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SUMMARY

Understanding individual susceptibility to drug-induced cardiotoxicity is key to improving patient 

safety and preventing drug attrition. Human induced pluripotent stem cells (hiPSCs) enable the 

study of pharmacological and toxicological responses in patient-specific cardiomyocytes (CMs), 

and may serve as preclinical platforms for precision medicine. Transcriptome profiling in hiPSC-

CMs from seven individuals lacking known cardiovascular disease-associated mutations, and in 
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three isogenic human heart tissue and hiPSC-CM pairs, showed greater inter-patient variation than 

intra-patient variation, verifying that reprogramming and differentiation preserve patient-specific 

gene expression, particularly in metabolic and stress-response genes. Transcriptome-based 

toxicology analysis predicted and risk-stratified patient-specific susceptibility to cardiotoxicity, 

and functional assays in hiPSC-CMs using tacrolimus and rosiglitazone, drugs targeting pathways 

predicted to produce cardiotoxicity, validated inter-patient differential responses. CRISPR/Cas9-

mediated pathway correction prevented drug-induced cardiotoxicity. Our data suggest that hiPSC-

CMs can be used in vitro to predict and validate patient-specific drug safety and efficacy, 

potentially enabling future clinical approaches to precision medicine.
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INTRODUCTION

Precision medicine is an emerging approach with great promise for disease prevention and 

treatment that takes into account individual variability in genes, environment, and lifestyle 

for each person (Collins and Varmus, 2015). It has rapidly become a major socioeconomic 

and healthcare focus, drawing attention to the need for developing appropriate research 

platforms to realize the promise of personalized patient care in the future. The advent of 

hiPSC reprogramming technologies (Takahashi et al., 2007; Yu et al., 2007) has not only 

circumvented ethical issues surrounding the use of human embryonic stem cells (hESCs), 

but has also provided patient-specific cells that act as new platforms for the derivation of 

differentiated cell types which are ideal for disease modelling research, patient-oriented drug 

discovery, and toxicology studies (Matsa et al., 2014). In parallel, technological revolution in 

the “omics” field has enabled cost effective assembly of personalized and dynamic genetic 

information, providing unprecedented mechanistic insights into physiological states and 

disease susceptibility (Ozsolak and Milos, 2011). The combination of “omics” and hiPSC 

technologies provides unique opportunities for building preclinical functional readout 

systems that could serve as a solid foundation for precision medicine (Chen et al., 2016; 

Matsa et al., 2016).

Unpredicted drug-induced cytotoxicity has led to thousands of preventable hospitalizations 

and deaths. In addition, the resulting drug attrition has caused the pharmaceutical industry 

billions of dollars over the past decade (Laustriat et al., 2010). Over 30% of drugs entering 

clinical trials are withdrawn due to safety concerns, while the costs of drug discovery have 

climbed dramatically without a corresponding increase in the numbers of new drugs being 

released to the market (Scannell and Bosley, 2016). These problems point to the urgent need 

for developing more appropriate human in vitro models for pre-clinical patient-specific 

testing of drug candidates. While the use of reprogramming technologies holds great 

promise for generation of such models, in some studies, divergent reprogramming or 

differentiation strategies, and chromosomal aberrations acquired during reprogramming and 

in vitro expansion, have been shown to cause phenotype variation in hiPSCs and their 
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derivatives. (Martins-Taylor and Xu, 2012; Sgodda and Cantz, 2013; Tapia and Schöler, 

2016). Such findings call into question the ability of differentiated hiPSC derivatives to 

reflect the genetic identity of the individual. Therefore, comprehensive comparison of inter- 

and intra-patient genetic heterogeneity is required to validate the hiPSC technology. 

Importantly, the ability of hiPSC derivatives from individuals lacking known mutations 

associated with a relevant disease to respond differentially to drug treatment has not been 

verified. Addressing this challenge will be critical for validating future applications of hiPSC 

derivatives in personalized drug discovery and toxicology studies.

In this study, we used RNA sequencing to assess the variation in gene expression signatures 

between the hiPSC-CMs of two separate hiPSC clones derived from five females (F1-F5, 

Table S1) and two males (M1-M2). With the use of rigorous methodology standardization, 

we determined that hiPSC reprogramming and subsequent cardiac differentiation can 

preserve patient-specific gene expression signatures. This finding was confirmed by 

transcriptomic comparison of isogenic human heart tissues and hiPSC-CMs from three 

patients (P1-P3). We also used comprehensive toxicology analysis based on gene expression 

profiles to show that patient-specific hiPSC-CM susceptibility to drug-induced 

cardiotoxicity can be computationally predicted, functionally validated, and rescued in vitro. 

Our study, therefore, represents a step forward for deploying hiPSC-CMs clinically in 

precision medicine.

RESULTS

Derivation and characterization of hiPSC-CMs

hiPSC lines were first generated from the skin fibroblasts of 5 females (Fig. 1a, S1a) using a 

non-integrating Sendai virus method. hiPSCs satisfied all characterization criteria for 

pluripotency (Fig. S1b-c), had normal karyotypes (Fig. S1d), and showed close correlation 

in SNP profiles to the primary skin fibroblasts they were derived from (Fig. S1e). In 

addition, hiPSC clones for each individual did not show significant differences in copy 

number variants. hiPSCs were differentiated to CMs using a small molecule-based 

methodology (Fig. S2a). Differentiation had over 80% efficiency based on TNNT2+ flow 

cytometry, following a metabolic selection process in glucose-deprived media (Fig. S2b). 

hiPSC-CMs also demonstrated regular structural and electrophysiological characteristics at 

baseline (Fig. S2c-e, Table S2).

Inter- and intra-patient variation in hiPSC-CMs

We next utilized a bioinformatics approach to analyze the variation in transcriptome 

signatures between hiPSC-CMs derived from the gender-matched female individuals, and 

from different hiPSC clones of the same individual. Quality scores were high for all RNA 

sequencing data (Q > 30), reflecting a low probability of base-calling errors (P < 0.001), 

equivalent to > 99.9% accuracy. Correlation between averaged gene expression values from 

all clones of each line was high (R = 0.84-0.94; Fig. S2f), reflecting the purity of hiPSC-

CM.
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Principal component analysis (PCA; Fig. 1b) and hierarchical clustering (Fig. 1c) revealed a 

closer correlation in CMs derived from hiPSC clones of the same patient rather than from 

clones of different patients. Inter-patient variation was largely attributed to genes involved in 

metabolic and stress-response processes (Fig 1b). Importantly, the most significantly 

differentially expressed genes per cell line (Fig. 1d) showed similar expression patterns for 

both of the analyzed clones, reinforcing the observation that intra-patient variation in hiPSC-

CMs is minimal. Intra-patient clone clustering was also evident amongst over 150 genes that 

are important for CM function, which included those encoding sarcomere proteins, ion 

channels, and calcium-handling associated genes (Fig S2g). This indicated that genes 

conferring functionality to CMs exhibit donor-specific gene expression signatures, 

suggesting that inter-patient variability could result in patient-specific responses to 

cardioprotective and cardiotoxic pharmacology.

Functional enrichment analysis revealed minimal intra-patient variation (Fig. 1b-d), which 

was attributed to differences in molecular functions such as transcriptional regulation, RNA 

processing and metabolism, and protein localization. A closer investigation into the 

functions of most differentially expressed genes per line also identified potential 

susceptibility to a variety of cardiovascular defects. For example, hiPSC-CMs derived from 

patient 1 (F1) had a significantly elevated expression of the protein-folding factor HSPA1A 
(Fig. 1d), which is a prognostic indicator of increased risk for coronary heart disease (He et 

al., 2009). Patient 2's (F2) hiPSC-CMs showed high expression levels of Protein 

Phosphatase 1, Regulatory Subunit 3A (PPP1R3A), an important regulator of glycogen 

metabolism. Since glycogen breakdown is the fastest source of energy in the heart, 

differences in PPP1R3A expression could lead to varied tolerance towards exercise and 

cardiac performance (Groop and Orho-Melander, 2008). Female patient 3 (F3) was distinct 

for high expression levels of Apolipoprotein B mRNA Editing Enzyme (APOBEC), a 

primary component of LDL particles that are key indicators of cardiovascular disease 

(Wilson et al., 1998). Further details are outlined in Table S3. Such indications, with further 

refinement and in combination with patients’ clinical history, could become informative for 

therapy.

GOs most responsible for inter-patient variation (principal component 1; PC1) involved the 

regulation of chromatin organization, as well as catabolic and metabolic processes such as 

ATP synthesis and breakdown (Table S4), as exemplified by differential expression of genes 

such as the ATP-dependent helicase DDX42 (Fig. 1e). Because tight coupling between ATP 

production and CM contraction is crucial for normal cardiac function (Ingwall and Weiss, 

2004), a significant variance in ATP processing suggests potential differences in stress 

response among hiPSC-CMs from the 5 female patients analyzed. Significant differences 

were also observed in the estrogen receptor signaling pathway (e.g., Estrogen-Related 

Receptor Gamma gene ESRRG, Fig 1e), which is known to regulate processes involved in 

the development of cardiovascular disease, including the mitochondrial electron transport 

chain, reactive oxygen species (ROS) production, contractile protein function, and ion 

channel function during cardiac repolarization, through its interaction with the partnered co-

factor peroxisome proliferator-activated receptor gamma coactivator 1α [PPARGC1A 

(Murphy, 2011)].
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Perhaps not surprisingly, inter-patient variation in PC2 was attributed to genes involved in 

the mitochondrial electron transport chain, such as PPARGC1A (Fig 1e). In PC3, genes 

associated with serotonin transport [e.g., Solute Carrier Family 6 Member 4 (SLC6A4 or 

SERT1)] were amongst those accounting for inter-patient variation. Pharmaceuticals acting 

through serotonin (5-HT)-related pathways are widely utilized as antidepressants and 

appetite suppressants, but are often associated with significant adverse cardiovascular 

effects, including pulmonary hypertension, arrhythmias, and heart valve disease (Levy, 

2006). It is likely that inter-patient variation in the expression of genes involved in serotonin 

transport could account for the observed side effects, and patient-specific hiPSC-CMs would 

be ideal platforms for further investigation.

Toxicology pathway analysis in hiPSC-CMs

Unraveling the causes of heterogeneity amongst hiPSC lines and their differentiated 

derivatives is essential for better understanding of their therapeutic applications. To further 

elucidate whether the transcriptomic analysis of hiPSC-CMs could predict patient-specific 

cardiotoxicity, we performed toxicology analysis using the Ingenuity Pathway Analysis 

(IPA) tools, which use the collective expression levels of interacting genes involved in 

certain pathways to predict the overall likelihood of adverse cellular function. Toxicology 

analysis using the average RPKM gene expression in CMs from both hiPSC clones of each 

patient revealed particularly interesting outcomes concerning the development of oxidative 

stress mediated through the nuclear factor erythroid 2-like 2 (NFE2L2 or NRF2) pathway. 

hiPSC-CMs from three lines had a low predicted risk for NRF2-mediated oxidative stress 

(F2, F3, and F4), whereas F1 and F5 had medium and high predicted risk, respectively (Fig. 
2a).

The NRF2 pathway is a major mechanism in cellular defense against oxidative stress 

(Nguyen et al., 2009), and its activation controls the expression of genes involved in 

detoxification and elimination of ROS and other electrophilic species. In our data, low 

expression levels of NRF2 in F1 and F5 (Fig. 2b) suggested that hiPSC-CMs could exhibit 

functional abnormalities upon pharmacological challenge. To investigate this hypothesis and 

identify suitable drug targets, gene expression and protein-protein interactions of NRF2-

associated genes were further investigated (Fig. 2c). It was identified that PPARGC1 (or 

PGC-1α), which was significantly down-regulated in F5 (Fig. 1e), is an upstream regulator 

of NRF2 (Ventura-Clapier et al., 2008) and is activated by the protein phosphatase 

calcineurin, a key regulator of CM ion channels and receptors, calcium homeostasis, fatty 

acid oxidation, and energy metabolism (Casademont and Miro, 2002; Ventura-Clapier et al., 

2008). Interestingly, all three isozymes of calcineurin's catalytic subunit (PPP3CA, PPP3CB, 

and PPP3CC), as well as the calcineurin regulator RCAN2 were expressed at lower levels in 

F5 hiPSC-CMs compared to hiPSC-CMs from other female patients (Fig. 2b). At the same 

time, the calcium/calmodulin-dependent protein kinase II inhibitor CAMK2N1 (or 

CaMKIINα), a negative regulator of calcium homeostasis, was markedly upregulated in F5, 

thus supporting the greater potential for functional disruption in F5 hiPSC-CMs. Further 

interrogation of NRF2 interactions led to the observation that PPARGC1 is also a co-

activator of PPARG (PPAR-γ), a receptor which becomes functional upon hetero-

dimerization with Retinoid X nuclear Receptors (RXR), including the RXRG receptor that is 
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down-regulated in F5 (Fig 2b). Notably, decreased PPARGC1 expression, as well as 

decreased expression or DNA binding of the PPAR-RXR complex, have been shown to play 

a significant role in the development of heart failure (Finck, 2007; Ventura-Clapier et al., 

2008). Our pathway analysis, therefore, reinforced the potential heightened susceptibility of 

F5 hiPSC-CMs to functional disruption of the NRF2 pathway.

Patients F1-F5 had not undergone any clinical procedures allowing isolation of heart tissue 

for direct comparison of gene expression in primary cardiomyocytes and hiPSC-CMs. To 

address this, we performed transcriptome profiling in an independent set of patients (P1-P3, 

Table S1) suffering with non-ischemic dilated cardiomyopathy (NICM) from which heart 

tissues were available (Fig. 3a), either following orthotopic heart transplantation (OHT) or 

placement of left ventricular assist devices (LVAD). These data showed that despite the 

differences in expression of certain cardiac maturation markers (Fig. 3b), over 1,500 genes 

had close correlation between isogenic left ventricular (LV) primary tissues and 

corresponding hiPSC-CMs (Fig. S3c and d). GOs with the most preserved expression 

profiles between LV tissues and hiPSC-CMs included metabolic processes, oxidative stress, 

and signal transduction pathways such as ERK/MAPK (Fig. S3e). These data supported the 

hypothesis that pathways involved in NRF2-mediated oxidative stress are preserved between 

patient-specific primary heart tissues and in vitro-derived hiPSC-CMs, prompting us to 

choose two drugs - tacrolimus (or FK-506, a calcineurin inhibitor) and rosiglitazone (a 

PPARG activator) - to assess whether hiPSC-CMs from lines with low, medium and high 

predicted risk for NRF2-mediated cardiotoxicity would show patient-specific drug responses 

in vitro (Fig. 2d).

Patient-specific cardiotoxic responses of hiPSC-CMs to pharmacology

Tacrolimus is an immunosuppressant drug used clinically to inhibit organ rejection post-

transplantation. It acts via targeted inhibition of calcineurin, a calcium/calmodulin-

dependent protein phosphatase, resulting in decreased production of interleukin-2 (IL2) by T 

cells, inhibiting their growth and proliferation (Musson et al., 2012). Calcineurin is also 

known as a potent and sufficient inducer of cardiac growth or hypertrophy under 

physiological or pathological conditions, which is thought to occur through downstream 

activation of NFAT (e.g., NFATC1, NFATC3, and NFATC4) signaling that is important for 

calcium handling in CMs (Leinwand, 2001). Tacrolimus has thus been investigated as an 

anti-hypertrophy drug (Sussman et al., 1998). However, contradictory data exist showing 

that tacrolimus can itself induce hypertrophy or other cardiotoxicity when used as an 

immunosuppressant in transplant patients (Zhang et al., 2012).

Optimal doses for in vitro experimentation with tacrolimus were selected based on cell 

survival and contractility assays performed in hiPSC-CMs from a healthy control female line 

(F6), which was unrelated to F1-F5 (Fig. S3, S4). Both assays were achieved using high 

throughput detection systems, for drug concentrations ranging from 1 pM to 1 mM, with 10-

fold serial dilutions between. Drug concentrations that did not induce an increase in cell 

death over a 7-day period and had minimal effects on beating prevalence (% beating area in 

contractility analysis) compared to untreated controls were considered optimal for further 

functional assays. Functional characterization was performed in hiPSC-CMs derived from 
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both hiPSC clones of patients F1-F5, and data from both clones were averaged to enhance 

statistical power.

When tested in low risk (F2, F3, F4), medium risk (F1), or high risk (F5) hiPSC-CMs, we 

noticed selected concentrations of tacrolimus ranging from 10 nM - 1 μM did not induce 

significant increases in cell death (Fig. 4a), changes in cell morphology or size (data not 

shown), beat rate (Fig. 4b), ROS/RNS production (Fig. 4c), or mitochondrial DNA 

(mtDNA) content measured as a ratio of nuclear to mitochondrial DNA copies using droplet 

digital PCR (ddPCR, Fig. 4d). This is consistent with literature showing that tacrolimus 

treatment does not lead to changes in ROS/RNS levels or mtDNA copy number 

(Rostambeigi et al., 2011). However, it is thought that tacrolimus can induce metabolic stress 

through uncoupling of mitochondrial oxidative phosphorylation by decreasing inner 

membrane fluidity (Simon et al., 2003) or inhibiting complex III and IV activity (Zini et al., 

1998). The latter can in turn lead to decreased respiratory control ratio (RCR) and ATP 

depletion, which are often associated with cardiomyopathy (Marin-Garcia et al., 2001). 

Indeed, RNA-sequencing analysis in tacrolimus-treated F5 hiPSC-CMs detected reduced 

expression of cardiolipin synthase (CRLS1), which is a key molecule in the maintenance of 

mitochondrial membrane integrity, as well as Cytochrome C Oxidase Assembly Factor 

(COX20) and Cytochrome C (CYCS), which are central components of the electron 

transport chain and ATP production (Table S5). These changes were not observed in low 

risk F2 hiPSC-CMs.

In addition, several key molecules of the ERK/MAPK signaling pathway involved in 

calcium homeostasis were downregulated in F5 hiPSC-CMs, including CAQS2, CALM2, 

PKA, and CAMKII (Table S5). In accordance, calcium handling and contractility assays 

showed a significant decrease in transient amplitude (P < 0.005; Fig. 4e) and contraction/

relaxation amplitude in F5 hiPSC-CMs and, to a lesser extent in F1 CMs, but not in F2, F3, 

or F4 hiPSC-CMs (Fig. 4b). These patient-specific changes were accompanied by sarcomere 

disarray only in F5, as seen by immunofluorescence staining with cardiac α-actinin (Fig. 
4g). Periodicity of sarcomere protein distribution was also significantly decreased in F5, and 

greater sarcomere length was observed as a result of decreased periodicity (Fig. 4f). To 

exclude the possibility that observed responses to tacrolimus were gender-specific, hiPSC-

CMs from two additional male patients (M1 and M2) lacking known mutations associated to 

cardiovascular disease were generated (Fig. S5a, S2b and e, and Tables S1 and S2), and 

shown to have a low risk for NRF2-mediated oxidative stress using transcriptome 

sequencing (Fig. S5b), as well as high expression of genes involved in NRF2-signaling (Fig. 
S5c) and functional responses similar to low-risk female hiPSC-CMs (Fig. S5d-g).

Decreased calcium transient amplitude and sarcomeric disarray are characteristic of systolic 

dysfunction, and are often observed in dilated or hypertrophic cardiomyopathy patients 

(Frazier et al., 2011). Therefore, this experimental evidence suggests that patients with 

deficiencies in calcineurin-NRF2 signaling can experience pathological reduction in 

calcineurin levels upon tacrolimus treatment, leading to patient-specific drug-induced 

cardiotoxicity (Fig. 4h).
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The second drug selected for investigation of patient-specific responses in hiPSC-CMs was 

rosiglitazone, a member of the thiazolidinedione (TZD) class of drugs, which has been 

marketed as a type II anti-diabetic drug due to its ability to increase fatty acid responsiveness 

to glucose by enhancing PPARγ activity (Liu et al., 2012). It has been suggested that 

rosiglitazone can also improve cardiac efficiency in heart failure, possibly by regulating 

genes involved in myocardial fatty acid oxidation and utilization, lactate uptake and 

oxidation, and glucose oxidation. (Fillmore and Lopaschuk, 2013). However, conflicting 

evidence from the “Rosiglitazone Evaluated for Cardiac Outcomes and Regulation of 

Glycaemia in Diabetes” (RECORD) clinical trial showed that rosiglitazone can be 

detrimental to heart function in heart failure and diabetic patients (Mahaffey et al., 2013), 

likely due to increased oxidative stress and mitochondrial dysfunction (He et al., 2014). 

Major safety concerns regarding rosiglitazone led the European Medicines Agency (EMA) 

to withdraw this drug from the market; in the USA, the Food and Drug Administration 

(FDA) allows rosiglitazone to be sold only following prescription from certified doctors and 

patients’ informed consent regarding associated risks (Mishra et al., 2014). It is unclear why 

rosiglitazone can be beneficial in some patients, and yet cardiotoxic in others.

For our experiments, optimal rosiglitazone doses were selected as described above for 

tacrolimus, and ranged from 1 nM - 100 nM (Fig. S3, S4). These doses did not induce cell 

death (Fig. 5a), changes in CM morphology and size (data not shown), or sarcomere 

integrity (Fig 5b-c), but did induce a decrease in ROS/RNS production in F1, F2, F3, and F4 

after treatment for 7 days (P < 0.05, Fig. 5d). These observations confirm existing findings 

that PPARG activation can stimulate anti-oxidant pathways (Potenza et al., 2009). mtDNA 

content was increased in F2, F3, and F4 (Fig. 5e), in line with evidence showing that 

PPARG and subsequent NRF2 activation lead to mitochondrial biogenesis in heart tissue 

(Jornayvaz and Shulman, 2010; Lehman et al., 2000). Concurrently, calcium imaging and 

contractility analysis indicated an increase in contractility in F1, F2, F3, and F4 in the form 

of reduced contraction/relaxation periods after 7 days of rosiglitazone treatment (Fig. 5f), as 

well as decreased time to peak (P = 0.0003), transient duration (TD90, P = 0.00005), and 

decay Tau (P = 0.000073) of calcium transients (Fig. 5g). Maximum rising rate (P = 0.0004) 

and maximum decrease rate (P = 0.002) were also reduced in low risk hiPSC-CMs. To 

exclude the possibility that observed responses to rosiglitazone were gender-specific, hiPSC-

CMs from M1 and M2 male patients were assessed and shown to have similar functional 

responses to low risk female hiPSC-CMs (Fig. S5h-k). Taken together, these data support 

studies in rat neonatal and adult CMs in which therapeutic levels of rosiglitazone were 

observed to enhance contractility due to decreased time to peak and maximum rising time, 

and faster return to resting calcium levels (Shah et al., 2005).

In contrast to low risk hiPSC-CMs, F5-CMs showed no beneficial changes in contractility 

(Fig. 5f and g) in response to rosiglitazone treatment. Furthermore, a significant increase in 

ROS/RNS production was observed after 7 days of treatment (1 nM, P = 0.029; 10 nM, P = 

0.014; 100 nM, P = 0.015; Fig. 5d), while there was also a lack of mitochondrial biogenesis 

in F5-CMs (Fig. 5e), consistent with impaired PPARG/NRF2 signaling. In support of 

functional data, RNA-sequencing analysis showed that rosiglitazone treatment in F5 hiPSC-

CMs reduced the expression of the ROS scavenger superoxide dismutase 2 (SOD2), and 
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increased the expression of NADPH oxidase 4 (NOX4) that is involved in ROS synthesis 

(Table S5).

It should also be noted that F1 was shown by RNA-sequencing to have an intermediate 

susceptibility to cardiomyocyte dysfunction (Fig. 2a). hiPSC-CMs from this patient had 

markedly low expression of NRF2 and the calcineurin sub-units PPPP3CA, PPP3CB, and 

PPP3CC. These gene expression profiles likely contributed to the increased predicted 

susceptibility for cardiotoxicity compared to F2, F3, and F4. At the same time, F1 hiPSC-

CMs also had high expression of the PPARG co-factor RXRG and low expression of the 

calcium/calmodulin-dependent protein kinase II inhibitor CAMK2N1. The latter are in 

contract to F5, and could explain the lower susceptibility of F1 to cardiotoxicity compared to 

F5. The moderate susceptibility of F1 hiPSC-CMs to cardiotoxicity was also shown 

experimentally (Fig. 4 and 5).

The cardiovascular effects of PPARγ agonists have been contradictory (Paolini et al., 2014). 

Our study now suggests that inter-patient variation in pathways regulating NRF2-mediated 

oxidative stress could account for this phenomenon. Originally thought to specifically bind 

PPARγ receptors and act as an agonist, rosiglitazone has subsequently been found to bind to 

several off-target molecules such as ion channels and proteins involved in glucose 

homeostasis, synaptic transduction, and mitochondrial energy production (Hoffmann et al., 

2012), which could cause cardiotoxicity independently of PPARγ. Indeed, C57BL/6 mice 

with CM-specific PPARγ deficiency as well as mice treated with the PPARγ antagonist 

GW9662 developed cardiotoxicity involving oxidative stress-induced energy deficiency, 

mitochondrial dysfunction, and left ventricular systolic dysfunction, after treatment with 

rosiglitazone (He et al., 2014). Therefore, it is possible that due to impairment of the 

PPARG-NRF2 signaling pathway in F5, rosiglitazone was able to bind primarily to its off-

target PPARγ-independent pathways, which are associated with cardiotoxicity (Fig. 5h).

To investigate whether drug-induced toxicity was specific to hiPSC-CMs, we also treated 

primary skin fibroblasts and hiPSC-derived endothelial cells from all male and female 

patients with tacrolimus and rosiglitazone. Optimal doses for in vitro experimentation with 

tacrolimus and rosiglitazone in fibroblasts and hiPSC-ECs were selected based on cell 

survival assays performed in cells from a healthy control female line (F6) that was unrelated 

to F1-F5 (Fig. S3). Fibroblasts showed no changes in cell viability, total production of ROS/

RNS, or mtDNA content (data not shown), likely due to their low metabolic demand and low 

nuclear to mtDNA ratio (1: 403.8±43) compared to hiPSC-CMs (1: 998.9±174). hiPSC-ECs 

(Fig. S6a-b) had a high nuclear to mtDNA ratio (1: 885.6.8±153) and exhibited patient-

specific cytotoxicity patterns. Notably, tacrolimus treatment in F5 hiPSC-ECs did not induce 

cell death, or ROS/RNS and mtDNA changes (Fig. S6c-e), but resulted in a reduced 

expression of genes associated with EC function, including CD31, CD144, and eNOS (Fig. 
S6f). Gene expression was not affected in hiPSC-ECs from other patients following 

tacrolimus treatment. Rosiglitazone treatment also resulted in a reduced expression of genes 

associated with EC function in F5 hiPSC-ECs, whereas gene expression was increased in 

hiPSC-ECs from other patients (Fig. S6g). In addition, F5 hiPSC-ECs showed increased 

levels of ROS/RNS (Fig. S7i) and no changes in mitochondrial biogenesis (Fig. S7j), in 

contrast to hiPSC-ECs from other patients where ROS/RNS levels were decreased or 
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unaltered (Fig. S7i) and mtDNA content was increased (Fig. S7j). These data suggested that 

hiPSCs derivatives could be used to study patient-specific drug-induced cytotoxicity in a 

pleiotropic manner, and that patient-specific drug effects may arise from genomic variations 

that exert effects on multiple cell types.

Correction of patient-specific cardiotoxicity through CRISPR/Cas9-mediated genome 
editing

Whole exome sequencing in primary skin fibroblasts from F1-F5 and M1-M2 patients 

identified 43-54 potentially pathogenic known variants in each patient (Table S6), consistent 

with the number of deleterious non-synonymous variants observed in human genetic 

variation studies from large populations (The 1000 Genomes Project Consortium, 2012). Of 

these, approximately 10% were unique to patient F5 and had a low (0.01–0.05) minor allele 

frequency (MAF) that is indicative of a higher likelihood of association to disease risk 

(Table S7). However, none of the variants were associated with metabolic dysfunction, 

oxidative stress, or aberrant response to tacrolimus or rosiglitazone pharmacotherapy 

(dbSNP database; http://www.ncbi.nlm.nih.gov/SNP/). In addition, no potentially deleterious 

SNPs were identified in over 150 genes that are important for CM function, which included 

those that encode sarcomere proteins, ion channels, and calcium-handling associated genes, 

or in genes identified to have abnormal expression in F5 hiPSC-CMs following toxicology 

pathway analysis (Fig. 2b). This does not exclude the possibility that novel variants not 

listed in the dbSNP database could have accounted for the drug-induced cytotoxicity 

observed in patient F5.

Nevertheless, in the absence of a known causative SNP in F5, phenotypic rescue was 

performed via CRISPR/Cas9-mediated transgenic overexpression of PPP3CC (Fig. 6a) 

which is an upstream activator of both PPARG and NRF2 (Long et al., 2007). In line with 

current literature, PPP3CC overexpression led to upregulation of PPARG and NRF2 in 

genome edited F5 hiPSC-CMs (henceforth referred to as F5 + PPP3CC, Fig. 6b). Nuclear to 

mtDNA ratio also increased in F5 + PPP3CC hiPSC-CMs (1: 1,596) compared to F5 CMs 

(1: 1,189). When analyzed at the transcriptome level, F5 + PPP3CC hiPSC-CMs had 

reduced probability for NRF2-mediated oxidative stress compared to parental F5 hiPSC-

CMs (Fig. 6c). Hierarchical clustering under statistical analysis (two-way t-test, P = 0.05) 

showed that thousands of genes had similar gene expression levels in F2 and F5 + PPP3CC 

hiPSC-CMs, whereas F5 hiPSC-CMs had a markedly different gene expression pattern (Fig. 
6d). The biggest variance between the two groups was found in genes involved with 

metabolic processes (GO: 0008152), oxidative stress (GO: 0006979), and ERK/MAPK 

signaling (GO: 0000165, Fig. 6e), consistent with the biological roles of calcineurin, 

PPARG, and NRF2 signaling (Trachootham et al., 2008). Examples of genes that were 

expressed at lower levels in F5 compared to F2 and F5 + PPP3CC included the 

oxidoreductases OSGIN2 and SRXN, whereas genes that are typically upregulated 

following exposure to ROS (e.g., OGG1) were expressed at higher levels in F5 compared to 

F2 and F5 + PPP3CC (Fig. 6e).

PCA analysis of RNA-sequencing data in F5 and F5 + PPP3CC hiPSC-CMs treated with 1 

μM tacrolimus or 100 nM rosiglitazone for 7 days showed distinct responses between the 
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two cell lines (Fig. 7a). Hierarchical clustering of RNA-sequencing data under a two-way t-

test (P = 0.05) showed that many genes had similar RPKM fold changes compared to 

untreated samples in F2 and F5 + PPP3CC hiPSC-CMs, whereas F5 hiPSC-CMs had a 

distinctly different drug response. Not surprisingly, the most significant GO terms involved 

in differential drug response included metabolic processes, oxidative stress, and ERK/

MAPK signaling (Fig. S7a-d). Functional characterization confirmed that over-expression of 

PPP3CC in F5 enabled phenotypic rescue; 7-day tacrolimus treatment had no deleterious 

effects in hiPSC-CM contractility (Fig. 7b), or sarcomere organization (Fig. 7c-d) in F5 + 

PPP3CC hiPSC-CMs. In addition, 7-day rosiglitazone treatment led to a significant decrease 

in ROS/RNS production (Fig. 7e) and enrichment in mtDNA content (Fig. 7f), without any 

deleterious effects in contractility (Fig. 7b). This is line with the rosiglitazone-induced 

activation of PPARG, which is involved in mitochondrial biogenesis (Jornayvaz and 

Shulman, 2010; Lehman et al., 2000). Taken together, these data suggest that NRF2 

deficiency is an underlying mechanism for susceptibility towards drug-induced 

cardiotoxicity.

DISCUSSION

Understanding the level and patterns of gene expression variation between individuals is of 

paramount importance for biomedical research (Storey et al., 2007). Previous publications 

have used RNA sequencing data to show that genetic differences between individual donors 

were the major cause of transcriptional variation between pluripotent hiPSC lines, whereas 

other contributors such as cell type of origin and reprograming strategy had minimal effects 

on transcriptional heterogeneity (Choi et al., 2015; Rouhani et al., 2014). However, 

transcriptional variation in relevant differentiated derivatives of these hiPSC lines was not 

investigated. Our data show that rigorous standardization of hiPSC reprogramming and 

cardiac differentiation can preserve inter-individual variation in hiPSC differentiated 

derivatives with high fidelity, without increasing intra-individual variation, thus eliminating 

previously reported intra-clone variation in mouse hiPSC-CMs (Kaichi et al., 2010).

We also found that NRF2 pathway irregularities are implicated in clinically relevant drug-

related side effects, including tacrolimus- and rosiglitazone-induced cardiovascular damage. 

The patients included in this study (F1-F5 and M1-M2) lacked known mutations associated 

with cardiovascular diseases and did not undergo cardiac biopsies, LVAD placement, or 

other procedures that would make isolation of heart tissue possible. They also had not been 

treated with tacrolimus or rosiglitazone to allow direct comparisons between in vitro and in 
vivo data. Nevertheless, our data from three unrelated patients (P1-P3) whose LV tissues and 

hiPSC-CMs were both available showed preserved patient-specific gene expression in 

metabolic, oxidative stress, and ERK/MAPK pathways (Fig. 3). This strengthens the ability 

of hiPSC-CMs to reflect clinically relevant perturbations regarding drug-induced 

cytotoxicity associated with these pathways.

Recent advances in molecular biology are beginning to elucidate the transcriptional events 

governing NRF2-mediated metabolic and oxidative stress in CMs, and how these are 

associated with disease and drug response. It is known that increased levels of free radicals 

and decreased ATP availability due to increased mitochondrial DNA (mtDNA) damage or 
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mitochondrial uncoupling can lead to sarcomeric damage, or excitation and calcium 

handling abnormalities (Austin and St-Pierre, 2012), as observed in our study (Fig. 4 and 5). 

Unraveling the intricate mechanistic relationship between metabolic or oxidative stress and 

heart failure in future studies could lead to improved pharmacological approaches and 

patient care. We also show that cardiotoxicity risk as exemplified by responses to tacrolimus 

and rosiglitazone can be computationally predicted and functionally validated in hiPSC-CMs 

from patients without known mutations related to cardiovascular diseases. Finally, we 

studied drug-induced cytotoxicity in isogenic hiPSC-CMs and hiPSC-ECs, which suggests 

that hiPSCs could potentially be utilized to investigate cell type-specific toxicity as well as 

patient-specific cytotoxicity in future studies.

Even though organismal physiology is more complex than in vitro cell biology, our data and 

methodology provide a proof of principle and a foundation for building a deeper mechanistic 

understanding of natural inter-patient variation in gene-expression levels that will be useful 

for interpreting variations in drug efficacy and drug-induced cytotoxicity. Further work in 

this field includes investigating the presence and impact of novel polymorphisms (e.g., small 

deletions or insertions, and single nucleotide polymorphisms) on drug treatment outcomes. 

Indeed, several PharmGKB variant annotations have been identified for tacrolimus (e.g., in 

ABCB1, CYP3A4, and CYP3A5) and rosiglitazone (e.g., in CYP2C8, LPIN1, PAX4, 
PPARG, and PARGC1A). The combination of hiPSCs and modern genome editing 

technologies (Wilson and Wu, 2015) should facilitate studies into this branch of precision 

medicine. Currently, hiPSC reprogramming followed by lineage-directed differentiation 

represent the most efficient and least invasive strategy for isolating functional human cells 

(e.g., CMs) for such in vitro experimentation.

In summary, our data demonstrate that by combining consistent and reproducible 

reprogramming, with controlled differentiation strategies, it is feasible to preserve the 

patient-specific identity of hiPSC-CMs. Lines generated from the same individual revealed 

that gene expression signatures were more similar to each other than to those of hiPSC-CMs 

generated from different individuals. With further refinement and in combination to patients’ 

clinical history, these findings may lead to the use of hiPSC-CMs for predicting and 

functionally validating personalized drug responses in the future.

EXPERIMENTAL PROCEDURES

hiPSC generation, culture, and differentiation

Details on the isolation of patient tissue, as well as the generation, culture, characterization 

and differentiation of hiPSCs have been previously published (Burridge et al., 2016), and 

can be found in Supplementary Methods.

RNA sequencing

RNA was extracted from frozen pellets of hiPSC-CMs using the QIAGEN RNeasy kit, 

under the manufacturer's instructions. Libraries for RNA sequencing were prepared from 

100 ng RNA, with cDNA sheared to an average size of 300 bps. Fragments were repaired 

and polyadenylated, and Illumina adapters were ligated to their ends. Ten PCR cycles using 
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primers specific for Illumina adapters were performed to amplify each sample to a suitable 

working concentration. Library quality was verified using the Agilent High Sensitivity DNA 

Kit on Agilent's 2100 Bioanalyzer, and 260 bp fragments were isolated by gel extraction. 

Fragments were sequenced using paired end reads (2×100 bp) on the Illumina HiSeq 

platform, with an average of 30 million reads per sample. Reads were aligned to the human 

reference genome (hg19) with Tophat software v2.0.9 and normalized to ERCC spike-in 

controls using a loess regression function in the affy package v1.42.3 in R (Gautier et al., 

2004). An RPKM cut-off of >1 was applied. See also Supplemental Materials for AmpliSeq 

Transcriptome analysis. All transcriptome data is publically available via the NCBI Gene 

Expression Omnibus (GEO) database, under accession number GSE83668.

Bioinformatics analysis

Principal component and hierarchical clustering heat map analysis were performed with 

Omics Explorer v3.2 software (Qlucore). Enrichment analyses of GO terms represented in 

each PCA component were performed using the goseq package in R (Young et al., 2010). 

Inter-line comparisons were conducted by comparing the RPKM value of each gene, and 

genes significantly up- or down-regulated in each group were identified by variance of 

RPKM values. PANTHER Classification System software and Qlucore GSEA was used to 

identify molecular functions contributing to intra-line variation, and toxicology pathway 

analysis was performed using Ingenuity Pathway Analysis (IPA) software from QIAGEN. 

Protein-protein interaction pathways were built using IPA software and STRING online 

tools v10. See also Supplemental Materials for AmpliSeq Transcriptome analysis.

Drug treatments

Tacrolimus (FK 506) and rosiglitazone (both from Tocris Bioscience) were dissolved to a 

final concentration of 100 mM in DMSO, aliquoted, and stored at −20 °C. 10-fold serial 

dilutions ranging from 1 mM to 1 pM were prepared fresh each day, in CM culture media. 

For treatments longer than 24 h, fresh drugs were applied daily.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Inter- and intra-patient variation analysis in hiPSC-CMs. See also Figures S1 and S2, 
and Tables S1-S4
(a) Schematic outline of study design. Skin fibroblasts were collected from 5 female 

volunteers, reprogrammed to hiPSCs, and two hiPSC clones per patient were differentiated 

to CMs for RNA sequencing, pathway analysis, and drug testing. (b) Principal component 

analysis (PCA) with computation of closest neighboring samples and (c) hierarchical 

clustering showing closer correlation between hiPSC-CMs from hiPSC clones of the same 

individual (intra-patient correlation), rather than between individuals (inter-patient 

variation). (d) The most highly differentially expressed genes for each line were conserved 
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in hiPSC-CMs from both hiPSC clones analyzed. (e) Gene ontology (GO) clusters least 

conserved in individuals’ hiPSC-CMs were associated with ATP metabolism and chromatin 

organization (PC1), redox reactions and the electron transport chain (PC2), and regulation of 

stress response (PC3). Among the most highly differentially expressed genes for each 

principal component were DDX2 (PC1), ESRRG (PC1), PPARGC1A (PC2), and SLC6A4 
(PC3).
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Figure 2. Toxicology pathway analysis. See also Table S3
(a) Pathway analysis for prediction of risk towards cytotoxicity revealed a higher probability 

for NRF2-mediated oxidative stress in female line 5 (F5) CMs compared to other lines. (b) 
NRF2 as well as key genes in the NRF2 pathway were consistently expressed at 

significantly different levels only in F5. To further probe this complex pathway, (c) protein-

protein interactions of the NRF2-pathway were identified using STRING analysis, and (d) 
inhibitors or agonists of key upstream pathway regulators (PPP3CC inhibitor, tacrolimus; 
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PPARG agonist, rosiglitazone) were identified to investigate potential cardiotoxicity in F5, 

compared to lines predicted to suffer minimum NRF2-mediated oxidative stress.
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Figure 3. Transcriptomic comparison of isogenic human left ventricular (LV) heart tissues vs. 
hiPSC-CMs
(a) Schematic outline of study design for direct comparison of isogenic human heart tissue 

and hiPSC-CMs. LV tissue and skin fibroblasts were collected from 3 DCM patients. 

Fibroblasts were reprogrammed to hiPSCs, and differentiated to CMs for AmpliSeq 

Transcriptome sequencing and pathway analysis. (b) RPKM values of cardiac maturation 

markers from AmpliSeq RNA sequencing in isogenic LV tissue and fibroblast-derived 

hiPSC-CMs from three patients with non-ischemic dilated cardiomyopathy. Higher 
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expression of markers associated with cardiac maturation (TNNI3 and MYH7) were 

observed in LV tissue vs. hiPSC-CMs, while markers associated with cardiac immaturity 

(TNNI1 and MYH6) were expressed at higher levels in hiPSC-CMs vs. LV tissue. (c) 
Principal component analysis (PCA) with computation of closest neighboring samples and 

(d) hierarchical clustering under multivariate analysis of variance (MANOVA) statistical 

analysis (P = 0.2) showed over 1,500 genes with preserved patient-specific expression in 

both LV tissue and hiPSC-CMs. (e) Gene ontology (GO) analysis identified that these genes 

were involved in metabolic processes, oxidative stress, and signal transduction (e.g., ERK/

MAPK signaling).
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Figure 4. Inter-patient variation in tacrolimus effect. See also Figures S3-S7
(a) 7-day treatment with 10 nM - 1 μM tacrolimus in F1-F5 hiPSC-CMs did not affect cell 

viability. (b) Video-based contractility analysis in hiPSC-CMs also showed no changes in 

beat rate or beat duration (BD75). However, after 7 days of treatment with tacrolimus, peak 

height decreased in high risk F5 hiPSC-CMs and medium risk F1 hiPSC-CMs (P < 0.05), 

but not in low risk F2, F3, or F4 hiPSC-CMs. (c) Total production of free radicals (ROS/

RNS) and (d) mitochondrial DNA (mtDNA) content were not affected. (e) Calcium imaging 

revealed a reduced transient amplitude with 1 μM tacrolimus specifically in F5, designating 
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contractile dysfunction. This was accompanied with (g) disrupted sarcomeric organization, 

(f) significantly decreased periodicity of sarcomere protein distribution, and seemingly 

increased sarcomere length in tacrolimus-treated F5-CMs, but not in low risk F2 hiPSC-

CMs. (h) Correlation between our data and published literature, suggesting that abrogated 

calcineurin signaling coupled with calcineurin inhibition by tacrolimus can increase 

susceptibility to systolic dysfunction. Y-axis represents data normalized to the untreated 

samples for each cell line. RU, relative units; BPM, beats per minute; BD75, 75% of beat 

duration; TCM, tacrolimus.
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Figure 5. Inter-patient variation in rosiglitazone effect. See also Figures S3-S7
7-day treatment with 1 nM - 100 nM rosiglitazone in F1-F5 hiPSC-CMs did not affect (a) 
cell viability, (b) sarcomere length or periodicity of sarcomere protein distribution, or (c) 
sarcomeric organization. (d) Total production of free radicals (ROS/RNS) decreased in F1-

F4 following 7 days of drug treatment, whereas in F5 ROS/RNS levels increased 

significantly (P < 0.05). (e) Mitochondrial DNA content also increased in F2-F4, but not in 

F1 or F5. (f) Beat rate and peak height were not affected, whereas beat duration (BD75) 

decreased at 7-days post-treatment with F1 showing the most moderate response (P < 0.05), 
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and F5 showing no response. (g) Calcium imaging revealed that F5 did not respond to the 

beneficial effects of rosiglitazone towards improved contractility, as seen in F2 (decreased 

time to peak, TD90, and decay Tau; increased max rising and decay rates). (h) Correlation 

between our data and published literature, suggesting that reduced PPAR abundance 

encourages the PPAR-γ agonist, rosiglitazone, to bind non-specifically, thus increasing 

susceptibility to mitochondrial dysfunction. Y-axis represents data normalized to the 

untreated samples for each cell line. RU, relative units; BPM, beats per minute; BD75, 75% 

of beat duration; RSG, rosiglitazone.
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Figure 6. Generation and characterization of genome-edited F5 hiPSC-CMs. See also Figure S7 
and Tables S5-S7
(a) Schematic diagram of the CRISPR/Cas9 experimental strategy used to over-express the 

PPP3CC gene in the AAVS1 safe harbor locus of F5 hiPSCs. (b) Quantitative real-time PCR 

analysis of PPP3CC, PPARG, NRF2, and TNNT2 gene expression in F5 hiPSC-CMs and 

CRISPR/Cas9-mediated genome edited F5 hiPSC-CMs overexpressing PPP3CC (F5 + 

PPP3CC) from the ubiquitin promoter inserted in the AAVS1 safe harbor locus. (c) Pathway 

analysis for prediction of risk towards cytotoxicity revealed a reduced probability for NRF2-

mediated oxidative stress in F5 + PPP3CC hiPSC-CMs compared to parental F5 hiPSC-

CMs. (d) Hierarchical clustering of AmpliSeq RNA-sequencing data under two-way t-test (P 
= 0.05) showed that many genes had similar gene expression levels in F2 and genome edited 

F5 + PPP3CC hiPSC-CMs, while F5 hiPSC-CMs had a distinctly different gene expression 
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pattern. (e) Gene ontology (GO) analysis identified that the most differentially expressed 

genes were involved in metabolic processes, oxidative stress, and signal transduction (e.g., 

ERK/MAPK signaling). SA, splice acceptor; Puro, puromycin resistance gene; Ubi, 

ubiquitin promoter; pA, polyadenylation signal.
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Figure 7. Drug-induced cytotoxicity rescued in F5 hiPSC-CMs through genome editing See also 
Table S5
(a) Principal component analysis of AmpliSeq RNA-sequencing data in F5 and F5 + 

PPP3CC hiPSC-CMs showed cell line-specific responses with tacrolimus or rosiglitazone 

treatment. Over-expression of PPP3CC in F5 enabled phenotypic rescue; 7-day tacrolimus 

treatment had no deleterious effects in (b) contractility, (c, d) sarcomere organization, (e) 
ROS/RNS production, or (f) mitochondrial DNA (mtDNA) content in hiPSC-CMs. In 

addition, 7-day rosiglitazone treatment led to (e) significant decrease in ROS/RNS 

production and (f) enrichment in mitochondrial content, without any deleterious effects in 

(b) contractility or (c, d) sarcomere organization. Y-axis represents data normalized to the 

undertreated sample for the F5 + PPP3CC cell line. RQ; relative quantification; RU, relative 
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units; BPM, beats per minute; BD75, 75% of beat duration; TCM, tacrolimus; RSG, 

rosiglitazone. See also Figure S7.
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