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SUMMARY

In this study, we establish a population-based human induced pluripotent stem cell (hiPSC) drug screening
platform for toxicity assessment. After recruiting 1,000 healthy donors and screening for high-frequency human leukocyte antigen (HLA) haplotypes, we identify 13 HLA-homozygous ‘‘super donors’’ to represent the
population. These ‘‘super donors’’ are also expected to represent at least 477,611,135 of the global population. By differentiating these representative hiPSCs into cardiomyocytes and neurons we show their utility in
a high-throughput toxicity screen. To validate hit compounds, we demonstrate dose-dependent toxicity of
the hit compounds and assess functional modulation. We also show reproducible in vivo drug toxicity results
using mouse models with select hit compounds. This study shows the feasibility of using a population-based
hiPSC drug screening platform to assess cytotoxicity, which can be used as an innovative tool to study interpopulation differences in drug toxicity and adverse drug reactions in drug discovery applications.

INTRODUCTION
Drug toxicity is a major cause of withdrawal of post-market
drugs. Between 1953 and 2013, 462 medicinal products were
withdrawn, with cardiotoxicity and neurotoxicity responsible
for approximately 16% and 10%, respectively (Onakpoya
et al., 2016; Siramshetty et al., 2016). The average research
and development cost to bring a therapeutic agent to the market
between 2009 and 2018 was estimated to be $1.3 billion. A major
reason for such high costs is the high rate of failure during the
development and clinical trial process. Only 25% of cardiovascular drugs and 15% of drugs for the central nervous system
pass phase 1 clinical trials (Fogel, 2018; Wouters et al., 2020).
Population differences in adverse drug reactions and cytotoxicity have been reported extensively. In most cases, however,
these are reported only after the drug has reached the market.
For example, to reduce adverse drug reactions associated with
warfarin, the dose for Asian individuals is lower than that for

Caucasian individuals (Dang et al., 2005). A similar situation
exists for other drugs, such as the b-blocker carvedilol and cardiovascular statin drugs (Liao, 2007; Tomlinson et al., 2018).
Similarly, the anxiolytic drug diazepam is generally prescribed
to Asian people at lower doses because of the differences in
drug metabolism (Kim et al., 2004; Lin et al., 1988). Unfortunately, these adverse drug reactions are not detected during
the drug development and clinical trial process because of a
lack of population-specific models. Currently, the only population-based platforms available to test for such differences are
in silico prediction models of drug toxicity (Jamei, 2016) and human lymphoblast cell lines. The human lymphoblast model is
currently the only in vitro population-based drug screening
model available (Abdo et al., 2015; Chiu et al., 2017).
Previously, most preclinical drug toxicity screening has relied
heavily on immortalized cell lines and animal models. However,
advances in cell technologies, such as human induced pluripotent stem cells (hiPSCs) (Matsa et al., 2014; Takahashi et al.,
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Figure 1. Schematic overview of the project

2007), allow more relevant platforms that more accurately model
human physiology (Ronaldson-Bouchard and Vunjak-Novakovic, 2018; Sharma et al., 2020; Theodoris et al., 2021). It has
been shown that hiPSC derivatives are an attractive model for
cell toxicity assessment during drug development because of
their biological relevance, specificity, and consistency (Burridge
et al., 2016a; Doulatov et al., 2017; Sharma et al., 2017). hiPSCderived cells retain the donor’s genetic background and, thus,
can mimic an individual’s unique drug response; therefore, the
US Food and Drug Administration (FDA) has encouraged use
of hiPSCs as a human-relevant drug toxicity tool (Pang et al.,
2019). hiPSCs are an unlimited source of human cells that can
be differentiated into any cell type, such as cardiomyocytes,
neurons, and hepatocytes, that can be used for high-throughput
drug toxicity assessment and development (Ben-David et al.,
2013; Coll et al., 2018; Tohyama et al., 2013; Vatine et al., 2019).
With limited population-based drug screening studies available, there is substantial interest in population-based hiPSC
banks that can be employed in precision medicine, drug development, and drug screening studies (Sharma et al., 2017; Warren
and Cowan, 2018). In this study, we generated a Chinese bank
of human leukocyte antigen (HLA)-homozygous hiPSCs that
represent 16% of the population in Taiwan based on previously
published HLA-A, HLA-B, and HLA-DRB1 haplotype frequency
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(Lai et al., 2010). This population-based cell bank was employed
to perform a high-throughput cardio and neurotoxicity screen of
clinically approved compounds to identify cardio- and neurotoxic
compounds. The high cost of drug development combined with
the high rate of drug withdrawal from the market indicates a
need for a highly robust platform for drug screening that not
only predicts drug toxicity in humans but can act as ‘‘phase 0’’
clinical trial during the drug development process.
RESULTS
Project workflow
Figure 1 summarizes the experimental design of our study. We
aimed to establish a population-based drug toxicity screening
platform. We recruited healthy donors and identified HLA-homozygous donors as population-representative donors. Peripheral
blood mononuclear cells (PBMCs) from these representative donors were reprogrammed and differentiated into cardiomyocytes or neurons for further drug toxicity screening. Hit validation
included in vitro assays such as dose-dependent assays and
electrophysiological evaluation. We performed in vivo toxicity
assessment using a terminal deoxynucleotidyl transferase
dUTP-mediated nick-end labeling (TUNEL) assay to indicate
cardiotoxicity and neurotoxicity.
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Figure 2. Map of worldwide coverage of representative HLA haplotype frequencies
Shown is a world map depicting the allele frequency of the 13 HLA-homozygous hiPSC lines globally with regional population coverage. The various colors
indicate different ranges of haplotype frequencies, and the numbers in the boxes show the population coverage by continent.

Identification of HLA-homozygous donors from Taiwan
Previous reports have shown that differences in drug response
exist between various populations because of genetic variation
and that these differences can lead to adverse drug reactions
to medical treatments (Dang et al., 2005; Kim et al., 2004). Using
HLA as a population marker, we successfully identified 13 HLAhomozygous donors to represent the population. Overall, 6 donors were homozygous for 8 loci, 1 donor was homozygous for
7 loci, and 6 donors were homozygous for 6 loci. Details of the
donor status are shown in Table S1. The donors’ HLA haplotype
frequency was ranked according to previously published HLA-A,
HLA-B, and DRB1 haplotype frequencies in Taiwan (Table S2;
Lai et al., 2010). These HLA-homozygous donor PBMCs were
collected and reprogrammed into iPSCs for further study.
To understand the global HLA haplotype frequencies and population coverage of our representative HLA-homozygous
hiPSCs, HLA-A, HLA-B, and DRB1 haplotype frequency data
were obtained from the Allele Frequency Net Database (Gonzalez-Galarza et al., 2020). Figure 2 shows the global population
coverage based on our HLA-homozygous hiPSC haplotypes.
In total, our 13 representative HLA-homozygous hiPSC lines
are able to cover 477,611,135 people of the 3,893,451,075 total
population available from the Allele Frequency Net Database.

Generation and characterization of representative HLAhomozygous hiPSC lines
All representative donor PBMCs were reprogrammed by expression of Oct4, Sox2, Klf4, and c-Myc using the Sendai virus delivery method. All hiPSC lines were transgene free (Figure S1A) and
represented a normal karyotype (Figure S1B). Immunofluorescence staining and confocal microscopy confirmed endogenous
expression of various pluripotent markers, such as SSEA-4,
TRA-1-60, OCT4, and SOX2 (Figure S1C). An in vivo teratoma
formation assay revealed that all hiPSC lines formed teratomas
and differentiated into ectoderm, mesoderm, and endoderm tissues (Figure S1D). We also used a short tandem repeat-based
method to determine cell identity and performed PCR
sequencing-based typing (SBT) to confirm that the HLA of the
hiPSCs matched their original PBMCs (Table S1).
Validation of the population-based cardiotoxicity
screening platform
To develop a 1,536-well plate-based cardiotoxic screening platform with population-representative hiPSC-derived cardiomyocytes (hiPSC-CMs), we differentiated all representative hiPSCs
into CMs. The percentage of troponin-I-positive cells across
each representative hiPSC-CM line (Figure S2B) averaged
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95% ± 0.54% (Figure S2A). Prolonged culture of hiPSC-CMs has
been shown to result in a more structurally mature phenotype.
Analysis of a-actinin immunostaining of day 23 and day 47
hiPSC-CMs revealed a significantly longer sarcomere length in
day 47 hiPSC-CMs than in day 23 hiPSC-CMs, indicating a
more structurally mature phenotype (Figures S2C and S2D).
We also tested the engraftment ability of iPSC-derived CMs
into the mouse myocardium. We assessed whether these cells
were able to survive in vivo while expressing the heart-specific
marker a-actinin. A diagram of the cell engraftment assay is
shown in Figure S2E. After engraftment for 3 weeks, an analysis
revealed that all hiPSC-CM lines successfully engrafted into
mouse hearts (Figure S2F). Engrafted cells were positive for human mitochondria, suggesting that all graft cells were humanderived cells (Figure S2G).
To investigate the effect of approved compounds on hiPSCCM viability, a robust 1,536-well, high-content, high-throughput
cardiotoxicity screening and hit validation was performed; an
overview is shown in Figure 3A. All 13 representative HLA-homozygous hiPSC-CM lines were used for cardiotoxicity assessment. Three days after plating, 2,375 approved compounds
were used to treat cells. Hit selection criteria were based on
inducing more than 80% cardiotoxicity, after normalization
with the vehicle group, in more than 3 hiPSC-CM cell lines. A
representative image of a 1,536-well plate after treatment, staining, and imaging is shown in Figure 3A. In total, we identified 16
hit compounds (Table S3) as having cardiotoxic effects. Interestingly, in our screen, we identified a market-withdrawn drug,
dithiazanine iodide, as cardiotoxic; it induced more than 80%
cardiotoxicity in all representative lines.
Fifteen representative hit compounds (excluding dithiazanine
iodide) were selected for further validation by assessing their
dose-response toxicity effects. We observed a decrease in cell
viability in 9 of the 15 compounds (pyrvinium, lapatinib, didrovaltrate, ethacridine lactate, valtrate, cetrorelix, idarubicin, doxorubicin, and daunorubicin) in all representative lines using a CellTiter-Glo assay (Figures 3B and S3). In total, we identified 5
previously known cardiotoxic drugs, including doxorubicin
(Zhang et al., 2012), idarubicin (Anderlini et al., 1995), and lapatinib (Perez et al., 2008), and 4 previously undescribed cardiotoxic drugs. These drugs were then classified by their previous
therapeutic use (Figure 3C; Table S4). We then used these validated compounds to assess the intra-donor variability using 2
cell lines and 3 clones from each line. We assessed the IC50
values for each clone and each drug and found no significant differences (Figures S3B and S3C). We confirmed these dosedependent cytotoxic effects on structured hiPSC-CMs. Previous
studies have shown that CMs cultured on a microgroove device
can promote more maturely structured CMs (Huang et al., 2020;
Lundy et al., 2013). A diagram of the 96-well microgroove plate is
shown in Figure 3D. hiPSC-CMs cultured on the microgroove
device showed a better alignment and elongation shape in the
direction of the grooves compared with the no-groove group.
When hiPSC-CMs were cultured on the no-groove surface,
cells made contacts indiscriminately with neighboring cells.
However, cells cultured on a grooved device had junctions that
were less indiscriminately localized than those on a no-groove
surface (Figure 3E). Similar to the monolayer culture, a clear
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dose-dependent decrease in viability was observed after compound treatment when cells were grown on a microgroovestructured plate (Figure 3F).
Electrophysiological effects of validated cardiotoxic
compounds
From our validated compound list, we selected two drugs previously unidentified as cardiotoxic, valtrate and pyrvinium, to evaluate their effect on the function of hiPSC-CMs by investigating
their electrophysiological effect on 3 cell lines using a multi-electrode array (MEA; Figure 4A). These 3 cell lines are representative
of the population because they have the highest HLA haplotype
frequency within the population. Valtrate treatment did not affect
the field potential duration (FPD) and beat period; however, it
induced a dose-dependent effect on the amplitude in 2 representative lines. In contrast, pyrvinium increased the FPD and
beat period in all 3 representative lines in a dose-dependent
manner. Pyrvinium decreased the amplitude in 2 representative
hiPSC-CM lines. These data suggest that these drugs not only
affect cell viability but also CM electrophysiology.
In vivo evaluation of validated cardiotoxic compounds
Next we assessed the in vivo toxicity of valtrate and pyrvinium.
The experimental design of functional evaluation in vivo is shown
in Figure 4C. The results showed that the end-systolic volume
(ESV) and end-diastolic volume (EDV) decreased significantly after valtrate treatment, suggesting that valtrate induced myocardial strain after injection. However, pyrvinium treatment did not
affect cardiac function (Figure 4D). In addition, a TUNEL assay
was used to detect cell death in vivo after drug treatment.
TUNEL-positive cells were detected in valtrate- and pyrviniumtreated mice. Fluorescein isothiocyanate (FITC)-labeled wheat
germ agglutinin (WGA) was used to highlight cardiac myocyte
borders; thus, only TUNEL-positive CMs were quantified. Figure 4E shows representative images; arrowheads indicate
TUNEL-positive CMs. These data demonstrate that valtrate
(4.7% ± 0.7%) and pyrvinium (7.2% ± 2.4%) treatment significantly induced CM cell death compared with the vehicle control
(Figure 4F).
Generation and validation of the population-based highthroughput neurotoxicity screening platform
Because neurological complications are a leading cause of drug
withdrawal from the market, we performed a population-based
neurotoxicity screen using the same 13 HLA-homozygous hiPSC
lines. The hiPSC lines were first differentiated into neuronal stem
cells (hiPSC-NSCs). To assess their in vivo differentiation capability, the hiPSC-NSCs were engrafted into the subventricular
zone of mice for 6 weeks (Figure S4A). Immunocytochemistry
and confocal microscopy analysis revealed that all 13 hiPSCNSC lines were positive for MAP2 (not expressed by hiPSCNSCs) and human mitochondrion double-positive cells, showing
their in vivo differentiation capability (Figures S4B and S4C).
Concurrently, the hiPSC-NSCs were differentiated into neurons
(hiPSC-NEURs) in vitro. The purity of the hiPSC-NEURs was
confirmed by flow cytometry, shown as the percentage of
MAP2- and NeuN-positive cells (Figure S4D). We found that
the majority of the cells were glutamatergic, with a small
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Figure 3. Identification and validation of cardiotoxic compounds from an approved drug library
(A) Experimental overview of high-throughput, high-content imaging and hit validation using hiPSC-CMs. Shown is high-content imaging of a 1,536-well plate
after drug treatment and Hoechst 33342 (blue) and PI (orange) staining and the selection process of hit compounds.
(B) Comparative evaluation of cell viability by CellTiter-Glo assay of 3 representative HLA-homozygous cell lines after 24-h exposure for validation of hit compounds. Data represent triple repeats.
(C) Validated compounds characterized by their clinical indication.
(D) Diagram of the microgroove pattern on a 96-well plate. Scale bar, 40 mm.
(E) Immunocytochemistry analysis of CMs labeled with a-actinin (red), connexin 43 (green), and DAPI (blue) and plated on 96-well plate with and without grooves.
Scale bars, 40 mm.
(F) Comparative evaluation of cell viability by CellTiter-Glo assay of cells plated onto a groove device for 3 representative cell lines treated for 24 h with pyrvinium,
lapatinib, or didrovaltrate. Data represent triplet repeats. All data were obtained from studies performed in triplicate and represent mean ± SEM. See also
Figures S2 and S3 and Tables S3 and S4.

population of GABAergic cells and no TH-positive (dopaminergic) cells in our cultures (Figure S4E). To assess the activity
of the hiPSC-NEURs, live-cell calcium imaging revealed spontaneous calcium transients, indicating spontaneous neuronal
activity in all 13 hiPSC-NEUR lines (Figure S4F). To better understand the maturity of the hiPSC-NEURs, we assessed the
frequency and amplitude of spontaneous excitatory postsyn-

aptic potentials, induced action potential frequency, and resting
membrane potential using patch-clamp electrophysiology
(Figure S4G).
After characterization of hiPSC-NEURs, we screened an
FDA-approved compound library consisting of 2,080 compounds. From the primary screen, we selected 30 putative
hits, derived from the top 1% toxic compounds found in at
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Figure 4. Functional evaluation of cardiotoxic compounds
(A) Timeline of MEA plating and drug treatment.
(B) MEA analysis of cardiotoxic compounds. FPD, field potential duration.
(C) Schematic of the in vivo cardiotoxicity analysis.
(D) Echocardiogram assessment. EDV, end-diastolic volume; ESV, end-systolic volume; EF, ejection fraction. Student’s t test was used for statistical analysis.
*p < 0.05.
(E) Fluorescence analysis of TUNEL staining of a mouse heart after drug treatment.
(F) Quantification of TUNEL-positive CMs after drug treatment. Statistical analysis was performed by ANOVA. Bars represent mean ± SEM. **p < 0.01,
***p < 0.001. Numbers within bars represent numbers of mice.
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Figure 5. Identification and validation of neurotoxic compounds from an FDA-approved drug library
(A) Diagram of the experiment.
(B) Comparative evaluation of cell viability by CellTiter-Glo assay of 13 HLA-homozygous cell lines after 24-h exposure of hit compounds. Data represent assays
conducted in triplicate.
(C) Reconfirmed compounds characterized by their clinical indication.
(D) Images of dendrite identification, using the CellProfiler plugin software, of control and treated neurons on a 96-well plate.
(E) Quantification of neurite length of the representative cell lines after 24-h drug treatment. Data were obtained from assays conducted in triplicate.
(F) Immunocytochemical labeling of GABAergic neurons (GAD65, green), glutamatergic neurons (VGLUT, red), mature neurons (MAP2, white) and DAPI (blue) in
90-day cerebral organoids. Scale bar, 0.5 mm.
(G) Quantification of calcein-AM:PI ratio in day 90 cerebral organoids after 24-h drug treatment. Inset: images generated from high-content analysis of organoids
stained with the live cell stain calcein-AM (CaAM; green) and dead cell stain propidium iodide (PI; orange) of control and treated cerebral organoids. All data were
obtained from assays conducted in triplicate and are represented as mean ± SEM.
See also Figures S4 and S5 and Tables S5 and S6.

least three cell lines (Table S5). The putative hits were reconfirmed by dose-response curves; of the 30 hit compounds,
22 compounds showed a dose-response toxicity relationship
(Figures 5A, 5B, and S5A), 3 of which were known previously

to be neurotoxic. To assess the intra-donor variability of these
drugs, we tested 3 clones from 2 cell lines. The IC50 values
were compared between clones for each drug. We found significant variability between IC50s in clones of THTC-05 treated
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Figure 6. Validation of neurotoxic compounds
(A) Microelectrode array (MEA) traces of baseline recording (before drug treatment) and recordings after treatment for 30 min with 10 mM compound.
(B) Quantification of the frequency (hertz) of spontaneous action potentials using MEA after 30-min drug treatment in three cell lines.
(C) Examples of live-cell calcium imaging of day 80–90 cerebral organoids. The red line indicates addition of 10 mM drug.

(legend continued on next page)
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with gramicidin and telotristat ethyl (Figure S5E). For all other
drugs, we found no significant differences in IC50 values. We
also assessed the effect of DMSO and found no significant differences in DMSO response (Figures S5B and S5C). The reconfirmed compounds were classified by their clinical indication,
and the majority were anti-cancer drugs (Figure 5C;
Table S6). Three compounds, amiodarone, ceritinib, and penfluridol, were selected for further validation based on their frequency of clinical use, potential application for repurposing,
and previous evidence of crossing the blood-brain barrier (Petrelli et al., 2018; Riva et al., 1982; Tuan and Lee, 2019).
Because dendritic complexity is a measure of cell health, we
employed high-content imaging to validate these compounds
by assessing the dendritic area after drug treatment. Employing
the Cell Profiler plug-in (Carpenter et al., 2006), high-content
images were generated for each condition, and dendrites
were traced (Figures 5D and 5E). All compounds showed a
dose-dependent loss of dendritic length and area in the 3
representative cell lines tested after drug treatment demonstrating the toxicity of these drugs (Figure 5E).
To further validate these drugs, we generated hiPSC-derived
cerebral organoids. Because organoids have been shown to
contain more mature neurons and to be structurally more complex, they better represent the in vitro characteristics of the brain
compared with a traditional 2D culture (Jacob et al., 2020; Lancaster and Knoblich, 2014). Immunocytochemistry analysis
showed that day 80–90 cerebral organoids were mainly positive
for GABAergic and glutamatergic neurons (Figures 5F and S6).
They contain GFAP- and SOX2-positive cells as well as a small
population of TH-positive (dopaminergic) neurons (Figure S6).
Therefore, day 80–90 cerebral organoids were employed to
further validate hit compounds by dose-response analysis. After
drug treatment, using live-dead stains (calcein-AM and propidium iodide [PI]; Figure 5G, inset), there was a dose-dependent
decrease in the calcein-AM and PI ratio (Figure 5G), indicating
loss of cell viability with increasing drug concentration.
Assessment of neuromodulation by hit compounds
Next, we monitored activity after amiodarone, ceritinib, and penfluridol treatments using MEA. Figure 6A shows representative
traces of baseline and drug-treated field potential spikes. Quantification revealed that these compounds reduced the frequency of
spontaneous neuronal activity (Figure 6B). These drugs were
tested using live-cell calcium imaging of day 80–90 organoids.
Similar to the MEA data from the 2D cultures, the hiPSC-derived
cerebral organoids had a reduced frequency and amplitude of calcium peaks after 10 mM drug application (Figure 6C). These data
show that amiodarone, ceritinib, and penfluridol reduce neuronal
activity.
In vivo neurotoxicity
To confirm the in vivo toxicity of amiodarone and penfluridol,
C57BL/6 mice were administered amiodarone (100 mg/kg/day)

or penfluridol (60 mg/kg/day) by oral gavage for 11 days (Figure 6D). NeuN, used to identify neuronal nuclei, allowed identification of TUNEL-positive neurons, indicated by arrowheads in
representative images (Figure 6E). Whole-brain sagittal sections
were initially assessed, and quantification revealed a significant
increase in TUNEL-positive neuronal nuclei after amiodarone
(11% ± 0.7%) and penfluridol (13% ± 0.9%; Figure 6F) treatment
compared with vehicle control. TUNEL-positive cells were
mainly observed in the cortical region of the brain. These data
demonstrate that amiodarone and penfluridol treatment induced
neuron cell death in vivo.
Subpopulation differences in hit compound toxicity
We then assessed whether there were differences in subpopulations in response to the hit compounds. The IC50 values were
calculated using GraphPad Prism. We found that idarubicin,
doxorubicin, and daunorubicin showed cardiotoxic differences
in subpopulations, mainly THTC-07. In doxorubicin-treated cells,
we found that the average population of cells (all 13 lines) had a
mean IC50 of 45 ± 4.4 mM, whereas THTC-07 had a significantly
lower (p < 0.01) IC50 of 10 ± 0.5 mM (Figure 7A). Daunorubicin
also showed population differences. Compared with the population average (30 ± 0.1 mM), THTC-07 had a significantly
(p < 0.001) lower IC50 (5.9 ± 0.7 mM; Figure 7B). Another anthracycline-family drug, idarubicin, also showed population
differences. The population average was 29 ± 0.2 mM. This
was significantly higher (p < 0.001) than THTC-02 (10 ±
0.1 mM), THTC-06 (10.7 ± 0.2 mM), THTC-07 (10 ± 0.1 mM),
THTC-09 (11 ± 0.1 mM), and THTC-12 (11 ± 0.2 mM; Figure 7C).
Similarly, we found that the average IC50 of zinc pyrithione in
neurons (5 ± 0.8 mM) was significantly (p < 0.01) higher compared
with THTC-02 (0.5 ± 0.1 mM) and THTC-06 (0.3 ± 0.1 mM;
Figure 7D).
DISCUSSION
In this study, we generated a population-based HLA-homozygous hiPSC bank by screening 1,000 healthy donors in Taiwan.
To date, there has been no study that has established a population-representative drug screening model to assess cytotoxicity.
Population-based cytotoxicity screening model
It is well known that different populations respond differently to
drugs. Population-representative drug screens rely heavily on
commercially available cell lines for drug testing that does not
accurately represent a population (Blinova et al., 2017; Kopljar
et al., 2018). One study used 27 commercially available hiPSCCMs as a population-based model to address inter-individual
variability in cardiotoxicity (Grimm et al., 2018). They found that
cell lines have variable responses to reference compounds after
treatment. However, these cell lines were randomly selected
without taking population-representative markers into account;
therefore, 23 of these hiPSC-CMs were Caucasian, 4 of them

(D) Timeline of drug administration for in vivo toxicity study.
(E) Quantification of TUNEL staining in the mouse cortex after drug treatment. Scale bars, 50 mm.
(F) Quantification of TUNEL-positive neurons in the cortex from 5 animals for each condition. Statistical analysis was performed using one-way ANOVA
(***p < 0.001). Data represent mean ± SEM.
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Figure 7. Sub-population differences in cardio and neurotoxicity
(A–C) Comparative evaluation of cardiotoxicity using a CellTiter-Glo assay of 13 HLA-homozygous cell lines after 24-h exposure of select hit compounds that
show subpopulation differences in cardiotoxicity. Shown is the population average of all 13 lines and cell lines with significantly lower IC50 values of cardiotoxic
compounds. Data represent assays conducted in triplicate.
(D) Neurotoxicity of zinc pyrithione in the average population (grey) and cell lines (red and black) has significantly lower IC50 values. Data represent assays
conducted in triplicate. Bar graphs represent the mean ± SEM IC50 from the 13 cell lines. Statistical analysis was performed using unpaired t test (**p < 0.01,
****p < 0.001).

were African American, and Asian representation was
completely absent.
Because Chinese people constitute the largest population in
the world, we selected representative donors based on their
HLA haplotype frequency within the population and established
a population-based drug screening platform. It is well established that various populations exhibit different responses to
warfarin; Chinese people in particular are known to be more sensitive to warfarin than Caucasians (Johnson, 2008; Lam and
Cheung, 2012). Additionally, East Asians and Caucasians have
different statin pharmacokinetics (Tomlinson et al., 2018). In
our study, we found that different cell lines respond differently
to the same drug; for example, didrovaltrate, idarubicin, and
daunorubicin all displayed inter-individual differences in cardiotoxicity in their dose-response curves, whereas visomitin, ceritinib, and zinc pyrithione showed the greatest inter-individual
differences in neurotoxicity. This may be explained by the
intra-clone variability observed because there is an inherent variability between iPSC clones. Population-specific adverse drug
reactions have been associated with the HLA complex. The
HLA complex, which modulates the adaptive immune response,
contains the most polymorphic genes in the human genome, and
they are differentially expressed among populations. Evidence of
this was reported in 2002, when HLA-B*57:01, most prevalent in
Southeast Asian populations, was associated with abacavir
sensitivity (Mallal et al., 2002). Additionally, allopurinol sensitivity
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resulting in Stevens-Johnson syndrome is strongly associated
with HLA-B*58:01, which is found in 10%–15% of the Chinese
population but only in 0.8% of the Caucasian population (Khanna
et al., 2012; Lonjou et al., 2008). However, using this in vitro
assay, we are unable to address HLA haplotype-specific toxicity
directly. Apart from drug toxicity screening, this cell bank will
have several important future implications for the use of hiPSCs
in drug development and mechanistic studies.
We were unable to compare inter-population differences
because of a lack of global effort to establish population-based
hiPSC banks despite growing interest in population-based HLAhaplotype banking of hiPSCs (Nakajima et al., 2007; Taylor et al.,
2012). There have been efforts by the Center for iPS Cell
Research and Application in Japan, which has calculated that
5 HLA-homozygous hiPSC lines cover 32% of the population
based on HLA-A, HLA-B, and HLA-DR (Umekage et al., 2019).
This is possible because the Japanese population is relatively
homogenous; however, Taiwan has a more diverse background.
Based on previous HLA-B genotype results, our cell bank can
cover 51% of Taiwan’s population, based solely on the
HLA-B allele (Lai et al., 2010). Our results showed that these
13 representative hiPSC lines not only cover 16% of Taiwan’s
population but can also cover over 477 million people in the
world across various populations. It is important to note that
these lines do not include the aboriginal peoples of Taiwan
because they are a unique population that is genetically distinct
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from the general population of Taiwan in terms of their HLA genotypes. Many other countries, such as the United States, also
have a more genetically diverse population and, thus, may
require more cell lines to represent their population. Clinical trials
in iPSC-based cell therapy have seen promising results, starting
in Japan (Mandai et al., 2017). Because HLA matching is important for organ transplantation and cell therapy to avoid rejection,
having established cell banks with HLA-homozygous lines available would be an invaluable resource for clinicians and
researchers. Although the iPSCs used in this study are not clinical-grade iPSCs, there is potential in reprogramming donor
PBMCs into clinical-grade iPSCs for use in cell therapy and
regenerative medicine.
Toxicity assessment and drug development
In this study, we successfully validated 9 approved compounds
that induced cardiotoxicity and 22 compounds that induced
neurotoxicity using this population-based toxicity screening platform. Although two different compound libraries were used,
because availability, they both contained many of the same compounds. We have compared the compounds that induced cardiotoxicity and neurotoxicity and found that cardiotoxic compounds
did not induce neurotoxicity and vice versa. Because we did not
test other cell types, such as hepatocytes, we cannot comment
on whether these compounds will induce toxicity in other cell
types. Dithiazanine iodide induced cardiotoxicity in all of our representative hiPSC-CMs and, interestingly, was withdrawn from the
market because of cardiovascular and metabolic reactions in
1964 (Qureshi et al., 2011). Several well-known anthracyclineinduced cardiotoxic drugs were also identified in our study, such
as daunorubicin, doxorubicin, and idarubicin (Anderlini et al.,
1995; Burridge et al., 2016b; Lubieniecka et al., 2013; McGowan
et al., 2017; Patnaik et al., 2011; Zhang et al., 2012). Previous
studies have shown that iPSC-derived CMs can recapitulate
doxorubicin-induced cardiotoxicity in vitro (Burridge et al.,
2016b), and we identified subpopulations in our screen that
were more sensitive (lower IC50) to these compounds. The
THTC-07 line had greater sensitivity to all anthracycline drugs
used in the study (doxorubicin, daunorubicin, and idarubicin).
We also found that lapatinib induced cardiotoxicity, even though
it showed low-level cardiotoxicity in clinical trials (Perez et al.,
2008). This may indicate that inter-individual responses might be
different in various populations. In addition to known cardiotoxic
compounds, several unknown cardiotoxic compounds were identified, such as pyrvinium and didrovaltrate, found previously to
block calcium currents in rabbit ventricular myocytes (Xie et al.,
2012). Recently, studies have aimed to repurpose pyrvinium (an
antihelmintic agent) as a cancer therapy drug because pyrvinium
can interact with a complex of topoisomerase inhibitors and
induce DNA damage (Chen et al., 2013). Although pyrvinium and
valtrate induced cardiotoxicity in vitro and in vivo, there was little
effect on heart function. Many of the TUNEL-positive cells were
located close to the chamber of the heart, which may not immediately lead to impaired cardiac function; perhaps longer treatment
regimens would result in more severe toxicity, leading to cardiac
function impairment.
We were also able to identify previously known compounds
with neurotoxic effects, such as zinc pyrithione, amiodarone,

and moxidectin (Ménez et al., 2012; Nunes and Costa, 2019;
Orr and Ahlskog, 2009). Although many drugs, in particular cancer drugs, have neurotoxic effects in peripheral nerves, we
focused our study on toxicity of neurons found in the central nervous system, which usually manifests as cognitive impairment
and seizures (Neurotoxicity of chemotherapy, 2007). Long-term
use of amiodarone, a commonly prescribed anti-arrhythmic
drug, has been shown to affect the central and peripheral nervous systems, including distal extremity weakness, loss of
deep reflexes, and brain magnetic resonance imaging abnormalities (Van Herendael and Dorian, 2010). We observed a dosedependent reduction in dendritic arborization after amiodarone
treatment. Toxicity has been associated with axonal loss and
demyelination; however, the mechanism of amiodarone-induced
neurotoxicity is unknown (Galassi et al., 2014). Recently, penfluridol, an antipsychotic agent, has gained attention as a potential
anti-cancer drug because it suppresses metastatic tumor
growth (Ranjan and Srivastava, 2016). However, penfluridol
crosses the blood-brain barrier (Ranjan et al., 2016), making it
important to understand its potential neurological effects other
than the associated antipsychotic effects. All drugs identified
as toxic were classified by their clinical use. Demonstrating
that anti-cancer drugs caused the most toxicity in hiPSC-CMs
and hiPSC-NEURs shows the importance of developing more
specific targeting methods for anti-cancer treatments. By employing single-cell genomics, we would be able to elucidate
the target pathways involved in drug-induced toxicity, but this
work focused on identifying toxic compounds. After toxicity evaluation, mechanistic studies could be undertaken to determine
the specific pathways involved.
Traditional cell culture assays rely on 2D culturing systems,
which provide valuable information; however, advancing culture
techniques will allow more complex 3D cultures to be employed
in high-throughput screens. More complicated cultures, such as
organoids, microfluidics, and micro-patterned devices, are highly amenable to high-throughput screening; however, current
methods require technical effort and important manipulations
that have hindered progress. We found, in our assays, that the
organoid cultures produced a result similar to 2D cultures with
regard to toxicity, but they may provide more valuable information on how different compounds may alter neuronal pathways
or networks resulting in, for example, excitotoxicity or development. Use of the microgroove device and organoids provides a
more physiological relevant state of hiPSC-derived cells. This
generates a more mature, in-vivo-like phenotype facilitating
further drug toxicity tests or mechanistic studies. We also present an effective method for detecting toxicity in organoid cultures; however, culturing technology has not yet reached the
high-throughput capacity of organoids and may only be
employed for validation purposes.
CONCLUSION
With ever-evolving culture technologies, population-based
hiPSC banks will allow advances in precision medicine. One of
the barriers during drug development is the variation between
current models used for testing; however, the risk of population-specific toxicities remains unknown. When population
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hiPSC banks are developed, this platform can be used to investigate inter-population differences. This platform can also be
used to screen for hepatotoxicity (Cayo et al., 2017). Between
1997 and 2016, 8 drugs were withdrawn from the market
because of hepatotoxicity (Babai et al., 2018). The Comprehensive In Vitro Proarrhythmia Assay (CiPA) initiative has resulted in
large-scale efforts by academia, industry, and regulatory bodies
to advocate for use of hiPSC-CMs to predict the translational
potential of drug-induced cardiac toxicity/arrhythmia. Unfortunately, such initiatives have yet to be implemented for hiPSCNEURs. Our cell bank allows development of such guidelines
not only for neurons but also hepatocytes. Finally, development
of population-based hiPSC banks provides researchers and clinicians opportunities to avoid potential toxicity not detected by
the current drug development pipeline.
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Limitations of the study
This study demonstrates use of a population of hiPSCs defined
by HLA; however, to determine population differences in drug
responses or toxicity, other countries would be required to
develop their own cohorts of HLA-defined hiPSCs. The linkage
disequilibrium with the HLA haplotypes could include a variety
of genes/loci, which may be a factor when investigating HLAassociated adverse reactions such as TNF (Sanchez-Mazas
et al., 2000). It is important to note that HLA-associated adverse
reactions generally rely on activation of the immune system;
therefore, this in vitro assay would unlikely be able to detect
HLA-specific toxicity. Collaborative efforts can then be undertaken to investigate population differences in drug toxicity.
Because of the limitations connected to biosafety level 3, it will
be important to test the toxicity of hiPSC-CMs after viral infection. Drugs that did not show toxicity in healthy hiPSC-CMs
may display higher drug sensitivity in virus-infected cells.
Although we identified previously known cardio- and neurotoxic
compounds in the screen, the compound library database does
not provide information on toxicity of the drugs contained in it;
therefore, we are unable to validate whether the screening
method identified all known cardio- and neurotoxic compounds.
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Primers for Sendai virus detection, see Figure S1A
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This paper
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This paper
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Klf4/410 bp
F: TTCCTGCATGCCAGAGGAGCCC

This paper
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This paper
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This paper
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This paper
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This paper
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AccuType HLA SBT Analysis Software

TBG Biotechnology

http://www.tbgbio.com/en/
product/product_detail/48

CellProfiler

Carpenter et al. (2006)

https://cellprofiler.org

Graphpad Prism

Graphpad

https://www.graphpad.com

Affinity Designer

Affinity

https://affinity.serif.com

Experimental models: Cell lines

Oligonucleotides

Software and algorithms

RESOURCE AVAILABILITY
Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact Patrick C.
H. Hsieh (phsieh@ibms.sinica.edu.tw).
Materials availability
All materials generated in this study are available upon request from the Lead Contact and upon signature of the corresponding Material Transfer Agreement, if necessary.
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Data and code availability
d All data reported in this paper will be shared by the lead contact upon request.
d This paper does not report original code.
d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS
Human donors
Institutional permission and oversight of human sample handling was approved by Academia Sinica (AS-IRB-BM-170120 v.3). The
sample size of 1000 donors was estimated based on the frequency of HLA alleles in Taiwan previously reported by Lai et al. (2010).
Blood was drawn from 13 healthy individuals to generate iPSCs based on their HLA homozygosity. The mean donor age was 46.4
years old (SD 11.6 years). There were 5 males and 8 females included in the study. Refer to Table S1 for cell line-specific donor
information.
Mice
All animal experiments were conducted in accordance with the Guide for the Use and Care of Laboratory Animals (ARRIVE guidelines).
Mice (C57BL/6 and NOD/SCID) were purchased from the National Laboratory Animal Center, Taiwan. For teratoma formation and
engraftment studies, 12 week old male NOD/SCID mice were used. For in vivo toxicity assays, 8 week old male C57BL/6 mice were
used. All animals were housed under standard laboratory conditions in the animal core facility at Academia Sinica and all study protocols
were approved by the Academia Sinica Institutional Animal Care and Utilization Committee in accordance with IACUC guidelines.
METHOD DETAILS
Donor recruitment
The study was approved by the Institutional Review Board of Biomedical Science Research at Academia Sinica (approval number:
AS-IRB-BM-170120 v.3). The individuals in this study signed written informed consent to donate PBMCs for HLA genotyping and
iPSC generation.
HLA typing
We recruited 1,000 healthy donors and performed HLA PCR sequencing-based typing (PCR-SBT) for HLA genotyping. As the HLA-B
locus is the most polymorphic, our strategy was to first focus on genotyping donors’ HLA-B locus. Once HLA-B homozygous donors
were identified, they were rescreened for the remaining HLA genotypes. Whole blood (5 mL) was collected into acid citrate tubes
(BD), and the genomic DNA was isolated using the DNeasy Blood & Tissue Kit (Qiagen). HLA-typing was performed using the
PCR-SBT method. HLA genotyping was carried out using HLAssure A, B, C, DQB1, DRB1 & DPB1 SBT Kits (TBG Biotechnology)
on ABI 3730XL DNA Analyzers (Applied Biosystems) with AccuType HLA SBT Analysis Software (TBG Biotechnology) as described
in the manufacturer’s protocol. As parents’ samples were not available, the haplotypes were not obtained by segregation.
Global HLA haplotype frequencies and population coverage
The global haplotype frequencies of HLA-A*33:03-B*58:01-DRB1*03:01, HLA-A*02:07-B*46:01-DRB1*09:01, HLA-A*02:07B*46:01-DRB1*08:03, HLA-A*02:01-B*40:01-DRB1*11:01, HLA-A*11:01-B*13:01-DRB1*16:02, and HLA-A*11:01-B*39:01DRB1*08:03 were calculated by combining haplotype information from 3,219,526 individuals collected by 89 HLA studies obtained
from the Allele Frequency Net Database (http://www.allelefrequencies.net/ (Gonzalez-Galarza et al., 2020)). The inclusion of allelespecific data depended on whether data at the level of HLA protein (i.e., HLA-B 58:01) was available and when the sample size was
greater than 100. Population haplotype frequency data were consolidated by country as a mean of all sub-population haplotype frequencies obtained from the database. The global population coverage in terms of the numbers of the HLA haplotype carriers were
aggregated by country as the mean of all constituent population haplotype frequencies weighted by each country’s population in
2021 as reported on each government’s official website.
Detection of sendai virus expression
To ensure hiPSCs are Sendai virus and transgenes free, total RNA was extracted from > passage 10 cells using TRIzol reagent
(Thermo Fisher Scientific). Then, reverse transcription was performed by Superscript IV reverse transcriptase (Thermo Fisher Scientific). The primer sequences and PCR reaction were designed and performed as recommended by the manufacturer (Thermo Fisher
Scientific). Primer details are listed in Table S7.
Immunocytochemistry
Immunocytochemistry was performed as previously described (Huang et al., 2020). Briefly, cells were fixed in 4% paraformaldehyde,
and then permeabilized using 0.1% Triton X-100 when required. Specific primary antibodies were incubated overnight.
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Subsequently, appropriate Alexa 594, Alexa 488, and Alexa 647-conjugated secondary antibodies (Molecular Probes) were incubated for 1 h at room temperature. Imaging was captured using a Zeiss LSM 700 confocal microscope (Carl Zeiss) and processed
through Zen imaging software.
Teratoma formation assay
A million hiPSCs were resuspended in 50% Matrigel (Corning) and then injected into the testis of 12 week old NOD/SCID mice (National Laboratory Animal Center (NLAC), Taiwan). Mice were sacrificed at 6 weeks after transplantation. The teratomas were fixed and
embedded in paraffin for serial sectioning and histological analysis by haemotoxylin and eosin staining to confirm differentiation potential into different germ layers.
Karyotyping analysis
To examine the genetic stability of representative iPSCs, cells were treated with 10 mg/mL of colcemid for 20 min at 37 C to induce
cell-cycle arrest and then incubated with 75 mM hypotonic KCl to obtain nuclear swelling. The cells were then fixed with 3:1 methanol/glacial acetic acid. Metaphase chromosomes were harvested and subjected to Giemsa staining for cytogenic analysis of
G-bands (20 metaphase spreads were counted).
Compound collections
A proprietary collection of 2,374 approved and pharmacopoeia drugs (Huang et al., 2019) was applied for cardiotoxicity evaluation.
Neurotoxicity was assessed by a compound library containing 2080 approved drugs (TargetMol, MA). These drugs were dissolved in
DMSO and arrayed at a concentration of 1 mM in 1536-well and 384-well microtiter plates before application. Addition of drug to assay
plates was conducted by a pin-tool transferring station equipped in the ultra-High-Throughput Screening System (uHTS) of the Genomics
Research Center, Academia Sinica. The final assay concentration of the drugs was designed and controlled by the slotted open/volume
of the pin (V&P Scientific, CA), which provides accurate and precise delivery of liquid at a coefficient of variation (CV) average under 5%.
Human iPSC generation
Blood samples were collected into BD Vacutainer cell preparation tubes for the separation of mononuclear cells according to the
manufacturer’s instructions. Cells were then reprogrammed through CytoTune-iPS 2.0 Sendai Reprogramming Kit (Thermo Fisher
Scientific).
Cardiac differentiation
HiPSCs were differentiated as previously described (Huang et al., 2019). In brief, hiPSCs were seeded on a Matrigel-coated plate. Once
cells reached 80% confluency, they were treated with 6–10 mM CHIR99021 (Selleckchem) to activate Wnt signaling to induce mesoderm differentiation. Then, the medium was refreshed to RPMI/B27 insulin-free medium (Thermo Fisher Scientific) at day 2. At day 3, cells
were then treated with 5 mM IWR-1 (Sigma) for a further 48 h. After two days, the medium was changed to remove IWR-1. Cells were then
cultured in RPMI/B27 medium until cells started to beat. Cells were then cultured in glucose-free RPMI/B27 for purification.
Cell culture and compound treatment for cardiotoxicity screening
Forty-four day hiPSC-CMs were plated in black clear-bottom Matrigel-coated, 1536-well plates (PerkinElmer) at 800 cells per well
using an automatic dispenser (GNF Systems). After incubation for 3 days, hiPSC-CMs were treated for 24 h with a final concentration
of 100 mM compounds or DMSO (10%). Doxorubicin (30 mM) was used as a reference compound and a DMSO vehicle-treated group
was used as a negative control. Cells were then co-stained with Hoechst 33342 (Thermo Fisher Scientific), for total nuclei count, and
propidium iodide, to detect dead cells. Wells were imaged using Opera PhenixTM High-Content Screening System (PerkinElmer) using a whole-well imaging method to quantify live/dead percentage. Doxorubicin (30 mM) was used as positive control in each batch of
the screenings. Initially, potent drugs that induced >80% cardiotoxicity in more than 3 cell lines were selected as hits for validation.
The selected hits were Pyrvinium (Selleckchem), Topotecan (Selleckchem), Didrovaltrate (ChemFaces), Doxorubicin (TargetMol),
Valtrate (TargetMol), Doxycycline (Selleckchem), Daunorubicin (Selleckchem), Lapatinib (Selleckchem), Yohimbine (Sigma), Pararosaniline (Sigma), Demeclocycline (TargetMol), Cetrorelix (TargetMol), Meclocycline sulfosalicylate (Sigma), Idarubicin (TargetMol) and
Ethacridine lactate (TargetMol). An 8-point dilution assay (0.6 mM, 1 mM, 3 mM, 6 mM, 10 mM, 30 mM, 60 mM, and 100 mM) was conducted in triplicate to generate dose-response curves. The assay protocol was the same as that of the initial drug screening
described above. Cell viability was detected using CellTiter-Glo Luminescent Cell Viability Assay (Promega) and imaged by the
ViewLux plate reader (PerkinElmer).
Fabrication of a multi-well plate with embedded microgrooves
A silicon wafer was first cleaned using Piranha solution followed by buffered oxide etching. Then a layer of 4 mm thick SU-8 2005
photoresist was spun coated on the silicon wafer followed by the standard SU-8 photolithography process. Multiple SU-8 concentric
microgrooves with 20 mm separation and 4 mm depth were created. Then, the inverse pattern of microgrooves was transferred to a
0.3 mm thick polypropylene (PP) sheet using the hot embossing process. The molding temperature, pressure, and dwell time were
controlled to create round edges on PP microgrooves. Then, this PP master was peeled off from the SU-8 master. A PMMA open
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bottom multi-well plate was attached to this PP master that had 48 patterns of microgrooves. Room-temperature-vulcanizing (RTV)
silicone was poured in the PMMA multi-well plate to create an RTV microgroove-stamp. After RTV stamps were cured, they were
taken out of the PMMA multi-well plate. Then, a thin layer of polydimethylsiloxane (PDMS) monomer and curing agent (Sylgard
184) mix was applied on the surface of the RTV stamps, and 96 of these stamps were put inside the wells of a standard
CellCarrier-96 Ultra microplate (PerkinElmer). After curing in a 55 C oven, RTV stamps were pulled out from each well and a
96-well plate with embedded microgrooves was created.
HiPSC-CM engraftment
HiPSC-CMs (day 16) were plated onto Matrigel-coated 6-well plates. Four days after plating, hiPSC-CMs were dissociated by trypsin
and suspended at a density of 1 3 106 cells in 30 mL chilled injection medium (700 mL FBS, 300 mL Matrigel, containing 10 mM Caspase
inhibitor Z-VAD-FMK (Calbiochem, 627610-1MGCN), 50 nM TAT-BH4/BCL-XL (Calbiochem, 197217-1MGCN), 200 nM Cyclosporine A (Sigma, P154-100MG), 50 mM Pinacidil (Sigma, 30024-25MG), 100 ng/mL IGF-1 (Peprotech, 100-11), 100 ng/mL
PDGF-BB (Prprotech,100-14B), 100 ng/mL VEGF (Prprotech, 100-20). Cells were injected (10 mL) into 3 different sites on the heart
wall of 12-week-old NOD-SCID mice (NLAC, Taiwan). Mice were sacrificed 3 weeks after injection. Whole hearts were harvested,
treated with 4% paraformaldehyde in PBS overnight at 4 C, and dehydrated with 70% ethanol for 1 h. Samples were then
paraffin-embedded and sectioned into 5 mm slices.
Micro electro array
The protocol for evaluating the effect of drugs on hiPSC-CM electrophysiology using Maestro Edge (Axion BioSystem) was as
described by Axion BioSystems. The effects of drugs on cardiomyocyte electrophysiology were performed at day 47 of differentiation
and recorded using the Maestro Edge. Day 33 hiPSC-CMs were plated on 50 mg/mL fibronectin-coated 24-well CytoView MEA plates
(Axion BioSystems) at a density of 4 3 104 cells per well 14 days before the assay. Cells were incubated with various concentrations
(ranging from 3 nM to 300 nM) of either valtrate or pyrvinium for 30 min. The effects of drugs on cardiomyocyte electrophysiology were
performed at day 47 of differentiation, and recorded using the Maestro Edge (Axion BioSystem).
To assess the effect of drugs on hiPSC-NEUR, Axion Maestro 24-well microelectrode array plates were coated with poly-L-ornithine
(0.1 mg/mL). HiPSC-NEUR were resuspended at a concentration of 1.2 3 107 cells/mL in Neurobasal with laminin (20 mg/mL). A 10 mL
drop was added to the center of each well and cultured for 4 h after which 0.5 mL of Neurobasal Medium was added. Half the Neurobasal
media was changed every 2 days for 20 days. Baseline recordings were acquired for 15 min prior to drug application using the Maestro
Edge Multielectrode Array system (Axion Biosystems), then 15 min recordings were acquired 30 min following drug application.
In vivo cardiotoxicity assay
C57BL/6 mice (8-week-old; NLAC, Taiwan) were exposed to either a single intraperitoneal injection of valtrate (45 mg/kg) (Braun
et al., 1984) for a day or pyrvinium (0.85 mg/kg) (Momtazi-Borojeni et al., 2018) for 3 days to induce cardiotoxicity. Cardiac function
was evaluated through echography before and after drug delivery. Heart tissue was harvested after mice were sacrificed and tissue
was fixed in 4% paraformaldehyde and then embedded in paraffin for serial sectioning. Cell toxicity was assessed by the In Situ Cell
Death Detection Kit (Sigma) to detect apoptotic cells after drug treatment following the manufacturer’s protocol.
Neuronal differentiation
To obtain neuronal stem cells (hiPSC-NSC), hiPSCs were plated in StemFlex Medium on Matrigel coated 6 well plates. The following
day, media was replaced with Neuronal Induction Medium [Neurobasal medium (Thermo Fisher Scientific), 2% Neuronal Induction
Supplement (Thermo Fisher Scientific)]. Cells were cultured for 7 days, then cultured in Neuronal Expansion Medium (50% Neurobasal medium, 50% DMEM/F:12 (Thermo Fisher Scientific), 2% Neuronal Induction Supplement) for a further 7 days. To generate
neurons, hiPSC-NSC were plated onto poly-L-ornithine (0.1 mg/mL) and laminin (10 mg/mL) coated 6 well plates in StemPro Medium
(Knockout DMEM/F:12 (Thermo Fisher Scientific), 2% StemPro Neuronal Supplement (Thermo Fisher Scientific), L-Glutamine,
10 mg/mL bFGF, 10 mg/mL EGF) for 2 days. Media was changed to Neurobasal Medium (Neurobasal Medium, 2% B27 (Gibco),
L-Glutamine) for a further 21 days with half the media changed every 3 days.
Cerebral organoid generation
Cerebral organoids were generated according to a previously published protocol (Lancaster and Knoblich, 2014). In brief, on day 0,
4,500 human iPSCs were plated in each well of an ultra-low binding 96 well plates in StemFlex Medium containing 4ng/mL basic
fibroblast growth factor (Thermo Fisher Scientific) and 50 mM Rho-associated protein kinase inhibitor (Selleckchem). Media was
changed every other day for 6 days, then transferred to low adhesion 24 well plates in neural induction media (DMEM/F12, 1:100
N2 supplement (Thermo Fischer Scientific), Glutamax, MEM-NEAA, and 1 mg/mL heparin (Merck). Media was changed every other
day for 5 days. On day 11, embryoid bodies were transferred to droplets of Matrigel and cultured in differentiation medium containing
1:1 mixture of DMEM/F12 and Neurobasal, 1:200 N2 supplement, 1:100 B27 supplement without vitamin A (Thermo Fisher Scientific),
3.5 mL/L 2-mercaptoethanol (Thermo Fisher Scientific), 1:4000 insulin (Sigma), 1:100 Glutamax, and 1:200 MEM-NEAA. After 4 days
of stationary growth, plates were placed on a rotating platform with the same media as above except B27 supplement with vitamin A
was used. Cells were cultured for 90 days with media changes every 2 days.

Cell Reports 39, 110643, April 5, 2022 e6

ll
OPEN ACCESS

Resource

Cell culture and compound treatment for neurotoxicity screening
Forty-two day hiPSC-NEUR were plated in black, clear-bottom, poly-L ornithine-coated 1536-well plates (PerkinElmer) at 2000 cells
per well using an automatic dispenser (GNF Systems). Cells were plated in neurobasal media (Thermo Fisher Scientific) containing
B27 (Thermo Fisher Scientific), L-glutamine (Gibco) and laminin (10 mg/mL; Thermo Fisher Scientific). After incubation for 3 days,
hiPSC-NEURs were treated for 24 h with a final concentration of 10 mM compounds or 1% DMSO. DMSO (1%) was used as a negative
control and staurosporine (10 mM) was used as a positive control. The Z-factor was calculated for each plate to determine the validity of
the assay. The Z-factor for the assay was calculated using the positive and negative controls and was required to be between 0.5 and 1.
This was calculated using GraphPad Prism. Cell viability was detected using CellTiter-Glo Luminescent Cell Viability Assay (Promega)
and imaged using ViewLux plate reader (PerkinElmer). For the primary screen hits, the median CellTiter Glo value (luminescence value)
of each plate was calculated. All compounds were normalized to this value. The 15 compounds (1% of the plate) with the lowest luminescence values were considered to be the most toxic on that plate. To be selected for further validation, the drug was required to be in
the 1% list in more than 3 cell lines. An 8-point two-fold dilution assay, starting from 10 mM, was conducted in triplicate as hit reconfirmation. The same assay protocol as described above was performed for cell viability. To detect the differences in intra-donor and
inter-donor variability, the IC50 for each clone was compared by one-way ANOVA using GraphPad Prism.
Dendrite analysis for neurotoxicity screening
A CellProfiler (Carpenter et al., 2006) pipeline was developed to analyze neurite morphology. Neurites were enhanced by
EnhanceEdges and EnhanceOrSuppressFeatures modules, major and minor axis length were measured by the
MeasureObjectSizeShape module. Neurites were then skeletonized by ConvertObjectsToImage and Morph module before
measured neurite length and number of branches for individual neurons with the MeasureObjectSkeleton module.
In vivo neurotoxicity assay
C57BL/6 mice (8-week-old; NLAC, Taiwan) were exposed to daily administration by oral gavage of amiodarone (100 mg/kg) (Le
Bouter et al., 2004; Porto et al., 2021) or penfluridol (60 mg/kg) (Liu et al., 2021) for 11 days to investigate neurotoxicity. Whole brains
were harvested after mice were sacrificed and tissue was fixed in 4% paraformaldehyde and then frozen in Tissue Freezing Medium
(Leica) for serial sagittal sectioning. Cell toxicity was assessed by the In Situ Cell Death Detection Kit (Sigma) to detect apoptotic cells
after drug treatment following the manufacturer’s protocol.
In vivo neuronal differentiation
HiPSC-NSCs were suspended in DMEM at a concentration of 5 3 104 cells/mL. Following craniotomy, 2 mL (1 3 105 cells) were engrafted
into the right subventricular zone of 8-week-old NOD/SCID mice (NLAC, Taiwan). The coordinates for injection were as follows: anteriorposterior +0.6 mm, mediolateral +1.2 mm, dorsoventral - 3 mm from skull surface. Following engraftment for 6 weeks, whole brains were
harvested and treated with 4% paraformaldehyde in PBS overnight in 4 C. Samples were then cryosectioned into 25 mm slices.
Electrophysiology
Human iPSC-NEURs were plated onto poly-L-ornithine and laminin coated glass coverslips (6 3 104 cells per coverslip) for 20 days in
Neurobasal medium. On the day of experimentation, coverslips were immersed in artificial cerebrospinal fluid (ACSF; 119 mM NaCl,
2.5 mM KCl, 1.3 mM MgSO4, 26.2 mM NaHCO3, 1 mM NaH2PO4, 2.5 mM CaCl2, 11 mM glucose, pH 7.4 by gassing with 5% CO2/
95% O2). Slides were kept in the recording chamber on an upright microscope (BX51W1; Olympus Optical). Excitatory postsynaptic
potentials were recorded using a glass pipette filled with intracellular solution containing 131 mM K-gluconate, 8 mM NaCl, 20 mM
KCl, 10 mM HEPES, 2 mM EGTA, 2 mM Mg-ATP, 0.3 mM Na3GTP with resistance between 3 and 5 MOhm. Data were recorded with
an Axon Axopatch 200B amplifier (Molecular Devices) and Digidata 1440A system (Molecular Devices) at room temperature (24–
25 C). EPSC voltage clamp held at 70 mV. Data were analyzed using the pCLAMP software.
Live-cell calcium imaging
hiPSC-NEUR (1 3 105 cells) were plated onto poly-L-ornithine (0.1 mg/mL) and laminin (10 mg/mL) coated glass-bottom confocal dishes
(SPL Life Sciences) in Neurobasal medium. Cells were cultured for 20 days, with half the media changed every 3 days. Cells were then
washed twice with recording buffer (10 mM HEPES pH 7.35, 156 mM NaCl, 3 mM KCl, 1.25 mM KH2PO4, 10 mM D-glucose, 2 mM
CaCl2). Cells were incubated with 1 mL recording buffer containing 5 mM Fluo-4 AM (Life Technologies) and 0.0025% Pluronic acid
(Thermo Fischer Scientific) for 30 min at 37 C. This was aspirated and washed twice with the recording buffer. The culture dishes
were then transferred to a Carl Zeiss 880 confocal microscope where calcium responses were recorded using the ZEN 2.1 SP2 software
(version 13.0.0.518). Cells were maintained at 37 C using a heated stage where images were acquired every 0.2 s for 5 min.
Statistical analysis
The data are presented as mean ± standard error of the mean. Multiple comparisons were analyzed by ANOVA followed by Bonferroni post hoc analysis, while two groups were analyzed by unpaired two-tailed Student’s t-test with Graphpad Prism software
(version 9.1.1). A p value of less than 0.05 was considered statistically significant.
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Figure S1. Characterization of HLA-homozygous hiPSC lines, related to Figure 1
(A) Analysis of Sendai virus expression in all representative HLA-homozygous hiPSC lines. RT-PCR of
hiPSC lines was performed to evaluate the expression of Sendai virus (SeV), KOS (KLF4, OCT3/4, SOX2) and c-MYC. PC; positive control (early passages of iPSC), NC; negative control.
(B) Karyotyping images of chromosomes from HLA-homozygous hiPSC lines.
(C) Immunolabeling of DAPI (blue) and various pluripotent markers SOX2, OCT4, TRA-1-60, and SSEA4 (green). Scale bar: 40 µm.
(D) H&E staining of ectoderm (Ecto), mesoderm (Meso), and endoderm (Endo) following teratoma
formation. Scale bar: 200 µM.
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Figure S2. Characterization of cardiomyocytes, related to Figure 2
(A) Flow cytometry of cardiomyocytes after 20 days of differentiation.
(B) Bar graph showing percentage of troponin I positive cells. Bars represent mean + SEM.
(C) Immunolabeling of a-actinin (green) at day 23 and 47 cardiomyocytes. Scale bar: 60 µm.
(D) Bar graph showing the sarcomere length in cardiomyocytes at days 23 and 47. Data represent
mean ± SEM. Statistical analysis performed using the unpaired t-test (***, p < 0.001).
(E) Diagram of injection site of cardiomyocytes.
(F) Immunolabeling of DAPI (blue), α-actinin (red) and human mitochondria (Hu-MITO; green) with (G)
magnified images for each line. Scale bar in F: 450 µm. Scale bar in G: 40 µm.
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Figure S3. Hit compound validation of cardiotoxicity, related to Figure 3
(A) Comparative evaluation of cell viability by CellTiter-Glo assay of 13 HLA-homozygous hiPSC lines
following 24-hour exposure to hit compounds. n = 3 for each drug concentration. Data represent mean
± SEM.
(B-C) Intra-donor variability evaluation by CellTiter-Glo assay in (B) THTC-04 and (C) THTC-05 cell lines.
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Figure S4. Human iPSC-derived neurons express mature neuronal markers and have spontaneous
activity, related to Figure 4
(A) Schematic diagram of experimental design showing location of engraftment in a coronal section
of mouse brain.
(B) Immunolabeling of MAP2 (green) and human mitochondria (Hu-MITO, red) and
(C) Magnified images for each cell line. Scale bar in B: 500 µm. Scale bar in G: 75 µm.
(D) Representative example of flow cytometry data of MAP2 and NeuN and quantification of cells
expressing MAP2 by flow cytometry.
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(E) Immunolabeling of dopaminergic neurons (TH; green), glutamatergic neurons (VGLUT; red) and
MAP2 (white). In the lower panel, GABAergic neurons (GAD65; red) and MAP2 (white). Scale bar: 40
µm.
(F) Live cell calcium imaging of neurons. Scale bar: 60 seconds.
(G) Quantification of spontaneous excitatory post-synaptic potential (sEPSP) amplitude, sEPSC
frequency, induced actin potential frequency, and resting membrane potential. Bars represent mean
± SEM.
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Figure S5. Hit compound reconfirmation of neurotoxicity, related to Figure 5
(A) Comparative evaluation of cell viability by CellTiter-Glo assay of 13 HLA-homozygous hiPSC lines
following 24-hour exposure of hit compounds. n = 3 for each drug concentration.
(B) Quantification of cell viability of 1% DMSO treated cells following CellTiter-Glo assay.
(C) Quantification of the affect of 1% DMSO compared to untreated control following CellTiter-Glo
assay. Student-t test, n = 13.
All data represent mean ± SEM.
(D-E) Intra-donor variability evaluation by CellTiter-Glo assay in (D) THTC-04 and (E) THTC-05 cell lines.
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Figure S6. hiPSC-derived cerebral organoids express diverse neuronal subtypes, related to Figure 6
(A) Immunolabeling of SOX2 (green) nestin (red), and MAP2 (white) expression in day 30 cerebral
organoids.
(B) Immunolabeling of day 90 cerebral organoids. Upper panel: GABAergic neurons (GAD65; green),
glutamatergic neurons (VGlut; red), MAP2 (white). Middle panel: astrocytes (GFAP; green), SOX2, and
MAP2 (white). Lower panel: dopaminergic neurons (TH: green) and NeuN (white).
(C) Confocal images of day 90 organoids labeled with TUNEL.
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THTC-01
THTC-02
THTC-03
THTC-04
THTC-05
THTC-06
THTC-11
THTC-07
THTC-08
THTC-09
THTC-10
THTC-12
THTC-13

Cell line

A*33:03
A*02:07
A*11:01
A*02:01
A*33:03
A*02:01
A*02:01
A*11:01
A*33:03
A*33:03
A*02:07
A*33:03
A*02:07

A*33:03
A*11:01
-

HLA_A

B*58:01
B*46:01
B*13:01
B*40:01
B*58:01
B*40:01
B*58:01
B*39:01
B*58:01
B*58:01
B*46:01
B*58:01
B*46:01

HLA_B

-

-

-

C*03:02
C*01:02
C*03:04
C*15:02
C*03:02
C*15:02
C*03:02
C*07:02
C*03:02
C*03:02
C*01:02
C*03:02
C*01:02

HLA_C
-

DQB1*02:01
DQB1*06:01
DQB1*05:02
DQB1*03:01
DQB1*02:01
DQB1*03:01
DQB1*02:01
DQB1*06:01
DQB1*02:01
DQB1*02:01
DQB1*03:03
DQB1*02:01
DQB1*03:03

HLA_DQB1
-

HLA_DRB1

DPB1*04:01
DRB1*03:01
DPB1*19:01
DRB1*08:03
DPB1*13:01/107:01
DRB1*16:02
DPB1*05:01
DRB1*11:01
DPB1*04:01
DRB1*03:01
DPB1*05:01
DRB1*11:01
DPB1*04:01
DRB1*03:01
DPB1*03:01
DPB1*05:01 DRB1*08:03
DPB1*04:01
DPB1*05:01 DRB1*03:01
DPB1*02:01
DPB1*05:01 DRB1*03:01
DPB1*05:01
DRB1*09:01
DPB1*04:01 DPB1*13:01/107:01
DRB1*03:01
DPB1*02:01
DPB1*05:01 DRB1*09:01

HLA_DPB1

-

-

DPA1*01:03
DPA1*02:07
DPA1*02:02
DPA1*02:02
DPA1*01:03
DPA1*02:02
DPA1*01:03
DPA1*01:03
DPA1*01:03
DPA1*01:03
DPA1*04:01
DPA1*01:03
DPA1*01:03

DPA1*02:02
DPA1*02:02
DPA1*02:02
DPA1*02:02
DPA1*02:01
DPA1*02:02

HLA_DPA1
DQA1*05:01
DQA1*01:03
DQA1*01:02
DQA1*05:05
DQA1*05:01
DQA1*05:05
DQA1*05:01
DQA1*01:03
DQA1*05:01
DQA1*05:01
DQA1*03:02
DQA1*05:01
DQA1*03:02

HLA_DQA1
-

8
8
8
8
8
8
7
6
6
6
6
6
6

Matched
Matched
Matched
Matched
Matched
Matched
Matched
Matched
Matched
Matched
Matched
Matched
Matched

53
49
54
76
47
40
43
40
31
37
53
46
34

F
F
M
F
F
M
M
F
F
F
M
F
M

Number of
matching HLA-retyping Age Gender
HLA homo
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Table S1. HLA haplotypes of HLA-homozygous iPSCs, related to Figure 1.
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Table S2. Ranking of HLA-homozygous iPSC haplotype in Taiwan, related to Figure 2.
Table S2. Ranking of HLA-homozygous iPSCs haplotype in Taiwan.
Rank of
haplotype
freq.

Cell line

1
THTC-01
1
THTC-05
1
THTC-08
1
THTC-09
1
THTC-12
2
THTC-10
2
THTC-13
3
THTC-02
4
THTC-04
4
THTC-06
5
THTC-03
NA#
THTC-07
NA#
THTC-11
#: no data available

HLA haplotype
HLA_A, HLA-B, HLA-DRB1
A*33:03-B*58:01-DRB1*03:01
A*33:03-B*58:01-DRB1*03:01
A*33:03-B*58:01-DRB1*03:01
A*33:03-B*58:01-DRB1*03:01
A*33:03-B*58:01-DRB1*03:01
A*02:07/A*11:01-B*46:01-DRB1*09:01
A*02:07-B*46:01-DRB1*09:01
A*02:07-B*46:01-DRB1*08:03
A*02:01-B*40:01-DRB1*11:01
A*02:01-B*40:01-DRB1*11:01
A*11:01-B*13:01-DRB1*16:02
A*11:01-B*39:01-DRB1*08:03
A*02:01/A*33:03-B*58:01-DRB1*03:01
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Dithiazanine iodide
Pyrvinium Pamoate
Didrovaltrate
Topotecan:Prestw-1196
Valtrate
Doxorubicin
Pararosaniline pamoate
Doxycycline
Daunorubicin
Demeclocycline
Meclocycline sulfosalicylate
Idarubicin
Lapatinib
Corynanthine (Yohimbine)
Cetrorelix
Ethacridine lactate

Compound

V
V
V
V
V
V
V
V
V
V
V
V

V
V

V

V
V

V

V
V
V
V
V

V
V

V
V
V

V
V
V
V

V

V

V

V
V
V

V
V
V

V

V
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THTC-01 THTC-02 THTC-03 THTC-04 THTC-05 THTC-06 THTC-07 THTC-08 THTC-09 THTC-10 THTC-11 THTC-12 THTC-13

Cell lines
Number of cell lines with
the identified hit
13
12
9
9
9
9
8
8
7
7
7
7
6
4
4
3

Table S3. Potential cardiotoxic compounds identified from the primary high-content drug
screen, related to Figure 3.
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Table S4. Validated cardiotoxic compounds classified by their clinical indication, related to
Figure 3.
Table S4. Validated cardiotoxic compounds classified by their clinical indication.
Indication
Drug Name
Disease
Pyrvinium
Antihelmintic drug
Antibiotic
Ethacridine Lactate Antiseptic
Didrovaltrate
Kidney, oral cavity, breast, and lung cancer
Doxorubicin
Chemotherapy drug
Cancer
Daunorubicin
Chemotherapy drug
Lapatinib
Breast cancer, solid tumors
Idarubicin
Chemotherapy drug
Hormone Therapy Cetrorelix
Gonadotropin-releasing hormone antagonist activity
Psychiatric
Valtrate
Mood disorders

14

Table S5. Potential neurotoxic compounds identified from the primary high-throughput drug
screen, related to Figure 5.
Table S5. Potential neurotoxic compounds identified from the primary high-throughput drug screen.
Cell lines
Compound
Number of cell lines with
THTC-01 THTC-02 THTC-03 THTC-04 THTC-05 THTC-06 THTC-07 THTC-08 THTC-09 THTC-10 THTC-11 THTC-12 THTC-13
the identified hit
Terfenadine
Dronedarone
Hexetidine
Penfluridol
Moxidectin
Tegaserod
Ceritinib
Clofoctol
Selamectin
Zinc pyrithione
Mitoxantrone
Telotristat ethyl
Octenidine Dihydrochloride
Pacritinib
Lomitapide
Entrectinib
Tetrandrine
Crizotinib
Berbamine
Sunitinib
Fedratinib
Visomitin
Gramicidin
Netupitant
Salmeterol
Domiphen
Fingolimod
Tubercidin
Ebastine
Amiodarone
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V
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13
13
13
12
12
11
10
10
9
9
9
7
7
6
6
6
5
5
5
5
5
5
5
4
3
4
4
4
3
3

Table S6. Validated neurotoxic compounds classified by their clinical indication, related to
Figure 5.
Indication

Drug Name
Clofoctol
Domiphen Bromide
Gramicidin A
Antibiotic
Octenidine Dihydrochloride
Zinc Pyrithione
Tubercidin
Crizotinib
Ceritinib
Entrectinib
Fedratinib
Cancer
Pacritinib
Sunitinib
Telotristat Ethyl
Visomitin
Amiodarone
Cardiovascular
Dronedarone
Moxidectin
Infection
Selamectin
Fingolimod
Nervous system
Penfluridol
Digestive system Tegaserod
Immune system Ebastine
Metabolism
Lomitapide

Disease
Gram-Positive Bacteria Infected
Pharyngitis, thrush and mouth ulcers
Transplant rejection
Antibiosis
Seborrhoeic Dermatitis
Antibiotics
Non-small cell lung cancer
Non-small cell lung cancer
Solid tumours
Primary or secondary myelofibrosis
Post-essential thrombocythaemia myelofibrosis
Gastrointestinal stromal tumours; Pancreatic cancer; Renal cell carcinoma
Malignant carcinoid syndrome
Pancreatic cancer
Ventricular Fibrillation; Ventricular Tachycardia
Atrial Fibrillation; Atrial Flutter
Onchocerciasis
Ectozoic parasite
Multiple sclerosis
Schizophrenia
Constipation; Irritable bowel syndrome
Allergic Conjunctivitis; Allergic Rhinitis; Urticaria
Hyperlipoproteinaemia type IIa
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Table S7. Primers used in PCR experiments, related to STAR Methods.
Table S7. Primers used in PCR experiments.
Target
Sequence
Forward
GGATCACTAGGTGATATCGAGC
SeV
Reverse
ACCAGACAAGAGTTTAAGAGATATGTATC
Forward
ATGCACCGCTACGACGTGAGCGC
KOS
Reverse
ACCTTGACAATCCTGATGTGG
Forward
TTCCTGCATGCCAGAGGAGCCC
Klf4
Reverse
AATGTATCGAAGGTGCTCAA
Forward
TAACTGACTAGCAGGCTTGTCG
c-Myc
Reverse
TCCACATACAGTCCTGGATGATGATG
Forward
CCCTGGACTTCGAGCAAGAG
Actin
Reverse
ACTCCATGCCCAGGAAGGAA
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