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SUMMARY 

Cardiotoxicity induced by anti-cancer drugs is of increasing concern as the durability of therapeutic 

responses increases. The molecular basis of cardiotoxicity remains poorly understood, particularly when due to 

drug classes that do not inhibit the hERG potassium channel or cause the arrhythmias associated with long QT 

syndrome. This paper describes systematic molecular profiling of one such class of drugs, tyrosine kinase 

inhibitors (TKIs), which are widely used to treat solid tumors. Human cardiomyocytes differentiated from 

induced pluripotent stem cells (hiPSC-CMs) were exposed to one of four TKIs (Sunitinib, Sorafenib, Lapatinib 

and Erlotinib) observed to cause different levels of human cardiotoxicity and profiled by RNA sequencing (RNA-

Seq) and mass spectroscopy-based proteomic analysis. We find that TKIs have diverse effects on hiPSC-CMs but 

genes involved in cardiac metabolism are particularly sensitive. In the case of Sorafenib, many genes involved in 

oxidative phosphorylation are down regulated resulting in a profound defect in mitochondrial metabolism. Cells 

adapt to this by upregulating aerobic glycolysis. Metabolic remodeling makes cells less acutely sensitive to 

Sorafenib and the effect is reversible upon drug withdrawal. Thus, the response of cardiomyocytes to Sorafenib is 

characterized by adaptive drug resistance previously described in tumor cells. 
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INTRODUCTION 

As therapeutic responses to “targeted” anti-cancer drugs become increasingly sustained, drug-induced 

cardiotoxicity is a growing concern. Cardiotoxicity is observed in the use of a wide range of drugs, including 

tyrosine kinase inhibitors (Chu et al., 2007), immune checkpoint inhibitors (Johnson et al., 2016; Moslehi et al., 

2018), nonsteroidal anti-inflammatory drugs (Bresalier et al., 2005) and proteasome inhibitors (Waxman et al., 

2018). In patients, exposure to these drugs induces cardiotoxicity as defined by one or more of the following 

adverse effects: hypertension, arrhythmia, decreased left ventricular ejection fraction (LVEF), myocarditis, 

cardiac ischemia and cardiac failure (Magdy et al., 2018). A dramatic example involving chemotherapy is 

provided by pediatric patients treated with anthracyclines plus radiation. Such patients have a 7-fold higher risk of 

death due to cardiovascular damage than age-matched controls. In general, cardio-protective measures, such as 

drug holidays, dose reduction, and/or administration of β-adrenergic receptor or angiotensin-converting-enzyme 

(ACE) inhibitors are indicated following a decline in LVEF of greater than 10% (or if the absolute value is < 53% 

(Gavila et al., 2017)). However, treatment for drug-induced cardiotoxicity is limited: beta blockers and ACE 

inhibitors relieve the physiological symptoms of adverse cardiac events but do not alter the molecular processes 

responsible for cardiotoxicity or the resulting tissue damage. 

 The two forms of drug-induced cardiotoxicity best understood at a molecular level are exposure to 

anthracycline and drug-induced arrhythmias. The cumulative dose of anthracyclines is a strong predictor of risk 

for congestive heart failure (Von Hoff et al., 1979) and the anthracycline doxorubicin is known to inhibit 

topoisomerase,  causing cardiotoxicity through DNA double-strand breaks (Zhang et al., 2012). Drug induced 

arrhythmias are often caused by disruption of the hERG potassium channel (the product of the KCNH2 gene), 

which controls cardiac repolarization (Roden, 2004; Vandenberg et al., 2012). The resultant long QT syndrome 

can be acutely life-threatening, making hERG an important anti-target for drug discovery. 

Tyrosine kinase inhibitors (TKIs) are prototypical targeted anti-cancer therapies associated with varying 

degrees of cardiotoxicity that do not involve long QT syndrome or DNA damage. Both relatively selective and 

non-selective TKIs are associated with cardiotoxicity, and the number of kinases targeted by each drug is not 

obviously related to the magnitude of adverse effect (Moslehi and Deininger, 2015; Orphanos et al., 2009). 
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Among the drugs studied in this paper, Sunitinib (Suntent®) is most often associated with clinically detectable 

cardiotoxicity, including hypertension (8-47% occurrence among patients undergoing clinical trials), symptomatic 

depression of LVEF (9-28% in trials), and congestive heart failure (up to 8% in trials) (Chu et al., 2007; Motzer et 

al., 2007; Narayan et al., 2017). Sorafenib (Nexavar®) commonly causes hypertension (8-40% in trials) and less 

frequently cardiac ischemia (2-3% in trials) (Bhargava, 2009; Escudier et al., 2007). Cardiomyopathies induced 

by Sunitinib and Sorafenib arise after some time on drug (typically months) and are reversible following drug 

discontinuation (Francis et al., 2010; Schmidinger et al., 2008; Uraizee et al., 2011). In contrast, Lapatinib 

(Tykerb®)-associated cardiotoxicity is sporadic, less severe when it occurs, and is most often associated with 

asymptomatic decreases in LVEF (Dogan et al., 2012; Geyer et al., 2006; Perez et al., 2008). Erlotinib (Tarceva®) 

is very rarely associated with cardiac side-effects (Orphanos et al., 2009) and was included in our study as a 

bioactive, cardiotoxicity-negative control. 

Previous in vitro and in vivo studies have established that TKIs can cause cardiotoxicity and hypertension 

through both on-target and off-target effects (Chen et al., 2008). Sunitinib and Sorafenib inhibit multiple receptor 

tyrosine kinases (RTKs) including VEGF Receptor (VEGFR) which is a known cause of hypertension 

(Schmidinger et al., 2008) albeit one that can usually be managed clinically (Robinson et al., 2010). Sunitinib has 

also been shown to induce cardiomyocyte apoptosis via inhibition of AMPK phosphorylation, an off-target effect 

(Kerkela et al., 2009).  In addition, cardiomyocyte development and survival is dependent on many of the 

pathways inhibited by TKIs (e.g. PDGFRβ, VEGFR2, RAF1, etc.) although evidence that this is involved in 

toxicity remains limited (Force et al., 2007; Kerkela et al., 2006). The impact of duration of drug exposure is also 

unknown. In cultured cells, the acute and long-term effects of drugs often differ, with the former reflecting direct 

target inhibition and the latter drug-induced adaptation. In cancer cells, adaptive responses can result in drug 

tolerance (Sun et al., 2014) but whether this occurs in cardiomyocytes is unknown. 

In this study, we profiled phenotypic and molecular responses to four widely used TKIs (Sunitinib, 

Sorafenib, Lapatinib and Erlotinib) in human induced pluripotent stem cell-derived cardiac myocytes (hiPSC-

CMs) at varying drug doses and times of exposure. hiPSC-CMs are an increasingly popular culture system in 

which to study cardiac biology because they are readily available, genetically well-defined, and more 
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representative of human biology than conventional immortalized cell lines or rodent cardiomyocytes; hiPSC-CMs 

are, however, less mature than fully-differentiated human cardiomyocytes (Burridge et al., 2016; Sharma et al., 

2017).  Systematic profiling of hiPSC-CMs was initiated with three goals. First, it sought to establish the 

repeatability of molecular measurements across different batches of differentiated hiPSCs. Second, it sought to 

aquire matched proteomic and transcriptomic datasets for four TKIs across a range of drug doses and exposure 

times and determine how overall exposure relates to these variables. Third, it aimed to functionally investigate 

one adverse phenotype as a demonstration of the utility of the overall dataset for elucidating the mechanisms of 

cardiotoxicity. For the four TKIs studied, RNA-Seq and mass spec-based proteomics in hiPSC-CMs reveals 

widespread changes in cardiac metabolism and disruption of sarcomere proteins involved in contraction. The 

extent to which these processes were affected correlated with clinical cardiotoxicity across the four drugs tested. 

Metabolic reprograming was particularly apparent, and had the properties of an adaptive drug response. 

 

RESULTS 

Phenotypic responses to four TKIs in human iPSC-derived cardiomyocytes 

Cor.4U hiPSC-CMs were obtained from the manufacturer (Axiogenesis; now Ncardia). The cells 

underwent directed differentiated from iPSCs created from a human female to cardiac myocytes. We plated 

Cor.4U cells in the vendor-specified growth medium containing 10% FBS for three days, switched them to 

minimal medium with 1% FBS and then added TKIs; cells were refed periodically and samples withdrawn for 

analysis (Fig. 1A). The differentiation of iPSC-CMs is known to be heterogeneous and cultures contain cells at 

different developmental stages (Karakikes et al., 2015). We assayed the maturity of Cor.4U hiPSC-CM cultures 

by immunofluorescence microscopy using two sarcomeric proteins: α-actinin and the cardiac isoform of Troponin 

T. Over 90% of Cor.4U cells stained positive for α-actinin and Troponin T two days after plating and both 

proteins were found in regular and alternating striations in the sarcomeres characteristic of functional 

cardiomyocytes (Fig. 1B and Supplementary Fig. 1); the remaining ~10% of cells appeared to be less fully 

differentiated cardiac progenitors. Cells with well-developed sarcomeres exhibited spontaneous contraction and 

calcium pulsing, which is typical of CMs in culture (Blinova et al., 2017).  
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The dose and time of TKI exposure needed to generate biologically meaningful data is not self-evident: 

cells in culture are sufficiently different from cells in vivo that the clinical maximum plasma concentration (Cmax) 

is only a rough guide. Cmax values for the four TKIs analyzed in this paper (Supplementary Table 1) are reported 

to range from 0.03 to 18 µM with considerable variability, which likely arises from inter-individual differences in 

adsorption, distribution, metabolism, and excretion (ADME; Supplementary Table 2). We therefore took an 

empirical approach using two phenotypic assays. Changes in cellular ATP levels as a function of drug dose and 

time were measured using the Celltiter-Glo® assay (which is often considered a proxy for cell viability) and 

mitochondrial membrane potential was measured using TMRE (Tetramethylrhodamine ethyl ester perchlorate) 

followed by fluorescence imaging. Cor.4U cells were exposed to each TKI at 1 of 8 drug doses ranging from 0.01 

to 10 µM separated by half-log (~3 fold) steps; the time of exposure ranged from 6 hr to 1, 3, 5 or 7 days. For 

each drug, a dose range was chosen that lowered mitochondrial membrane potential but did not induce cell death 

(as measured by a reduction in cell number). We found that Lapatinib, Sorafenib, and Sunitinib induced death of 

Cor.4U cells at doses > 3 µM and long exposure times (over 5 days) but that mitochondrial membrane potential 

was reduced at lower doses. Erlotonib had little effect on mitochondrial membrane potential or cell viability under 

any condition tested. These data demonstrate the existence of a fairly wide exposure window in which TKIs 

induce a strong phenotype but cells remain viable and can therefore be subjected to molecular profiling. In 

addition, we found that the rank order of toxicity for the four TKIs on hiPSC-CMs was the same as previously 

reported for cardiotoxicity in human patients. 

 

Changes in RNA expression induced by exposure of hiPSC-CMs to TKIs  

To identify gene expression changes associated with TKI exposure, we systematically varied dose and 

time centered on the active concentration identified by measurement of mitochondrial membrane potential in 

Figure 1. The resulting cruciform design of seven conditions (including t=0) covered dose and time with a 

minimum number of samples. Cells were exposed to one of four TKIs at 3 µM for 6, 24, 72 or 168 hr and also at 

1 µM and 10 µM drug for 24 hr (Fig. 2A). Each condition was assayed in biological triplicate, yielding 18 

samples per drug or 84 overall, including DMSO-treated controls (available in GEO as GSE114686). Performing 
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a molecular profiling experiment at this scale requires use of multiple lots of Cor.4U cells; in our case, one lot per 

replicate.  

Sequencing data were normalized for the time in culture by calculating expression fold changes relative to 

time-matched vehicle-only controls. In control cells, ~12,000 coding transcripts were detected; Pearson 

correlation coefficients for replicate assays from cells exposed to 10 µM Sorafenib or vehicle-alone for 24 hr were 

0.96-0.99, demonstrating good reproducibility across batches of cells (Supplementary Fig. 2A). In the absence of 

TKI exposure, ~400-500 genes changed 1.5-fold or more in expression (FDR ≤ 0.05) over a period of seven days. 

Genes corresponding to the GO term “cell cycle” were the most frequently down-regulated (Supplementary Fig. 

2B). Imaging showed that about 10% of the cells in the culture lacked regularly striated sarcomeres and appeared 

to be undifferentiated cardiac fibroblasts; it is likely that downregulation of cell-cycle associated genes arises 

from drug-induced arrest of a minor subpopulation of dividing iPSCs and fibroblasts (or perhaps, acquisition of 

more differentiated post-mitotic phenotype by these cells).  

When all of the gene expression fold-change data were combined and principal component analysis (PCA) 

performed, the first two principal components (PC1 and PC2) explained ~80% of variance; this represents 

excellent performance for PCA (Fig. 2B). By rotating the axes of the PCA plot we found that the new PC1’ 

corresponded primarily to differences in drug dose and PC2’ to differences in time of exposure (Fig. 2C); this can 

be visualized by projecting PC1’ and PC2’ loadings onto the experimental design, as shown to the right of the 

PCA plots. When we generated rotated PCA plots for the four TKIs individually, we observe that the correlation 

between dose and time was highest for Sorafenib. Genes repressed by high drug doses and short times or by lower 

drug doses at longer times are found in the lower left quadrant of Fig. 2E (denoted by a green box) whereas genes 

induced at high drug doses and short times or lower drug doses and longer times were found in the upper right 

quadrant (red box). For Sorafenib, the magnitude of gene induction under the two sets of conditions was similar 

(Fig. 2F; data for Sunitinib are shown in Supplementary Fig. 2C).  

To confirm transcript expression changes observed by RNA-Seq using an independent method, 90 

differentially expressed genes from a range of GO categories were analyzed using quantitative real-time PCR 

(qRT-PCR) (Supplementary Table 3). Three conditions (3 μM drug for 24 hr and 72 hr and 10 μM drug for 24 hr) 
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were assayed in triplicate, yielding a total of 42 samples. We found that the Pearson correlation for differential 

gene expression as measured using the two assays was 0.93 to 0.98 depending on the drug (Supplementary Fig. 

2D). Overall, these data show that patterns of TKI-induced gene expression are reproducible over separate lots of 

Cor.4U cells and two different measurement methods. Moreover, for Sorafenib, and to a lesser extent for 

Sunitinib, it was the cumulative effect of dose and time of exposure that determined the magnitude of response, 

rather than dose or time individually. This observation increases the likelihood that analysis of cultured cells over 

short time periods (days) will be relevant to understanding longer duration exposure in patients (weeks to months). 

 

Biological processes altered by TKI exposure  

To identify biological processes altered by TKI exposure we analyzed RNA-Seq data using g-means 

clustering followed by goseq analysis. G-means clustering (Hamerly and Elkan, 2004) is an abstraction of k-

means clustering that detects the optimal number of clusters using a hierarchical approach. Data in the 

neighborhood of a cluster is tested for its fit to a Gaussian distribution; if the data have a more complex 

distribution, the cluster is successively split until a Gaussian is achieved. When all data were pooled, G-means 

clustering identified 16 major clusters, 13 of which could be associated with significantly enriched GO terms. 

Many of these GO terms were associated with metabolism (Amino acid metabolic process GO:0006520, Lipid 

biosynthetic process GO:0008610, Mitochondrion GO:0005739) and some with contraction of muscle 

(Sarcomere GO:0030017). Some GO terms were enriched for a specific drug (e.g. Intracellular part GO: 

0044424, Ribosome biogenesis GO:0042254, Mitochondrion GO:0005739 only by Sorafenib) but others were 

enriched for all drugs (e.g. genes in Extracellular Space GO:0005615 were consistently down-regulated and those 

for Lipid biosynthetic process GO:000861) were upregulated). Within these categories were multiple genes that 

had previously been implicated in cardiac biology or dysfunction. For example, steroid biosynthesis is elevated in 

cases of cardiac hypertrophy and progression to heart failure (Ohtani et al., 2009).  

Given that RNA-Seq data were acquired for multiple drugs, doses, and times of treatment, a fairly diverse 

and complex set of changes is to be expected. To begin to identify common biological processes altered by TKI 

treatment, we selected the top 1-2 GO terms in each cluster and plotted the log2-fold change for the top 20 genes 
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in each GO term against the cruciform time-dose experimental design (Fig. 3). In the case of Sorafenib, 

expression changes at high dose and long times were consistent (recapitulating the data in Fig. 2), with Sarcomere 

GO:0030017 strongly down-regulated and Ribosome biogenesis GO:0042254 and Cellular Amino Acid Metabolic 

Process GO:0006520 strongly upregulated. We found no evidence of enrichment for GO terms associated with 

DNA damage. Moreover, when our data were combined with previously published signatures for anthracycline 

exposure of cardiac cells, PCA showed that the effects of TKIs and anthracyclines were distinct. Thus, while 

TKIs differ in their specific effects on hiPSC-CMs, we conclude that differentially regulated GO terms related to 

metabolism, biosynthetic processes and contractility were most often associated with overall drug exposure. This 

signature appears to be quite distinct from that of well-studied cardiotoxic drugs such as anthracyclines (Burridge 

et al., 2016). 

 

Changes in protein levels following exposure of hiPSC-CMs to TKIs  

TKI-induced changes in the proteome were monitored by mass spectrometry following labelling with 10 

different isobaric Tandem Mass Tags (or TMTs) (Dayon and Sanchez, 2012). Cells were exposed to 3μM TKI for 

24 or 72 hr and data from three batches of cells run as three separate TMT-experiments (30 samples total); these 

were combined by normalizing each drug treatment to a contemporaneous vehicle-only control (see STAR 

METHOD). A total of 7,727 proteins were detected in the union of the three experiments. PCA analysis showed 

that PC1 differentiated early and late samples, whereas PC2 distinguished between Sorafenib, Sunitinib, and 

Lapatinib. Erlotinib induced relatively small deviations from the DMSO-only control and replicate samples for all 

drugs clustered close to each other, demonstrating good reproducibility (Fig. 4A; Supplementary Fig. 3). 

Differentially regulated proteins were identified using a one-way ANOVA test (with correction for multiple 

hypothesis testing set to FDR ≤ 0.05 and fold change ≥ 1.2). In the case of Sunitinib 562 differentially expressed 

proteins were detected at t = 72 hours in contrast to 90 proteins for Erlotinib-treated cells (Supplementary Fig. 

4A). The data were clustered using K-means clustering with k = 11; adding more clusters did not significantly 

reduce the total within-cluster sum of squares (Supplementary Fig. 4B). Proteins in several clusters were drug-

specific; for example, proteins in Cluster 1 (Peroxisome GO:0005777) were down-regulated by Lapatinib alone, 
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and proteins in Cluster 6 (Extracellular matrix component GO:0044420) were down-regulated following exposure 

to Sorafenib but up-regulated by the other three drugs. However, terms associated with amino acid metabolism, 

lipid metabolic process, sarcomere, mitochondrion, extracellular matrix, and ribosomal function were all 

differentially regulated in multiple drugs. 

 

Integrating mRNA and proteomic data 

TKIs typically inhibit multiple enzymes with similar affinity; Sorafenib and Sunitinib have particularly 

broad poly-pharmacology. Of the 537 human kinases as described in KinMap (Eid et al., 2017), 77% appear to be 

expressed in Cor.4U hiPSC-CMs: mRNA and protein were detected for 274 kinases, mRNA alone for 136 kinases 

and protein alone for 6 kinases (Supplementary Table 5). Kinases were among the differentially regulated genes 

or proteins observed for all four TKIs, including drug targets in some cases: ERBB2 protein, a primary target of 

Lapatinib, increased in response to Lapatinib treatment whereas the levels of VEGFR1 (FLT1) protein fell in 

response to Sorafenib treatment. By comparing our data to profiling studies that describe the full range of TKI on- 

and off-target binders (Davis et al., 2011) we estimate that ~143 potential targets for Sunitinib are expressed in 

Cor.4U cells as are 25 potential targets for Sorafenib, 5 for Lapatinib and 20 for Erlotinib (Supplementary Fig. 5).  

Many more genes were detected by RNA-Seq than by proteomics (across all conditions, 12,001 coding 

genes vs. 7,727 proteins). To compare the two data sets we focused on the 6151 genes detected by both assays. 

PCA of differentially expressed genes (DEGs) detected by both RNA-Seq and proteomics revealed broadly 

consistent changes following TKI exposure, (Supplementary Fig. 6E) even though the number of overlapping 

differentially expressed genes was low. Following 3 μM Sunitinib treatment at 72 hr only 6% of DEGs (43 genes) 

were observed in both assays, and for Sorafenib only 7% of DEGs (98 genes) were observed in both 

(Supplementary Fig. 6B). However, among the few genes and proteins that did overlap, the Pearson correlation 

between changes in mRNA expression and changes in protein abundance was high (r = 0.7 to 1 depending on the 

drug). However, at the level of GO term enrichment, terms associated with mitochondrial biology, metabolism 

and sarcomere function were common to both RNA-Seq and proteomic data. Moreover, we found that DEGs 

from mRNA or proteomic data mapped to multiple successive steps in a biosynthetic pathway even when the 
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degree of correlation between protein and RNA was not high. This is illustrated in Supplementary Fig. 6C for 

enzymes in the cholesterol biosynthetic pathway that were upregulated following exposure of Cor.4U cells to 

Lapatinib and in Supplementary Fig. 6D for components of sarcomere that were down-regulated following 

exposure to Sorafenib. These patterns are potentially interesting for follow-up studies aimed at better 

understanding the regulation of the specialized metabolism of cardiac cells. 

 

Functional analysis of TKI-induced changes in hiPSC-CM  

To confirm the biological significance of TKI-induced changes in gene and protein expression in Cor.4U 

cells, we performed a functional analysis. First, we looked at proteins involved in peroxisome function and 

biogenesis, 18 of which were downregulated 2-fold or more by exposure to 3 µM Lapatinib for 72 hr. This change 

is detected in proteomic but not RNA-Seq data, implying post-transcriptional regulation of peroxisome protein 

abundance. When we performed immunofluorescence with antibodies against one of these proteins (PEX14) we 

found that the number of peroxisomes was reduced ~8-fold by Lapatanib treatment. Cardiac cells are particularly 

dependent on the oxidation of fatty acids for metabolic energy, and much of this oxidation takes place in 

peroxisomes (van der Vusse et al., 1992); thus, dramatic reductions in peroxisomes in hiPSC-CMs is likely to 

impose a substantial metabolic burden. Sunitinib and Sorafenib also reduced the expression of Troponin T2, an 

important component of sarcomeres, ~80-fold in proteomic data as compared to control cells (Fig. 5B) and 

consistent with an observed reduction in spontaneous beating. Thus, two striking molecular changes associated 

with TKI exposure have clear physiological consequences at the levels of organelle structure.  

We focused our study of TKI-induced changes in metabolism on Sorafenib, which we observed 

downregulated multiple processes involved in mitochondrial electron transport (Fig. 3). Sorafenib has previously 

been shown to inhibit mitochondrial respiration in tumor cells, immortalized H9c2 rat myocardial cells, and 

mouse embryonic fibroblasts (Will et al., 2008; Zhang et al., 2017). To better understand the hiPSC-CM 

metabolic phenotype we measured mitochondrial oxygen consumption rate (OCR; using the Agilent Seahorse 

XF96 analyzer) in Cor.4U cells. Over the course of 12 minutes, we first measured basal respiratory capacity of 

cells, then treated them with oligomycin A, an ATP synthase inhibitor, to calculate ATP-coupled respiration. We 
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next added a mitochondrial uncoupler (FCCP) to measure maximal respiratory capacity. Finally, Rotenone and 

Antimycin A, (complexes I and complex III inhibitors, respectively), were added to fully block electron transport 

and reveal the rate of non-mitochondrial respiration, used to define the baseline for all calculations. Sustained 

treatment of Cor.4U cells with Sorafenib for 48 hr caused a dramatic impairment in mitochondrial function (Fig. 

6B, compare red and green lines). Basal respiration was reduced 9-fold, ATP-coupled respiration was reduced 23-

fold, and maximal respiratory capacity was 45-fold lower in Sorafenib treated than control cells. These changes 

are most likely a consequence of a coordinated reduction in the expression of multiple subunits of oxidative 

phosphorylation complexes, as had we observed in RNA-Seq data. 

To determine whether mitochondrial defects caused by Sorafenib treatment were reversible, 

mitochondrial respiration was measured in cells that were exposed to 6 µM Sorafenib for 48 hr, followed by a 

recovery period of either 1 hr or 49 hr during which the drug was washed away and cells cultured in normal 

growth media (Fig. 6B, blue lines). The study was designed to control for total time in culture, for the duration of 

Sorafenib exposure, and for the switch (for 1 hr) from Cor.4U growth medium to the medium used to measure 

OCR (non-buffered DMEM; see Fig. 6A and Star Methods). A short recovery period (1 hr) was sufficient to 

restore basal respiration in the treated cells. However, unlike control cells, respiration was not coupled to ATP 

production (as evidenced by the lack of an effect upon oligomycin addition). After 49 hr of recovery in the 

absence of Sorafenib, mitochondrial functions were largely recovered. However, maximal respiratory capacity 

was lower in the cells previously exposed to the drug as compared to control cells. Thus, the effects of Sorafenib 

on mitochondrial function are largely reversible following withdrawal of drug. The different time scales of 

recovery for basal respiration and ATP production, and evidence of proton leakage following 1 hr of recovery, 

suggest that more than one inhibitory mechanism is involved. We speculate that proteins directly inhibited by 

Sorafenib binding (likely to include ATPases other than kinases) may recover activity on a rapid time-scale 

whereas proteins down-regulated at a transcriptional level may take longer to regain function. 

 

 

Exposing hiPSC-CMs to Sorafenib results in an adaptive response involving increased glycolysis  
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Glycolysis is an alternative means of producing ATP when mitochondrial function is impaired. Sorafenib 

treatment was observed to cause an increase in the extracellular acidification rate (ECAR; also measured using a 

Seahorse XF96 analyzer), an indirect measure of glycolysis (Fig. 7A). We also detected a large decrease in 

glucose concentration and an increase in lactate concentration in the growth media of cells treated with Sorafenib, 

compared to control; these changes are also characteristic of a glycolytic shift (Fig. 7B). Thus, hiPSC-CMs 

compensate for inhibition of mitochondrial function by upregulating glycolysis, a shift that would normally be 

observed in the heart when cells are starved for oxygen (fetal heart cells also utilize glycolysis more heavily than 

adult cells). Evidence of significant glycolytic shift was also found in metabolic profiling of cells treated with 

Sorafenib, as measured using hydrophilic interaction liquid chromatography tandem mass spectrometry (HILIC-

MS; Supplementary Fig. 7B; (Spinelli et al., 2017)).  

To determine whether the glycolytic shift in hiPSC-CMs is important for cell viability, we treated cells 

with DMSO or Sorafenib at a range of doses (1-10 μM) for 48 hr to induce the glycolytic phenotype. Cells were 

then treated with 2-deoxy-D-glucose (2DG; a non-metabolizable glucose analog that competitively inhibits 

hexokinase) in combination with Sorafenib for another 48 hr. We then measured ATP levels by Cell-Titer Glo 

(Fig. 7B and C). As controls, we assayed the effect of 2DG treatment alone and of 2DG plus Sorafenib in the 

absence of Sorafenib pre-treatment. The culture media for hiPSC-CMs contains ~25mM glucose and we therefore 

tested 2DG over a 0-32 mM concentration range. As expected, 2DG alone inhibited metabolism in a dose-

dependent manner, reducing ATP levels to ~60% of their control levels after 48 hr in the presence of 32 mM 2DG 

(Supplementary Fig. 7A; unexpectedly, co-treatment of cells with 2DG reduced the impact of 10 µM Sorafenib on 

ATP levels; the reasons for this are unknown but we note that hiPSC-CMs rapidly lose viability in 10 µM 

Sorafenib). To determine whether the shift to glycolysis at lower Sorafenib doses was physiologically important, 

we divided the observed effect of Sorafenib plus 2DG by the effect of 2DG alone in the presence and absence of 

pre-treatment. Following simultaneous exposure to 2DG and Sorafenib across a range of doses, little change in 

ATP level was observed compared to 2DG alone. However, when cells were pre-treated with 3 or 6 µM Sorafenib 

the effect on ATP levels was significantly greater (highlighted in yellow in Fig. 7C). These data suggest that the 
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observed glycolytic shift is an adaptive response that is necessary for cardiomyocytes to maintain their metabolic 

activity in the presence of Sorafenib.  

 

DISCUSSION 

In this paper we profile changes in gene and protein expression and the physiology of hiPSC-CMs 

following exposure to four tyrosine kinase inhibitors used to treat diverse solid tumors. The long-term goal is to 

understand and eventually mitigate TKI-mediated cardiotoxicity using changes in dosing strategies and co-

drugging with cardioprotective agents. Cultured cells do not recapitulate many of the features of cardiac tissue, 

but they are nonetheless well-established as a means to study molecular mechanisms relevant to cardiac biology 

and disease (e.g. neonatal rat ventricular myocytes in the study of cardiac hypertrophy) (Harvey and Leinwand, 

2011). Cardiomyocytes differentiated from iPSCs are a more physiologically relevant cell type than rodent cells 

and are more manipulable than whole animals: hiPSC-CMs are post-mitotic, have well-developed sarcomeres and 

beat spontaneously in vitro. However, they have some limitations, including molecular properties midway 

between fetal and adult cells and – in this study – growth in biologically unrealistic culture conditions (conditions 

which greatly facilitate molecular profiling). We find that many of the kinases targeted by TKIs are expressed in 

cardiac cells. These kinases, and the signaling pathways in which they operate, are known from other studies to be 

important for cardiomyocyte physiology (Chen et al., 2008b). Inhibition of signaling kinases results in cell cycle 

arrest and killing of cancer cells and similar activities are postulated to be the cause of TKI-induced cardiotoxicity 

(Cheng and Force, 2010; Force et al., 2007). However, we find that TKIs induce wide-spread reprogramming of 

gene expression in hiPSC-CMs under conditions in which little or no cell death is observed. Proliferative arrest, 

an activity of most anti-cancer drugs, is also not physiologically relevant to mature cardiomyocytes and is 

observed in Cor.4U cultures only in the subset of cells (5-10%) that are not differentiated. We observe many 

changes in gene expression previously observed in studies more focused on TKI-treated cardiomyocytes, 

including Sorafenib-mediated up-regulation of ER stress genes (e.g. DDIT3, ATF3 and CHAC1; (Dixon et al., 

2014) and changes in the expression of VEGF proteins (e.g. KDR and VEGFC; (Sharma et al., 2017). Lapatinib 

causes widespread upregulation of cholesterol biosynthetic enzymes ((Necela et al., 2017); Supplementary Fig. 
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6C). Cell cycle genes are also down-regulated when hiPSC-CMs cultures are exposed to TKIs, but this this is 

likely caused by arrest of a subset of undifferentiated Cor.4U cells as described above. Across our dataset, the 

most widely misregulated GO processes are those associated with metabolism, biosynthesis, and remodeling of 

the extracellular environment. In addition to inducing cholesterol biosynthetic enzymes, Laptinib exposure 

downregulates multiple peroxisomal proteins and dramatically reduces peroxisome number. Since peroxisomes 

play an important role in cholesterol biosynthesis and homeostasis, the two biological pathways affected by 

Lapatinib may be connected: upregulation of cholesterol pathway enzymes may be a response to loss of 

peroxisomal biosynthetic capacity.  

The most profound metabolic defect that we have studied functionally is Sorafenib-dependent inhibition 

of mitochondrial ATP production. The adult myocardium is highly active metabolically and 95% of its energy 

derives from oxidative phosphorylation in mitochondria fueled by fatty acyl-coenzyme A. The effect of Sorafenib 

on mitochondria is reversible upon drug withdrawal (as is Sorafenib cardiotoxicity in human patients (Uraizee et 

al., 2011)) and probably exploits the normal ability of cardiomyocytes to switch energy source as a function of 

developmental stage and oxygen tension (Breckenridge et al., 2013; Gong et al., 2015). Induction of glycolysis 

reduces the toxicity of Sorafenib, presumably by providing an alternative source of ATP. By analogy, sensitivity 

to Sorafenib in hepatocellular carcinoma cells (Tesori et al., 2015) is negatively correlated with reliance on 

glycolysis (Shen et al., 2013). However, increased reliance on glycolysis is also a characteristic of cardiac 

hypertrophy, myocardial ischemia and cardiac failure (Rosano et al., 2008; Ventura-Clapier et al., 2004)(Doenst 

et al., 2013). Sorafenib and other TKIs have been observed to reduce blood glucose levels (Agostino et al., 2011), 

potentially enhancing the adverse consequences of a reliance on glycolysis for energy. In the short-term, the 

switch in Sorafenib-treated hiPSC-CMs from oxidative phosphorylation to glycolysis represents a form of 

adaptive drug resistance, but longer term effects in patients may represent a physiological liability. We propose 

that the cardiotoxicity of Sorafenib might be caused in large part by metabolic remodeling rather than by 

inhibition of immediate-early signaling, as previously suggested (Force et al., 2007).  

Drug dose and time of exposure are key pharmacological variables but they are often ignored in genome-

wide profiling studies because each condition is expensive to analyze. We used simple functional assays 
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(mitochondrial membrane potential and ATP production) across a wide-range of exposure times and 

concentrations spanning the Cmax value to identify conditions that elicited a scorable cellular phenotype but not 

cell killing. For Lapatinib, Erlotinib, and Sorafenib the optimal in vitro concentration was similar to or below the 

Cmax value in humans, but for Sunitinib it was 10-fold higher; why this is true is not clear, but effective drug 

concentrations for tumor cells also differ in many cases from those in vivo. Through profiling experiments we 

explored both dose and time using a relatively compact design of six conditions. The use of multiple lots of cells 

was nonetheless required and experimentation spanned a period of ~18 months. However, we found that the 

molecular profiles of Cor.4U cells from different lot numbers were highly correlated, making it possible to 

assemble a dataset without strong batch effects. Moreover, because Cor.4U cells are commercially available, it 

should be possible for others to design experiments based on our data (all of which is annotated to NIH LINCS 

standards and deposited on Synapse (Synapse ID: syn7079983)). Examining the data as a whole we find that, for 

some drugs and molecular processes (as defined by enriched GO terms), total exposure is the key variable: 

enriched genes under high-dose and short time conditions are highly correlated with those at lower dose and 

longer time (this includes the metabolism-linked changes described above). In these cases, it seems more likely 

that in vitro studies spanning a period of days will be relevant to understanding human exposure spanning a 

period of weeks to months. 

The data in this paper represent a resource for generating network-level hypotheses about drug-induced 

cardiotoxicity. We have mined only a small subset of the gene enrichment and GO data, and validated only 

peroxisomal, sarcomere and mitochondrial phenotypes. Deeper analysis of these phenomena is clearly warranted 

in Cor.4U cells and potentially also in cells derived from patients with cardiac dysfunction. The adaptive drug 

resistance we observed for mitochondrial metabolism during Sorafenib treatment is particularly intriguing. 

Adaptive resistance has been most extensively studied in tumor cells and combination therapies are being 

developed to block adaptation and increase tumor cell killing. In the case of cardiomyocytes, blocking adaptation 

or decreasing blood glucose levels by indirect means is expected to increase the adverse effects of Sorafenib. Thus, 

managing drug-induced cardiotoxicity will need to focus not just on acute on-target effects of drug exposure, but 

also adaptive and maladaptive physiological responses.  
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FIGURE LEGENDS 

Figure 1: Phenotypic responses of human iPSC-derived cardiomyocytes to four TKIs. (A) Cor.4U cells were 

cultured in vendor-specified growth media containing 10% FBS for 3 days, switched into a second vendor-

specified media plus 1% FBS for 1.5 days and then exposed to drugs; for phenotypic studies, TKI doses between 

0.1 -10 µM and treatment times between 6 hours and 7 days (25 in total) were examined. (B) Cor4U cells were 

stained with �-actinin (green), Troponin T2 (red) and DAPI for nuclei (blue) and imaged by DeltaVision Elite. 

Images show a representative cell from three independent experiments (see Fig. S1 for lower magnification). (C) 

Mitochondrial membrane potentials of iPSC-CMs across 25 conditions for four TKIs. Values were normalized to 

those of cells treated with DMSO alone for the same amount of time. (D) ATP levels of whole-cell extracts 

measured using the Cell Titer Glo assay; conditions were the same as in Panel C.  

 

Figure 2: Responses of hiPSC-CMs to four TKIs as measured by RNA-Seq. (A) Three independent 

experiments with different lots of Cor.4U cells were required for the study. Drug treatment followed a cruciform 

design involving 1, 3 or 10 µM drug for 24 hr and 3 µM drug for additional three time points (6, 72 and 168 hr). 

A total of 84 RNA samples were sequenced on a HiSeq 2500 yielding ~13,000 mapped transcripts per sample. (B) 

Principal component analysis (PCA) on fold-change values from RNA-Seq. (C) The same data as in B with the 

axes rotated by �=45° with was observed to optimally place dose along PC1’ and time along PC2’ (see loadings 

to right); inset shows the directions of the original PCs. (D) Scores of drug-induced gene expression changes were 

plotted against PC1’ and PC2’. (E) For the Sorafenib data in Panel D, genes corresponding to different dose-time 

regimes were selected (colored boxes I to IV) and the average gene expression changes were plotted on the 

experimental design (F) Representative changes in expression for genes falling in boxes II-A and II-B from Panel 

E; each line represents one gene and colors are arbitrary.  

 

Figure 3: Effect of TKIs on the transcriptome across dose and time. Gene expression data were clustered by 

G-means clustering, which yielded 16 clusters, 13 of which had enriched GO terms. The top GO term(s) is shown 
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for each cluster, with 20 representative genes from that cluster plotted in each box of the cruciform experimental 

design in Figure 2A. Color scale is based on log2-transformed fold-changes. 

 

Figure 4: Effect of TKIs on the proteome across dose and time. (A) PCA of changes in protein levels for four 

TKIs at two timepoints; two biological replicates were collected for each condition (20 samples in total including 

DMSO-only control). Data were pooled after calculating log2-transformed fold-changes in protein levels relative 

to DMSO at the corresponding time point. Arrows depict the direction of change associated with each drug. (B) 

Proteomic fold-change data was clustered by k-means clustering with k = 11; the top GO terms for each cluster 

are shown in Supplementary Table 6. Magnified views to right show individual genes for three enriched GO 

terms in these clusters. (C) GO terms enriched for genes that were significantly regulated at both RNA and 

protein levels by any drug; redundancy in the list of GO terms was eliminated to simplify the representation.  

 

Figure 5: Protein expression changes confirmed by immunofluorescence.  

 (A) Staining of Peroxisomal Biogenesis Factor 14 (PEX14) in hiPSC-CMs treated with DMSO alone or with 3 

µM Lapatinib for 3 days. Low and high magnifications are shown. (B) Staining for cardiac isoforms of Troponin 

T (TNNT2) in hiPSC-CMs treated with a DMSO alone or with 3 µM Sunitinib or Sorafenib at for 4 days. 

Experiments in Panels A and B were repeated three times and images shown are representative of a single 

experiment. 

Figure 6: Effect of Sorafenib on mitochondrial respiration in hiPSC-CMs. (A) Design of experiments testing 

the effect of Sorafenib mitochondrial respiration. The two controls differ in whether or not Sorafenib was preset 

in the assay medium. (B) Oxygen consumption rate (OCR) in live hiPSC-CMs was measured at baseline and 

following successive addition of Oligomycin A, FCCP and Rotenone plus Antimycin A (see text for details). 

Conditions correspond to those described in Panel A. This experiment was repeated twice with 6 replicates per 

condition in each experiment; data were the average from these two experiments. Error bars are standard error 

with n = 2. (C) Metabolic parameters derived from analysis of the OCR data shown in Panel B. Error bars are 
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standard error with n = 2. (D) Genes involved in Oxidative Phosphorylation that were down-regulated as 

measured by RNA-Seq in cells exposed to 10 µM Sorafenib for 24 hr. 

Figure 7: Induction of glycolysis by Sorafenib in hiPSC-CMs. (A) Panel on left: Extracellular acidification rate 

(EAR) measured for hiPSC-CMs cells treated with a DMSO alone or 3 µM Sorafenib for 2 days. Error bars show 

the standard deviation of one experiment having 6 biological replicates per condition. Data is a representative of 

study performed three times. The unit of y-axis is mpH/min/1000 cells. Panels on right: The levels of glucose and 

lactate measured in spent media collected from cells treated with a DMSO alone or 3 µM Sorafenib for 1-5 days. 

Error bars show the standard error of three independent experiments. (B) Design of a co-drugging experiment 

examining the impact of Sorafenib-induced glycolysis on sensitivity to Sorafenib, as measured using the Cell 

Titer Glo luminescence assay. In the “pre-treatment phase,” cells were exposed to 0-10 µM Sorafenib for 48 hr 

and then shifted to an “assay phase” in which cells were incubated in a combination of 0-32 µM 2-deoxy-D-

glucose (2DG) and 0-10 µM Sorafenib for 48 hr prior to measurement of ATP levels. (C) Normalized ATP levels 

of cells subjected to the experiment described in Panel B. Data were normalized to luminescence values of cells 

treated with 2DG alone at the specified doses (see Supplementary Fig. 7A). Each dot represents the average of 3-8 

replicates in each of the two independent experiments and error bars are the standard error of two independent 

experiments (n=2).  
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