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A B S T R A C T   

Many small molecule kinase inhibitors (SMKIs), used predominantly in cancer therapy, have been implicated in 
serious clinical cardiac adverse events, which means that traditional preclinical drug development assays were 
not sufficient for identifying these cardiac liabilities. To improve clinical cardiac safety predictions, the effects of 
SMKIs targeting many different signaling pathways were studied using human pluripotent stem cell derived 
cardiomyocytes (hPSC-CMs) in combined assays designed for the detection of both electrophysiological 
(proarrhythmic) and non-electrophysiological (non-proarrhythmic) drug-induced cardiotoxicity. Several 
microplate-based assays were used to quantitate cell death, apoptosis, mitochondrial damage, energy depletion, 
and oxidative stress as mechanism-based non-electrophysiological cardiomyocyte toxicities. Microelectrode ar-
rays (MEA) were used to quantitate in vitro arrhythmic events (iAEs), field potential duration (FPD) prolonga-
tion, and spike amplitude suppression (SAS) as electrophysiological effects. To enhance the clinical relevance, 
SMKI-induced cardiotoxicities were compared by converting drug concentrations into multiples of reported 
clinical maximum therapeutic plasma concentration, “FoldCmax”, for each assay. The results support the 
conclusion that the combination of the hPSC-CM based electrophysiological and non-electrophysiological assays 
have significantly more predictive value than either assay alone and significantly more than the current FDA- 
recommended hERG assay. In addition, the combination of these assays provided mechanistic information 
relevant to cardiomyocyte toxicities, thus providing valuable information on potential drug-induced cardiotox-
icities early in drug development prior to animal and clinical testing. We believe that this early information will 
be helpful to guide the development of safer and more cost-effective drugs.   

1. Introduction 

Small molecule kinase inhibitors (SMKIs) have revolutionized cancer 
therapy due to their targeted effects and decreased systemic toxicity, as 
compared to many classic cancer drugs. By 2020, the FDA had approved 
49 SMKIs for cancer therapy (Lamore et al., 2020). However, several 
studies have revealed that some SMKIs cause unanticipated serious 
adverse cardiac effects in patients (Kenigsberg et al., 2016; Lamore et al., 
2020), including left ventricular dysfunction (LVD), cardiomyopathy, 
heart failure (HF), QT prolongation, and Torsades de Pointes (TdP) 
(Woosley et al., 2021). Many of these SMKI-induced cardiac toxicities 
failed to be detected during preclinical drug development due to the 
limitations of current cardiotoxicity screening methods. 

Cardiotoxicities are caused by multiple mechanisms. Drug-induced 
QT prolongation and TdP are due to cardiac electrophysiological 

effects. We define this type of proarrhythmic effect as “electrophysio-
logical cardiotoxicity” in these studies. On the other hand, non- 
proarrhythmic toxicities, such as cardiomyopathy and heart failure, 
can result in alterations in metabolism, transporters, structural changes, 
and the interrelationship between vascular biology and cardiac struc-
tural changes due to drug treatment. These serious effects can lead to 
damage or death of cardiomyocytes (CMs) (Laverty et al., 2011). Herein, 
we refer to these as “non-electrophysiological cardiotoxicities.” Current 
U.S. Food and Drug Administration (FDA)-mandated drug safety 
guidelines (FDA, 2001, 2005) recommending hERG assay analysis, pri-
marily focus on prevention of drug-induced TdP risks, but this assay 
does not provide any information on non-electrophysiological car-
diotoxicities. To date, there are no FDA-recommended in vitro assays for 
detecting non-electrophysiological cardiotoxicities. As a result, drug- 
induced severe adverse events, such as cardiomyopathy and heart 
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failure, can go undetected at early stages of drug development. Not 
being able to detect these potential cardiotoxicities prior to clinical trials 
increases the risk of late-stage termination of drug development pro-
grams, e.g., tozasertib (Durlacher et al., 2016; Green et al., 2011), or a 
potential post-approval market withdrawal, e.g., ponatinib (FDA, 2013; 
Talbert et al., 2015). 

Therefore, efficient preclinical assessment of a wide range of cardiac 
liabilities should not be restricted to limited electrophysiological ana-
lyses, such as hERG assays. A more comprehensive preclinical assess-
ment of both the electrophysiological and non-electrophysiological 
aspects of cardiac cell biology should be considered for drug safety 
evaluation prior to clinical studies. 

There has been some progress in the field toward expanding cardiac 
toxicity assessment beyond electrophysiological studies. Image analysis- 
based hPSC-CM assays for assessing drug-effects on general CM health 
have been explored by several groups (Clements et al., 2015; Doherty 
et al., 2013; Pointon et al., 2013; Thomas, 2012). However, these studies 
require expensive equipment, sophisticated image analysis software, 
and large data handling, which can limit throughput. Furthermore, 
consistency and reproducibility of high content imaging assays need to 
be thoroughly examined, as it is common for variables that would not be 
noticeable in traditional assays to become a major source of variance 
(William Buchser et al., 2014). To address these limitations, we aim to 
develop non-image-based assays that increase the throughput and pre-
dictiveness for assessing non-electrophysiological cardiotoxicities that 
are associated with damage and death of CMs, as well as examine un-
derlying functional mechanisms of toxicity. 

A non-image based cell viability assay using hPSC-CMs for assessing 
cardiac toxicity of tyrosine kinase inhibitors was reported, however, the 
underlying mechanisms of cardiotoxicity were not investigated (Sharma 
et al., 2017). Apoptosis is an important pathway that results in CM death 
and subsequently leads to cardiac impairment such as HF (Wencker 
et al., 2003). In addition, mitochondrial dysfunction is implicated in 
LVD and HF (Lamore et al., 2020). The mitochondrial role in cellular 
energy production is critical to cardiac function of the ATP-regulated 
contraction–relaxation cycle within the myocardium (Brown et al., 
2017). Finally, oxidative stress leads to multiple adverse effects, such as 
energy imbalance, mitochondrial dysfunction, and activation of 
stress-related signaling pathways (Deavall et al., 2012). Because these 
pathways are critical to cardiac function, we sought to extend the 
evaluation of drug effects on CM health by gaining insight into mecha-
nistic aspects of non-electrophysiological cardiotoxicity, such as 
apoptosis, mitochondrial dysfunction, oxidative stress, and energy 
metabolism disruption, with high throughput microplate-based assays. 

The standard FDA-recommended hERG assays that are used for 
preclinical assessment of drug-induced arrhythmogenesis, although 
useful, have several limitations. For example, they are based on non- 
human, non-CM systems that express only the single hERG ion chan-
nel (FDA, 2001) out of many ion channels that are critical to cardiac 
function. Moreover, hERG binding assays can yield both false positive 
and false negative predictions (Johannesen et al., 2014), especially since 
hERG assays are not sensitive to: 1) drug effects on the protein pro-
cessing and functional expression of the hERG ion channel; 2) multi-ion 
channel counterbalancing drug effects (Nogawa and Kawai, 2014); or 3) 
toxic drugs that do not affect cardiac electrophysiology (Nogawa and 
Kawai, 2014). 

To improve predictivity of proarrhythmic risk of drug candidates at 
an early stage of development, many different approaches have been 
explored, namely in silico modeling for reconstructions of cellular car-
diac electrophysiologic activity and hPSC-CM based electrophysiolog-
ical assays. Human-based in silico models are emerging as important 
tools to study the effects of integrating multiple ion channel currents to 
predict clinical proarrhythmic risk (Hwang et al., 2020; Lancaster and 
Sobie, 2016; Strauss et al., 2019; Valerio Jr. et al., 2013). In general, 
these approaches use drug-specific quantitative data for individual ion 
channels as the inputs for computationally intensive mechanistic models 

to develop simulated multichannel drug effects on cardiac physiology. 
Under the Comprehensive in vitro Proarrhythmia Assay (CiPA) initia-
tive, a consensus in silico model has been developed with the in vitro 
data of seven ionic currents to reconstruct cellular electrophysiologic 
activity to assess the risk of cardiotoxicity (Park et al., 2019; Strauss 
et al., 2019). The latest validation studies suggest that the hPSC-CM 
assays can be useful when combined with other in silico strategies 
(Park et al., 2019). 

Using hPSC-CMs as a model system for developing preclinical assays 
to detect drug-induced cardiotoxicity is of great interest, as large 
numbers of hPSCs, representing many different genetic backgrounds and 
disease states, are either available or can be produced, and these can be 
differentiated into CMs that exhibit molecular and functional properties 
of human myocardial cells (Davila et al., 2004; Germanguz et al., 2011; 
Yang et al., 2008). Importantly, these cellular models contain the full 
complement of human cardiac ion channels. While several groups (Bli-
nova et al., 2018; Guo et al., 2013; Peng et al., 2010) have shown ap-
plications of hPSC-CM assays for predicting proarrhythmic risk of drug 
candidates using platforms such as MEA, FLIPR, impedance, xCELLigene 
RTCA, CardioECR, and CellOPTIQ (Lamore et al., 2020), hPSC-CM based 
MEA assays have been explored for assessing drug-induced electro-
physiological alterations since 2008 (Yang et al., 2008). In recent years, 
MEA assays for proarrhythmic risk analyses were validated mainly with 
panels of non-SMKI drugs in various studies including the studies under 
the CiPA initiative (Ando et al., 2017; Blinova et al., 2018). Here, we 
extend the application of MEA assays to testing SMKI-induced electro-
physiological drug effects. 

With both the non-electrophysiological and electrophysiological 
hPSC-CM assays, along with optimized analytical processes, we gener-
ated mechanistically broad cardiotoxicity profiles for a panel of 18 
selected SMKIs that target different signaling pathways. The results were 
highly concordant with reported non-electrophysiological and electro-
physiological clinical adverse events. 

2. Materials and methods 

2.1. hPSC maintenance and cardiac differentiation 

All StemPro-34 media and supplements were purchased from Life 
Technologies Corporation, unless otherwise stated. Growth factors were 
purchased from R&D Systems. HES-2 (ESIBIe002-A) human embryonic 
stem cells (hESCs) were purchased from BioTime and subsequently 
trypsin-adapted. hESCs were maintained on MEFs (Applied StemCell 
Inc.) at 80–90% confluency in hESC Maintenance Medium supple-
mented with 20% Knockout serum replacement (Kennedy et al., 2007), 
except antibiotics were omitted and 1.4 mM L-glutamine was used. The 
differentiation protocol for generating hPSC-CMs (Supplemental Fig. S1) 
was adapted and modified from published protocols (Yang et al., 2008; 
Zhang et al., 2013). Briefly, hESCs were replated onto growth factor 
reduced Matrigel (Corning) coated plates in hESC Maintenance Medium 
containing 20 ng/ml bFGF for 2 days. Cells were then differentiated in 
low-attachment plates as embryoid bodies (EBs) in a Basal Medium of 
StemPro-34 medium supplemented with L-glutamine (2 mM), transferrin 
(150 μg/ml, Roche), ascorbic acid (50 μg/ml), and monothioglycerol 
(0.45 mM). Growth factors and small molecule compounds were added 
to the Basal Medium sequentially as follows: day 1, BMP4 (0.5 ng/ml); 
days 2–4, bFGF (5 ng/ml), activin A (6 ng/ml), and BMP4 (10 ng/ml)); 
days 5–6, VEGF (10 ng/ml), Wnt-C59 (2 μM, Cellagen Tech.), and dor-
somorphin (0.5 μM, Sigma); and days 7–8, VEGF (10 ng/ml) and Wnt- 
C59 (2 μM). From day 8 to day 20, the medium was exchanged every 
3 days with VEGF (10 ng/ml) and bFGF (5 ng/ml). After day 20, the 
medium was replaced with 5% FBS in DMEM every 3 days. For the first 
12 days of differentiation, EBs were cultured in a hypoxic environment 
(5% CO2, 5% O2). Afterwards, EBs were cultured in an ambient oxygen 
environment (5% CO2, 21% O2). 
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2.2. Flow cytometry 

On day 20 of cardiac differentiation, cardiac cell clusters were 
dissociated to a single cell suspension using 0.1% collagenase type II 
(Worthington) at 37 ◦C for 1 h, followed by 0.25% trypsin/EDTA at 
37 ◦C for 5–10 min. Single cells were fixed with 2% PFA for 10 min and 
then stained with FITC-labeled cTnT antibody (abcam; Cat #: ab105439; 
Dilution: 1:200) for 1 h on ice. A BD Accuri™ C6 Flow Cytometer was 
used for analysis. 

2.3. Compounds 

Axitinib, sunitinib malate, temsirolimus, and DMSO (cell culture 
grade) were purchased from Sigma-Aldrich. Alvocidib, barasertib, 
selumetinib, and XL765 were purchased from Selleck Chem. Other ki-
nase inhibitors (dasatinib, erlotinib, everolimus, imatinib [meth-
anesulfonate salt], lapatinib [di-p-toluenesulfonate salt], lestaurtinib, 
nilotinib, perifosine, PD325901, sorafenib [p-toluenesulfonate salt], and 
tozasertib) were purchased from LC Laboratories. The purity of all 
compounds was 98% or greater. All compounds were reconstituted in 
100% DMSO at 20–50 μM and stored at -80 ◦C until used. 

2.4. hPSC-CM based Non-Electrophysiological Toxicity (NET) assays 

hPSC-derived cardiac cell clusters were dissociated into a single cell 
suspension using 0.1% collagenase type II (Worthington) at 37 ◦C 
overnight, followed by 0.25% trypsin/EDTA (Corning) at 37 ◦C for 5–10 
min. Single cells were plated in 384-well plates that had been pre-coated 
with 10 μg/ml fibronectin (Sigma). The cells were seeded at 7000 cells 
per well in a volume of 25 μl of DMEM supplemented with 20% FBS 
(Invitrogen). After one day, the medium was switched to DMEM with 2% 
FBS and cultured for 4 days. On the drug testing day, compounds from 
DMSO stocks were diluted in phenol red-free DMEM containing 2% FBS. 
The final concentration of DMSO was 0.5% in all drug dilutions. After all 
the medium was removed from each well, 25 ul of diluted compound 
was added to each well. Each drug concentration was tested in replicates 
of four wells. 

To measure cell viability, the cells were treated with drugs for 72 h 
and then assayed with CellTiter Blue (Promega). To measure oxidative 
stress, apoptosis, or mitochondria membrane potential, the cells were 
treated with compounds for 18 h and then assayed with GSH-Glo 
(Promega), Caspase3/7-Glo (Promega), or JC-10 (AAT Bioquest), 
respectively. To measure energy depletion, the cells were treated with 
drugs for 48 h and then analyzed with ATP-Glo (Promega). Assays were 
performed according to manufacturers’ instructions and analyzed with a 
Tecan Safire II plate reader for fluorescence and luminescence readings. 

2.5. hPSC-CM based MEA assays 

A Maestro MEA system with AxIS software (Axion Biosystems) was 
used for recording electrophysiological activities of hPSC-CMs treated 
with SMKIs. First, CM clusters were dissociated into single cells with the 
same procedure as above and then plated onto Matrigel-coated MEA 
plates at 3–3.75 × 104 cells per well. After the cells were cultured in 20% 
FBS/DMEM for one day, the medium was switched to 5% FBS/DMEM 
and exchanged every 2–3 days until the cells were ready for drug testing, 
as defined by a spike amplitude greater than 1 mV. This typically took 
8–10 days post cell plating. 

On the drug testing day, compounds were diluted from DMSO stocks 
into secondary drug stocks using DMEM containing 2% FBS. Before drug 
testing, cells were first equilibrated in Recording Medium (RM), which 
contained 2% FBS and 0.48% DMSO in DMEM, at 37 ◦C with 5% CO2 for 
at least an hour. Baseline recordings were then taken with the AxIS 
software on a Maestro MEA system according to the manufacturer’s 
instructions. Subsequently, a test drug was added to each well by 
substituting 1/3 media volume with the lowest concentration secondary 

drug stock (3 μM) in RM, and a one-hour MEA recording was made in the 
same manner as the baseline recording. This dilution and recording 
sequence was sequentially repeated twice in the same well using 
increasingly higher secondary stock solutions of the drug (24 μM and 72 
μM, respectively) in RM. For the final drug concentration, each well 
received a full volume RM exchange with the highest drug concentration 
(72 μM). This approach yielded triplicate wells of four final testing 
concentrations (1, 8.7, 30 and 72 μM) of each drug, with constant DMSO 
concentrations of 0.48%, for MEA analyses. For DMSO background and 
process-related controls, every MEA plate had three wells of RM with 
DMSO (0.48%) that went through the same process as the drug groups. 

2.6. Data analysis for NET assays 

For the five cardiac NET assays, experimental data were analyzed 
and reported as mean ± STDV. For easy comparison of multiple SMKIs 
across multiple assays, a heatmap format was adopted, with drug effects 
divided into quartiles for each assay and the maximum measured effect 
defined as 100%. To categorize drug-induced non-electrophysiological 
cardiac effects, the IC50 or EC50 values of each drug in each assay was 
calculated with dose response curves done in GraphPad Prism. To pro-
vide more clinical relevance, the IC50 or EC50 values were converted to 
multiples of reported clinical maximum therapeutic plasma concentra-
tion, Cmax, for each drug and expressed as “FoldCmax”. See Supplemental 
Table S1 for drug specific clinical Cmax values. 

Using FoldCmax values, the drug effects were classified into four 
levels of CM toxicity: 1) no obvious toxicity observed; 2) low toxicity, 
>300 FoldCmax; 3) moderate toxicity, 30 to 300 FoldCmax; and 4) sig-
nificant toxicity, <30 FoldCmax. 

2.7. Data analysis for MEA assays 

MEA raw recordings of cardiac electrophysiological activities were 
batch-analyzed with AxIS software (Axion BioSystems). Three main 
parameters, drug-induced in vitro arrhythmic events (iAEs), field po-
tential duration (FPD), and spike amplitude suppression (SAS), were 
further analyzed with the Cardiac Analysis Tool (Axion BioSystems) 
according to the manufacturer’s instructions. iAEs marked in the Car-
diac Analysis Tool were further confirmed manually by inspecting the 
AxIS waveform tracings. FPD measurements were corrected using Fri-
dericia’s rate correction algorithm (FPDc) (Fridericia, 2003). The FPDc 
and spike amplitude of each experimental group were normalized by 
subtracting the DMSO control on the same MEA plate. After normali-
zation, drug effects and baseline effects in each condition were averaged 
among triplicate wells to calculate the percentage change of drug effects. 
Percentage change = (drug effects - baseline effects) / baseline effects. 
FPDc effects can be either reduction or prolongation, and FPDc pro-
longation can be more than 100%. However, the maximum SAS effect is 
100%, which indicates spontaneous beating was completely suppressed. 
For iAEs, if one of three wells showed iAEs after drug treatment, that 
compound was recorded as having a 33% iAE effect. If all wells showed 
iAEs, then the compound was recorded as having a 100% iAE effect. 
When beats were either not detected, i.e. quiescent wells (Q), or when 
the beats were present but below threshold detection, the FPD was not 
measurable, and SAS was recorded as 100%. Arrhythmic events were 
not measurable in quiescent wells, and therefore they were not included 
for calculation of percentage of iAE effect. 

For an easy visual comparison of drug effects, the percentage change 
of drug-induced iAEs, FPDc change, and SAS were plotted in heatmaps 
with the darkest shade for the greatest percentage effect in each assay. 
SMKI-induced iAEs were divided into four levels (0%, 33%, 66%, and 
100%). FPDc effects were classified into six levels (<− 15%, ±15%, 
16–30%, 31–60%, 61–100%, and > 100%). SAS effects were classified 
into five levels (<25%, 25–50%, 51–75%, >76%, and Q). 

To assess assay results at clinically relevant drug concentrations, we 
estimated iAE33, FPDcP30, and SAS30 and converted those values to 
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“FoldCmax”, which were used for toxicity ranking. iAE33 is defined as the 
drug concentration that caused iAEs in 33% of wells. FPDcP30 is defined 
as the drug concentration that prolonged FPDc by 30% compared to its 
baseline. SAS30 is defined as the drug concentration that suppressed 
spike amplitude by 30% compared to its baseline. 

Based on FoldCmax values of iAE33, SMKIs were divided into four iAE 
categories: 1) no iAEs; 2) minimal (iAEs >100 FoldCmax); 3) moderate 

(iAEs between 10 and 100 FoldCmax); and 4) severe (iAEs <10 FoldC-
max). Using FoldCmax values of FPDcP30, SMKIs were classified into five 
FPDc categories: 1) a reduction of FPDc; 2) insignificant effect at any 
concentration (±15% FPDc change); 3) mild effects (FPDcP30 > 50 
FoldCmax); 4) moderate effects (FPDcP30 between 5 and 50 FoldCmax); 
and 5) severe effects (FPDcP30 < 5 FoldCmax). With FoldCmax values of 
SAS30, SMKIs were grouped into four SAS categories: 1) no SAS; 2) 

Fig. 1. In vitro Assessment of Non-Electrophysiological Cardiac Toxicity of SMKIs in hPSC-CMs. 
SMKIs targeting different signaling pathways were tested in five NET assays. The Cell Viability Assay measures drug-induced total cardiomyocyte death, while the 
four mechanistic assays detect potential mechanisms affecting cardiomyocyte viability. Average drug effects of quadruplicate wells at each concentration were 
plotted for each assay in a heatmap format, with drug effects divided into quartiles. 100% is defined as the maximum measured effect. A) SMKIs that target different 
growth factor receptors or their signaling molecules. B) SMKIs that target the PI3K/AKT/mTOR pathway. C) SMKIs that target cell cycle regulators or the 
MEK pathway. 
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minimal (SAS >100 FoldCmax); 3) moderate (SAS between 10 and 100 
FoldCmax); and 4) severe (SAS <10 FoldCmax). 

3. Results 

3.1. SMKIs induce non-electrophysiological toxicity in hPSC-CMs 

To analyze drug-induced non-electrophysiological toxicity (NET), a 
panel of five NET assays were developed to quantitate drug-induced CM 
death, apoptosis, mitochondrial membrane depolarization, oxidative 
stress, and energy metabolism disruption using hPSC-CMs, which ex-
press all the major ion channel genes and various cardiac markers 
(Supplemental Fig. S1). The first NET assay measures loss of cell 
viability after prolonged drug treatment. The other four NET assays are 
designed to investigate distinct mechanistic pathways of CM dysfunction 
that ultimately could lead to cell death. 

NET assays were validated with 17 SMKIs, which target many 
different signaling pathways and show different degrees of cardiotox-
icity. Dose response curves are presented in Supplemental Figs. S2-S6. 
For an easy comparison of different compounds across all NET assays, 
the results were plotted in a heatmap format, which provides a visual 
highlight of the unique cardiotoxicity profile of each compound and 
points to potential differences between mechanisms of toxicity (Fig. 1). 

These NET assays revealed different cardiac toxicity profiles for eight 
SMKIs targeting growth factor receptors or their signaling molecules 
(Fig. 1A). Although axitinib, sunitinib, and sorafenib all target VEGFR, 
PDGFR, and cKIT, it has been reported that sunitinib and sorafenib cause 
multiple types of adverse cardiac events in patients, while axitinib is 
rarely associated with cardiotoxicity (FDA, 2012) (Supplemental 
Table S1). Consistent with these clinical observations, sunitinib and 
sorafenib have serious effects in the NET assays, whereas axitinib has 
little effect in any of these assays (Fig. 1A). Although both sunitinib and 
sorafenib were toxic to hPSC-CMs, they triggered different mechanistic 
pathways. Sunitinib induced all four mechanisms of toxicity, but sor-
afenib predominantly induced mitochondrial toxicity and depleted en-
ergy in hPSC-CMs. Lestaurtinib is a promiscuous SMKI that inhibits 
many kinase pathways, including JAK2, FLT3, and TrkA (Mosquera 
Orgueira et al., 2020). It exhibits significant toxicity in all NET assays; 
however, mitochondrial depolarization does appear to be somewhat less 
severe than the other four mechanisms of toxicity (Fig. 1A). The pre-
dicted lestaurtinib-induced cardiotoxicity in the NET assays is consistent 
with clinical reports of its cardiac liabilities (Supplemental Table S1). 

Likewise, imatinib and dasatinib, which bind to PDGFR, cKIT, BCR- 
ABL, SRC, or GFR, are associated with known clinical cardiac liabilities 
(Supplemental Table S1). Consistently, both SMKIs induced CM toxicity 
in the NET assays and demonstrate the utility of the NET assays to 
provide potential mechanistic insight into drug-induced cardiotoxicity. 
This applies to SMKIs that inhibit other growth factor receptor pathways 
as well. For example, whereas dasatinib demonstrates toxicity in all the 
mechanistic pathways, imatinib-related toxicity mainly involves oxida-
tive stress and energy depletion pathways, despite both drugs being 
equally potent in affecting cell viability (Fig. 1A). The toxicity pre-
dictions of both dasatinib and imatinib from the NET assays are 
consistent with the clinical cardiotoxic reports for these compounds 
(Supplemental Table S1). 

Furthermore, the assay outcomes of the EGF receptor inhibitors, 
erlotinib and lapatinib, are also consistent with clinical observations. In 
patients, erlotinib rarely causes adverse cardiac events, while lapatinib 
is associated with LVD and cardiomyopathy (Supplemental Table S1). In 
the NET assays, erlotinib had little effect. It only caused a low degree of 
oxidative stress at ≥25 μM and a low level of energy metabolism 
disruption at 100 μM (Fig. 1A). In contrast, lapatinib started to cause 
death of hPSC-CMs at 13 μM, likely due to a combination of mito-
chondrial membrane depolarization, energy depletion, oxidative stress, 
and apoptosis. 

The strength of the NET assays for profiling different mechanisms 

leading to drug-induced cardiotoxicity is further illustrated by SMKIs 
that inhibit non-growth factor pathways (Fig. 1B and C). Perifosine, 
XL765, temsirolimus, and everolimus are SMKIs that inhibit the PI3K/ 
AKT/mTOR pathway. Perifosine targets AKT, whereas XL765 inhibits 
both PI3K and mTOR (Gills and Dennis, 2009; Zhao et al., 2019). Results 
from the NET assays indicate that perifosine is more toxic to hPSC-CMs 
than XL765 and each has a unique mechanistic toxicity profile. Peri-
fosine primarily induced apoptosis and energy metabolism disruption. 
In contrast, XL765 did not induce apoptosis at any tested concentration, 
but it did result in low to moderate levels of oxidative stress, mito-
chondrial toxicity, and energy disruption (Fig. 1B). Although severe 
cardiac toxicity has not been reported to date, clinical trials for both 
drugs are still in progress. 

Both mTOR inhibitors, temsirolimus and everolimus, demonstrated 
cardiac cytotoxicity in most or all the NET assays (Fig. 1B). The one 
mechanistic difference was that everolimus induced very little oxidative 
stress compared to temsirolimus. On a molar basis, everolimus and 
temsirolimus both are very toxic to hPSC-CMs and are potent disruptors 
of energy metabolism (Fig. 1B). This is consistent with the known bio-
logical activity of mTOR in regulating energy and metabolic activity 
(Saxton and Sabatini, 2017). Although both temsirolimus and ever-
olimus have been approved by the FDA for cancer therapy, there have 
been reports of various drug-related clinical cardiac adverse events 
(Supplemental Table S1). 

Tozasertib (pan-aurora kinase inhibitor), barasertib (Aurora B in-
hibitor), and alvocidib (CDK inhibitor) are all cell cycle regulators. 
Among these three SMKIs, alvocidib is the most cardiotoxic on a molar 
basis in the NET assays (Fig. 1C). Although these three inhibitors showed 
different mechanistic profiles in the NET assays, mitochondrial toxicity 
did not appear to be a major mechanism for any of these drugs. The NET 
assays not only revealed that these three cell cycle inhibitors demon-
strate different degrees of cardiotoxicity, but they also point to different 
potential mechanisms of cardiotoxicity. The fact that clinical develop-
ment of tozasertib has been terminated due to severe cardiac liabilities is 
consistent with the prediction of cardiotoxicity by these NET assays. In 
addition, although barasertib and alvocidib are currently still in clinical 
trials, some adverse cardiac events have been reported (Supplemental 
Table S1). 

Selumetinib and PD325901 were selected as examples of MEK in-
hibitors. PD325901 has no reports of serious adverse clinical cardiac 
events, while selumetinib has induced cardiomyopathy in some patients. 
However, the NET assays showed both SMKIs to be safe in hPSC-CMs, 
which makes selumetinib a false negative in the NET assays (Fig. 1C). 

3.2. Categorical analysis of NET in hPSC-CMs 

Beyond the conclusions drawn above, it is important to correlate 
these in vitro drug responses to clinically relevant drug dosages, as this 
would be valuable for translating in vitro results into clinical pre-
dictions. This classification of drug-induced cardiac cytotoxicity levels 
in hPSC-CMs relevant to clinical Cmax concentrations for all drugs in all 
NET assays is shown in a heatmap format in Fig. 2. These data are based 
on the conversion of EC50 or IC50 values from dose response assays (see 
Supplement Table S2–6) into FoldCmax values (see Supplement Table S1 
for clinical Cmax values). 

This analysis revealed that overall cell viability is a good predictor of 
non-electrophysiological cardiotoxicity. Compounds were grouped into 
four cardiotoxicity “NET Categories” based on the FoldCmax drug con-
centrations that affected cell viability (Fig. 2). Category 1 would be 
predicted to be safe compounds (axitinib, erlotinib, selumetinib, and 
PD325901), while Category 2 would be predicted to have low risk 
(everolimus). Category 3 would be predicted to have intermediate risk 
(barasertib, dasatinib, sunitinib, XL765, and tozasertib), and Category 4 
would be drugs predicted to have the highest risk for non- 
electrophysiological toxicity (lapatinib, temsirolimus, imatinib, sor-
afenib, lestaurtinib, perifosine, and alvocidib). Drugs whose assay 
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results were relatively close to the cutoff boundaries could reasonably be 
argued to fall into either category. However, classification was kept 
consistent across compounds and was based on cell viability. We will 
discuss the concordance of these classifications with clinical outcomes in 
the Discussion (Fig. 8). 

3.3. SMKI-induced electrophysiological effects in hPSC-CMs 

Although SMKIs mainly cause direct cardiotoxicity, many of them 
are also proarrhythmogenic. For example, sunitinib and dasatinib are 
associated with clinical QT prolongation and TdP. Although arrhythmia 
differs from direct cell damage or death, significant heart tissue damage 
can potentially lead to arrhythmia (Aon et al., 2009; Reimer and Ideker, 
1987). To build a more complete view of SMKI-induced CM toxicity, the 
electrophysiological effects of nilotinib, which is a prominent SMKI with 
a black box warning of cardiotoxicity, plus the previous 17 SMKIs, were 
analyzed in MEA assays. 

MEA analyses were used to determine FPDc, spike amplitudes, and 
arrhythmic waveforms of hPSC-CMs following drug treatment. The 
percentage effects of all three parameters were presented in a heatmap 
format (Fig. 3). SMKI-induced iAEs were divided into four levels. 
Dasatinib started to induce Level-3 iAEs at 30 μM and Level-4 at 72 μM. 
Sunitinib induced Level-4 iAEs at 8.7 μM and 30 μM (two wells had iAEs; 
one well was quiescent), and all wells were quiescent at 72 μg. Nilotinib 
had the most severe electrophysiological effects, inducing Level-4 iAEs 
at all tested drug concentrations. Barasertib only induced Level-2 iAEs at 

30 μM, and all wells were quiescent at 72 μM. Three drugs (lestaurtinib, 
sorafenib, and alvocidib) induced quiescence at either 30 or 72 μM 
without detectable arrhythmic events. 

SMKI-induced FPDc effects classified into six levels were plotted in a 
heatmap format for an easy comparison (Fig. 3). Instead of prolongation, 
three compounds (temsirolimus, lestaurtinib, and PD325901) showed 
more than 15% reduction in FPDc at various concentrations. Six SMKIs 
(axitinib, erlotinib, lapatinib, perifosine, XL765, and selumetinib) 
showed insignificant FPDc changes (±15%) at all concentrations. 
Meanwhile, seven SMKIs (dasatinib, sunitinib, nilotinib, alvocidib, 
barasertib, and tozasertib) showed greater than 15% FPDc prolongation 
at various concentrations. In contrast, many drugs (sunitinib, lestaurti-
nib, sorafenib, alvocidib, and barasertib) completely stopped electrical 
activity in hPSC-CMs at higher concentrations and were recorded as 
quiescent (Q). Other drugs, such as alvocidib and everolimus, resulted in 
beats below threshold (BBT) at higher concentrations. FPDc was not 
measurable for either Q or BBT wells. 

Spike amplitude in MEA studies is analogous to the sodium-spike “R” 
peak in electrocardiogram (ECG) traces (Nerbonne and Kass, 2005). 
Dose responses of SMKIs causing SAS in the MEA assays (Supplemental 
Fig. S7) were used to classify five levels of SAS in a heatmap format 
(Fig. 3). Axitinib, erlotinib, and PD325901 showed baseline levels of SAS 
that were less than 25% at all tested concentrations, whereas lapatinib 
and XL765 had modest SAS effects that were less than 50% only at the 
highest concentration tested. Imatinib, dasatinib, perifosine, temsir-
olimus, and selumetinib induced low to medium SAS, with 25–50% 

Fig. 2. Assessment of In Vitro Non-Electrophysiological Cardiac Toxicity of SMKIs at Clinically Relevant Concentrations (FoldCmax). 
In vitro IC50 or EC50 values calculated from dose response curves (Supplemental Fig. S2-S6) for each drug were converted to FoldCmax for each assay (see Sup-
plemental Table S1 for references for Cmax values). Drug toxicities were then classified into quartile levels from low to high based on FoldCmax: Level 1) not 
measurable; 2) >300 FoldCmax; 3) 30–300 FoldCmax; and 4) <30 FoldCmax. The last column shows the overall predicted clinical cardiac risk as NET Categories: 1) no 
risk; 2) low risk; 3) intermediate risk; and 4) high risk. 
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suppression at 30 μM and 50–100% at 72 μM. Barasertib, tozasertib, 
everolimus, and sorafenib induced a higher degree of SAS, with greater 
than 75% suppression at 30 μM. And nilotinib, sunitinib, alvocidib, and 
lestaurtinib showed the most severe SAS, with greater than 50% sup-
pression at 1–8.7 μM. Taken together, these SMKIs showed unique MEA 
profiles with different types and degrees of electrophysiological alter-
ations in hPSC-CMs. 

3.4. Categorical analysis of electrophysiological effects of SMKIs in hPSC- 
CMs 

To get a more clinically relevant understanding, drug concentrations 
presented in Fig. 3 were converted to FoldCmax for each drug, as was 

done in the NET assay analyses. The arrhythmogenesis of SMKIs was 
classified based on the FoldCmax value that corresponded to iAE33 
(Fig. 4A). Out of 18 SMKIs studied, 14 had no iAEs and were grouped 
into Category-1. Dose response curves of the four SMKIs that induced 
iAEs are plotted in Fig. 4B. Barasertib was in Category-2, as it induced 
iAEs only in one of three wells (33%) at 30 μM (177 FoldCmax), and all 
three wells were quiescent at 72 μM. Dasatinib and sunitinib were in 
Category-3. Sunitinib induced 100% iAEs at 48 FoldCmax (all three 
wells), at 167 FoldCmax (two wells; one well was quiescent), and all wells 
were quiescent at 400 FoldCmax. Examples of in vitro arrhythmic 
waveforms induced by sunitinib in hPSC-CMs are shown in Fig. 4C. 
Dasatinib showed iAE effects in 66% of wells at 143 FoldCmax and 100% 
at 343 FoldCmax. Nilotinib, on the other hand, showed 100% iAE effect 

Fig. 3. Electrophysiological Effects of SMKIs on hPSC-CMs. 
The electrophysiological effects of SMKIs on hPSC-CMs were measured using an Axion MEA system. The percentage change of three parameters, drug-induced in vitro 
arrhythmic events (iAEs), corrected field potential duration (FPDc), and spike amplitude suppression (SAS), were plotted in a heatmap format based on the average 
drug effects of triplicate wells at each concentration. When waveforms were not detectable after drug treatment, the well was labeled quiescent (Q). For quiescent 
wells, iAEs and FPD were not measurable, and SAS was recorded as 100%. FPD was also not measurable when beats were below the threshold (BBT) of 300 μV. 

H.-Q. Xian et al.                                                                                                                                                                                                                                



Toxicology and Applied Pharmacology 437 (2022) 115886

8

at all four testing concentrations, starting at less than 0.3 FoldCmax, 
which made it a Category-4 drug. The classification of nilotinib in the 
high-risk category is consistent with the black box warning of cardiac 
toxicity for nilotinib. 

Dose-dependent FPDc prolongation (FPDcP) is a widely used mea-
surement of drug-induced electrophysiological effects both in vitro and 
clinically. To evaluate the FPDc effects of SMKIs in hPSC-CMs in a 
clinically relevant context, the percent change in FPDc measured in the 
MEA assays was plotted against FoldCmax (Fig. 5B and C). Classification 
of FPDc change was summarized in a heatmap format (Fig. 5A). 
Category-1 drugs (lestaurtinib, PD325901, and temsirolimus) showed a 
reduction of FPDc. Category-2 drugs (sorafenib, perifosine, erlotinib, 
selumetinib, lapatinib, XL765, everolimus, and axitinib) showed insig-
nificant effect at any concentration, defined as ±15% FPDc alteration. 
Among 18 SMKIs, none of them was in Category-3, which is defined as 
mild effects with FPDcP30 > 50 FoldCmax. Category-4 drugs (barasertib, 
tozasertib, dasatinib, and imatinib) demonstrated moderate effects, 
FPDcP30 between 5 and 50 FoldCmax. Finally, Category-5 drugs (suniti-
nib, alvocidib, and nilotinib) showed severe effects (FPDcP30 < 5 
FoldCmax). The correlation of the iAE and FPDc results to the clinical 
cardiac liabilities will be described in the Discussion (Fig. 7). 

In vitro drug effects on SAS measurement in the MEA assays have 
been rarely investigated, but one study concluded that it added little 
additional predictive value for TdP risk prediction (Blinova et al., 2018). 
To test this conclusion, SAS was analyzed in the same fashion as the 
FPDc measurements. The percent changes in SAS of SMKIs were plotted 
against FoldCmax (Fig. 6B). SMKIs were categorized based on FoldCmax 
values of SAS30 and summarized in a heatmap format (Fig. 6A). 

Category-1 drugs (axitinib, erlotinib, PD325901) showed no SAS effects. 
Category-2 drugs (everolimus and dasatinib) had minimal SAS effects, 
SAS30 > 100 FoldCmax. Category-3 drugs (barasertib, XL765, tozasertib, 
lapatinib, sunitinib, and selumetinib) demonstrated moderate SAS ef-
fects, SAS30 = 10–100 FoldCmax. Category-4 drugs (imatinib, temsir-
olimus, sorafenib, alvocidib, perifosine, lestaurtinib, and nilotinib) 
demonstrated severe SAS effects, SAS30 < 10 FoldCmax. The predictive 
relevance of SAS classification will be addressed below (Fig. 8) in the 
Discussion. 

4. Discussion 

Cardiac liabilities of many SMKIs used in cancer therapy often go 
undetected in FDA-recommended in vitro hERG assays and in vivo an-
imal safety studies during preclinical drug development. This is evi-
denced by the many cardiac adverse events observed in patients treated 
with SMKIs (Supplemental Table S1). Most of these clinical cardiac 
adverse events have been associated with inhibition of kinase-dependent 
pathways that are involved with non-electrophysiological cardiac effects 
such as cardiomyopathy, HF, and LVD (Laverty et al., 2011). Contrary to 
well-established approaches to assess electrophysiologically-related 
safety effects during development, there are no FDA-recommended in 
vitro assays for predicting cardiac structural damage, metabolic health, 
or direct cardiotoxicity. Some groups have approached this important 
problem with primarily image-based assays (Clements et al., 2015; Guo 
et al., 2013; Lamore et al., 2017; Pointon et al., 2013; Sharma et al., 
2017; Thomas, 2012). We sought to extend these efforts by developing 
and optimizing a panel of microplate-based fluorescent or luminescent 

Fig. 4. SMKI-induced Arrhythmogenesis in hPSC-CMs at Clinically Relevant Drug Concentrations (FoldCmax). 
A) SMKIs were categorized based on iAE33 estimated values (see panel B) in MEA assays using hPSC-CMs: 1) no iAEs observed (designated as “N”); 2) iAE33 > 100 
FoldCmax; 3) iAE33 10–100 FoldCmax; and 4) iAE33 < 10 FoldCmax. B) iAE dose response plots, in FoldCmax units, of Category 2–4 SMKIs are shown. These were used 
for iAE33 estimation, as marked by the horizontal dashed line. The vertical dashed lines (10 and 100 FoldCmax) are the category boundaries. C) MEA traces of 
sunitinib-treated hPSC-CMs with the arrow highlighting a typical drug-induced arrhythmic waveform at 48 FoldCmax. At 167 FoldCmax a fibrillation state 
was induced. 
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hPSC-CM assays that enhance predictiveness and examine underlying 
functional mechanisms involved in non-electrophysiological toxicities 
(NET). 

The NET assays described herein are less dependent on expensive 
instrumentation, and importantly, they are also more sensitive at earlier 
time points when compared to some image-based assays (Clements 
et al., 2015; Pointon et al., 2013). We were able to detect apoptosis, 
oxidative stress, and mitochondrial membrane depolarization after 18 h 
drug exposure. However, Pointon’s study necessitated 72 h drug treat-
ment to detect toxicity in mitochondria, as morphological damage in 
hESC-CMs was still undetectable by 24 h. A possible explanation is that 

fluorescent imaging tools are less sensitive. A similar study designed to 
measure structural toxicity using high-content image analysis assays has 
been published (Clements et al., 2015). Since these assays are more 
sensitive than the standard fluorescent image analysis used by Pointon’s 
group, they were able to measure drug-induced damage to cell mem-
branes and mitochondrial membranes, as well as Ca + mobilization, 
after 24 h drug treatment. However, only two SMKIs, axitinib and 
sunitinib, were included among the 13 validation compounds in this 
study (Clements et al., 2015). 

Another group employed a simple non-image-based viability assay, 
which is similar to one of our NET assays, for assessing tyrosine kinase 

Fig. 5. SMKI-induced FPDc Effects on hPSC- 
CMs at Clinically Relevant Concentrations 
(FoldCmax). 
A) FPDc dose response curves (panels B and 
C) were used for estimating FPDcP30 values to 
define five FPDc Categories: 1) SMKIs that 
reduced FPDc more than 15% at least at one 
concentration; 2) SMKIs with insignificant 
FPDc change (±15%); 3) SMKIs that pro-
longed FPDc by 30% (FPDcP30) at >50 
FoldCmax; 4) SMKIs with FPDcP30 between 5 
and 50 FoldCmax; and 5) SMKIs with FPDcP30 
< 5 FoldCmax. None of the testing SMKIs fell 
in the Category-3. The FPDcP30 values for 
FPDc Categories 1 and 2 could not be calcu-
lated and, therefore, were listed as non- 
significant (N). B) FPDc dose response plots 
of SMKIs in FPDc Categories 1 and 2. Values 
between the dashed lines (±15%) were 
considered insignificant changes of FPDc. 
Three SMKIs (dashed lines) showed FPDc 
reduction greater than 15% at least at one 
concentration. C) FPDc dose response plots of 
SMKIs in FPDc Categories 4–5. The horizontal 
dashed line marks FPDcP30. The vertical 
dashed lines mark the classification bound-
aries (5 and 50 FoldCmax) for this group.   
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inhibitor (TKI)-induced cardiac toxicity in hPSC-CMs (Sharma et al., 
2017). In this study, cytotoxicity and cell contractility assessments were 
combined for establishing a “TKI cardiac safety index,” which could be 
helpful to gauge the overall cardiotoxicity of TKIs. However, these as-
says are neither capable of distinguishing between electrophysiological 
and non-electrophysiological cardiac toxicity, nor provide mechanistic 
information. Importantly, our study goes beyond these studies by 
combining NET assays with MEA assays, which enables the assessment 
of both electrophysiological and non-electrophysiological cardiac tox-
icities. Furthermore, the NET assays also provide insight into important 
mechanistic toxicity pathways, including apoptosis, mitochondrial de-
polarization, oxidative stress, and energy depletion. 

To provide more clinically relevant analyses, the drug concentrations 

of the NET data were converted to FoldCmax values, and categorical 
analytical methods were used for toxicity rankings. The predictive value 
of these analytical approaches was tested with 17 compounds in the NET 
assays and 18 compounds in the electrophysiological assays that covered 
several different SMKI categories and pathways. This dual-armed 
approach involving both electrophysiological and non- 
electrophysiological focused assays provided a more holistic predic-
tion of SMKI-induced cardiac toxicities with excellent concordance with 
clinical experience (see below). In addition, this approach also provided 
valuable mechanistic insight into drug-specific cardiac toxicities. 

Fig. 6. SMKI-induced SAS in hPSC-CMs at Clinically Relevant Concentrations (FoldCmax). 
A) Based on the FoldCmax that induced 30% SAS (SAS30), SMKIs were grouped into four SAS Categories: 1) non-measurable SAS30 values (designated as “N”); 2) 
SAS30 > 100 FoldCmax; 3) SAS30 between 10 and 100 FoldCmax; and 4) SAS30 < 10 FoldCmax. B) For SMKIs in SAS Categories 2–5, average SAS effects of triplicate 
wells at each concentration were plotted versus FoldCmax. Where possible, GraphPad was used to calculate SAS30 from the dose response curves, otherwise, ex-
trapolations were made from Excel, such as XL765 and lapatinib, which are indicated with an “*”. The horizontal dashed line marks SAS30. The vertical dashed lines 
mark the classification boundaries (10 and 100 FoldCmax). 
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4.1. Correlation of toxicity classifications with clinical experience 

It is widely believed that in vitro FPDc is a correlate of clinical QT 
measurements and that iAEs detected in hPSC-CM cultures are a po-
tential correlate of clinical arrhythmia. In Fig. 7, the categorical results 
for each drug from the FPDc Assay (Fig. 5) are paired with reported 
clinical QTc observations (Supplemental Table S1), and the categorical 
results from the iAE Assay (Fig. 4) are paired with reported clinical 

arrhythmia observations (Supplemental Table S1). The concordance 
columns list “true positive (TP)” or “true negative (TN)” if the in vitro 
predictions are concordant between the pairs of in vitro assay pre-
dictions and clinical experience (Fig. 7). Non-concordance is indicated 
as either a “false negative (FN)” if the in vitro assays incorrectly pre-
dicted the compound would be relatively safe, or a “false positive (FP),” 
if the in vitro assays incorrectly predicted the compound would be 
relatively toxic. There is striking concordance between the FPDc Assay 

Fig. 7. Concordance of FPDc and iAE results with Clinical Electrophysiological Cardiac Liability. 
Using a heatmap format, we compared the predictivity of FPDc and iAE Categorical Analyses of the in vitro hPSC-CM assays to reported clinical electrophysiological 
cardiac liabilities for each SMKI. The FPDc and iAE Assay columns list FoldCmax for each drug and are shaded the same as in Fig. 4A and 5A. N = no significant effect. 
The Clinical QTc Prolongation column is shaded with the lightest shade for no reported prolongation, the medium shade for rare prolongation, and the darkest shade 
for frequent prolongation. The Clinical Arrhythmia column is also shaded with the lightest shade for no reported TdP or arrhythmia, medium shade for possible risk 
of TdP, and black for TdP risk with a black-box warning. The assay concordance of the paired FPDc/Clinical QT and iAE Assay/Clinical Arrhythmia outcomes are 
listed for each assay. When an in vitro prediction is concordant with clinical experience, it is recorded as a “TP” (“true positive”) for a drug associated with cardiac 
toxicity in patients, or a “TN” (“true negative”) for a drug with little to no reported clinical adverse events. When an in vitro prediction is discordant with clinical 
observations, it is indicated as either a “FP” (“false positive”) for a clinically safe drug, or “FN” (“false negative”) for a drug with clinical adverse effects. 
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and clinical QTc. All six compounds (tozasertib, dasatinib, imatinib, 
sunitinib, alvocidib, and nilotinib), which were categorized in the top 
two most toxic categories in the FPDc Assay, induce significant clinical 
QTc prolongation. Additionally, three SMKIs (nilotinib, sunitinib, and 

dasatinib) have demonstrated clinical risks of TdP and/or sudden death 
“black box warnings,” and clinical trials of tozasertib were terminated 
due to serious adverse cardiac events (Green et al., 2011) (Fig. 7). These 
studies also suggest that in this set of compounds there is little toxicity 

Fig. 8. Concordance of Viability and SAS Assays with Clinical Non-Electrophysiological Cardiac Liability. 
A heatmap is used to compare the results from the in vitro Viability and SAS assays to clinically reported non-electrophysiological cardiac adverse events for each 
SMKI. The Viability Assay and SAS Assay columns list the FoldCmax for each drug and are shaded the same as in Fig. 2 and 6A. N = no significant effect. Clinical 
Cardiac Adverse Events are subjectively shaded with a lighter shade for no or rarely reported events, a medium shade for less frequent or less severe events, and the 
darkest shade for more frequent and severe events based on FDA prescribing info and other publications (Supplemental Table 1). The concordance of the Viability or 
SAS assays with the clinical observations are recorded separately. When an in vitro prediction is concordant with clinical experience, it is recorded as a “TP” (“true 
positive”) for a drug associated with cardiac toxicity in patients, or a “TN” (“true negative”) for a drug with little to no reported clinical adverse events. When an in 
vitro prediction is discordant with clinical observations, it is indicated as either a “FP” (“false positive”) for a drug with little to no reported clinical adverse events, or 
“FN” (“false negative”) for a drug with reported clinical adverse effects. 
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concern with compounds that shorten FPDc. Out of the 18 SMKIs 
analyzed, there are only two “false negatives” (sorafenib and lapatinib) 
and one potential “false positive” (barasertib) (Fig. 7). It is clear from 
these results that the electrophysiological MEA assays misidentify sor-
afenib and lapatinib as safe compounds, however, the NET assays 
(Fig. 2) predict that these two compounds are toxic, with a mechanism 
likely related to mitochondrial depolarization. These results further 
highlight the advantage of combining electrophysiological and non- 
electrophysiological assays to improve predictiveness for potential 
drug-induced clinical cardiotoxicities. 

The concordance analysis of the Viability Assay with clinical non- 
electrophysiological adverse events resulted in three potential false 
positives (XL765, perifosine, and alvocidib) (Fig. 8). Interestingly, all 
these compounds are currently in clinical trials and have not yet been 
approved by the FDA. It would be important to continue to monitor their 
clinical adverse events as more patients are exposed over longer periods 
to determine whether cardiac toxicities are associated with these drugs 
in the clinic. Fig. 8 also highlights the value of using FoldCmax for 
assessing drug-induced cardiotoxicity. For example, the EC50 of ever-
olimus and sunitinib in the Viability Assay are 46 μM and 29 μM, which 
does not separate these two SMKIs well (Supplemental Fig. S2). How-
ever, when FoldCmax is used, the EC50 of everolimus is converted to 767 
FoldCmax, which makes it a Category 2 compound (minimal toxicity), 
but the EC50 of sunitinib is 161 FoldCmax, which makes it a Category 3 
compound (moderate toxicity). It has been reported that everolimus 
only causes indirect adverse cardiac events in patients with pre-existing 
conditions (Karvelas et al., 2018), while adverse cardiac events were 
reported in a high percentage of patients taking sunitinib (Khakoo et al., 
2008). These results suggest that, when possible, normalization to Cmax 
is more predictive for drug-related cardiac liabilities than absolute drug 
concentrations. This does raise a problem for preclinical drug candidates 
without Cmax data. However, in these cases, animal data could be used to 
estimate human Cmax ranges. 

The SAS Assay is one of three MEA-based assays we used to measure 
electrophysiological alterations in CMs, but unlike the FPDc Assay and 
iAE Assay, to date it has not been shown to have significant predictive 
value for TdP-risk prediction (Blinova et al., 2018). When comparing 
these three assay results, we found 15 out of 18 SMKIs showed SAS ef-
fects, seven SMKIs prolonged FPDc, and four SMKIs induced iAEs 
(Fig. 3). These data suggest that SMKIs that induce iAEs also prolong 
FPDc and have SAS effects. However, eight out of the 15 SMKIs that 
show SAS effects do not prolong FPDc or induce iAEs. When we further 
compared the SAS Categorical Analysis to reported clinical electro-
physiological cardiac liabilities for each SMKI (Supplemental Fig. S8), 
the concordance of the paired SAS/Clinical QT Prolongation and SAS/ 
Clinical Arrhythmia were 61% and 44%, respectively. This suggests the 
SAS Assay is not a reliable assay for predicting clinical QT prolongation 
or arrhythmia (e.g., TdP risk). 

However, we found there was a strong correlation between the SAS 
Assay and the Viability Assay (Fig. 8), even though the SAS Assay 
measures electrophysiological activities in CMs, while the Viability 
Assay measures general health of CMs. It has been shown most drugs 
that caused damage or death of hPSC-CMs had severe SAS effects in our 
studies. Out of the 17 SMKIs tested, selumetinib was the only compound 
that was strongly discordant between the Viability Assay and SAS Assay. 
Interestingly, selumetinib, which is associated with cardiomyopathy, 
was only identified as a cardiotoxic compound in the SAS Assay and not 
in the other assays. Comparing these two in vitro assay results with non- 
electrophysiological cardiac adverse events in patients, such as HF, LVD, 
and cardiomyopathy (Fig. 8), 13 drugs were found to be concordant, 
three drugs (XL765, perifosine, and alvocidib) were potential false 
positives, and one (selumetinib) was “mixed,” meaning the Viability 
Assay was discordant but the SAS Assay was concordant with clinical 
reports. Taken together, this suggests that the SAS Assay may have po-
tential as a supporting tool for evaluation of non-electrophysiological 
cardiotoxicity, however, more data will be needed to support this. 

Table 1 presents the specificity, sensitivity, and accuracy calcula-
tions of these predictive models for all the electrophysiological and non- 
electrophysiological assays. These calculations were carried out on all 
tested SMKIs, however, since some of these drugs are still in clinical 
development and do not have extensive clinical history, the same cal-
culations were repeated on the 11 FDA-approved SMKI drugs. When 
analyzing all versus only FDA approved drugs, both FPDc and iAE Assays 
had similar predictive characteristics and were better at identifying the 
safer compounds (90–100% specificity) compared to identifying the 
toxic drugs (60–75% sensitivity), with an overall accuracy of 82–83% 
(Table 1). On the other hand, the viability and SAS assays for predicting 
non-electrophysiological cardiac liability had a slightly different profile. 
Both Viability and SAS assays showed higher sensitivity for identifying 
toxic compounds for either all the SMKI compounds (91% and 100%, 
respectively), and only the FDA-approved SMKIs (88% and 100%, 
respectively). However, when analyzing all the tested SMKIs, these as-
says had reduced ability to detect safe compound (50% specificity). This 
low specificity for all compounds results from three false positives that 
are still in clinical development, and perhaps more clinical data will help 
shed light on the accuracy of these predictions. If only FDA-approved 
SMKIs are considered, both Viability and SAS assays exhibit an overall 
accuracy, specificity, and sensitivity of 88–100% (Table 1). One of the 
limitations of this study is that only 18 SMKIs were analyzed, and 
therefore these predictions may have reduced statistical power when 
these analyses are expanded to other SMKIs. 

This study demonstrates the value of combining in vitro electro-
physiological and non-electrophysiological assays for the detection of a 
wide spectrum of SMKI-induced cardiotoxicities, enabling safety pre-
dictions that have strong concordance with clinical experience. In 
addition to enhanced clinical concordance, the combination of these two 
classes of assays provides mechanistic insights into drug-induced 
toxicity. This enhanced predictive power is supported by the fact that 
the NET assays detected SMKI toxicities missed by electrophysiological 
assays. In summary, these results support the conclusion that the com-
bination of the electrophysiological and NET hPSC-CM assays have 
significantly more predictive value than either alone and significantly 
more than the current FDA-recommended hERG assay. In addition, the 

Table 1 
Sensitivity, specificity, and accuracy of in vitro assays compared to known 
clinical cardiac liabilities.   

Predictability for 
Ephys cardiac 
liability 

Predictability for non- 
Ephys Cardiac 
Liability 

FPDc 
Assay 

iAE 
Assay 

Viability 
Assay 

SAS 
Assay 

All drugs 

Accuracy 
(all 
concordances) 

83% 83% 76% 83% 

Specificity 
(for negatives) 

90% 92% 50% 50% 

Sensitivity 
(for positives) 75% 60% 91% 100% 

Only FDA 
approved 
drugs 

Accuracy 
(all 
concordances) 

82% 82% 90% 100% 

Specificity 
(for negatives) 

100% 100% 100% 100% 

Sensitivity 
(for positives) 

67% 60% 88% 100% 

The FPDc Assay and iAE Assay were used for predicting electrophysiological 
cardiac liability including QT prolongation and TdP risk, while the Viability 
Assay and SAS Assay were used for predicting non-electrophysiological cardiac 
liability listed in Fig. 8. The sensitivity, specificity, and accuracy of these assays 
were calculated both for all tested SMKIs and for only FDA approved drugs. 
Specificity = True Negative / (True Negative + False Positive). Sensitivity =
True Positive / (True Positive + False Negative). Accuracy = (True Positive 
+True Negative) / total number of compounds. 
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combination of these assays can provide valuable information about 
potential drug-induced cardiotoxicities early in the drug development 
process, prior to animal and clinical testing, thus helping to guide the 
development of safer and more cost-effective compounds. 
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