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Abstract

Sunitinib, an oral tyrosine kinase inhibitor approved to treat advanced renal cell carcinoma and
gastrointestinal stroma tumor, is associated with clinical cardiac toxicity. Although the precise
mechanism of sunitinib cardiotoxicity is not known, both the key metabolic energy regulator,
AMP-activated protein kinase (AMPK), and ribosomal S 6 kinase (RSK) have been hypothesized
as causative, albeit based on rodent models. To study the mechanism of sunitinib-mediated
cardiotoxicity in a human model, induced pluripotent stem cell-derived cardiomyocytes (iPSC-
CMs) having electrophysiological and contractile properties of native cardiac tissue were
investigated. Sunitinib was cardiotoxic in a dose-dependent manner with an 1Cgg in the low
micromolar range, observed by a loss of cellular ATP, an increase in oxidized glutathione, and
induction of apoptosis in iPSC-CMs. Pretreatment of iPSC-CMs with AMPK activators AICAR or
metformin, increased the phosphorylation of pAMPK-T172 and pACC-S79, but only marginally
attenuated sunitinib mediated cell death. Furthermore, additional inhibitors of AMPK were not
directly cytotoxic to iPSC-CMs up to 250 uM concentrations. Inhibition of RSK with a highly
specific, irreversible, small molecule inhibitor (RSK-FMK-MEA) did not induce cytotoxicity in
iPSC-CMs below 250 pM. Extensive electrophysiological analysis of sunitinib and RSK-FMK-
MEA mediated conduction effects were performed. Taken together, these findings suggest that
inhibition of AMPK and RSK are not a major component of sunitinib-induced cardiotoxicity.
Although the exact mechanism of cardiotoxicity of sunitinib is not known, it is likely due to
inhibition of multiple kinases simultaneously. These data highlight the utility of human iPSC-CMs
in investigating the potential molecular mechanisms underlying drug-induced cardiotoxicity.

Keywords

Sunitinib; Human stem cell derived cardiomyocytes; Induced pluripotent stem cells; AMPK; RSK;
Cardiotoxicity

"Corresponding author at: Bldg 100-325, Hoffmann-La Roche, 340 N Kingsland St, Nutley NJ 07110 USA. Fax: +1 973 235 4710.
Supplementary materials related to this article can be found online at doi:10.1016/j.taap.2011.08.020.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cohen et al. Page 2

Introduction

Tyrosine kinase-targeted therapies have revolutionized the treatment of a variety of cancers.
Targeted inhibitors of kinases have improved antitumor efficacy and have fewer toxic side-
effects, compared to traditional chemotherapy, but have been implicated in causing serious
adverse cardiac events (Di Lorenzo et al., 2009; Force and Kolaja, 2011; Menna et al., 2008;
Motzer et al., 2007; Orphanos et al., 2009). Sunitinib malate (Sutent; Pfizer) is a
multitargeted tyrosine kinase inhibitor that inhibits both tumor cell proliferation and
angiogenesis and is approved to treat advanced renal cell carcinoma and gastrointestinal
stromal tumours. However, clinically observed serious cardiac adverse events associated
with sunitinib include a high incidence of hypertension, cardiac left ventricular systolic
dysfunction, and congestive heart failure (Chu et al., 2007; Di Lorenzo et al., 2009; Faivre et
al., 2007; Telli et al., 2008). The exact mechanism of this cardiotoxicity is not known but has
been broadly attributed to the lack of kinase selectivity of sunitinib, which in a competitive
binding assay bound 57 of the 317 kinases tested (18%) at the clinically relevant dose of 0.1
UM (Karaman et al., 2008). Similar to other tyrosine kinase inhibitors (TKIs), the lack of
selectivity of sunitinib makes it challenging to pinpoint whether there are specific molecular
target(s) that are the critical mediators of cardiotoxicity. In addition to off-target kinase
inhibition by TKIs, the interaction with non-kinase targets should also be considered. For
example, imatinib (Gleevec; Novartis) is a more selective kinase inhibitor than sunitinib,
binding only 10 of the 317 kinases tested with Ky values less than 0.1 pM (Karaman et al.,
2008), but binds to non-kinase targets including NQO2 and BCRP (Bantscheff et al., 2007;
Meissner et al., 2006).

Due to its role in energy homeostasis, AMP-activated protein kinase (AMPK) has been
suggested to be a mediator of sunitinib cardiotoxicity (Force et al., 2007). Depletion of
intracellular ATP and increased AMP activates AMPK (a, B, y subunits) which stimulates
catabolic pathways and suppresses non-essential ATP-consuming processes (Kudo et al.,
1995, 1996). The rhythmic contraction of cardiac tissues requires a constant, stable source of
energy, leaving a limited reserve of ATP. Thus, inhibition of AMPK could disrupt a
cardiomyocyte's ability to adapt to energy demands leading to deleterious consequences
(Force et al., 2007).

In rodent models of drug-induced cardiotoxicity, conflicting evidence for the role of AMPK
in mediating sunitinib induced cardiotoxicity have been reported. In neonatal rat ventricular
myocytes (NRVM), sunitinib induced apoptosis, depleted ATP, and led to the release of
lactate dehydrogenase (LDH) (Hasinoff et al., 2008; Kerkela et al., 2009). Pretreatment with
either AMPK activator, aminoimidazole carboxamide ribonucleotide (AICAR) (Kerkela et
al., 2009) or metformin (Hasinoff et al., 2008) in NRVMs failed to attenuate sunitinib
cardiotoxicity, and did not reverse the inhibition of p-ACC by sunitinib (AICAR
pretreatment) (Kerkela et al., 2009); however overexpression of a constitutively active
mutant form of AMPK reduced sunitinib-mediated apoptosis. In intact rodents, sunitinib
induced mitochondrial abnormalities and hypertrophy in cardiac myocytes (Kerkela et al.,
2009). However, the use of NRVM to study consequences and causes of adult human cardiac
injury may be misleading for a number of reasons including possible differences between
human and rodent cardiac biology as well as energy homeostasis mechanisms (Brouillette et
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al., 2004; Force and Kolaja, 2011; Gussak et al., 2000). Thus, using new, more relevant
human /n vitro models, such as stem cell derived cardiomyocytes will provide novel learning
about human drug-induced injury.

Recent advances in stem cell culture have led to the directed differentiation of pluripotent
cells into maturing cells that include cardiomyocytes (Kattman et al., 2011). Unlike primary
culture models of human cardiomyocytes that proliferate and lose their ability to beat,
human iPSC-CMs are post-mitotic, express cardiac contractile proteins, and have the entire
complement of functional electrophysical channels to allow the physical contraction of the
myocytes (Anson et al., 2011). Characterization of terminally differentiated iPSC-CMs
revealed puntated fibrous striations of cardiac specific a/B-myosin heavy chains, cardiac
troponin T, actin-related proteins; and ion channels (Na+, L-type Ca 2+, and hERG)
expressed at the intermembrane surfaces (Guo et al., 2011). Moreover, successful myocyte
formation of iPSC-CMs was further characterized by measuring physical contraction of the
myocytes, with synchronous oscillations of 40 beats per minute, and measuring functional
electrophysical properties by use of multielectrode array (Guo et al., 2011). It is reasonable
to assume that these functional human cardiomyocytes might possess metabolic mechanisms
that are more similar to those in the intact human heart as compared with either primary cell
cultures or non-human based /7 vitro models.

In the present study, the involvement of AMPK in sunitinib-mediated cardiotoxicity in
human iPSC-CMs was explored. Two known AMPK activators, AICAR and metformin
(Corton et al., 1995; Towler and Hardie, 2007), were unable to attenuate substantial
sunitinib-mediated toxicity. Furthermore, additional inhibitors of AMPK (RO-3857,
R0O-9568, RO-1652) were found to be non-cardiotoxic, which led us to reexamine the
potential off-target kinase inhibition profile of sunitinib. Similar to AMPK, Ribosomal S 6
kinase (RSK) also had a dissociation constant (Kd) within the therapeutic plasma range of
sunitinib (0.1 uM) and was predicted to be a critical off-target kinase mediating-sunitinib
cardiotoxicity (Fabian et al., 2005; Force et al., 2007). RSK kinases carry out various
cellular functions, such as involvement in proliferation, growth, motility, and survival
(Anjum and Blenis, 2008). An irreversible inhibitor of RSK1/2/4 kinases did not induce
cytotoxicity. This study highlights the complexity of dissecting sunitinib-mediated
cardiotoxicity from adverse conduction effects, as an extensive electrophysiological analysis
of sunitinib-mediated inhibition of the sodium and hERG channels and examination of field
potential changes were performed. Utilization of a novel /n7 vitro human cardiomyocyte
model allowed for a unique analysis of sunitinib-mediated electrophysiological effects,
which may shed some light on the mechanism resulting in sunitinib-mediated adverse
conduction events.

Materials and methods

Chemicals

Sunitinib was purchased from LGM Pharmaceuticals (Boca Raton, FL). AICAR and
metformin were purchased from Sigma Aldrich (St. Louis, MO). RO-3857, RO-9568, and
RO-1652 compounds were synthesized at Roche. The RSK1/2/4 inhibitor,
fluoromethylketone methoxyethylamine (RSK FMK-MEA), was synthesized by the same
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procedure used to synthesize fluoromethylketone propargylamine (Cohen et al., 2007), with
the exception that methoxyethylamine was used instead of propargylamine.

Human induced pluripotent stem cell-derived human cardiomyocytes (iCells) from Cellular
Dynamics International (CDI, http://www.cellulardynamics.com/products/
cardiomyocytes.html) were thawed in Plating Media (CDI) and plated as single cells onto
collagen-coated 96-well plates (BD Biosciences) at a density of 50 x 103 viable-adherent
cells per well (percent adherence documented on iCell data sheet). Additionally, iCells
cultured for Micro-electrode Array (MEA) experimentation were thawed in Plating Media
and plated onto 0.1% Gelatin (Sigma)-coated 6-well tissue-culture plates at a density of 2.2—
2.7 x 10 cells per well. Cells were cultured for 5-7 days, changing the media with
Maintenance Media (CDI) every two days after thawing.

Western blot analysis

iCell cardiomyocytes were lysed with Cell Lysis Buffer 1x (Cell Signaling Technology)
containing 1 mM Pefabloc SC (Roche Applied Science), 1x Protease Inhibitor Tablet
(Roche Applied Science), and Phosphatase Inhibitor Cocktail (Sigma Aldrich). Protein
concentration was determined with the Qubit Protein Assay (Invitrogen). Protein was
subjected to 10 or 12% SDS-PAGE and proteins were electrophoretically transferred to
PVDF membranes (Bio-Rad trans-blot system). Membranes were blocked in ODYSSEY
Blocking Buffer (L1-COR Biosciences, Lincoln, NE). Primary antibodies pACC-S79, ACC,
pAMPK-T172, AMPK, and RSK1 (Cell Signaling Technologies), and GAPDH (Sigma
Aldrich) were incubated, in 5% BSA in 1x TBS-0.1% Tween 20, overnight at 4 °C with
gentle shaking. The secondary-immunoglobulin was conjugated with donkey-anti-mouse IR
Dye 800 CW or donkey-anti-rabbit IR Dye 680 (LI-COR Biosciences) at a 1:15000 dilution.
The blots were visualized Odyssey Infrared Imaging System (LI-COR Biosciences).

Cell viability assays

Following treatment of iCells for 24 h, release of lactate dehydrogenase (LDH), ATP
content, Caspase 3/7 cleavage, and GSH were monitored. LDH release by damaged cells
into the supernatant was determined by the Cytotoxicity Detection Kit (LDH) (Roche
Applied Science). ATP present in metabolically active cells was quantified using the
CellTiter-Glo Luminescent Cell Viability Assay (Promega). Cellular apoptosis was
measured using the Caspase-Glo 3/7 Assay (Promega). Cellular glutathione (GSH) was
measured using the GSH-Glo Glutathione Assay (Promega). All assays were performed
according to manufacturer's recommendations. Signals were quantified using an Envision
2104 Multilabel Reader (Perkin Elmer) at 490 nm for LDH and luminescent signal for ATP,
Caspase-3/7, and GSH.

Kinase inhibition

Sunitinib, RO-3857, RO-9568, and RO-1652 were sent to Ambit Biosciences (San Diego,
CA) for kinase selectivity analysis against 227 to 353 kinases using KINOMEscan assays. In
this cell free binding assay, ligand-bound kinase quantities are measured in the presence and
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absence of the compound. The values reported are in terms of percent inhibition (%) for
each compound against each of the kinases.

MEA experimentation

MEAs were prepared according to manufacturer guidelines. Briefly, microelectrodes in 6-
well MEA dishes were coated with 2 pL Fibronectin (Sigma) diluted 1:20 and incubated at
37 °C for 3 h. iCells were reseeded at the target density of 3 x 10% cells in a 2 uL delivery to
microelectrodes and incubated at 37 °C, 7% CO, for 3 h prior to filling each well with
Maintenance Media (CDI). The media of MEAs were changed every 2 days thereafter, using
Maintenance Media warmed to 37 °C. Cells were cultured for 3—7 days prior to conducting
an experiment. Sunitinib stocks were prepared in DMSO at 30 mM and frozen at —80 °C
until use. For MEA experimentation, sunitinib stock was serially diluted in Maintenance
Media to 20x the target concentrations. MEAs were equilibrated for 15 min within the
MEAGO recorder system (Multichannel Systems), prior to compound exposure. The MEA
atmosphere was maintained at 37 °C, 95% O,, and 5% CO, during recordings in a custom
designed chamber. Compound additions were made in cumulatively increasing additions by
factors of 10 to prevent disruption of electro currents, recording for 15 min at each
concentration. Each 6-well MEA possessed at least one well as the time-matched vehicle
(DMSO) control.

PatchXpress hERG and Nav1.5 assessment

The detailed method to quantify hERG channel inhibition by the automated patch clamp
system PatchXpress® 7000A (Molecular Devices, Sunnyvale, CA) has been described
elsewhere (Guo and Guthrie, 2005). In brief, Chinese hamster ovary (CHO) cells transfected
with the human ether-a-go-go-related gene (hERG) was cultured in Ex-cell 302 media
supplemented with 10% fetal bovine serum (FBS), 2 mM glutamine and 0.25 mg/mL
geneticin and maintained in a CO5 incubator at 37 °C. For patch clamp electrophysiology,
the external buffer contained (in mM): 150 NaCl, 10 Hepes, 4 KCI, 1.2 CaCl,, 1 MgCl,,
pH7.4 adjusted with HCI and the internal recording solution contained (in mM): 140 KCI, 6
EGTA, 5 Hepes, MgCl,, 5 ATP-Nay, pH 7.2 adjusted with KOH. Once the cell was loaded
in the recording chamber and formed a giga ohm seal with the planar glass electrodes
(Sealchip™), a whole-cell configuration was achieved by rupturing the cell membrane. The
membrane potential was then clamped at —80 mV and the hERG channel activated by a 500
ms-depolarizing pulse delivered at 0.1 Hz, the hERG current was measured during the 500
ms-repolarizing pulse to —40 mV. For Nav1.5 channels, Chinese hamster lung cells (CHL)
transfected with human Nav1.5 channel gene (SCN5A) was cultured in DMEM media
supplemented with 10% FBS and 0.5 mg/mL geneticin in a CO, incubator at 37 °C. To
measure the Nav1.5 channel current, the cells were bathed in the external buffer containing
(in mM): 50 NaCl, 110 DL-aspartic acid, 1 KCI, 1 MgCl,, 1.8 CaCl,, 10 Hepes, 10 glucose,
pH 7.4 titrated with gluconic acid, and the internal contained (in mM): 130 CsOH, 130
gluconic acid, 5 CsCl, 5 NaCl, 1 MgCl,, 2 ATP-Mg, 0.2 GTP-Li, 0.5 EGTA, 10 Hepes, and
pH 7.3 titrated with gluconic acid. Once the whole-cell configuration was established, the
cell membrane potential was clamped at —80 mV. To activate Nav1.5 channels, the
membrane was first hyperpolarized to -120 mV for 100 ms, followed by depolarization to
-10 mV for 30 ms before returning to —80 mV. The testing pulses were applied at 3 Hz.
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After an acceptable hERG or Nav1.5 current recording was obtained, the cell was first
exposed to 0.3% DMSO as the vehicle control, followed by the test article in three
ascending, full-log interval concentrations and finally E-4031 at 1 uM or tetracaine at 30 pM
as the positive controls to block the hERG and Nav1.5 channel current completely. The
inhibition of hERG or Nav1.5 channel current at each drug concentration was normalized to
the baseline (pre-drug) level, and fitted with Hill equation to calculate 1Csgp.

Sunitinib induces cardiac myocyte injury in human iPSC-CMs

The effect of sunitinib on cardiac structure, mitochondrial function, and cytotoxicity has
been previously characterized in NRVM (Chu et al., 2007; Hasinoff et al., 2008; Kerkela et
al., 2009), but has not been defined in human cardiac cells, either primary or stem cell-
derived (Chu et al., 2007; Di Lorenzo et al., 2009). To identify the appropriate time point to
examine sunitinib-mediated cardiotoxicity, we conducted a dose range-finding study with
3.9 to 250 pM sunitinib every 2 h for a 48 h time course (unpublished results). The treatment
duration selected for this study was 24 h with a concentration range of 8 to 31 uM (Fig. 1).
At 31 uM of sunitinib, near 100% depletion of ATP, cleavage of caspase 3/7, oxidation of
GSH, and release of LDH was observed (Fig. 1). Compared to vehicle treated cells, at 23
UM of sunitinib, greater than 60% of ATP was depleted, 67% of GSH was oxidized, and a
300% increase in LDH release was observed (Fig. 1). Based on the dose—response data for
ATP depletion, the TCsq in human iPSC-CMs was 16.7 UM for sunitinib. These cytotoxicity
data suggests sunitinib treatment of human iPSC-CMs depleted ATP, induced apoptosis and
oxidative stress, and led to the loss of barrier integrity of the cell membrane and established
the 24 h, low uM dose curve used in subsequent studies.

Effect of AMPK over-activation on sunitinib-mediated cardiotoxicity in iPSC-CMs

AMPK is inhibited by sunitinib at a clinically relevant concentration (Deeks and Keating,
2006; Faivre et al., 2006), andmay be important in cardiac injury (Force et al., 2007; Force
and Kolaja, 2011). If sunitinib did inhibit AMPK, the loss of phosphorylation on acetyl-CoA
carboxylase (ACC-Ser79) by AMPK would result in enhanced ACC activity and increased
consumption of ATP (Davies et al., 1990; Hardie, 2003, 2004). The inhibition of
phosphorylation of AMPK's downstream target, ACC-Ser79, was measured to confirm that
sunitinib (15 pM for 2 h) inhibited AMPK in human iPSC-CMs (Fig. 2A).

To determine if AMPK activation could attenuate sunitinib cardio-toxicity, human iPSC-
CMs were pretreated for 3 h with 1 or 2 mM AICAR or metformin. Western blot analysis of
the phosphorylation status of AMPKa-Thr172 and its downstream target ACC-Ser79
confirmed both AICAR and metformin treatment activated AMPK signaling in iPSC-CMs
(Fig. 2B). Following a 3 h pretreatment of 1 or 2 mM AICAR or metformin, iPSC-CMs
were treated for 24 h with a single dose of 8 to 31 uM of sunitinib. Neither AICAR (Fig. 3A)
nor metformin (Fig. 3E) attenuated sunitinib-mediated ATP depletion. Pretreatment with 1
mM AICAR of 31 uM sunitinib resulted in a 14% attenuation of oxidized GSH (Fig. 3B, p <
0.001). Additionally, maximal attenuation of caspase 3/7 cleavage of 108% was observed
with 2 mM AICAR pretreatment of 23 uM sunitinib (Fig. 3C, p < 0.01), and an 80%
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reduction of LDH release with 1 mM AICAR pretreatment of 23 or 31 pM sunitinib (Fig.
3D, p < 0.001). Similarly, a 35% reduction in oxidation of GSH was observed with 2 mM
metformin pretreatment of 23 pM sunitinib (Fig. 3F, p < 0.01). Maximal attenuation of
caspase 3/7 cleavage of 107% (Fig. 3G, p < 0.01) and LDH release of 90% (Fig. 3H, p <
0.01) was observed with 1 mM metformin pretreatment of 23 uM sunitinib. Since neither
AMPK activator attenuated ATP depletion, these data suggest AMPK is not critical
inmediating sunitinib-mediated cardiotoxicity in human iPSC-CMs.

AMPK kinase inhibitors are not cardiotoxic in iPSC-CMs

To further evaluate the role of AMPK in cytotoxicity, internally developed small molecule
kinase inhibitors of AMPKa1/a2 (RO-3857, RO-9568, RO-1652) were tested in human
iPSC-CMs. AMPKal/a2 are inhibited in a range 93-98% binding (See Supplemental Figs.
2-4, respectively, for the kinase inhibition profiles and compound structure). The
downstream signaling of AMPK was investigated for RO3857; treatment with 31 yM AMPK
inhibitor (RO-3857) and 15.6 uM sunitinib both decreased the phosphorylation status of
ACC-S79 (Fig. 4, lanes 2-3). GAPDH protein expression was not changed in any of the
treatment conditions, indicating no effects on viability occurred during the treatments (Fig.
4).

A dose response curve was generated in iPSC-CMs treated with 4 to 250 uM AMPK
inhibitors. The AMPK inhibitors, RO-3857 and RO-9568, did not change ATP or LDH at
any concentration tested (Figs. 5A and B), whereas RO-1652 resulted in cytotoxicity only at
the highest concentration of 250 uM (Fig. 5C). These data suggest that inhibition of AMPK
does not result in cytotoxicity and that AMPK is most likely not involved in sunitinib-
mediated cardiotoxicity.

RSK1/2/4 inhibition does not mediate sunitinib cardiotoxicity in human iPSC-CMs

Ribosomal S 6 kinase (RSK) was identified as a potential target of sunitinib (Fabian et al.,
2005). Sunitinib inhibited RSK1 and RSK2 with K values of 0.14 uM and 0.017 uM,
respectively (Karaman et al., 2008). Furthermore, in a kinase activity assay, sunitinib
inhibited RSK1 with an ICsq value of 0.36 uM (Hasinoff et al., 2008), which is within the
therapeutic plasma concentration range of 0.1 uM for sunitinib (Faivre et al., 2007). In the
10 uM AMBIT screen (Supplemental Fig. 1) RSK1/2/4 were potently inhibited at 100% by
sunitinib. The protein expression of RSK1 in human iPSC-CMs was confirmed by Western
blot (Fig. 6A). Therefore, RSK1/2/4 may be critical targets mediating sunitinib
cardiotoxicity.

To evaluate the role of RSK in cardiotoxicity, a dose response curve was generated in iPSC-
CMs treated with 4 to 250 UM of RSK FMK-MEA, an irreversible inhibitor of RSK1/2/4
kinases (Cohen et al., 2005). Treatment with up to 62 uM of the RSK1/2/4 inhibitor did not
result in ATP depletion or LDH release (Fig. 6A). Based on the dose-response data for ATP
depletion, the TCsp of RSK FMK-MEA in human iPSC-CMs is 250 uM (Fig. 6). Therefore,
sunitinib cardiotoxicity does not appear to be mediated through off-target RSK inhibition.
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Sunitinib and the RSK inhibitor mediate contractile and electrophysiological changes in
human iPSC-CMs

In patients, cardiac adverse events associated with sunitinib treatment are hypertension,
reductions in left ventricular ejection fraction (LVEF), and congestive heart failure (Chu et
al., 2007; Di Lorenzo et al., 2009; Faivre et al., 2007; Telli et al., 2008). The decrease in
LVEF has been postulated to be a direct result of cardiomyocyte injury (Chu et al., 2007).
Another effect of sunitinib, observed in patients, is a dose-dependent delay in cardiac
repolarization resulting in prolongation of the QT interval (Bello et al., 2009). To detect
sunitinib mediated changes in cardiac electrophysiology, in synchronously beating human
iPSC-CMs, microelectrode arrays were used (MEA). Recordings on MEA were made for 15
min at each concentration and a dose-dependent reduction in beat rate was observed at
concentrations as low as 1 UM sunitinib (Figs. 7A-B). This was accompanied by the
prolongation of fPDc (field-potential duration corrected by the beat rate with Fridericia
formula) (Fig. 7B), a parameter resembling action potential duration in a single
cardiomyocyte or QT interval in a heart. Furthermore, sunitinib dose-dependently reduced
the amplitude of the Na*-peak, and CaZ*-waveform at higher concentrations in iPSC-CMs,
suggestive of altered Na* and Ca?* cycling. At 10 uM sunitinib, MEA field potential traces
depicted intermittent small, irregular (arrhythmic) beats with altered amplitude and beat
duration at 30 uM sunitinib (Fig. 7B). These observations of sodium peak reduction and the
initiation of these irregular arrhythmic beats, reminiscent of the field potential changes due
to specific hERG channel blockers, prompted the examination of the effects of sunitinib and
the RSK1/2/4 inhibitor by whole cell, single channel patch clamp analysis. To determine the
effect of sunitinib on the potassium permeable, voltage-gated ion channel hERG, which
mediates the repolarizing /; current of the cardiac action potential, and the effect of
sunitinib on the voltage-gated human heart sodium channel (Nav1.5), PatchXpress with
Chinese hamster ovary (CHO) cells expressing the human ether-a-go-go-related gene
(hERG) and Chinese hamster Lung (CHL) cells expressing Nav1.5, respectively was used.
Based on a dose—response curve with sunitinib in CHO-hERG cells, the ICsq value of hERG
inhibition is 1.4 uM, and the ICsq value of Nav1.5 channel inhibition is 7.0 uM (Fig. 7C).

While the deleterious electrophysiological effects of sunitinib are likely mediated by
simultaneous hERG and Nav1.5 blockade, the role of off-target kinase inhibition on
conduction effects was explored by modulating RSK and AMPK kinases. Treatment with
the highly selective, irreversible RSK1/2/4 inhibitor (Cohen et al., 2007) resulted in a dose-
dependent reduction in the amplitude of the Na*-peak, and distinct irregular (arrhythmic)
beats with altered amplitude and beat duration as low as 3 pM RSK FMK-MEA which was
accompanied by the dose-dependent prolongation of fPDc (Figs. 7D-E). To determine the
effect of the RSK inhibitor on hERG and Nav1.5 channels in CHO-hERG and CHL-Nav1.5
cells respectively, we utilized PatchXpress. Based on a dose—response curve with RSK
FMK-MEA, the I1Csq value of hERG inhibition is 2.2 uM, and the 1Csq value of Nav1.5
channel inhibition is 56.8 uM (Fig. 7F).

Given that activating mutations in the y2 subunit of AMPK, observed in Wolfe—Parkinson—
White (WPW) patients, is associated with ventricular pre-excitation and atrial
tachyarrythmias (Ahmad et al., 2005; Arad et al., 2003; Blair et al., 2001; Dyck and
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Lopaschuk, 2006; Oliveira et al., 2003; Zhang et al., 2008), the perturbation (overactivation
or inhibition) of AMPK activity may result in conduction effects. Stimulation of AMPK
with up to 2 mM of AICAR or metformin did not significantly change the beat rate (up or
down) greater than 1% from baseline (Figs. 8A-B). Inhibition of AMPK with both RO-9568
and RO-3857 resulted in a clear decrease in amplitude and increase in beat rate with 30 to 60
UM treatments (Figs. 8C-D). The increased beat rate may be attributed to blocking the
calcium peak; a result similar to the increase in beat rate seen with the L-type Ca2* channel
blocker nifedipine (Shen et al., 2000).

Discussion

Derivation of human iPSC-CMs with functional sarcomeric structures and channel activity
enabled mechanistic assessment of the toxicity of sunitinib. Previously, human drug-induced
toxicity research was limited to extrapolations from animal models that may not properly
predict human response, primary tissues which suffer from dedifferentiation and donor-to-
donor variability, or transformed cell lines that bear little resemblance to their tissue-of-
origin (Bistola et al., 2008; Davidson et al., 2005; Field, 1988; Force and Kolaja, 2011;
Gussak et al., 2000; Kimes and Brandt, 1976; Simpson and Savion, 1982; White et al., 2004;
Zhang et al., 2009). Human iPSC-CMs are an improvement given their resemblance to intact
tissues on a genomic, transcriptional, and functional nature.

Human iPSC-CMs were used to investigate the involvement of AMPK and RSK in
sunitinib-mediated cardiotoxicity. The potent inhibition of hERG by the RSK1/2/4 inhibitor
confounds the interpretation of the electrophysiology data (MEA) and the role inhibition of
RSK may play in sunitinib-mediated arrhythmias. Studies published by Kerkela et al. (2009)
reported that overexpression of a constitutively active AMPK mutant in NRVMs reduced
sunitinib-mediated apoptosis. Conversely, our studies are in agreement with Hasinoff et al.
(2008) who reported that pretreatment with metformin failed to attenuate sunitinib
cardiotoxicity (LDH release) in NRVMs. Both Kerkela and Hasinoff employ the TUNEL
assay or LDH release to analyze sunitinib cardiotoxicity, which may not be as predictive as
myocyte ATP content. During metabolic stress, AMPK maintains energy homoestasis by
increasing ATP generation and regulating glucose and fatty acid metabolism (Dyck and
Lopaschuk, 2006). Vast amounts of ATP are necessary to mediate the contractile activity of
sarcomeres, and when ATP generation is perturbed, the minimal cardiac ATP reserves are
depleted within seconds (Dyck and Lopaschuk, 2006; Force and Kolaja, 2011; Khouri et al.,
1965). Therefore, measuring mitochondrial ATP is an excellent gage of the cardiomyocytes
ability to function, as well as survive. In human iPSC-CMs, we observed a rapid depletion of
ATP (80%) by 4.5 h, and as early at 1.7 h a significant increase in apoptosis and GSH
oxidation with 31 UM sunitinib (unpublished results). In human iPSC-CMs treated with
sunitinib, ATP was dose-dependently depleted by 24 h, and a parallel increase in apoptosis,
GSH oxidation, and LDH release was also observed. An explanation of why attenuation of
apoptosis, and not ATP depletion, was observed,; is that studies in the heart suggest that
AMPK activation is antiapoptotic (Hickson-Bick et al., 2000; Russell et al., 2004; Shibata et
al., 2005; Terai et al., 2005; Dyck and Lopaschuk, 2006; Spector et al., 2007). In particular,
Shibata et al. (2005) demonstrated that adiponectin induced AMPK activation attenuated
apoptosis in hypoxia-induced NRVMs. It is thought that energy depletion is a critical trigger

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2018 March 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cohen et al.

Page 10

of apoptosis (Dyck and Lopaschuk, 2006), therefore, the attenuation of caspase 3/7 cleavage
following overactivaton of AMPK should have resulted in a parallel rescue of ATP.
Therefore, the inability of AMPK activation to overcome sunitinib-mediated ATP depletion,
combined with the lack of cardiotoxicity of small molecule inhibitors of AMPK, strongly
suggests that AMPK alone is not a critical protein contributing to the cytotoxicity of
sunitinib.

Although the cytotoxicity of sunitinib is likely unrelated to the conduction effects,
conduction abnormalities could lead to ischemic injury in the heart that may cause direct
tissue damage (Topol, 2007). Changes in the electrical current have been reported to lead to
conduction effects which caused valve injury in patients (Topol, 2007). Therefore, it is
important to investigate changes in conduction and electrophysiological properties following
treatment with sunitinib and SMls in human iPSC-CMs, which have synchronous
oscillations in a monolayer (Guo et al., 2011). Sunitinib-induced electrophysiological
changes including decreased sodium and calcium peaks and a decrease in the beat rate/
duration that were detected with as low as 1 UM sunitinib. To further explore sunitinib
inhibition of critical cardiac channels, the direct inhibition of hERG and Nav1.5 channels
was measured by automated patch clamp. The change in the depolarization observed /n vitro
in iPSC-CMs, confirmed by Nav1.5 channel inhibition (Nav1.5 ICgq Fig. 7), parallels the
sunitinib-mediated changes in cardiac repolarization and prolongation of the QT interval
seen in the clinic (Bello et al., 2009). Altered depolarization of the ventricles suggest a
change in the flow between RV and LV, and may predispose the myocardium to damage;
which may relate to decreases in LVEF seen in the clinic following sunitinib treatment (Chu
et al., 2007).

The inhibition of AMPK could be a plausible explanation for the decrease in amplitude and
beat rate that results from sunitinib treatment, given that Wolfe-Parkinson-White (WPW)
syndrome patients with overactivation of AMPK experience ventricular pre-excitation and
atrial tachyarrythmias (Dyck and Lopaschuk, 2006). Patients with WPW syndrome have
mutations in AMPK~y2 that lead to higher basal activity of cardiac AMPKa., insensitivity to
increases in AMP, increased cardiac glycogen, and profound cardiac hypertrophy (Dyck and
Lopaschuk, 2006). Although the use of potent AMPK inhibitors resulted in a decrease in
amplitude, the beat rate was increased, which was the opposite effect seen with sunitinib
treatment. The increased beat rate may be attributed to off-target inhibition of kinases other
than AMPK, such as calcium-calmodulin-dependent protein kinases (CAMK1, CAMK1D,
CAMKK?2, CAMK2D, and CAMK2A) which have been inhibited to varying degrees by the
AMPK inhibitors and have been implicated in regulating heart beat (Maier and Bers, 2002).

To interrogate the list of prospective off-target kinases that may be involved in mediating
sunitinib cardiotoxicity, we compared kinases that were inhibited (Supplemental Fig. 1) to a
known list of kinases of importance in the heart (Force and Kolaja, 2011) (Table 1A). Of 50
kinases relevant to the heart, 18 of those kinases were inhibited less than 50% by sunitinib
(Table 1A), and another 14 of those kinases were inhibited by the AMPK inhibitors
(RO-3857, RO-9568, and RO-1652) that were not cardiotoxic (Table 1B). The simplified list
of 13 kinases that may be involved in sunitinib-mediated cardiotoxicity are highlighted
(pink) (Table 1A). A number of studies geared towards profiling FDA approved cardiotoxic
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TKIs, including sunitinib, correlated cardiac myocyte damage with lack of target specificity
(Hasinoff, 2010; Hasinoff and Patel, 2010). Therefore, sunitinib cardiotoxicitymay not be
attributed to off-target inhibition of a single kinase, but a synergistic effect compounded by
inhibition of multiple kinases.

The availability of appropriate models for use during the drug development process is
critical to predicting adverse cardiac events and reducing pre-clinical drug attrition rates.
This lack of relevant predictive models has made it difficult to generate biologically
meaningful cardiotoxicity data. Therefore, utilization of human iPSC-CMs to perform
mechanistic studies (electrophysiological, contractile, and signal transduction) which were
not previously possible, may allow for a method to screen earlier for cardiac dysfunction.
Human iPSC-CMs are a novel model for the detection of drug-induced cardiotoxicity, and
may be a better predictive model to address adverse cardiac events preceding the clinical
stages of development of a compound.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Sunitinib cardiotoxicity profile in human iPSC-CMs. iCell cardiomyocytes were treatedwith
8 to 31 uM sunitinib for 24 h; followed by ATP depletion, LDH release, caspase 3/7
cleavage, and GSH oxidation assays. N=3 for all treatment groups, and symbols denote
statistically significant decrease (*) or increase (F) between vehicle and sunitinib treatment

groups, student 7-test p < 0.05.
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Fig. 2.
AMPK and ACC signaling inhibited by sunitinib, but activated by aminoimidazole

carboxamide ribonucleotide (AICAR) or metformin treatments in iPSC-CMs. iCell
cardiomyocytes were treated with (A) 15 pM sunitinib [S] for 2 h, (B) 1 mM AICAR [A] or
metformin [M], or vehicle [0] for 3 h. iCell and HEK293 [H] (positive control) whole cell
lysates were subjected to Western blotting with antibodies specific to pACC-S79, ACC, p-
AMPK-T172, AMPK, and GAPDH.

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2018 March 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Cohen et al.

I
o

3
8

~
o

ATP (% Vehicle)
2

»
o

o

m

0
o

o
S

-
o

»
a

ATP (% Vehicle)
g

o

0 B 0 C 0
bws [ bws [z R o
16 M S 16uMS 16pMS
200 > 500
Py )
3 ] 2 40 N
[*3
- 150 g T R
< 2 300
100 <
& g 200
3
% ® B 1001 :
0]
- - . = [ 2,
0 1mM 2mMm 0 1mM 2mM 0 1imM 2mM
[AICAR] [AICAR] [AICAR]
200 @ 500 +
L ? 2
S 150 I £ 400
= > 1
g = 300 P
100 < 1
& t £ 200
= = S * *
8 ¥ S 100
- e . 5, | T
0 1 mM 2mMm 1mM " 2mMm 0 1mM 2mM
[Metformin] [Metformin] [Metformin]
Fig. 3.

500

o)
g 400

=
0 300

# 200

4
O 100
p}

I

—~

LDH (% Vehicle;

@
S
=)

250

a s n
@ 2 @ o
o & 8 & 38

Page 18

0
8 pMS B
16 M S

23uMS
31uMS

|53

o

[Tl

0 1mMm

[AICAR]

bl

=

1mM
[Metformin]

AICAR or metformin pretreatment results in marginal attenuation of sunitinib cardiotoxicity
in iPSC-CM:s. iCell cardiomyocytes were pretreated with 1 or 2 mM AICAR (A-D) or
metformin (E-H) for 3 h, followed by treatment with 8 to 31 uM sunitinib (S) for 24 h.
iCells were then assayed for (A, E) ATP depletion, (B, F) GSH oxidation, (C, G), caspase
3/7 cleavage, and, (D, H) LDH release. N=3 for all treatment groups, and symbols denote
statistically significant decrease (*) or increase (1) between sunitinib alone and pretreatment
groups, student 7-test p < 0.05.
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Fig. 4.
Validation of downstream signaling of AMPK kinase inhibitor in iPSC-CMs. iCell

cardiomyocytes were treated with (1) vehicle, (2) 31 uM RO-3857 [AMPK], and (3) 15 uM
sunitinib for 2 h. iCell whole cell lysates were subjected to Western blotting with antibodies
specific to pACC-S79, ACC, AMPK, and GAPDH.
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AMPK kinase inhibitors are not cardiotoxic in iPSC-CMs. iCell cardiomyocytes were
treated for 24 h with 4 to 250 pMof (A-C) small molecule inhibitors of AMPKa.1/2
(RO-3857, RO-9568, and RO-1652). iCells were then assayed for LDH release and ATP
depletion. N=4 for all treatment groups.
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Fig. 6.

Iriversible RSK1/2/4 inhibitor is not cardiotoxic in iPSC-CMs. (A) iCell [1] and HEK293
[2] whole cell lysates were subjected to Western blotting with antibodies specific to RSK1
and GAPDH. (B) iCell cardiomyocytes were treated for 24 h with 4 to 250 uM of an
irreversible RSK inhibitor (RSK FMK-MEA). iCells were then assayed for LDH release and
ATP depletion. N=4 for all treatment groups.
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Fig. 7.

Sunitinib and RSK inhibitor-mediated electrophysiological changes in human iPSC-CMs.
Human iPSC-CMs were plated on microelectrode arrays (MEA). (A) MEA traces

representative of serially increasing additions of sunitinib (0, 1, 10, 30 uM) that were

recorded for 15 min at each concentration, and each trace represents 10 s.”. (B) Normalized
beat rate (BR), field-potential duration (fPDc), sodium (Na*) peak, and calcium (Ca2*) peak
of sunitinib MEA results. Mean £ SEM, n = 4 wells, * p < 0.05, ** p < 0.01 (#test). (C)

Using CHO-hERG and CHL-Nav1.5 cells, hERG and Nav1.5 channel assays were
performed following serially increasing additions of sunitinib (0, 0.3, 3, 30 uM). n = 3 for
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hERG, and n =9 for Nav1.5. (D) MEA traces representative of serially increasing additions
of RSK FMK-MEA (0, 0.3, 3, 30 uM) that were recorded for 15 min at each concentration.
(E) Normalized beat rate (BR), field-potential duration (fPDc), Na* peak, and Ca2* peak of
RSK FMK-MEA results. Mean £ SEM, n =4 wells, * p < 0.05, ** p < 0.01 (#test). (F)
Using CHO-hERG and CHL-Nav1.5 cells, hERG and Nav1.5 channel assays were
performed following serially increasing additions of RSK FMK-MEA (0, 0.3, 3, 30 pM). N
=6 for hERG, and n = 3 for Nav1.5.
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Fig. 8.
AICAR, metformin, and AMPK inhibitor-mediated electrophysiological changes in human
iPSC-CMs. Human iPSC-CMs were plated on microelectrode arrays (MEA). MEA traces of
serially increasing additions (0, 1, 2 mM) of (A) AICAR or (B) metformin that were
recorded for 15 min at each concentration. MEA traces of serially increasing additions (0, 3,
30, 60 uM) of AMPK inhibitors (C) RO-9568 or (D) RO-3857 that were recorded for 15 min
at each concentration, and each trace represents 10 s.”.
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