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EDITORIAL COMMENT
Harnessing iPSCs to Dissect Causality
in Anthracycline-Induced Cardiotoxicity
All That Fits Are Not Hits*
Dilip Thomas, PHD,a Amit Manhas, PHD,a Nazish Sayed, MD, PHDa,b
A nthracyclines can result in cardiotoxic ef-
fects, which can occur acutely and chroni-
cally. Patients with breast cancer,

lymphoma, sarcoma, and leukemia are still treated
with anthracyclines, resulting in a higher likelihood
of cardiovascular complications such as left ventricu-
lar dysfunction.1 Among these patients, 2% to 5% are
at the risk of heart failure within 30 years after treat-
ment.2,3 Additionally, several risk factors contribute
toward cardiac dysfunction such as radiation therapy,
hypertension, genetic predisposition, and cumulative
dose higher than 250 mg/m2.4 Furthermore, interindi-
vidual variation in drug response and genetic risk fac-
tors may also contribute to cardiotoxicity at lower
doses over a delayed timeline. Most studies focus
on the identification of biomarkers shortly before or
after the treatment and correlate these with changes
in cardiac parameters in high-risk patients.5 However,
despite improved clinical evaluation, risk stratifica-
tion, and lifelong surveillance for high-risk patients
to prevent anthracycline-induced cardiotoxicity
(AIC), there is a pertinent need to understand the ge-
netic risk factors and toxicity risks using a pharmaco-
genomics approach. Genome-wide association
studies (GWAS) have enabled the identification of
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several gene loci and single-nucleotide polymor-
phisms (SNPs) for AIC. As systematically reviewed
by Magdy et al,6 approximately 80 genetic variants
have been identified and are associated with AIC. Of
these, major interest has shifted toward genes
responsible for drug uptake and metabolism and
that further alter the redox state of the cell and
trigger oxidative stress, inhibit key enzymes that aid
in DNA repair, or interfere with cardiac excitation-
contraction machinery.

The identification of SNPs involved in AIC not only
provides adverse associations related to heart failure
or fibrosis as seen with rs18831127 but also protective
associations such as rs1045642 identified to have an
effect in preventing ejection fraction decline.8 One of
the consistent SNPs, rs2229774 linked to specific ge-
notypes, has been shown to be associated with AIC
across low- to high-dosage regimens.9 However, a
subsequent study classified the same SNP as being
associated with a decreased risk for cardiotoxicity.10

Such contradictory associations not only raise ques-
tions about the reliability of the results but also un-
derscore the complexity and nuances of genetic
influences on AIC. In several cases, the validation of
SNPs in subsequent study cohorts is hindered
because of smaller patient sample sizes, differences
in underlying comorbidities, and inadequate stratifi-
cation with regard to the use of multiple treatment
modalities. Hence, robust validation studies using
human in vitro or animal models are needed to
establish and validate the link between gene variants
and their implication in cardiotoxicity.

By leveraging the advancements in induced
pluripotent stem cell (iPSC) technology and imple-
menting robust derivation of cardiomyocytes (induced
pluripotent stem cell–derived cardiomyocytes
[iPSC-CMs]), Burridge et al11 have demonstrated that
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FIGURE 1 Causal Variant Discovery in Cardio-Oncology

An overview of the identification of targets in large and diverse patient cohorts to systematic validation of causal targets in drug-induced cardiotoxicity. Biorender was

used to generate this figure. eQTL ¼ expression quantitative trait loci; GWAS ¼ genome-wide association study; hiPSC ¼ human-induced pluripotent stem cell;

hiPSC-CM ¼ human-induced pluripotent stem cell–derived cardiomyocyte; SNP ¼ single-nucleotide polymorphism; TWAS ¼ transcriptome-wide association study.
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the sensitivity to anthracyclines is imprinted in the
cellular memory of cancer patients, thereby altering
phenotype and gene expression in iPSC-CMs.
Moreover, the Burridge lab has conducted a series
of studies using iPSC-CMs as a model to unravel the
mechanistic basis for AIC through the direct vali-
dation of genetic variants identified in GWAS. In
1 study, the authors validated the functional role of
SLC28A3, a solute carrier transmembrane trans-
porter, in increasing sensitivity to cell death upon
doxorubicin treatment.12 Another study validated
doxorubicin sensitivity in patients with a retinoic
acid receptor gamma and the potential use of a
retinoic acid receptor gamma agonist in attenuating
AIC.13

In this issue of JACC: CardioOncology, Fonoudi
et al14 selected 38 genes from GWAS studies that are
consistently expressed in human-induced pluripo-
tent stem cell–derived cardiomyocytes (hiPSC-CMs),
in the fetal and adult human heart, to study their role
in inducing AIC through a series of loss-of-function
experiments using CRISPR/Cas9-mediated knock-
outs. The authors were able to successfully generate
35 knockout human-induced pluripotent stem cell
(hiPSC) lines, which were differentiated to hiPSC-CMs
and exposed to 5-log doses of doxorubicin. The au-
thors then assessed the sensitivity of hiPSC-CMs to
doxorubicin by measuring cell survival, production of
reactive oxygen species (ROS), DNA damage, and
their capacity for iron uptake. The authors were able
to validate the impact of the functional knockout (KO)
to its cellular function through the endpoint mea-
sures in a systematic manner. Dysregulation of en-
zymes involved in metabolism and scavenging ROS is
one of the major hallmarks of AIC. Indeed, the au-
thors noted a reduction in hydrogen peroxide pro-
duction in CBR1-KO and CBR3-KO, which indicated
hampered conversion for doxorubicin to toxic alcohol
metabolite. On the other hand, HAS3-KO, SPG7-KO,
GSTM1-KO, and RAC2-KO increased ROS production,
highlighting their beneficial role in reducing cellular
oxidative stress. Importantly, the authors were able
to precisely distinguish the targets that prevented
AIC in the absence of genes that prevented DNA
damage (PRDM2 and MHL1) and increased drug influx
by transmembrane solute transporters (SLC28A3,
SCL22A17, and SLC28A1). In contrast, gene targets
important for iron uptake (HFE), drug efflux (ABCC10,
ABCC2, ABCB4, ABCC5, and ABCC9), calcium
handling (CELF4 and MYH7), and contractility (ZFN,
RIN3, and CYP2J2) when knocked out increased
cellular toxicity and functional impairment, high-
lighting their role in cardioprotection.

Overall, this study underscores the importance of
incorporating GWAS hits identified at a population
scale coupled with hiPSC modeling (Figure 1). This
approach is significant and powerful in decoding
interindividual variability and laying the foundation
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for personalized and targeted cardioprotective ther-
apies. Reproducibility and diversity of patient-
derived iPSC model systems not only allow for an
understanding of such key roles of genetic variants
but also an understanding of the genetic regulation of
transcription. Investigations into identifying causal
variants often involve a multifaceted strategy,
incorporating both transcriptome-wide and genome-
wide association studies, fine mapping of causal
variants with weighted scores, prediction of allelic-
specific expression, and comparative genomics with
other cell types relevant to the disease. The iPSC
platform also offers an unprecedented opportunity to
integrate transcriptomic responses and GWAS gene
variants with expression quantitative trait loci
(eQTL). eQTL variants modulate transcriptomic
response indirectly or directly in response to the
treatment, whereas GWAS-discovered variants alone
may or may not demonstrate expressional depen-
dence to the transcriptome. Integration with large-
scale transcriptome-wide association studies helps
in prioritizing putative causal targets in which several
disease-causing cis-regulatory elements could be
identified. Knowles et al15 were able to use hiPSCs
from 45 patients to reveal hundreds of genetic vari-
ants that modulate transcriptomic response and
reduced post-transcriptional splicing fidelity. Despite
the insufficient power of the GWAS data used in this
study, Fonoudi et al14 mapped SNPs that have a
response eQTL (with P < 10�5) with a variable effect
size to the GWAS variants. Interestingly, the authors
also noted that an increased transcriptomic response
to higher doses of doxorubicin is associated with
reduced cardiac troponin levels, suggesting that the
bulk of expression changes that precede AIC are
protective against cardiac damage.

Despite these pioneering efforts, there are several
challenges and limitations that need to be addressed
in future studies. In this study by Fonoudi et al,14 the
authors acknowledge loss-of-function targets do not
fully recapitulate the contribution of SNPs associated
with AIC. Furthermore, relying on the median lethal
dose as an acute measure to assess function at a sin-
gle time point (72 hours) may not be sufficient in
revealing the functional deficit or augmentation of
the genes over a prolonged period, indicative of the
chronic pathophysiology of AIC. The correlation
between loss of function and dysfunction may be
confounded in cases in which variants are known to
exhibit pleiotropic effects, compounded effects, or
noncausal occurrences caused by linkage disequilib-
rium. For example, CYP2J2, a member of the cyto-
chrome P450 family of enzymes involved in
doxorubicin metabolism, also modulates diverse
transcriptional networks in cardiomyocytes.16 Such
limitations could be addressed using pooled genome-
wide CRISPR screens with enhancer-specific guide
RNAs to filter secondary target genes regulated by the
same enhancer. This approach could be combined
with crisprQTL to study gene-regulatory functions of
multiple GWAS variants across diverse patient groups
in a high-throughput manner.17 However, when using
such approaches, one should also consider the
contribution of other cell types. In the case of the
heart, it is essential to include cells such as endo-
thelial cells, fibroblasts, and smooth muscle cells in a
physiologically relevant model such as engineered
heart tissues or cardiac organoids. This comprehen-
sive approach will help unravel the identification of
cell-specific variants that play a role in coordinated
functions, arising because of cellular cross talk.18 The
work of Fonoudi et al14 provides a strong foundation
and a blueprint for investigators in the field of cardio-
oncology to functionally validate genotype with
phenotype using the hiPSC-CRISPR tool kit, eluci-
dating the biologic mechanisms of drug action.
Pharmacogenomic studies such as this help decipher
complex drug interactions in a reductionist fashion,
transforming the landscape of precision medicine by
unveiling cardioprotective therapeutic targets to
alleviate the risk of cardiotoxicity to patients.
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