 [0.01 mM], n = 13 [0.1 mM];
ata are presented in (B), (E), (H), and (K). Data of relative change to
e was 93 and 89 in fresh and recovered groups, respectively, and the
a were collected from three independent dish preparations from two
0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 compared with



(legend on next page)
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S6J). These findings indicate that recovered hiPSC-CMs are

more susceptible to drug-induced cardiac arrhythmias

compared with fresh hiPSC-CMs: they exhibit a lower

threshold for triggering arrhythmias under drug doses

that still maintain normal rhythm in fresh cells.
DISCUSSION

Accumulating evidence has demonstrated that hiPSC-CMs

are a reliable cellular platform for assessing acute drug-

induced proarrhythmic risk (Blinova et al., 2017, 2018;

Cerignoli et al., 2012; Hortigon-Vinagre et al., 2016) and

chronic drug-induced contractile and structural liabilities

(Kitani et al., 2019; Kopljar et al., 2017; Pointon et al.,

2013). To achieve the assessment goals, a large number of

‘‘off-the-shelf’’ hiPSC-CMs are usually necessary. Cryopres-

ervation has been the standard approach for long-term

storage of hiPSC-CMs that can be readily thawed for use;

however, it remains unclear how different fresh and recov-

ered hiPSC-CMs are in terms of genetic signature, function-

ality, and (more importantly) the pharmacological

response. To address these gaps in knowledge, we designed

our study to systemically characterize the comparability be-

tween fresh and recovered hiPSC-CMs from cryopreserva-

tion. Here, we report that (1) transcriptome profiling shows

enhanced cell proliferative capacity in recovered hiPSC-

CMs; (2) recovered hiPSC-CMs appear to have reduced con-

tractile properties and Ca2+ transient amplitude, as well as

shortened APD or FPDc in a line-dependent manner; (3)

recovered hiPSC-CMs show an altered drug response in

some cell lines; and (4) recovered hiPSC-CMs exhibit a

lower threshold for drug-induced arrhythmic events.

The cryopreservation/thaw process not only disrupts the

cell-cell and cell-matrix adhesion leading to anoikis but

also increases the generation of ROS and activates multiple

cellular stress pathways that enhance apoptosis (Preininger

et al., 2016). One study showed an enhanced apoptotic ac-

tivity of human embryonic stem cell-derived cardiomyo-

cytes 5 days after thawing (Kim et al., 2011), thus

improving the viability of recovered cells has been one of

the major focuses in cryobiology. Recently, a small mole-

cule cocktail has been shown to improve the survival of
Figure 5. Recovered hiPSC-CMs Show Altered Drug Responses at t
(A–D) Drug-induced changes in FPDc in line 1 fresh and recovered hi
(E–H) Drug-induced changes in FPDc in line 2 fresh and recovered hi
(I–L) Drug-induced changes in FPDc in line 3 fresh and recovered hiP
(M–P) Drug-induced changes in FPDc in line 4 fresh and recovered hi
(Q–T) Drug-induced changes in FPDc in line 5 fresh and recovered hiPS
drug treatment condition due to drug-induced cardiac arrest.
All data represented as mean ± SEM, from three to six independent me
their respective fresh samples at the same dose.
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hiPSC-CMs and hiPSC-derived motor neurons by 36%

and 63%, respectively, after re-plating (Chen et al., 2019).

Despite using different cryoprotectants, the viability of cry-

opreserved hiPSC-CMs after thawing still ranges from

�50% to 90% (Chen et al., 2015; Kim et al., 2011; Xu

et al., 2011). Here, we showed �60% viability of hiPSC-

CMs even after 18-month cryopreservation. This observa-

tion could be underestimated due to the approach we

used here, as the percentage of dead cells was �20% and

there was a small percentage of calcein/EthD-1 double-

negative cells. Although cryopreservation caused cell

death, the remaining live cells exhibited an upregulation

of cell cycle and division genes and were more proliferative

compared with their fresh counterparts. This finding is

consistent with a previous report showing an enhanced

proliferative capacity of recovered human atrial tissues

from cryopreservation (Yokomuro et al., 2010). It should

also be noted that the enhanced proliferation of recovered

hiPSC-CMs could reflect their less mature status, which is

contrary to a recent study showing cryopreservation may

actually promote maturation of hiPSC-CMs (Brink et al.,

2020). At both genetic (Figure S2) and functional levels

(Figure S6), we did not observe improved maturation in

recovered hiPSC-CMs. The exact reasons for the inconsis-

tencies between the two studies are not clear, but could

be attributed to the different number of lines studied,

different genetic background of donor sources, different

seeding densities, and different cryopreservation ap-

proaches used. Therefore, a standardized protocol of

culturing, differentiation, cryopreservation, and re-plating

may be necessary for the field to minimize variations.

Interestingly, the recent study also reported that cryo-

preservation does not adversely affect cardiomyocyte func-

tion (Brink et al., 2020). However, only one cell line was

used in the contraction study, and the measured parame-

ters (CD90 [contraction duration at 90% peak amplitude],

time to peak, and relaxation time) only partially reflected

the contractile performance. By contrast, here we used

high-speed video microscopy with motion vector analysis

to precisely measure the contraction velocity (Hayakawa

et al., 2014; Kitani et al., 2019; Kopljar et al., 2017; Lam

et al., 2019). The reduced contractility could not be associ-

ated with the overt sarcomere structure change, which was
he Monolayer Level
PSC-CMs.
PSC-CMs.
SC-CMs.
PSC-CMs.
C-CMs. Color-coded marks (X) indicate no measurements under that

asurements, *p < 0.05, **p < 0.01, and ***p < 0.001 compared with



Figure 6. Recovered hiPSC-CMs Are More Susceptible to Drug-Induced Arrhythmic Events
Summary of (A) nifedipine (vehicle, 0.01, 0.1, and 1 mM), (C) ibutilide (vehicle, 0.002, 0.02, and 0.2 mM), (E) sunitinib (vehicle, 0.03, 0.3,
and 3 mM), and (G) E4031 (vehicle, 0.001, 0.01, and 0.1 mM)-induced changes in FPDc in fresh and recovered hiPSC-CMs from five lines. For

(legend continued on next page)
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also not identified by the high-resolution electron micro-

graph in a previous study (Kim et al., 2011). In two lines

(lines 1 and 3), we found that Ca2+ transient amplitude

was reduced, which may lead to reduced contractility.

Other factors such as myofilament Ca2+ sensitivity may

also affect contractile machinery function. Moreover, it

should be noted that Ca2+ handling was measured at the

single-cell level. Despite the comparable Ca2+ transient

amplitude between fresh and recovered hiPSC-CMs in the

other lines, whether changes in Ca2+ propagation inmono-

layer contribute to the reduced contraction will need

further investigation. In addition to the mechanical force,

electrophysiological properties were also changed in recov-

ered hiPSC-CMs, whichwere unlikely caused by changes in

the expression of ion channel genes. This suggests that ion

channel trafficking, membrane targeting, and ion channel

gating may play a more important role in determining the

electrophysiological properties in recovered hiPSC-CMs.

Drug-induced cardiovascular liability remains one of the

major contributors to the attrition of new chemical entities

and is associated with 16% of withdrawn or discontinued

drugs (Siramshetty et al., 2016). Such liability presents in

various forms, from acute cardiac repolarization leading to

arrhythmias to chronic mechanical dysfunction resulting

in heart failure. According to crediblemeds.org, 15% of

drugs on the market can cause QT prolongation and 4%

are associatedwith TdP risk.Moreover, it has been estimated

that up to 60% of drug candidates may have potential car-

diac repolarization liability (Munawar et al., 2018). Increas-

ingly, hiPSC-CMs are being used for cardiac risk assessment

to better predict drug-induced arrhythmias with fewer false-

positives under the CiPA program (Authier et al., 2017). The

primary goal of our study is to investigatewhether recovered

hiPSC-CMs show the drug response comparable with their

fresh counterparts. We observed that recovered cells tend

to have lesser drug-induced repolarization changes in

most tested drugs and doses. This can be partially explained

by the shorter APD in recovered cells at baseline, as it has

been suggested that drug-induced changes in APD are corre-

lated with baseline APD values, and it also highlights the

lack of electrical plasticity of recovered cells (Barandi et al.,

2010a, 2010b; Cummins et al., 2014).

Another significant finding of this study is that recovered

hiPSC-CMs are more susceptible to drug-induced

arrhythmic events. This observation seems to contradict

the premise that prolonged repolarization increases the

arrhythmic risk since recovered hiPSC-CMs appear to

have a shorter APD or FPDc. This paradox suggests a shift
individual lines, symbols from left to right indicate vehicle and the th
that induce cardiac arrest in some lines are not shown (please refer t
sunitinib, and (H) E4031-induced arrhythmic events in fresh and reco
measurements from five cell lines.
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in the drug sensitivity of recovered hiPSC-CMs and a lack

of gradual increment in the drug response that could result

in a lower threshold for arrhythmias, whichmay impair the

prediction accuracy of drug toxicity when cryopreserved

hiPSC-CMs are used in pre-clinical drug testing. Further-

more, the increased frequency of alternans in recovered

hiPSC-CMs may also explain the enhanced propensity for

drug-induced arrhythmias as it is well known that alter-

nans create a substrate conducive to arrhythmias (Rose-

nbaum et al., 1994; Weiss et al., 2011).

In summary, we systematically compared the genetic and

functional characteristics between fresh and recovered

hiPSC-CMs from cryopreservation and determined their

drug responses. Our data provide additional insights but

should not be interpreted as showing the categorical un-

suitability of using cryopreserved hiPSC-CMs for drug

screening and toxicity testing. Instead, the results raise

awareness on potential limitations and the necessity of es-

tablishing a sensible frame of reference to take into account

changes in drug responses induced by cryopreservation,

which could help improve the prediction accuracy of

drug toxicity in the future.
EXPERIMENTAL PROCEDURES

Differentiation of hiPSCs to hiPSC-CMs
WhenhiPSCs reached a confluency of 85%, the E8mediumwas re-

placed with RPMI supplemented with B27 without insulin (Life

Technologies) and 6 mMCHIR-99021 (Selleck Chemicals), and cells

were transferred to a humidified incubator with 5% CO2 and 21%

O2 at 37�C for 48 h. The medium was changed to RPMI-B27

without insulin for 24 h, and then to RPMI-B27 without insulin

supplemented with 5 mM IWR-1 (Selleck Chemicals) for 48 h. On

day 5, themediumwas changed back to RPMI-B27without insulin

for 48 h, and then switched to RPMI-B27 for 72 h. On day 11, the

medium was changed to RPMI-B27 without D-glucose (Life Tech-

nologies) for 72 h to allow metabolic purification of hiPSC-CMs.

Cells were then dissociated after a 6-min incubation with Accutase

(Sigma Aldrich) at 37�C followed by seeding into 6-well plates

cultured with RPMI-B27 supplemented with 5% KnockOut Serum

Replacement (KOSR) (Thermo Fisher Scientific). After 24 h, theme-

dium was changed to RPMI-B27, followed by a second metabolic

purification as described above. After the second purification,

hiPSC-CMs were continuously cultured in RPMI-B27 for further

experiments and described as fresh hiPSC-CMs.
Cryopreservation of hiPSC-CMs
On day 23 post differentiation, hiPSC-CMs were dissociated using

Accutase as described above. Approximately 2 million hiPSC-CMs
ree tested doses for each drug as shown above, respectively. Doses
o Figure 5). Pooled percentage of (B) nifedipine, (D) ibutilide, (F)
vered hiPSC-CMs. Data were collected from three to six independent

http://crediblemeds.org


were re-suspended in 1 mL of freezing medium that contains 90%

fetal bovine serum (FBS) (Life Technologies) and 10% DMSO

(Sigma Aldrich) and stored in cryovials in isopropanol-filled con-

tainers at �80�C overnight. Cryovials were then transferred to

liquid nitrogen for long-term storage.

Thawing Frozen hiPSC-CMs
Cryovialswere removed from liquidnitrogen andquickly placed in

a 37�Cwater bath to thaw the cells until�5-mm diameter ice crys-

tal was left. Thawed cells were then transferred into 9 mL of cold

RPMI-B27 supplemented with 5% KOSR followed by centrifuga-

tion at 300 3 g at room temperature. Cells were re-suspended in

1 mL of RPMI-B27 with 5% KOSR and re-plated in a well of the

6-well plate. After 24 h, the medium was changed to RPMI-B27.

Cells that had been recovered for 1weekwere used for experiments

except for single-cell patch clamp experiments (recovered for

2 weeks).

Phase-Contrast Video-Image-Based Contraction

Assays
Phase-contrast cell motion movies of cardiomyocyte contraction

were captured using a high-speed digital CMOS (complementary

metal oxide semiconductor) camera (KP-FM400WCL, Hitachi Ko-

kusai Denki Engineering) mounted on an inverted microscope

(Eclipse Ti, Nikon). Video images of the hiPSC-CM monolayer

(50,000 cells per well) in 96-well plates (37�C and 5%CO2) were re-

corded as sequential phase-contrast images using SI8000C View

Software (Sony) with a 103 objective (NA [numerical aperture]:

0.3) at a frame rate of 75 frames per second (fps) and a resolution

of 1,024 3 1,024 pixels. Data analysis was performed using

SI8000C Analyzer software (Sony).

Field Potential Recordings
The field potential recordings were performed using the MEA plat-

form (Maestro, Axion Biosystems). Before recording, hiPSC-CMs

were enzymatically dissociated using TrypLE Select Enzyme

(10X) (Thermo Fisher Scientific) for 6 min at 37�C and 50,000 cells

were plated on the electrode area in 48-wellMEA plates (Axion Bio-

systems) that were previously coated with Matrigel. Thawed

hiPSC-CMs were directly seeded on plates. MEA experiments

were performed 7 days after seeding at 37�C in a 5% CO2 environ-

ment. Three concentrations of each drug were used. Concentrated

(23) testing solutions for each concentrationwere prepared freshly

on the day of testing by diluting DMSO stocks into the RPMI-B27

medium, then the prepared dilution was warmed at 37�C to be at

the same temperature as the cells. The targeted concentration

was attained when drugs were added to the MEA plate to avoid

removing the medium that will modify the temperature in the

well and apply unwanted shear stress on the cells. The same

amount of DMSOwas used as vehicle controls. Each concentration

of drugs was tested in individual MEA plate wells, so no cells were

exposed to multiple concentrations of drugs. Data acquisition was

performed using AxIS Navigator software (Axion Biosystem). Data

analysis was achieved using the Cardiac Analysis Tool (Axion Bio-

systems), and FPD was rate-corrected (FPDc) using the Frederica

formula, which is a built-in function in the Cardiac Analysis

Tool. Data were presented as percentage change between baseline
and drug testing recordings. Arrhythmic events such as arrest, trig-

gered activity, and EADs were identified manually.
Statistical Analysis
Data were analyzed and graphed using Prism (GraphPad). Data

were presented as mean ± SEM. Comparisons were conducted via

unpaired two-tailed Student’s t test with significance defined by

p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), and p < 0.0001 (****).
Data and Code Availability
The accession number for the RNA-seq data in this paper is

GSE146266.
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SUPPLEMENTARY FIGURE LEGENDS 

Figure S1. Flow cytometry analysis of cardiac troponin T positive (cTnT+) hiPSC-CMs and 

cell viability, Related to Figure 1. Flow cytometry showed that over 90% of cells were cTNT+ 

cardiomyocytes in both (A) fresh and (B) recovered hiPSC-CMs. (C) Representative flow 

cytometry plot of live/dead analysis of hiPSC-CMs after 6-month (left) or 18-month (right) 

cryopreservation. Cells were thawed and immediately analyzed using calcein and ethidium 

homodimer-1 (EthD-1). Quantification of the percentage of (D) live and (E) dead cells after 6-

month or 18-month cryopreservation (n=6 per group from Lines 1-3). 

 

Figure S2. Characterization of gene expression, proliferation, and cell viability of fresh and 

recovered hiPSC-CMs, Related to Figures 1 and 3. (A) Genes associated with electrophysiology, 

Ca2+ handling, and myofilaments showed comparable expression between fresh and recovered 

hiPSC-CMs (n=3 lines, Lines 1-3). (B-C) Protein expression of CONNEXIN 40 encoded by GJA5 

was comparable between fresh and recovered groups (n=3 lines, Lines 1-3). (D) MHY7/MYH6 

Ratio was comparable between fresh and recovered hiPSC-CMs (n=3 lines, Lines 1-3). (E-F) 

Representative immunostaining images of BrdU indicated the increased number of proliferative 

cells in recovered hiPSC-CMs compared with fresh hiPSC-CMs. Scale bars represent 100 µm. (G) 

Quantification of BrdU positive hiPSC-CMs (n=3 lines, Lines 1-3). Six randomly selected regions 

per cell line were imaged for each group. (H) Representative fluorescent images calcein-loaded 

hiPSC-CMs on MEA recording electrodes showing the comparable calcein fluorescence. (I) 

Measurement of calcein fluorescence intensity (n=12 from Line 1). (J) Measurement of cell 

viability using the ATP-based luminescent assay (n=12 from Line 1). All data represented as mean 
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± SEM, *p<0.05 and **p<0.01 compared with their respective fresh samples. L, Line; F, Fresh; R, 

Recovered.  

 

Figure S3. Drug response of Line 2 fresh and recovered hiPSC-CMs, Related to Figure 4. 

Drug response of fresh and recovered hiPSC-CMs treated with (A-B) Nifedipine [Fresh, n=32 

(0.01 µM), n=37 (0.1 µM); Recovered, n=23 (0.01 µM), n=24 (0.1 µM)], (C-D) Ibutilide [Fresh, 

n=29 (0.02 µM), n=20 (0.2 µM); Recovered, n=16 (0.02 µM), n=25 (0.2 µM)], (E-F) Sunitinib 

[Fresh, n=43 (0.3 µM), n=27 (3 µM); Recovered, n=15 (0.3 µM), n=18 (3 µM)], and (G-H) E4031 

[Fresh, n=31 (0.01 µM), n=22 (0.1 µM); Recovered, n=14 (0.01 µM), n=14 (0.1 µM)]. Raw 

APD50 and APD90 data were presented in panels (A), (C), (E), and (G). Data of relative change 

to vehicle were presented in panels (B), (D), (F), and (H). The cell number of vehicle was 60 and 

47 in fresh and recovered groups, respectively and the same dataset was used for plotting graphs 

in four drug treatments. Data were collected from three independent dish preparations from two 

independent differentiations for each line. All data represented as mean ± SEM, **p<0.01, 

***p<0.001, and ****p<0.0001 compared with their respective fresh samples at the same dose. 

 

Figure S4. Drug response of Line 3 fresh and recovered hiPSC-CMs, Related to Figure 4. 

Drug response of fresh and recovered hiPSC-CMs treated with (A-B) Nifedipine [Fresh, n=17 

(0.01 µM), n=19 (0.1 µM); Recovered, n=14 (0.01 µM), n=14 (0.1 µM)], (C-D) Ibutilide [Fresh, 

n=13 (0.02 µM), n=15 (0.2 µM); Recovered, n=11 (0.02 µM), n=15 (0.2 µM)], (E-F) Sunitinib 

[Fresh, n=19 (0.3 µM), n=17 (3 µM); Recovered, n=12 (0.3 µM), n=12 (3 µM)], and (G-H) E4031 

[Fresh, n=16 (0.01 µM), n=19 (0.1 µM); Recovered, n=10 (0.01 µM), n=11 (0.1 µM)]. Raw 

APD50 and APD90 data were presented in panels (A), (C), (E), and (G). Data of relative change 
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to vehicle were presented in panels (B), (D), (F), and (H). The cell number of vehicle was 18 and 

21 in fresh and recovered groups, respectively and the same dataset was used for plotting graphs 

in four drug treatments. Data were collected from three independent dish preparations from two 

independent differentiations for each line. All data represented as mean ± SEM, *p<0.05, **p<0.01, 

***p<0.001, and ****p<0.0001 compared with their respective fresh samples at the same dose. 

 

Figure S5. Representative MEA recordings Related to Figure 5. Raw MEA traces of fresh 

hiPSC-CMs from Line 1 treated with (A) Nifedipine (0.1 µM), (B) Ibutilide (0.02 µM), (C) 

Sunitinib (0.3 µM), and (D) E4031 (0.01 µM). Fresh hiPSC-CMs showed the expected 

pharmacological response to drug treatment. (E) Representative MEA trace of triggered activity 

(red box) in Line 2 recovered hiPSC-CMs treated with Sunitinib (3 µM). (F) Representative MEA 

trace of early after-depolarizations (EADs) (red triangles) in Line 5 recovered hiPSC-CMs treated 

with Ibutilide (0.2 µM). 

 

Figure S6. Recovered hiPSC-CMs are more susceptible to drug-induced arrhythmic events, 

Related to Figure 6. (A) Action potential morphology of hiPSC-CMs was examined by the single-

cell patch clamp. (B) Proportion of cardiomyocyte subtypes in Lines 3-5 hiPSC-CMs [Line 3 Fresh, 

n=17 (Ventricular), n=1 (Atrial), and n=2 (Nodal); Line 3 Recovered, n=12 (Ventricular), n=2 

(Atrial), and n=1 (Nodal); Line 4 Fresh, n=16 (Ventricular), n=2 (Atrial), and n=1 (Nodal); Line 

4 Recovered, n=18 (Ventricular) and n=1 (Nodal); Line 5 Fresh, n=20 (Ventricular) and n=2 

(Atrial); Line 5 Recovered, n=15 (Ventricular), n=3 (Atrial), and n=2 (Nodal)]. Quantification of 

(C) maximum dV/dt, (D) maximum diastolic potential (MDP), and (E) amplitude of action 

potential in fresh and recovered hiPSC-CMs (Line 3 Fresh, n=16; Line 3 Recovered, n=12; Line 4 
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Fresh, n=15; Line 4 Recovered, n=18; Line 5 Fresh, n=19; Line 5 Recovered, n=15). Data were 

collected from four independent dish preparations from one differentiation. (F) Representative 

arrhythmic events in Line 1 recovered hiPSC-CMs treated with 0.3 µM Sunitinib using ASAP2. 

Arrows indicate EADs. (G) The percentage of fresh hiPSC-CMs with arrhythmic events in Lines 

1-3 hiPSC-CMs. (H) The percentage of recovered hiPSC-CMs with arrhythmic events in Lines 1-

3 hiPSC-CMs. Arrhythmic events include EADs, delayed afterdepolarizations (DADs), and 

irregular beating. Cardiac arrest is not included in the analysis. Data were collected from three 

independent dish preparations from two independent differentiations for each line. Numbers 

indicate cell number under each condition. (I) Action potential morphology of alternans in Line 5 

recovered hiPSC-CMs. (J) The percentage of cells exhibiting alternans in Lines 3-5 hiPSC-CMs. 

All data represented as mean ± SEM, *p<0.05, **p<0.01, and ****p<0.0001 compared with their 

respective fresh samples. F, Fresh; R, Recovered. 

 

 

 

 

 

 

 

 

 

 

 

 



11 
 

SUPPLEMENTARY TABLES 

Table S1. List of differentially expressed genes (DEGs), Related to Figure 1. 

Table S2. Classification criteria for cardiomyocyte subtypes, Related to Figure S6. 

Parameter Value Classification 

APD30-40/APD70-80 
<1.5 Nodal / Atrial 

>1.5 Ventricular 

APD50/APD90 
<0.7 Nodal / Atrial 

>0.7 Ventricular 

Mean dV/dtmax  

<0.3 Nodal 

0.3-10 Atrial 

>10 Ventricular 

Mean amplitude  

<75 Nodal 

75-90 Atrial 

>90 Ventricular 

MDP 

<45 Nodal 

45-50 Atrial 

>50 Ventricular 

APD: action potential duration 

MDP: maximum diastolic potential 
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Table S3. Drug-induced arrhythmic events in MEA measurements, Related to Figure 6. 

Nifedipine (µM) 

Line 
Fresh  Recovered 

0.01 0.1 1 0.01 0.1 1 

1 0 0 0 0 Tact 3/6 Tact 6/6 

2 0 0 0 0 0 0 

3 0 0 0 0 Arrest 3/6 Arrest 5/6 

4 0 0 0 0 0 Tact 2/6 

5 0 0 0 0 0 Arrest 6/6 

Ibutilide (µM) 

Line 
Fresh  Recovered 

0.002 0.02 0.2 0.002 0.02 0.2 

1 0 0 0 0 0 0 

2 0 0 EADs 3/6 0 EADs 4/6 Arrest 6/6 

3 0 0 0 0 EADs 4/6 EADs 5/6 

4 0 0 0 0 0 0 

5 0 0 EADs 5/6 0 EADs 5/6 EADs 5/6 

Sunitinib (µM) 

Line 
Fresh  Recovered 

0.03 0.3 3 0.03 0.3 3 

1 0 0 0 0 0 0 

2 0 0 0 0 0 Tact 2/6 

3 0 0 0 0 0 EADs 2/6 

4 0 0 0 0 0 EADs 2/6 

5 0 0 0 EADs 2/6 EADs 3/6 EADs 1/6 

E4031 (µM) 

Line 
Fresh  Recovered 

0.001 0.01 0.1 0.001 0.01 0.1 

1 0 0 0 0 0 0 

2 0 0 0 0 0 Tact 1/6 

3 0 0 0 0 0 0 

4 0 0 0 0 0 0 

5 0 0 0 0 0 EADs 3/6 

Tact: Triggered activity 

EADs: Early after-depolarizations 

Arrest: No electrical signal 

0: No arrhythmic event, the normal measurements were 6. 

x/6: Number of MEA measurements positive for arrhythmic events 

The remaining (6-x) measurements were normal. 
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SUPPLEMENTAL EXPERIMENTAL PROCEDURES 

Reprograming and maintenance of hiPSCs in culture. Five hiPSC lines (SCVI273, SCVI116, 

SCVI202, SCVI15, SCVI34) from healthy donors without known cardiovascular disease were 

provided by Stanford Cardiovascular Institute (CVI) Biobank. Briefly, hiPSCs were reprogramed 

from human peripheral blood mononuclear cells (PBMCs) using the CytoTuneTM-

iPS  2.0  Sendai  Reprogramming  Kit (Thermo Fisher Scientific) cultured on feeder-free Matrigel 

(Fisher Scientific)-coated culture plates (E&K Scientific). Established hiPSCs exhibited positive 

immunostaining for the stem cell markers and were further characterized by running single 

nucleotide polymorphism (SNP) (Illumina Infinium OmniExpress-24 Kit) for both PBMCs and 

hiPSCs. Karyotyping demonstrated stable chromosomal integrity in hiPSC lines (data are available 

from Stanford CVI Biobank). HiPSCs were routinely maintained in the E8 medium (GIBCO, Life 

Technologies). When hiPSCs reached a confluency of 70%-80%, hiPSCs were dissociated by 0.5 

mM EDTA at 37°C for 6 min, followed by centrifugation at 300× g for 3 min at room temperature. 

Cells were then re-suspended in the E8 medium supplemented with 10 µM Y-27632 ROCK 

inhibitor (MedChem Express) for 24 hr. A medium change was performed every 24 hr. Cultures 

were maintained at 37°C in a humidified incubator with 5% CO2 and 5% O2. 

 

Fluorescence-activated cell sorting (FACS) analysis. Day 23 fresh or 1-week recovered hiPSC-

CMs were used for the analysis. Collected cell pellets were washed once in ice-cold phosphate-

buffered saline (PBS; pH 7.4) followed by flow cytometric staining using the BD flow cytometry 

analysis protocol for intracellular markers. Briefly, cells were fixed and permeabilized by BD 

Cytofix/Cytoperm for 20 min at 4°C (BD Biosciences). After washing in BD Perm/Wash buffer, 

cells were incubated with a rabbit anti-cardiac troponin T (cTNT) antibody (Ab45932, Abcam; 
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1:200) or rabbit IgG isotype control (02-6102, Thermo Fisher Scientific) with the same dilution 

for 60 min at room temperature. Cells were washed once and then incubated with a goat anti-rabbit 

Alexa Fluor-488 (A11034, Thermo Fisher Scientific; 1:250) for 30 min at 4°C. Following a wash, 

cells were re-suspended in the FACS buffer consisting of 1% fetal bovine serum (FBS) and 1 mM 

EDTA in PBS. Cells were analyzed by a BD Biosciences FACS Aria II instrument fitted with a 

100 µm nozzle using FACSDiva software. 

For live/dead analysis of live cells, hiPSC-CMs that had been frozen for 6 or 18 months were 

thawed as described above. Live/dead staining was conducted following the protocol of live/dead 

viability/cytotoxicity kit for mammalian cells (Thermo Fisher Scientific). Briefly, thawed cells 

were re-suspended in RPMI/B27 supplemented with 5% KOSR and were incubated with 0.1 µM 

calcein AM and 8 µM ethidium homodimer-1 for 15 min at room temperature, and protected from 

light. After incubation, cells were analyzed by a BD Biosciences FACS Aria II instrument fitted 

with a 100 µm nozzle using FACSDiva software.  

 

Immunostaining and imaging. For 5-Bromo-2'-deoxyuridine (BrdU) staining, hiPSC-CMs were 

incubated with BrdU (10 µM) (Sigma Aldrich) overnight at 37°C. Cells were fixed in 4% 

paraformaldehyde (PFA) (Thermo Fisher Scientific) for 10 min and permeabilized with 0.2% 

Triton X-100 (Sigma Aldrich) in PBS (Thermo Fisher Scientific) for 1 hr at room temperature. 

DNA was denatured by 2 M HCl (Sigma Aldrich) for 10 min at 37°C followed by neutralization 

with 0.1 M Borate buffer (pH 8.3) (EMD Millipore) for 5 min twice at room temperature. Cells 

were then blocked with 3% bovine serum albumin (BSA) (Sigma Aldrich) in PBS for 1 hr, 

followed by overnight incubation with primary antibodies to cTNT (Ab45932, Abcam), α-

ACTININ (A7811, Sigma Aldrich), or BrdU (14-5071-82, Thermo Fisher Scientific) at 1:100 
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dilution in PBS with 1% BSA at 4°C. Cells were washed three times with 0.2% Tween-20 (Sigma 

Aldrich) PBS solution and then incubated for 1 hr at room temperature in the dark with goat anti-

mouse or anti-rabbit immunoglobulin G conjugated to Alexa Fluor 488 (A11001, Thermo Fisher 

Scientific; 1:200) or 594 secondary antibodies (A11012, Thermo Fisher Scientific; 1:200). Cells 

were washed again three times as described above, mounted with ProLong® Gold Antifade 

Mountant with DAPI (Thermo Fisher Scientific). Fluorescent images were captured on a Zeiss 

LSM 710 confocal microscope equipped with an oil immersion objective (63×, NA: 1.4) or Leica 

DMi 8 fluorescence microscope with an objective (20x, NA: 0.4). Image processing and analysis 

were performed using ImageJ. 

 

Cell viability assay. Cells were loaded with calcein (1 μM) at room temperature for 20 min. 

Fluorescent images of calcein were taken using Cytation 5 (Biotek) automated imaging mode. The 

fluorescence of calcein was measured using Cytation 5 microplate reader mode. For the ATP-

based cell viability assay, according to the manufacturer’s protocol (Promega), a volume of 

CellTiter-Glo® Reagent equal to the volume of cell culture medium present in each well was added 

followed by incubation at room temperature for 10 min. Luminescence was measured using 

Cytation 5 microplate reader mode.  

 

Ca2+ imaging. Intracellular Ca2+ imaging was performed as previously described (Ma et al., 2018). 

Briefly, hiPSC-CMs that were grown on Matrigel-coated glass coverslips were loaded with the 

cell-permeable Ca2+ sensitive dye Fura-2 AM (2 µM) in 1.8 mM Ca2+-Tyrode’s solution with 0.1% 

F-127 (Life Technology) for 10 min. Tyrode’s solution contains 135 mM NaCl, 5.4 mM KCl, 1 

mM MgCl2, 5 mM glucose, and 10 mM HEPES (pH 7.4 with NaOH). After 5 min of incubation 
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in 1.8 mM Ca2+ Tyrode’s solution to allow de-esterification, coverslips were mounted on the stage 

of an inverted epifluorescence microscope (Nikon Eclipse Ti-S) with 40× oil immersion objective 

(NA: 0.95). Cardiomyocytes were field stimulated at 0.5 Hz with a pulse duration of 10 ms. Fura-

2 AM-loaded cells were excited with the Lambda DG-4 ultra-high speed wavelength switching 

light source (Sutter Instrument) at both 340 and 380 nm, and the emission fluorescence signal was 

collected at 510 nm with iXon Ultra 897 EMCCD (Andor). Changes in fluorescence signal of 

single isolated hiPSC-CM were measured by the NIS Elements AR software, which permits the 

recording of multiple cells. Intracellular Ca2+ dynamics were expressed as changes in the ratio of 

F340/F380. 

 

Lentiviral vector infection and optical imaging of ASAP2. Optical imaging of action potential 

using voltage sensor Allosteric Sensor for Action Potentials 2 (ASAP2) was performed as 

previously described (Zhang et al., 2019). hiPSC-CMs were seeded on a Matrigel-coated 35 mm 

glass-bottom dish with 20 mm micro-well (Cellvis) and infected with pLLM-ASAP2 lentivirus 

with the multiplicity of infection (MOI) of three in the RPMI-B27 medium. The medium 

containing lentivirus was replaced with fresh RPMI-B27 24 hr after infection. Optical imaging of 

ASAP2 in single hiPSC-CMs was performed three days after infection. Cells were maintained in 

1.8 mM Ca2+ Tyrode’s solution at 37°C during recording. ASAP2 was excited at 488 nm and 

emission was collected over 510 nm. Line scan images were acquired on a Zeiss LSM710 confocal 

microscope (Zeiss) equipped with a 20× objective (NA: 0.8). Line scan images were processed to 

enhance brightness for presentation purposes using ImageJ. Raw imaging data were analyzed using 

a custom-written MATLAB program. ASAP2 data were presented as -ΔF/F. For drug-testing 

experiments, two concentrations of each drug were studied. Concentrated (2×) testing solutions 
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for each concentration were prepared freshly on the day of experiments by diluting DMSO stocks 

into 1.8 mM Ca2+ Tyrode’s solution. The targeted concentration was attained when drugs were 

added to the imaging dishes. The same amount of DMSO was used as vehicle control.  

 

Patch clamp recordings. Electrophysiological properties of each line were recorded using an 

EPC-10 patch clamp amplifier (HEKA, Germany). hiPSC-CMs were enzymatically dissociated 

using TrypLE™ Select Enzyme (10X) (Thermo Fisher Scientific) for 6 min at 37°C and were 

seeded in 35 mm petri dishes coated with Matrigel (Corning). All recordings were performed at 

37ºC using a chamber (Warner instrument, USA) mounted on an inverted microscope (Nikon, 

Japan). Cells were maintained in 1.8 mM Ca2+ Tyrode’s solution during recording. Thin-wall glass 

filaments were pooled to obtain 2.5-4 MΩ pipettes using a micropipette puller (Sutter Instrument, 

USA). Five parameters were used as clarification criteria for determining cardiomyocyte subtypes 

(Table S2). Data plotting and statistics were conducted using GraphPad Prism software.  

 

Immunoblotting. Total proteins were extracted from fresh and recovered hiPSC-CMs using RIPA 

buffer (Thermo Fisher Scientific) supplemented with a protease and phosphatase inhibitor cocktail 

(Thermo Fisher Scientific). Each sample was subjected to electrophoresis on 4–12% NuPAGE 

Bis-Tris gradient gels (Thermo Fisher Scientific), and proteins were transferred to PVDF 

membranes (Thermo Fisher Scientific). Membranes were incubated overnight with rabbit 

CONNEXIN 40 antibody (36-4900, Thermo Fisher Scientific; 1:500), followed by incubation for 

1 hr with anti-rabbit horseradish peroxidase (HRP)-conjugated antibody (7074S, Cell Signaling 

Technology; 1:5000). The housekeeping protein GAPDH was blotted by incubating 1 hr with the 

GAPDH-loading control antibody conjugated with HRP (MA515738HRP, Thermo Fisher 
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Scientific; 1:10,000). Signals were detected using the SuperSignal West Dura Extended Duration 

Substrate (Thermo Fisher Scientific). Blot intensity was quantified using Image Lab 5.2.1 (Biorad).  

 

RNA extraction and quantitative polymerase chain reaction (qPCR). Total RNA from day 30 

fresh and recovered hiPSC-CMs was extracted and purified using a miRNeasy Micro Kit 

(QIAGEN), according to the manufacturer’s instruction. The quantity and quality of RNA were 

determined using a Nanodrop 2000 spectrophotometer (Thermo Fisher Scientific). RNA was then 

reversely transcribed using the iScriptTM cDNA synthesis kit (Biorad) according to the 

manufacturer’s instructions. The qPCR was performed using TaqMan® Universal PCR Master 

Mix (Fisher Scientific) and Taqman probes (Life Technologies) on a StepOnePlusTM Real-Time 

PCR System (Thermo Fisher Scientific) in 20 µL reaction. Relative mRNA levels were normalized 

to those of 18S mRNA in each reaction. Three biological replicates per group were used for qPCR. 

 

RNA-sequencing and analysis. Library preparations were conducted using NEBNext® Ultra™ 

RNA Library Prep Kit for Illumina® (New England Biolabs) and subjected to sequencing on a 

Hiseq 4000 platform (Novogene). For RNA-seq data, the quality was examined by way of 

analyzing per base sequence quality plots using FastQC. The trimming of sequence reads was done 

by TrimGalore. RNA-seq reads were aligned to the human genome (hg38) using the STAR 

software (Dobin et al., 2013) and a gene database constructed from ENCODEv31 (Rosenbloom et 

al., 2012). Reads that overlapped with exon coordinates were counted using RSEM and 

featureCounts (Li and Dewey, 2011; Liao et al., 2014). Raw read counts were transformed using 

the variance stabilizing transformation (VST) function included in the DESeq2 R package. Mean 

and standard deviations of normalized expressions were calculated for each gene. Z-scores were 
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determined by subtracting the mean from each expression value and dividing by the standard 

deviation. Differentially expressed genes (DEGs) between different groups were identified using 

the DESeq2 R package (Anders et al., 2012). Genes with a Benjamin-Hochberg corrected p<0.05 

were considered significant. DEGs were classified into the categories of biological process, 

cellular component, and molecular function using gene ontology annotation. The metabolic 

pathways of the DEGs were predicted using the Kyoto Encyclopedia of Genes and Genomes 

(KEGG). To identify potential common pathways, DEGs were analyzed for biological process and 

pathway enrichment using DAVID and PANTHER (Huang da et al., 2009; Mi et al., 2013). 

Pathway enrichment analysis was performed to identify significantly enriched metabolic pathways 

or signal transduction pathways using the FDR<0.05 as a threshold of significance.  
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