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Aims Tyrosine kinase inhibitors (TKIs) have revolutionized the treatment of chronic myelogenous leukaemia (CML).
However, cardiotoxicity of these agents remains a serious concern. The underlying mechanism of these adverse cardiac
effects is largely unknown. Delineation of the underlying mechanisms of TKIs associated cardiac dysfunction could guide
potential prevention strategies, rescue approaches, and future drug design. This study aimed to determine the cardio-
toxic potential of approved CML TKIs, define the associated signalling mechanism and identify potential alternatives.

....................................................................................................................................................................................................
Methods
and results

In this study, we employed a zebrafish transgenic BNP reporter line that expresses luciferase under control of the
nppb promoter (nppb:F-Luciferase) to assess the cardiotoxicity of all approved CML TKIs. Our in vivo screen identi-
fied ponatinib as the most cardiotoxic agent among the approved CML TKIs. Then using a combination of zebrafish
and isolated neonatal rat cardiomyocytes, we delineated the signalling mechanism of ponatinib-induced cardiotoxic-
ity by demonstrating that ponatinib inhibits cardiac prosurvival signalling pathways AKT and extra-cellular-signal-
regulated kinase (ERK), and induces cardiomyocyte apoptosis. As a proof of concept, we augmented AKT and ERK
signalling by administration of Neuregulin-1b (NRG-1b), and this prevented ponatinib-induced cardiomyocyte apo-
ptosis. We also demonstrate that ponatinib-induced cardiotoxicity is not mediated by inhibition of fibroblast growth
factor signalling, a well-known target of ponatinib. Finally, our comparative profiling for the cardiotoxic potential of
CML approved TKIs, identified asciminib (ABL001) as a potentially much less cardiotoxic treatment option for CML
patients with the T315I mutation.

....................................................................................................................................................................................................
Conclusion Herein, we used a combination of in vivo and in vitro methods to systematically screen CML TKIs for cardiotoxicity,

identify novel molecular mechanisms for TKI cardiotoxicity, and identify less cardiotoxic alternatives.
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This article is part of the Spotlight Issue on Cardio-oncology.

1. Introduction

Over the past few decades, the survival of cancer patients has significantly
improved through the collective efforts of laboratory and clinical oncology
research.1,2 However, manifestation of cardiotoxic effects for many antican-
cer therapeutics has compromised their clinical effectiveness resulting in dis-
continued use or in some cases even withdrawal from the market. Hence,
there is a desperate need for strategies to identify cardiotoxicity much

earlier in the drug development process. The major goals of the emerging
discipline of cardio-oncology are to better understand the pathophysiology
of cancer therapy-associated cardiotoxicity, and to provide an early predic-
tion, management, and treatment strategy for cardiac complications in can-
cer patients and survivors.3 Tremendous strides have been made to
understand the mechanism of chemotherapy-induced cardiotoxicity.
However, the mechanism and frequency of molecular targeted therapy-
induced cardiotoxicity is largely unknown and likely underestimated.
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Chronic myelogenous leukaemia (CML) is caused by a reciprocal

translocation between chromosomes 9 and 22 t(9;22q34;q11) or
Philadelphia (Ph) chromosome resulting in the breakpoint cluster
region-Abelson (BCR-ABL) fusion gene.4–7 The constitutive activity of the
oncogenic BCR-ABL tyrosine kinase is the primary event that drives
CML pathogenesis and thus serves as an ideal target for therapy.8–11

Imatinib inhibits the formation of BCR-ABL oncoprotein, and has become
the first-line therapy for CML patients.12–14 Unfortunately, frequent kinase
domain mutations in BCR-ABL are a critical cause of imatinib resis-
tance.8,14–20 Shortly after the realization of imatinib-insensitivity, second
and third generation inhibitors were developed.21–24 Although dasatinib
(Sprycel, BMS-354825), nilotinib (Tasigna, AMN107), and bosutinib
(Bosulif) are potent against imatinib-resistant CML, they have been
largely ineffective for patients with the T315I (gatekeeper) mutation.25–27

In 2012, ponatinib (Iclusig), a novel potent tyrosine kinase inhibitor
(TKI), was granted ‘Accelerated Approval’ for the treatment of
‘Philadelphia chromosome–positive’ (Phþ) CML patients resistant or in-
tolerant to prior TKI therapy.28–31 Importantly, ponatinib could also inhibit
the activity of the BCR-ABL T315I mutation for which no alternative ther-
apy existed. Unfortunately, serious adverse events were reported in
patients treated with ponatinib, which tempered its clinical use.32 In phase
II trial, 18/449 patients died during the study.29 The common adverse
events were thrombocytopenia (37% of patients), abdominal pain (22%),
rash (34%), vascular occlusion (23%), dry skin (32%), and neutropenia
(19%).29 Patients treated with ponatinib have been reported to have in-
creased rates of fatal myocardial infarction (Grade 3 or 4).29,33–35 In addi-
tion, ponatinib administration induces cardiovascular complications
including cardiomyopathy, congestive heart failure, and vascular occlu-
sion.29,34–36 Arterial and venous thrombosis occurred in 23% of patients
within 2 weeks of commencement of ponatinib dosing.29,33 Importantly,
these events occurred in patients with or without cardiovascular risk fac-
tors at any age. Thus, the adverse vascular effects of ponatinib are well rec-
ognized.37–39 Indeed, clinical trial data reported heart failure and cardiac
dysfunction in 9% of ponatinib-treated patients.33,34 However, the molec-
ular mechanism of ponatinib induced cardiac dysfunction is largely un-
known which is a subject of the current study.

To gain a better understanding of the cardiotoxic potential of CML
TKIs we employed both in vivo and in vitro assays to screen for cardiotox-
icity of all approved CML TKIs. We report that ponatinib is the most car-
diotoxic agent among the approved CML TKIs. Mechanistically,
ponatinib inhibits cardiac prosurvival signalling pathways, leading to cardi-
omyocyte apoptosis and ventricular dysfunction. The cardiotoxic effects
of ponatinib could be blunted by the administration of Neuregulin-1b,
which augments cardiomyocyte prosurvival signalling. Importantly, we
also identified asciminib as a less cardiotoxic alternative to ponatinib in
patients harbouring the T315I CML mutation.

2. Methods

An expanded Materials and Methods section is available in the
Supplementary material online.

2.1 Animal studies
Zebrafish studies were carried out at the Vanderbilt University Medical
Center (VUMC). The Institutional Animal Care and Use Program
(ACUP) Committee of VUMC approved all animal procedures and
treatments. The VUMC ACUP is registered with the United States
Department of Agriculture (USDA Registration #63-R-0129) and

operates under a Public Health Service Animal Welfare Assurance
Statement (PHS Assurance #A3227-01). The VUMC ACUP has been
accredited by the Association for the Assessment and Accreditation of
Laboratory Animal Care, International (AAALAC-International) since
1967 (AAALAC file #000020) and most recently received ‘Continued
Full Accreditation’ on 21 June 2017.

2.2 Zebrafish lines and dosing rationales
The transgenic zebrafish lines with cardiac expression of GFP
(TG:cmlc2:GFP),40 BNP luciferase reporter line (nppb:F-Luc),41 and AB-
wild type were used as described in the results section and figure
legends. The dosing rationales for zebrafish were based on published lit-
erature.42,43 Zebrafish ventricular fractional shortening was measured as
described in Supplementary material online, Methods.44 For drug expo-
sures, final concentrations were achieved by preparing concentrated
stock solutions of Imatinib, Dasatinib, Bosutinib, Nilotinib, and Ponatinib
in DMSO and adding stock solutions to egg water to achieve final work-
ing concentrations with a DMSO concentration of <1%.

2.3 Euthanasia of zebrafish embryos
All zebrafish experiments were performed on embryos less than 5 dpf
and euthanasia was performed by exposure to bleach or rapid freezing
followed by maceration.45

2.4 Euthanasia of rat and neonates
Rats were euthanized by overdose of Isoflurane and there after cervical
dislocation was performed to ensure the death. Neonates were eutha-
nized by rapid decapitation.45

2.5 Statistical analysis
Statistical analysis was performed using Graph Pad Prism V8.0
(GraphPad Software Inc.). Analysis of differences between two test
groups was performed using the unpaired two-tailed Student’s t-test.
Statistical differences in the case of more than two groups were per-
formed using one-way analysis of variance (ANOVA) with the Tukey
post hoc test where applicable, unless otherwise indicated. Differences
between data groups with two variables were evaluated for significance
using two-way ANOVA followed by Tukey post hoc test. P-values were
considered statistically significant if P < 0.05. All experiments were re-
peated at least three times, and the data are presented as mean ± stan-
dard error of the mean (SEM) unless noted otherwise.

3. Results

3.1 Preclinical screening for cardiotoxic
potential of all approved CMLTKIs
To examine the cardiotoxicity of TKIs used in CML therapy, we used a
zebrafish BNP reporter transgenic line (nppb:F-Luc) that expresses firefly
luciferase under the control of the nppb promoter.41 The dosing ration-
ales were obtained from previously published literature.40,42,43,46,47 We
treated the zebrafish embryos for 72 h with various concentrations of
imatinib, dasatinib, nilotinib, bosutinib, ponatinib, and DMSO as vehicle
control (Figure 1A). Ponatinib treatment (5mM and 10mM) led to a signifi-
cant (10-fold) increase in luciferase levels when compared with other
TKIs and control (Figure 1B). Furthermore, among all CML TKIs, ponati-
nib was the only drug, which caused 100% lethality at 50mM and 100mM
concentrations. In addition, formation of pericardial oedema was very
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.pronounced in zebrafish embryos exposed to ponatinib when compared
with similar concentrations of other CML TKIs (Figure 1C,
Supplementary material online, Figure S1). Formation of pericardial oe-
dema is a common finding in zebrafish embryos with abnormal cardiac
function. Importantly, at this concentration of ponatinib, we did not ob-
serve any extra-cardiac phenotypic changes, strongly suggesting that
ponatinib toxicity is cardiac-specific.

3.2 Ponatinib treatment leads to abnormal
cardiac function in vivo
To determine the effect of ponatinib on heart rate, we employed trans-
genic cmlc2:GFP zebrafish embryos. Ponatinib treatment led to a significant
decline in ventricular heart rate at both 5mM and 10mM concentrations
(Figure 1D) without any atrioventricular block. We next assessed the
ponatinib effect on ventricular systolic function (ventricular fractional
shortening). Ventricular systolic function was severely impaired in em-
bryos exposed to ponatinib (Figure 1E). Taken together, these findings
show that ponatinib exposure leads to abnormal cardiac function.

3.3 Ponatinib treatment induces
cardiomyocyte apoptosis
Based on our findings of decreased heart rate and impaired cardiac func-
tion in zebrafish embryos exposed to ponatinib, we next measured if
there is evidence of cardiomyocytes apoptosis. To determine the extent
of apoptosis, we treated zebrafish embryos (AB-wild type) with 5 lM
and 10 lM ponatinib at 1 dpf and then stained whole fish at 4 dpf with
the acridine orange (AO). Ponatinib exposure led up to 70–80% AO-
stained myocardial area showed apoptotic cardiomyocytes in heart, and
this was significantly higher than the vehicle (4%) or the positive control
bleomycin (40%) (Figure 2A and B). TUNEL assay of ponatinib-exposed
zebrafish also identified increased cardiomyocyte apoptosis (Figure 2C).
These results suggest that ponatinib mediated cardiomyocyte apoptosis
contributes to cardiotoxicity in zebrafish.

We then examined if mammalian cardiomyocytes responded in a similar
fashion to zebrafish cardiomyocytes. To elucidate direct effects of TKIs on
cardiomyocytes, neonatal rat ventricular myocytes (NRVMs) were treated
with various concentrations (50–1000 nM) of imatinib, dasatinib, nilotinib,

Figure 1 Cardiotoxicity screening of approved CML TKIs in zebrafish. (A) Schematic of in vivo screening of tyrosine kinase inhibitors. (B) Luciferase-
based reporter assay for rapid quantitative assessment of cardiac natriuretic peptide BNP expression in zebrafish embryos upon TKIs treatment. The
nppb:F-Luc transgenic zebrafish embryos were treated with different concentration of TKIs. Ponatinib showed elevation in luciferase level when com-
pared with control and other TKIs at 5 lM and 10 lM concentrations, while 50 lM and 100 lM ponatinib treatments leads to 100% lethality. Data are
presented as mean ± SEM. Statistical analysis was conducted using two-way ANOVA post hoc Tukey test for comparison between DMSO vs. TKIs (*P <
0.05, **P < 0.01, ***P < 0.001); n=12 fish per condition. (C) Ponatinib cause pericardial oedema in zebrafish embryos. At 1 dpf, wild-type (AB) zebrafish
embryos were treated with increasing concentrations of ponatinib and were assessed for phenotypic changes. After 72 h of treatment with ponatinib,
zebrafish had extensive pericardial oedema at 5 lm and 10 lM when compared with vehicle-treated embryos. The red box displays the pericardial sac
area. In ponatinib treated (10 mM) fish, ventricular contractions got perturbed, allowing blood to accumulate in both chambers, and pool just posterior to
the atrium (yellow arrow). Scale bar-100 mm. (D) Ponatinib treatment reduces heart rate. Fish were treated for 72 h with ponatinib at 5 mM and 10 mM
concentrations and ventricular contraction rate was determined (b.p.m.). Ponatinib treatment led to significant decline in the heart rate when compared
with control. Data are presented as mean ± SEM. Statistical analysis was conducted using one-way ANOVA post hoc Tukey test for comparison between
DMSO (control) vs. ponatinib (****P < 0.0001); n = 8–10 fish per condition. (E) Ponatinib treatment reduces fractional shortening. Ventricular function
was assessed on zebrafish embryos exposed from 1 dpf to 4 dpf with vehicle or 5 lM, 10 lM concentrations of ponatinib. Ventricular end-diastolic di-
mension (EDD) and end-systolic dimension (ESD) in both long and short axes were quantified. Fractional shortening (FS) was then calculated as a mea-
sure of contractile function; n = 5–10 fish per condition. Data are presented as mean ± SEM. Statistical analysis was conducted using one-way ANOVA
post hoc Tukey test for comparison between DMSO (control) vs. ponatinib (****P < 0.0001).
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Figure 2 Ponatinib induces apoptosis in zebrafish hearts and isolated neonatal rat CMs. (A) At 1 dpf, fish were treated with ponatinib, positive control
bleomycin or vehicle, as indicated. Representative images depict acridine orange (AO)-stained and AO-negative hearts in the myocardial region in fish at 4
dpf. The heart is outlined with ovals. Scale bar-125 mm. (B) The AO-staining in the pericardial area were quantified (using image J) and displayed in bar dia-
gram. Data are presented as means ± SEM. Statistical analysis was conducted using one-way ANOVA post hoc Tukey test for comparison between DMSO
(control) vs. ponatinib (****P < 0.0001) and ponatinib vs. bleomycin (####P < 0.0001); n=5 fish per condition. (C) Cardiomyocyte apoptosis in zebrafish
heart was quantified by TdT-mediated dUTP Nick-End Labelling (TUNEL) method. TUNEL positive nuclei showed a significant percentage of apoptotic cells
in ponatinib treated zebrafish hearts. Data are presented as means ± SEM. Statistical analysis was conducted using one-way ANOVA post hoc Tukey test for
comparison between DMSO (control) vs. ponatinib (****P < 0.0001); n = 6–10 fish per condition. (D) Concentration-dependent effect of TKIs on cardio-
myocyte survival. Neonatal rat ventricular cardiomyocytes were incubated for 72 h with TKIs from 50 nM to 1000 nM drug or vehicle (0.01% DMSO). Cell
viability was determined (via cell-titer glo) as a percentage of vehicle control. Three biological replicates conducted per TKIs. Data are presented as mean ±
SEM. ***P < 0.001 (two way-ANOVA). (E) NRVMs were treated with increasing dose of ponatinib for 24 h followed by TUNEL assay. TUNEL positive nu-
clei in displayed apoptotic cardiomyocytes in ponatinib treated samples, Data are presented as means ± SEM. Statistical analysis was conducted using one-
way ANOVA post hoc Tukey test for comparison between DMSO (control) vs. ponatinib (****P < 0.0001). (F) Western blot was used to detect caspase-3
activity in ponatinib treated NRVMs. Cells were treated with increasing concentration of ponatinib for 24 h followed by lysate collection and western blot.

Mechanism of ponatinib-induced cardiotoxicity 969



Figure 2 Continued
Positive control was achieved by the treatment of 0.5 lM staurosporine. (G) Band intensities in bar diagrams clearly demonstrate the increased level
of cleaved caspase-3 expression in ponatinib treated cardiomyocytes in a concentration dependent manner. ****P < 0.0001 considered significant
using one way-ANOVA. (H) NRVMs were treated with 50 nM ponatinib and lysates were collected at various time points, as indicated. Western
blot analysis was performed to determine the expression of Bax and Bcl-xL. (I) Bax/Bcl-xL ratio was calculated after densitometric analysis of blots.
Ponatinib treatment led to increased Bax/Bcl-XL ratio as early as 2 h after ponatinib treatment, *P < 0.05 considered significant using one way-
ANOVA. (J) Ponatinib-induced cardiotoxicity is irreversible. NRVMs were treated with 100 nM ponatinib 72 h. After 72 h drug containing media
was removed. Cells were washed once with PBS and fresh media was added. Cells were further incubated for 24 h followed by cell viability assay.
DMSO was used as vehicle control. Data are presented as means ± SEM. Statistical analysis was conducted using two-way ANOVA post hoc Tukey
test for comparison between groups (*P < 0.05, **P < 0.01, ****P < 0.0001).

Figure 3 Ponatinib inhibits phosphorylation of AKT and ERK. (A–C) NRVMs treated with the ponatinib at the 50 nM concentration for various time
points, as indicate and lysates were analysed by western blotting to determine the levels of phosphorylated and total AKT. (D–F) Zebrafish embryos were
treated with ponatinib from 1 dpf to 4 dpf at the indicated concentrations. Lysate were collected and levels of phosphorylated and total AKT were
detected. (G, H) NRVMs exposed to vehicle or ponatinib were analysed for phosphorylated ERK and total ERK. (I, J) Zebrafish embryos exposed to vehi-
cle or ponatinib from 1 dpf to 4 dpf were analysed for phosphorylated ERK and total ERK. Band intensities in bar diagrams clearly demonstrate the signifi-
cant decline in phosphorylation of AKT and ERK proteins. **P < 0.01, ***P < 0.001, ****P < 0.0001 were considered significant using one way-ANOVA.
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.bosutinib, ponatinib, or DMSO as a vehicle control up to 72 h and cell viabil-
ity was determined. As expected, cardiomyocyte viability was significantly
decreased in response to various concentrations of TKIs (Figure 2D). Similar
to the zebrafish in vivo experiments, ponatinib was the most toxic CML TKI.
Ponatinib treatment dose-dependently induced cardiomyocytes apoptotic
cell death as determined by TUNEL assay (Figure 2D and E). Consistently,
ponatinib treatment induced the activation of pro-apoptotic caspase path-
way as evident by significantly increased caspase-3 cleavage (Figure 2F and
G). In addition to these results, we also used a comparatively low dose of
ponatinib and earlier time point to assess the ponatinib mediated activation
of apoptotic pathways. For this, NRVMs were treated with a clinically rele-
vant dose of ponatinib, (50 nM, the blood concentration in ponatinib-
treated patients)28,29 for up to 12 h and expressions of Bax and Bcl-xL were
determined. As shown in Figure 2H and I, a clinically relevant dose of ponati-
nib was sufficient to induce the activation of cardiomyocytes apoptotic
signalling as evident by dysregulated Bax/Bcl-xL ratio. The balance of Bax/
Bcl-xL is critical to mitochondrial membrane integrity and cell fate.48–50

These findings suggest that ponatinib induces the cardiomyocyte apoptosis
by altering the Bax/Bcl-xL ratio.

Next, we investigated whether removal of ponatinib after treatment
improves the cardiomyocyte viability. NRVMs were treated with ponati-
nib (100 nM) for 72 h, thereafter, ponatinib was removed and cells were
washed with PBS. Cells were further grown for another 24 h and cell

viability assay was performed. We found that ponatinib treatment led to
a significant decrease in cell viability even after its removal (Figure 2J).
Thus, once the cardiomyocytes are injured by ponatinib exposure and
apoptotic pathways are activated, removal of ponatinib was not sufficient
to drive the reversal of the adverse effects.

3.4 Molecular mechanism of
ponatinib-induced cardiotoxicity
We next examined signalling pathways regulating ponatinib cardiotoxicity.
Previous studies suggest that ponatinib is a multi-targeted kinase inhibitor
that suppresses more than 60 kinases, including PDGFR, c-KIT, SFK,
VEGFR, and FGFR activities. This makes it difficult to pinpoint the specific
target(s) mediating toxicity. Therefore, in this study, we focused on PI3K/
AKT and extra-cellular-signal-regulated kinase (ERK) signalling pathways,
which are key growth-signalling pathways critical to cardiomyocyte survival
and cardiac homeostasis.51 As shown in Figure 3A–C, treatment of NRVMs
with a clinically relevant dose of ponatinib (50 nM) for various time points
inhibited phosphorylation of AKT at both sites, Thr308 and Ser473. These
findings were also consistent in ponatinib-exposed zebrafish (Figure 3D–F).

Serine-threonine kinase ERK signalling is another essential cardiomyo-
cyte pathway, which promotes myocyte survival, proliferation, and differ-
entiation.52 Ponatinib treatment led to a marked decrease in ERK1/2

Figure 4 FGFR1 inhibition does not specifically contribute to ponatinib associated cardiotoxicity. (A) The nppb:F-Luc transgenic zebrafish embryos
were treated with FGFR1 inhibitors (SSR128129E and PD166866) and ponatinib for 72 h and then luciferase assay was done. Ponatinib showed significant
elevation of luciferase compared with FGFR1 inhibitors. Data are presented as means ± SEM. Statistical analysis was conducted using two-way ANOVA
post hoc Tukey test for comparison between groups (*P < 0.05, **P < 0.01, ****P < 0.0001); n = 10 fish per condition. (B) NRVMs were treated with
FGFR1 inhibitors (SSR128129E and PD166866) and ponatinib for 72 h with increasing range of concentrations. After that, cell viability was determined by
Cell-titer Glo-assay. Data are presented as means ± SEM. Statistical analysis was conducted using two-way ANOVA post hoc Tukey test for comparison
between control vs. ponatinib or FGFR inhibitors at each concentration (**P < 0.01, ***P < 0.001, ****P < 0.0001). (C–G) Effects of FGFR1 inhibition
with SSR128129E and PD166866 on cardiac AKT and ERK pathway was determined by western blot. Cells were treated with inhibitors and ponatinib at
500 nM concentrations for 24 h followed by lysate preparation and western blot. Representative western blots and densitometric evaluations are shown.
Data are presented as means ± SEM. Statistical analysis was conducted using one-way ANOVA post hoc Tukey test for comparison between groups
(*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001), ns, not significant.

Mechanism of ponatinib-induced cardiotoxicity 971
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phosphorylation in cultured cardiomyocytes (Figure 3G and H), and
zebrafish (Figure 3I and J). Inhibition of the ERK pathway is known to
cause cardiomyocyte death52–55 and thus also may be contributing to
ponatinib-mediated cardiotoxicity. Importantly, other CML-TKIs did not
significantly inhibited the prosurvival AKT and ERK signalling pathways at
a very comparable doses, suggesting a unique effect of ponatinib on car-
diomyocyte prosurvival signalling and cardiotoxicity (Supplementary ma-
terial online, Figure S2).

Ponatinib is known to target fibroblast growth factor (FGF) signalling
pathway, which is critical to cardiac pathophysiology.56–59 To define the
potential contribution of anti-FGFR activity in ponatinib-mediated cardi-
otoxicity, we used two distinct and selective inhibitors of the FGFR1 ki-
nase. These inhibitors (PD166866 and SSR128129E) did not cause the
same level of BNP reporter induction as ponatinib (Figure 4A). Likewise,
the FGFR inhibitors did not recapitulate the same cytotoxic effect when
compared with ponatinib in NRVMs (Figure 4B). In addition, the effect of
FGFR inhibitors on cardiomyocyte AKT and ERK signalling was signifi-
cantly less compared with ponatinib (Figure 4C–G). Taken together, these
data confirm that selective FGFR inhibitors could not reiterate the toxic

effect of ponatinib on cardiomyocytes, suggesting that FGFR inhibition
contributes minimally to the ponatinib-induced cardiotoxicity.

3.5 Neuregulin-1b attenuates the
ponatinib-induced cardiotoxicity through
activation of AKTand ERK signalling
pathways
The above data suggests that dysregulation of ERK and AKT signalling
might be the key mechanism for ponatinib-induced cardiac toxicity.
Based on these findings, we hypothesized that activation of these signal-
ling pathways may protect the heart from ponatinib-induced cardiotox-
icity. Neuregulin-1b (NRG-1b) synergistically activates ERK and PI3K-
AKT pathways and has been shown to be cardioprotective in various
experimental settings.60–62 Furthermore, NRG-1b has been used in clini-
cal trials to evaluate the efficacy and safety for chronic systolic heart fail-
ure (ClinicalTrials.gov Identifier: NCT01214096)63 and currently being
used in trial to confirm the efficacy of NRG-1b in reducing the death rate
of heart failure patients (ClinicalTrials.gov Identifier: NCT03388593). To

Figure 5 Neuregulin-1b attenuates the ponatinib induced cardiac growth signalling perturbation in NRVMs. (A) NRVMs pretreated with 50 ng/mL
Neuregulin-1b for 30 min followed by ponatinib treatments (50 nM–1mM) for 72 h. Cell viability assay was performed after 72 h. DMSO was used as vehi-
cle control. Only ponatinib treated NRVMs were used for viability comparison. Data are presented as means ± SEM. Statistical analysis was conducted us-
ing two-way ANOVA post hoc Tukey test for comparison between ponatinib vs. ponatinib þ Neuregulin-1b at each concentration (*P < 0.05, ***P <
0.001, ****P < 0.0001). (B–E) NRVMs were pretreated with 50 ng/mL for 30 min followed by 50 nM ponatinib treatment upto 12 h. After that, lysates
were prepared using cell lysis buffer. Lysates were then subjected to western blot and probed with respective antibodies mentioned in the diagram.
Tubulin serves as loading control. Bar diagram represents a densitometric analysis of western blots. Western blots are representative of three indepen-
dent experiments. Data are presented as means ± SEM. Statistical analysis was conducted using two-way ANOVA post hoc Tukey test for comparison be-
tween groups (****P < 0.0001).
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.
examine the potential of NRG-1b to mitigate the ponatinib-induced car-
diotoxicity, NRVMs were pretreated with 50 ng/mL NRG-1b for 30 min,
thereafter, increasing concentrations of ponatinib (50 nM to 1mM) were
added, and cardiomyocyte viability was assessed. Indeed, NRG-1b pre-
treatment significantly reduced ponatinib mediated cardiomyocyte death
(Figure 5A). Consistently, NRG-1b treatment also prevented the
ponatinib-mediated reduction of AKT and ERK phosphorylation (Figure
5B–E). Our findings are consistent with previous reports supporting the
cardioprotective nature of NRG-1b via ERK and AKT signalling.64–66

Taken together, these data further support the role of reduced AKT and
ERK signalling as the mechanism for ponatinib induced cardiotoxicity and
suggest a potential strategy to prevent cardiotoxicity by this agent.

3.6 Searching for a potential alternative of
ponatinib; comparative cardiotoxicity of an
allosteric inhibitor asciminib (ABL001)
A recently developed TKI asciminib (ABL001) has shown a potent activity
against T315I mutations. Asciminib inhibits BCR-ABL kinase by allosteric
inhibition of myristoyl pocket.67,68 Of note, ponatinib inhibits tyrosine ki-
nase activity of BCR-ABL by binding to its ATP site (catalytic inhibition).
This has led us to investigate the comparative cardiotoxicity of ponatinib
vs. asciminib. Interestingly, increasing dose of asciminib showed minimal in-
duction of the BNP reporter compared with ponatinib (Figure 6A).

Likewise, there was an absence of pericardial oedema after asciminib
treatment (Figure 6B) and ventricular systolic function was not affected
(Figure 6C). To further investigate the comparative cardiotoxic potential of
asciminib vs. ponatinib, NRVMs were exposed to asciminib and ponatinib.
Indeed, our results reveal that asciminib has 50 times higher IC50 (�5lM)
than ponatinib IC50 (�100 nM) (Figure 6D). Furthermore, the TUNEL as-
say confirms that asciminib mediated induction of apoptosis was markedly
less compared with ponatinib (Figure 6E).

Based on ongoing clinical trial (ClinicalTrials.gov Identifier:
NCT02081378) to assess the combination therapy of asciminib with vari-
ous approved CML TKIs, we also evaluated the cardiotoxicity of the com-
bination of asciminib with approved TKIs. The comparative analysis of
cardiomyocyte viability shows that equimolar combinations of Asciminib
þNilotinib, Asciminibþ Imatinib, and AsciminibþDasatinib are compar-
atively less cardiotoxic than ponatinib alone (Figure 6F). Collectively, these
results demonstrate that asciminib appears to be less cardiotoxic than
ponatinib and could be a therapeutic alternative to treat patients suffering
from CML secondary to the T315I ‘gatekeeper’ mutation.

4. Discussion

Our targeted in vivo and in vitro screen of all approved CML TKIs
identified ponatinib as the most cardiotoxic drug. Ponatinib causes a

Figure 6 Allosteric inhibitor asciminib (ABL001) as an option for ponatinib. (A) The nppb:F-Luc transgenic zebrafish embryos were treated with ascimi-
nib and ponatinib for 72 h and then luciferase assay was performed. Asciminib treatment compared with ponatinib did not induce the BNP reporter. Data
are presented as means ± SEM. Statistical analysis was conducted using two-way ANOVA post hoc Tukey test for comparison between groups (P < 0.01,
***P < 0.001); n = 10 fish per condition. ns, not significant. (B) Asciminib when compared with ponatinib was unable to induce the formation of pericardial
oedema in zebrafish (AB wildtype). n = 5–10 fish per condition. Scale bar 100 mm. (C) Reduction in fractional shortening post-treatment of asciminib in
comparison to ponatinib. Data are presented as means ± SEM. Statistical analysis was conducted using two-way ANOVA post hoc Tukey test for compari-
son between groups (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001). n = 5–10 fish per condition. ns, not significant. (D) Asciminib treatment when
compared with ponatinib depicts 50 times higher IC50 value (�5lM) in cell viability assay. (E) Asciminib does not induce apoptosis in NRVMs when com-
pare with ponatinib by TUNEL assay. Data are presented as means ± SEM. Statistical analysis was conducted using two-way ANOVA post hoc Tukey test
for comparison between groups (*P < 0.05, ***P < 0.001, ****P < 0.0001). (F) Cardiomyocyte viability comparison of the combination of TKIs possesses
less cardiotoxicity than ponatinib. Cells were treated with equimolar combination (1:1 ratio) of two TKIs upto 72 h followed by cell viability assay.
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..dose-dependent reduction in cardiac function secondary to cardiomyo-
cyte apoptosis. Mechanistically, we demonstrated that ponatinib exerts
its cardiotoxic effect by blunting the essential cardiomyocyte prosurvival
signalling pathways, ERK and AKT (Figure 7). Furthermore, pharmacologi-
cally augmenting these prosurvival pathways prevented cardiomyocyte
apoptosis. Importantly, we utilized this screening system to identify a
T315I selective TKI that is much less cardiotoxic than ponatinib.

Our findings are consistent with previous reports with cell-based
models suggesting the severe cardiotoxic potential of ponatinib.46,47

Sharma et al.46 employed a hiPSC-CM model for a high-throughput car-
diotoxicity screen, among 21 small-molecule TKIs; ponatinib induced the
most cell death with a median lethal dose (LD50) of 4.3mM. Another re-
port47 with hiPSC-CMs also demonstrated ponatinib induced cytotoxic-
ity. Importantly, due to the well-known limitations of the cell-based
models, these studies were unable to provide any extra-cardiac or
organ-specific effects. Indeed, our findings suggest a cardiac-specific ad-
verse effect of ponatinib, as we did not observe any extra-cardiac abnor-
malities in the zebrafish embryos. Furthermore, consistent with the
previous reports, all the employed drugs caused some level of cardio-
myocyte death, but ponatinib was by far the most toxic.

In early preclinical studies with ponatinib, very low rates of cardiotox-
icity were reported.28,29 However, in phase 2 clinical trial, fatal or serious
heart failure or left ventricular dysfunction occurred in 6% of ponatinib-
treated patients and 9% of patients experienced different grades of heart
failure or left ventricular dysfunction.33–36 The most frequently reported
heart failure events were congestive heart failure and decreased ejection
fraction. The fact that typical pre-clinical toxicology studies failed to de-
tect significant problems, highlights the inadequacy of current
approaches. Herein, we have successfully utilized zebrafish to screen the
cardiotoxic potential of all approved CML TKIs and believe that a very
similar approach could be employed for the screening of multiple other
settings. Importantly, previous studies have demonstrated a high degree

of correlation between bradycardia in zebrafish and QT prolongation in
humans.69 With that said, it’s important to note that while there are sev-
eral advantages to the embryonic zebrafish model, in order to extrapo-
late the findings to humans, undoubtedly warrants further validation in
mammalian in vivo models.

As Ponatinib is the only approved TKI that is effective against CML
T315I mutations, it’s crucial to delineate the molecular mechanism of
ponatinib-induced cardiotoxicity. Mechanistic studies with isolated cardi-
omyocytes and zebrafish reveal that ponatinib treatment impaired AKT
and ERK signalling pathways, which are crucial for cardiomyocyte sur-
vival. It’s well established that AKT serves as a nodal point of conver-
gence of cardiomyocyte survival signalling and several lines of evidence
have shown the necessity of AKT signalling for cardiomyocyte cell sur-
vival.70–73 Furthermore, transgenic mice with cardiomyocyte-specific
overexpression of AKT improved heart function.74 In light of these
reports and considering the degree of ponatinib-mediated AKT inhibi-
tion (�70% in 12 h), the observed cardiotoxicity is not entirely surpris-
ing. Ponatinib also blunted ERK signalling, albeit to a lesser degree. ERK is
also essential for cardiomyocyte survival and cardiac homeostasis.53–55

Mice with heart-specific deletion of ERK1/2 showed spontaneous cardiac
dysfunction and chamber dilation, leading to severe heart failure and
death.55 Conversely, transgenic mice with cardiac-specific activation of
ERK1/2 signalling (via MEK1 expression) showed a physiologic hypertro-
phy response associated with augmented cardiac function and partial re-
sistance to apoptosis.53 Based on our findings and previous reports, we
hypothesize that pharmacologically augmenting AKT and ERK signalling
would protect against ponatinib-induced cardiotoxicity. As a proof of
concept, we used Neuregulin-1b to synergistically augment AKT and
ERK signalling. Indeed, Neuregulin-1b treatment restored phosphoryla-
tion of AKT and ERK and cardiomyocyte viability after ponatinib treat-
ment. In theory, if ponatinib-induced AKT and ERK inhibition does not
contribute to the drug efficacy, it is conceivable to pharmacologically

Figure 7 Proposed model of ponatinib-induced cardiotoxicity. Our findings suggest that ponatinib exerts its cardiotoxic effects by blunting the essential
prosurvival pathways (AKT and ERK) to cardiomyocytes and through the activation of classical apoptotic pathways, including the up-regulation of Bax/Bcl-
xL ratio and caspase cleavage. Thus, ponatinib induces cardiomyocyte death leading to cardiac dysfunction.
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.
supplement these cascades to protect the heart from the adverse effects
of the drug. On the other hand, it is completely possible that supple-
menting these pathways may hamper the drug efficacy or even aggravate
the malignancy due to their well-known prosurvival nature. Studies with
CML mouse models are warranted to further investigate these critical
issues.75 However, it is reasonable to conclude that strategies for
cardiac-specific augmentation of AKT and ERK signalling will potentially
protect the heart from the ponatinib-induced cardiotoxicity without in-
terfering with the anti-cancer effect of the compound.

More recently, a new allosteric TKI asciminib was developed which also
works against T315I mutations at nanomolar concentrations. The target
spectra of asciminib and ponatinib have been analysed previously and show
extensive overlap on tyrosine kinase mutations.67,68 In a pursuit to identify
a safer alternative of ponatinib for CML patients with gatekeeper T315I
mutation, we investigated the comparative cardiotoxicity of ponatinib vs.
asciminib. The results from our study suggest that asciminib has much less
cardiomyocyte toxicity than ponatinib and could be a safer therapeutic op-
tion for CML patients carrying the T315I mutation. Ongoing clinical trials
are testing the efficacy of combinational therapy of asciminib with various
approved first and second generation CML TKIs (ClinicalTrials.gov
Identifier: NCT02081378). Our findings suggest that such a combination
therapy would be a safer alternative than ponatinib alone.

In summary, we have shown that ponatinib has significantly increased
in vivo and in vitro cardiotoxicity compared with other FDA-approved
CML TKIs. Importantly, we identified the AKT and ERK pathways as key
targets of ponatinib, and demonstrate that inhibition of these pathways
likely mediates, at least in part, the cardiotoxicity associated with this
agent. Furthermore, this study suggests asciminib may be a safer treat-
ment option compared with ponatinib for CML patients carrying the
T315I ‘gatekeeper’ mutation. Finally, our findings strongly suggest the
need for more comprehensive pre-clinical cardiotoxicity screening for
new oncology agents using a combination of in vitro and in vivo models.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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